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Abstract: Typical design and installation methods for corrugated steel culverts involve consideration of a 10 

minimum burial depth and most current North American design codes consider failure only due to excessive 11 

circumferential force in the conduit walls (i.e. hoop thrust). However, recent studies have shown that 12 

bending moment is often the more dominant behaviour for corrugated steel culverts at shallow cover. To 13 

address this issue, an elliptical corrugated steel culvert was tested under simulated vehicle loading at 14 

depths ranging from 0.1 m to 1.2 m. The results show that, under a wheel pair load, a peak negative bending 15 

moment and thrust force are consistently developed at the crown with positive bending moments adjacent 16 

to the crown and near the shoulders. When the flexural and circumferential force results are extrapolated 17 

to the yield point and compared, the bending moment values are up to 5 times larger than the yield limit 18 

while thrust values are only 60% of the limit. The test results suggest that bending moments should be 19 

considered during the design and installation of corrugated steel culverts at shallow cover. 20 
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Introduction 23 

For many years corrugated steel culverts with conventional corrugation geometries (having wavelengths or 24 

pitches of 152 mm or less) have been designed with a focus on buckling and wall crushing caused by 25 

circumferential force as the main failure mechanism. Flexural responses, such as local bending and plastic 26 

hinge formation, have been deemed less critical and have received little to no attention in the existing 27 

Canadian (CSA 2017a) and American (AASHTO 2017a) design standards. However, recent experimental 28 

measurements have shown how bending moment contributes to the overall response more than generally 29 

recognized, and that plastic hinge mechanisms can control the capacity of these structures at shallow cover 30 

where wheel loads at the ground surface induce local bending in the culvert (Regier et al. 2017). Previous 31 

researchers have suggested that burial depth and bending moment play a critical role in the capacity of 32 

metal culverts. Duncan (1978) was one of the first to establish various minimum burial and maximum fill 33 

recommendations for metal culverts with different geometries based on finite element models and published 34 

construction measurements. As non-linear finite element software packages improved, finite element 35 

analyses examining the stability of shallow buried culverts subjected to excessive vehicle loads became 36 

more common (Seed and Raines 1988). However, several studies observed that a load applied to the 37 

surface directly above a metal culvert creates a complex three dimensional response that cannot be 38 

accurately captured by more simplistic two dimensional models (Moore and Brachman 1994; Taleb and 39 

Moore 1999; El-Sawy 2003), emphasizing the need for further research at shallow cover depths. More 40 

recently, Yeau et al. (2009) performed an extensive field testing program involving 39 in service long span 41 

(greater than 3 m) metal culverts under static and dynamic live loading to assess the structural capacity 42 

and deformation. That project quantified how deflections vary nonlinearly with burial depth and 43 

demonstrated that the most extreme deflection and strain behaviours occurred at depths less than 2.5 m 44 

(shallow cover).  45 

 46 

Meanwhile, field research by Sezen et al. (2008) on long span metal culverts and experimental research 47 

projects by Mai et al. (2014) and Regier et al. (2018) on short span metal culverts have shown that bending 48 

moments near the crown often create the dominant stress resultant, not thrust, especially at shallow cover 49 
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depths. In fact, tests performed by Regier et al. (2017) and Tetreault et al. (2018) have found that a short 50 

span elliptical culvert loaded to its ultimate limit state can fail in flexure due to plastic hinge formation around 51 

the top of the culvert instead of buckling or wall crushing caused by thrust. To date, shallow burial tests 52 

have been conducted at one or two cover depths and often involve other variables such as wall deterioration 53 

(Regier et al. 2017; Tetreault et al. 2018), while field research requires testing multiple different culverts to 54 

gather information regarding variables such as cover depth and often neglects any bending moments, 55 

opting to focus solely on thrust behaviour (Sargand et al. 2018; Yeau et al. 2009; Yeau and Sezen 2012).  56 

 57 

According to the Canadian Highway Bridge Design Code [CHBDC (CSA 2017b)] and the American 58 

Association of State Highway and Transportation Officials (AASHTO 2017a), culverts require a minimum 59 

burial depth to protect against premature failure caused by surface loading. However, there is still a lack of 60 

understanding about the behaviour of corrugated steel culverts as cover depths increase and ultimately 61 

transition to ‘deep burial’ responses. Additionally, the current design method in the Canadian code does 62 

not apply to metal culverts with spans less than 3 m, (implicitly defined as short span structures) (CSA 63 

2017a), despite the frequent use of these structures as bridges. To the authors’ knowledge, there have 64 

been no experiments conducted on an intact metal culvert with a span less than 3 m and under multiple 65 

shallow burial depths, that have investigated both thrust and flexure. This presents the possibility that, for 66 

projects where shallow cover exists, there is the potential for the culvert to have an unconservative design 67 

focussed on the wrong stability limit state and leading to the potential for premature failure due to bending. 68 

Load ratings for existing culverts will also be deficient if they examine hypothetical limit states that do not 69 

control stability, and improvements in the understanding of the mechanisms that control capacity are likely 70 

to improve the efficiency and safety of load ratings. 71 

 72 

The objectives of this research project are to (1) investigate the change in behaviour as the burial depth 73 

transitions from shallow cover to deep cover, (2) investigate the impact of increasing static live loading on 74 

culverts with variable cover depths, (3) examine whether the vertical diameter change induced by combined 75 

earth and surface load meets the serviceability limit state at each depth, and (4) assess the implications 76 
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and appropriateness of the current minimum cover depths used for national highways in Canada and the 77 

US. This paper describes the tests conducted on a corrugated steel culvert with a horizontal ovality and 78 

investigates the behaviour under simulated vehicle loading. The next section of the paper discusses the 79 

experimental method, including the test set up, culvert specimen, burial method and surface loading 80 

procedure. The results of the investigation will then be presented and discussed highlighting all key 81 

conclusions. 82 

Experimental Methods 83 

Test Overview 84 

A horizontal ellipse culvert was buried in well compacted granular soil in the 8 m long, 8 m wide and 3 m 85 

deep test pit described by Moore (2012). This specimen was tested with cover depths ranging from 0.1 to 86 

1.2 m increasing in steps of 0.2 m up to 0.9 m with a final increase of 0.3 m, for a total of 6 tests. Static 87 

service load was applied using a 2000 kN hydraulic actuator acting on a steel plate at the ground surface 88 

and was applied in 3 cycles. Each cycle began at 0 kN, the load was then increased to the predetermined 89 

load limit, and then decreased to 0 kN. These loading cycles were used at each depth to record the initial 90 

inelastic response during cycle 1 and the elastic reloading and unloading responses during cycles 2 and 3. 91 

 92 

Test Configuration 93 

The culvert was placed on a loose bedding material in the East-West orientation (Figure 1a) with distances 94 

of 3.20 m, 3.20 m, and 1.55 m between the culvert edge and the South, North, and West pit walls, 95 

respectively (Figure 1b). Concrete blocks were used at the West end of the pit to confine the soil and allow 96 

access to the end of the culvert. The hydraulic actuator was positioned under a stiff reaction frame above 97 

the crown of the culvert at a distance of 4 m from the West end of the test pit. The load from the actuator 98 

was applied to a 0.6 m by 0.25 m steel plate on the soil surface which simulates a single wheel pair directly 99 

above the crown (as defined in CSA 2017a). Figure 1(c) shows an elevation view of the test configuration 100 

and the test pipe. 101 

 102 
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Culvert Specimen 103 

The culvert specimen had a length of 6450 mm and an initial 8% horizontal ovality, and was loaded vertically 104 

before burial to induce an 11% ovality with span of 1650 mm and rise of 1300 mm (Figure 1c). It was 105 

manufactured using shallow bolted corrugated steel plates with an amplitude of 25 mm, a wavelength of 75 106 

mm, a design wall thickness of 1.82 mm, and an assumed modulus of elasticity of 200 GPa. The cross-107 

sectional properties per unit length were an area, 𝐴, of 2.259 mm2/mm, second moment of area, 𝐼, of 170.4 108 

mm4/mm, and section modulus, 𝑆, of 12.52 mm3/mm according to the Corrugated Steel Pipe Institute 109 

Handbook (2010). In addition, the yield strength of the steel was taken to be 230 MPa as per ASTM A929 110 

(2018). The Canadian code classifies minimum burial for a corrugated metal culvert based on the amplitude 111 

of the corrugations and the vertical and horizontal diameters of the structure (CSA 2017b) as given in 112 

Equation (1). 113 

𝐻𝑚𝑖𝑛 = 𝑚𝑎𝑥
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(1) 

While the American code classifies minimum cover based on the span alone as per Equation (2) [from 114 

Table 12.6.6.3-1 in AASHTO (2017a)], 115 

𝐻𝑚𝑖𝑛 =
𝑆

8
 ≥ 12.0 𝑖𝑛 (0.3 𝑚) (2) 

where Hmin is the distance, in metres, from the road surface to the crest of the corrugation at the crown, Dh 116 

is the horizontal diameter, Dv is the vertical diameter, and S is the span (horizontal diameter). Normally, the 117 

Canadian minimum burial depth equation only applies to culverts with span greater than 3 m, however for 118 

the purpose of this study the equation was assumed applicable to all culvert sizes. This meant the minimum 119 

permitted cover for this structure would be 0.6 m or 0.3 m based on the Canadian and American codes, 120 

respectively. 121 



6 
 

 122 

Backfill Procedure 123 

All backfill material for the experiment consisted of a poorly graded sandy gravel (GP-SP) as classified by 124 

ASTM D2487-17 (2017). First a 300 mm thick compacted base was established within the pit followed by 125 

a 75 mm loose base to prevent the invert from lifting off the base during compaction. Then backfill was 126 

placed around the culvert in 200 mm compacted lifts until the first burial depth (0.1 m above the crown) was 127 

achieved. Each lift was compacted in a spiral path starting at the outer edges using a vibrating plate tamper 128 

(Wacker wp1550AW, Wacker Corp., Menomonee Falls, Wisconsin), aiming for 90% standard Proctor 129 

compaction as monitored by a model MC1DR-P nuclear densometer (CPN International, Inc., Concord, 130 

California). Additionally, soil densification around the haunches and springlines of the culvert was performed 131 

using foot compaction in an attempt to ensure adequate soil support since the plate compactor could not 132 

reach those locations. The remaining burial depths were also achieved with a 200 mm soil lift, with the 133 

exception of 1.2 m, which required an additional 100 mm of backfill that was compacted to 90% standard 134 

Proctor using the same plate tamper. During the burial process the dry density and water content were 135 

recorded, and average values for each layer including the dry density as a percentage of the maximum 136 

achieved in a standard Proctor test are given in Table 1. 137 

 138 

Instrumentation 139 

Distributed strain measurements were obtained using nylon coated fiber optic sensors installed around the 140 

exterior of the culvert at a distance of 2.57 m from the West end of the specimen (directly below the 141 

actuator). This sensing fiber was adhered in a continuous loop to the centre of a crest and transitioned to 142 

the centre of an adjacent valley around the entire circumference using the approach described by Simpson 143 

et al. (2015). Fiber optic measurements were recorded using a Luna OBR 4600 fiber-optic strain analyzer 144 

(Luna, Roanoke, Virginia) before burial, upon the completion of each burial step and at each predetermined 145 

load step. The gauge length and sensor spacing for all scans were set at 20 mm for the entire experiment. 146 

Since fiber optic strain sensors are susceptible to temperature change, the culvert wall and ambient air 147 

temperatures were observed over the duration of the experiment. During each of the loading tests there 148 
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was found to be less than 1 °C change in both temperatures, and thus the impact of temperature changes 149 

was considered negligible during individual load stages.  150 

 151 

Additionally, six uniaxial foil strain gauges were also installed on the culvert exterior at certain positions on 152 

the circumference at a distance of 2.42 m from the West end. These gauges were attached in pairs, one 153 

centred on the crest and the other centred on the adjacent valley of the corrugation, at the crown, South 154 

springline and invert of the culvert. The strain gauges had a gauge length of 5 mm, resistance of 120 Ω ± 155 

0.3%, gauge factor of 2.11 ± 1.0%, temperature compensation for steel thermal expansion of 11 PPM / °C 156 

and a thermal output of ± 2 µƐ / °C. The purpose of recording these discrete measurements was to check 157 

the validity of the fiber optic strain data through comparison. The fiber optic cables and strain gauges on 158 

the culvert are shown in Figure 2. Lastly, the vertical and horizontal diameters were monitored using string 159 

potentiometers installed 2.64 m from the West end.  160 

 161 

Loading 162 

At very shallow cover, single axle loading, as defined in the CHBDC, is most critical. Since the single axle 163 

features a centre to centre spacing of 1.8 m between the two wheel pairs (with a clear distance of 1.2 m 164 

between the patches of surface pressure) (CSA 2017b), these loads will not overlap for a culvert of the size 165 

and shallow cover depth being tested. Static vehicle loading was therefore simulated using loads from the 166 

actuator applied directly onto a single wheel pair configuration. The steel plate with dimensions of 0.25 m 167 

by 0.60 m was selected to represent the typical contact area of a wheel pair for a CL-625-ONT truck (CSA 168 

2017b). Steel columns were also used to transfer the load from the actuator to the steel plate due to a 169 

significant height difference between the actuator and the ground surface (Figure 1(d)). All loading was 170 

applied pseudo-statically, and energy absorbed by the column and reaction frame had negligible influence 171 

on load transfer to the soil and pipe. 172 

 173 

 174 
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Since the culvert was to undergo additional testing after this experiment, the specimen could not be loaded 175 

to failure. Therefore, an upper load limit was selected as the lesser of either the largest factored service 176 

load or the load step at which peak strain in the culvert of 800 µƐ [350 µƐ below the yield strain (ASTM 177 

2018)] was observed during the experiment. The test was halted at whichever limit occurred first. Factored 178 

service loads (𝑃𝑓) were calculated based on both the Canadian [Equation ((3) (CSA 2017b)] and US 179 

[Equation ((4) (AASHTO 2017b)] standards where the single wheel pair load (𝑃) of the design truck from 180 

each code was multiplied by the serviceability load factor and the dynamic load allowance. The 181 

serviceability load factor was taken as 0.9 and 1.0 from the Canadian and US codes, respectively. The 182 

dynamic load allowance, which varies with cover depth, was calculated according to clause 3.8.4.5.2 in the 183 

Canadian code [denoted as 𝐷𝐿𝐴 (CSA 2017b)] and equation 3.6.2.2-1 in the US code [denoted as 𝐼𝑀 184 

(AASHTO 2017b)]. In the US code the dynamic load allowance is a percentage.  185 

𝑃𝑓 = 𝑃(1 + 𝐷𝐿𝐴)0.9 (3) 

 186 

𝑃𝑓 = 𝑃 (1 +
𝐼𝑀

100
) 1.0 (4) 

Consistent load steps were also selected based on the wheel pair load multiplied by the same serviceability 187 

factor, equalling 79 kN and 73 kN for the Canadian and US codes, respectively. Lastly, load steps of 25 kN 188 

and 50 kN were chosen since they represent approximately one third and two thirds of the largest consistent 189 

load values. Loading was halted to capture fiber optic data at each load increment, which are summarized 190 

in Table 2. However, during testing an additional load step of 35 kN was deemed necessary in the 0.1, 0.3 191 

and 0.5 m tests based on the level of strain observed at the 25 kN load step. Finally, as stated earlier, the 192 

loading at each burial depth was applied in three cycles to observe the initial inelastic response and 193 

subsequent elastic unloading and reloading. It was observed that cycle 2 and 3 produced nearly identical 194 

strain results (as also reported by Regier et al. 2017), thus the remainder of this report will focus solely on 195 

responses during the first and third cycles. 196 

 197 
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Resultant Thrusts and Bending Moments 198 

The strain values obtained from the fiber optic sensors were measured along the valley, Ɛ1, and the crest, 199 

Ɛ2, of the exterior of the culvert (its outer-most fiber). Since the cable installed in the valley does not 200 

represent the innermost fiber strain of the corrugation, Ɛ𝐼𝐹, the interior valley strain was approximated with 201 

linear extrapolation using Equation ((5) (Regier et al. 2017, 2018; Tetreault et al. 2018) also shown in Figure 202 

3. 203 

Ɛ𝐼𝐹 = (
Ɛ1 − Ɛ2
ℎ

) 𝑡 + Ɛ1 (5) 

 204 

where: ℎ = radial distance between gauges (mm) and 𝑡 = intact wall thickness (mm). Then, the average 205 

strain, Ɛ𝑎𝑣𝑒, was calculated using this value and Equation ((6), which was then used to calculate the thrust 206 

per unit length, 𝑁 (kN/m), with Equation ((7), 207 

Ɛ𝑎𝑣𝑒 =
Ɛ2 + Ɛ𝐼𝐹

2
 (6) 

 208 

𝑁 = Ɛ𝑎𝑣𝑒𝐸𝐴 (7) 

 209 

here 𝐸 = the Young’s modulus (MPa) and 𝐴 = the wall cross-sectional area per unit length (mm2/mm). In 210 

addition, the curvature per unit length, 𝜅 (10-6/mm), and bending moment per unit length, 𝑀 (kNm/m), were 211 

calculated using Equations ((8) and ((9), respectively. A positive curvature represents tensile strain on the 212 

outer surface and compressive strain on the inner surface of the culvert. 213 

𝜅 =
Ɛ2 − Ɛ1
ℎ

 (8) 

 214 

𝑀 = 𝐸𝐼 𝜅 ∗ 10−3 (9) 

 215 

Where 𝐼 = the second moment of area per unit length of the wall cross-section (mm4/mm). Finally, the yield 216 

thrust, and yield moment were calculated using Equations ((10) and ((11), respectively, 217 
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𝑁𝑦 = −𝜎𝑦𝐴 (10) 

 218 

𝑀𝑦 = −𝜎𝑦𝑆 (11) 

 219 

where 𝜎𝑦 = yield stress (230 MPa) and 𝑆 = elastic section modulus per unit length (mm3/mm). 220 

 221 

Response from Pseudo-Static Surface Loading 222 

All moment and thrust results discussed herein focus entirely on the response to live load and are 223 

incremental, meaning that the data is zeroed at the beginning of each respective cycle. No earth loading 224 

was considered here although earth load was considered in the section on diameter change. The response 225 

to earth loading, or weight of the soil mass above the culvert as well as the lateral restraint provided to the 226 

culvert by the soil under this weight, is recorded before live loading and subtracted from the data collected 227 

during each cycle. This facilitates direct comparisons between live load responses measured during the 228 

first and third load cycles. Furthermore, moment and thrust results have been plotted in polar coordinates 229 

rather than using an elliptical layout in order to avoid data overlapping in areas where the radius of the 230 

ellipse changes. Additionally, strain values at the South shoulder and North haunch were omitted in all 231 

analyses as these locations represent a circumferential joint and the transition of the fiber optic cable 232 

between crest and valley in the corrugation where the fiber was not bonded to the culvert.  233 

 234 

Throughout the experiment, it was found that the two sensing technologies previously mentioned were in 235 

good agreement (within ±12 µƐ on average) at the invert and springline while the strain gauge values at 236 

the crown were 13% smaller on average than the fiber optic measurements. This was likely caused by the 237 

0.15 m offset (two corrugation wavelengths) separating the strain gauges and the fiber optics (which were 238 

directly below the actuator), combined with the high variability of strain behaviour expected at the crown 239 

along the length of the culvert. Therefore, the strain gauge data will not be discussed further. In addition, 240 

the number of load steps achieved per cover depth was restricted by the predetermined 800 µƐ limit for 241 

depths less than 700 mm. This suggests that the minimum burial recommended in clause 12.6.6.3 of the 242 
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American code [300 mm (AASHTO 2017a)] permits some yield of the corrugated steel. Culverts with 243 

dimensions similar to those for the culvert used in this project may yield because the recorded strain 244 

approached the yield limit at a fraction of the total design service load. Alternatively, based on the cover 245 

depths used in this study, the Canadian minimum [600 mm (CSA 2017b)] appears to be near the point 246 

where the structure transitions from a high possibility of yield to elastic response under service loads. The 247 

peak load step and corresponding reason for limiting the load are given in Table 3.  248 

 249 

Impact of Burial Depth 250 

Since the 25 kN load step was the only load achieved at every depth during the experiment, a comparison 251 

was performed using the results at 25 kN at each level of cover to assess the impact of burial depth on the 252 

elliptical culvert. During cycle 1 at each depth, peak negative moments were observed at the crown directly 253 

below the simulated wheel pair and large positive moments occurred at each shoulder induced by the 254 

inward bending at the crown (see Figure 4(a)). Meanwhile, negligible strains around the bottom half of the 255 

culvert indicated that the bending moments were approximately zero in this area. At 100 mm of cover, the 256 

peak bending moment was observed to be -1.74 kNm/m, approximately 60% of the yield moment – 257 

calculated using Equation (11). When the depth increased to 300 mm (the minimum burial according to 258 

AASHTO (2017a)) the peak moment decreased to -0.78 kNm/m, i.e. 27% of the yield moment, and as the 259 

burial depth continued to increase towards 600 mm (the minimum burial according to CHBDC (2017b)) the 260 

peak moment became less than 10% of the yield moment. Once 600 mm burial depth was achieved, the 261 

peak moment continued to decrease, steadily approaching zero, but in increasingly smaller increments. 262 

Cycle 3 showed similar moment behaviour patterns with an 8% decrease in peak moment at 100 mm of 263 

cover and increased peak live load moments of 0.13 and 0.02 kNm/m for depths of 300 mm and 1200 mm, 264 

respectively (Figure 4(b)). When compared to the yield moment, at 100 mm the observed moment from 265 

cycle 3 decreased to 55% of yield while at 300 mm it increased to 30% of yield, in addition the other burial 266 

depths (500 to 1200 mm) also experienced similar increases. The decrease at 100 mm is because during 267 

cycle 1, the soil experiences both elastic and plastic deformation while in cycles 2 and 3 the soil experiences 268 

essentially only elastic deformation resulting in a reduced response in the culvert. Meanwhile, the increase 269 
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at every other cover depth does not follow this trend and is believed to be caused in part by non-uniform 270 

soil modulus and inconsistent peak load values, which is discussed in more detail in the following section. 271 

 272 

The thrust behaviour during cycle 1 displayed a peak negative value near the crown for each burial depth 273 

(Figure 5(a)). Thrust force then decreased towards the springlines and became zero between the haunches 274 

and across the invert indicating load shedding into the adjacent soil. A peak thrust value of -41 kN/m was 275 

seen at 100 mm which represents only 8% of the yield thrust – calculated using Equation (10) – while at 276 

300 mm the recorded thrust became 6.5% of the yield limit. The thrust eventually fell below 3% of the yield 277 

limit once a cover of 600 mm was achieved. Cycle 3 showed very similar behaviour with changes in peak 278 

thrust as large as 5 kN/m which represents only a 1% difference relative to cycle 1 when compared to the 279 

yield thrust (Figure 5(b)). Based on the structural responses to the applied load of 25 kN that were measured 280 

at every burial depth, it appears that flexural behaviour remains higher than thrust behaviour at all cover 281 

depths. The moment rather than the thrust consistently represented a larger percentage of its respective 282 

yield limit (yield moment versus yield thrust).  283 

It is understood that this interpretation of the most critical strength limit state (flexure rather than thrust) is 284 

conservative. It neglects the redundant nature of buried flexible pipe behaviour when subjected to bending 285 

since the load capacity is not fully mobilized when yield develops at an extreme fiber as a result of flexure. 286 

That is to say, even if a full plastic hinge develops at one location, the pipe will not likely collapse. This 287 

interpretation is considered prudent, however, since design against first yield under vehicle loads at the 288 

ground surface should avoid any potential for incremental collapse under repeated load cycles.  289 

 290 

Impact of Live Load 291 

The impact of the magnitude of the live load was assessed by comparing the culvert behaviour at 500 mm 292 

at each load step since at this depth, five of the seven predetermined load steps (from Table 2) were 293 

applied. It also represents a burial depth slightly below the 600 mm Canadian minimum cover depth (CSA 294 

2017b). For this test, the maximum load applied was 79 kN, which was determined by the strain limit 295 
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previously mentioned. This force is below the Canadian service load by 23% and the US service load by 296 

15%. 297 

 298 

During cycle 1 at each load step, the peak negative moment and thrust were again observed at or near the 299 

crown directly below the simulated wheel pair, while large positive moments developed at the shoulders 300 

(Figure 6(a) and Figure 7(a)). Similar to observations in the previous section, there were negligible moment 301 

and thrust around the bottom half of the culvert. At the largest load the peak moment in the culvert reached 302 

-1.49 kNm/m, which represented 51% of the steel’s yield moment. In comparison, the peak thrust at the 303 

same applied load was -71 kN/m, only 13% of the yield thrust, suggesting again that bending moment is 304 

the more critical structural demand at this shallow burial depth. 305 

 306 

The results observed during cycle 3 however, differ noticeably compared to cycle 1. At the first two load 307 

steps (25 and 35 kN) the recorded moment (Figure 6(b)) and thrust (Figure 7(b)) increase from cycle 1 to 308 

cycle 3. Then during the remaining load steps (50 – 79 kN) both moment and thrust decrease overall from 309 

cycle 1 to cycle 3 while also developing an upward (less negative) trend at the crown that becomes more 310 

apparent at larger applied loads. At each instance where a new larger peak load is achieved in cycle 1 311 

there is a decrease in the response to that same load in cycle 3, in this analysis those loads are 50, 73 and 312 

79 kN. This can be attributed to plastic deformation of the soil causing permanent strain during cycle 1 that 313 

does not transfer to cycle 3 because the data is zeroed at the start of each cycle. Furthermore, it is possible 314 

that patterns of soil modulus distribution are complicated by the compression of the backfill under 315 

overburden plus surface loading, which contributed to the increased response from cycle 1 to cycle 3 316 

observed at loads of 25 and 35 kN in these experiments. This complication could be mitigated if the backfill 317 

was excavated and replaced for each burial depth, thus avoiding the effect of any previous surface loading. 318 

However, this was not possible logistically due to both cost and time constraints. Therefore, it is not possible 319 

at this time to provide detailed explanations of the changes in observed responses between cycle 1 and 320 

cycle 3 at lower applied loads. Despite this behaviour, bending moment remains more critical than thrust 321 
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for cycle 3, with observed moment having a peak maximum value of -0.96 kNm/m and thrust reaching -56 322 

kN/m, which represented 33% and 10% of their respective yield limits.  323 

 324 

Extrapolated Culvert Behaviour 325 

In typical culvert design, the structure must provide adequate resistance to the ultimate (strength) limit state. 326 

Furthermore, during construction and throughout its service life it is possible for a culvert in the field to 327 

encounter loading that causes strains greater than 800 µƐ (close to or beyond yielding). The culvert in this 328 

project was not loaded to either the strength limit or the yield limit as it was to be used as part of a follow-329 

on experimental campaign. Therefore, the results at each load step and cover depth were therefore 330 

extrapolated to the fully factored load, 𝑃𝐹𝐹𝐿 (kN), which varies with depth, and then normalized using the 331 

yield thrust, 𝑁𝑦 (kN/m) or yield moment, 𝑀𝑦 (kNm/m), as per Equation (12) and (13), respectively below. 332 

This was done to assess the thrusts and moments at larger applied loads relative to the yield thrust and 333 

yield moment. 334 

𝑁𝑒𝑥𝑡 =
𝑁

𝑁𝑦
∗
𝑃𝐹𝐹𝐿
𝑃𝑓

 (12) 

 335 

𝑀𝑒𝑥𝑡 =
𝑀

𝑀𝑦

∗
𝑃𝐹𝐹𝐿
𝑃𝑓

 

 

(13) 

where 𝑁 and 𝑀 = the thrust (kN/m) and moment (kNm/m), respectively, at a given load step, 𝑃𝑓 (kN). As 336 

the applied load increases towards the fully factored limit, the thrust and moment are expected to increase 337 

as well because stress is linearly related to strain for steel below the yield limit. If the structure’s behaviour 338 

indicates the steel will yield before the fully factored load is reached, then the extrapolated value will be 339 

larger than 1. Meanwhile, a value of exactly 1 represents yield at the fully factored load and a value less 340 

than 1 suggests the culvert has more than sufficient capacity to resist the fully factored design loads. 341 

Although a culvert can continue to function after the steel has yielded, yield rather than the ultimate (fully 342 

plastic) thrust and moment capacities (i.e. collapse) will be examined in this assessment. 343 

 344 
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As mentioned previously, the predetermined strain limit restricted the number of load steps that were 345 

applied when testing at burial depths less than 700 mm. To compare the extrapolated data, an upper bound 346 

and a lower bound line were added to the plots discussed herein. The objective of these lines is to highlight 347 

an envelope of expected behaviour for this particular culvert since consistent load steps could not be tested 348 

at each burial depth. These boundaries also facilitate a clearer comparison between the peak response to 349 

initial loading and repeated loading (cycle 1 versus cycle 3) as well as thrust versus bending moment 350 

behaviour as a portion of the yield limit, which will be discussed later. It is important to reiterate that these 351 

results do not include the effect of earth loads, and that any value greater than 1 represents a linearly 352 

extrapolated moment or thrust demand that will likely have surpassed the yield loads of the culvert. 353 

 354 

The extrapolated bending moment behaviour is shown in Figure 8 for both cycles 1 and 3. Under initial 355 

loading (cycle 1), the 25 kN line represents the lower bound moment, then as the applied force increases 356 

so too does the extrapolated moment. At depths less than 600 mm (Canadian minimum burial depth), the 357 

extrapolated moment at a single location is as much as five times greater than the yield limit indicating a 358 

projected demand that greatly exceeds yield resistance (the magnitude of moment that induces yielding). 359 

While this is a concern, it is also important to note that buried pipes are statically indeterminate structures 360 

and in order for a plastic collapse mechanism to occur, the pipe structure must yield in more than one 361 

location around the circumference (Regier et al. 2017). As cover increases, the upper bound moment is 362 

shown to decrease, eventually dropping below 1 once a 600 mm burial depth is achieved. Meanwhile, under 363 

repeated loading (cycle 3), despite a decrease in the extrapolated moment overall compared to cycle 1, the 364 

projected behaviour is still shown to be several times greater than the yield limit at depths less than 600 365 

mm. Furthermore, in this cycle, the 25 kN line now represents the upper bound moment, and as the applied 366 

force increases, the projected (i.e. extrapolated) moment demand decreases. 367 

 368 

The extrapolated thrust behaviour, as seen in Figure 9 for cycles 1 and 3, shows similar trends to the 369 

extrapolated moment behaviour. Under initial loading, the extrapolated thrust increases as the applied force 370 

increases, meanwhile the reverse is true under repeated loading (the third load cycle) which also has 371 
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smaller thrust values than cycle 1. Additionally, as the burial depth increases, the extrapolated thrust 372 

decreases for both cycles. However, it is interesting to note that the thrust demand never exceeds the yield 373 

limit, suggesting that thrust does not govern the behaviour of this structure at shallow burial. In fact, Figure 374 

10 (which compares the upper bounds of the extrapolated moment and thrust values for both first and third 375 

cycles) shows that at all burial depths and load cycles, the extrapolated moment is consistently larger than 376 

the extrapolated thrust. This data supports the findings of Regier et al. (2017) and Tetreault et al. (2018) 377 

who observed the formation of a plastic hinge when loading elliptical corrugated steel culverts to failure. 378 

 379 

Diameter Change 380 

Flexible culverts, such as the corrugated steel pipe tested in this experiment, tend to undergo horizontal 381 

and vertical diameter change during burial and as a result of live loads at the surface. While some 382 

deformation is expected, especially during burial when there is no benefit of soil restraint, excessive 383 

diameter changes can cause serviceability concerns. At shallow burial depths, diameter change becomes 384 

more of a concern because a larger percentage of the surface load reaches the culvert instead of dispersing 385 

through the soil and because the modulus, and therefore the stiffness, of the soil support is reduced at 386 

lower stress levels. The Canadian code recommends limiting diameter change during construction to 2% 387 

of the average nominal culvert diameter since anything larger can cause permanent deformations (CSA 388 

2017b). However, this is based on mostly empirical considerations instead of analysis. In addition, the 389 

CHBDC and AASHTO do not provide any diameter change limits for metal pipes with dimensions similar to 390 

the one used in this experiment. However, a diameter change limit of 5% is often used in design and has 391 

been recommended as a result of the work by Spangler (1951).  392 

 393 

Throughout the experiment, the vertical diameter of the culvert was monitored with a string potentiometer 394 

to determine the impact of surface loads at shallow burial on the serviceability limit states. The accumulated 395 

diameter change due to live load and earth load for cycles 1 and 3 are shown in Figure 11, where negative 396 

values represent an inward crown deflection. It is important to note that the 0 kN post-test readings do not 397 

match the 0 kN pre-test reading at the new, greater burial depth that follows. This is because it is common 398 
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for flexible pipes to experience upward deformation at the crown during the early stages of burial – a 399 

phenomenon known as ‘peaking’ (CSA 2017a). A maximum accumulated vertical deflection of -6.36 mm 400 

was observed at a 79 kN applied force during the third cycle of the test at 1200 mm burial depth. This value 401 

is only 10% of the deflection limit (representing a 0.5% total diameter change) suggesting that serviceability 402 

limit states does not govern behaviour of this structure. 403 

 404 

Conclusions 405 

The objectives of this project were to undertake detailed load testing of one specific culvert at different 406 

burial depths to (1) investigate the change in behaviour as the burial depth transitions from shallow cover 407 

to deep cover, (2) investigate the impact of increasing static live loading on culverts with variable cover 408 

depths, (3) examine whether the vertical diameter change induced by combined earth and surface load 409 

meets the serviceability limit state at each depth, and (4)  assess the implications and appropriateness of 410 

the current minima used for national highways in Canada and the US for this example culvert. An elliptical 411 

corrugated steel culvert was tested up to the factored service load limit or predetermined strain limit (to 412 

prevent yielding) at burial depths ranging from 100 mm to 1200 mm at regular intervals of 200 mm up to a 413 

depth of 900 mm followed by a final 300 mm interval. At each level of cover the load was increased by 414 

consistent load steps and was applied in three cycles to represent initial construction and/or highway 415 

loading (cycle 1) and repeated highway loading (cycle 3). The following conclusions were drawn from this 416 

investigation: 417 

• Under a single wheel pair load positioned on the ground surface directly above the culvert crown, 418 

the maximum negative moment and thrust consistently occurred at the crown under shallow cover. 419 

Adjacent to the crown, large positive moments were also observed at the shoulders, suggesting 420 

inward bending near the top of the culvert. Meanwhile, load attenuation with depth to the adjacent 421 

soil and along the culvert was observed as negligible strains occurred across the bottom half of the 422 

culvert. This resulted in thrust and moment values that were approximately zero in this area. 423 

• At depths up to and including 500 mm, the culvert reached the predetermined strain limit before 424 

the factored load limit could be achieved, indicating a high possibility that vehicle loads might yield 425 
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a corrugated steel culvert with similar dimensions and burial depth. This also suggests that the 426 

Canadian minimum burial depth (600 mm) is near the point where this particular soil-metal structure 427 

achieves enough capacity to resist the intended surface loads. 428 

• To assess the impact of burial depth on the responses to initial loading and repeated loading, a 25 429 

kN force was applied to the structure at each cover depth. During the first cycle and at 300 mm of 430 

cover (the AASHTO minimum) the recorded moment was at 27% of the yield moment while 431 

recorded thrust was only 6.5% of the yield thrust. When the burial depth was increased to 700 mm 432 

(above the 600 mm minimum Canadian requirement) the moment fell below 10% and the thrust 433 

decreased to less than 3% of the respective yield limits. Similar differences between moment and 434 

thrust were also observed during the third cycle of testing. This suggests that the bending moments 435 

(flexural behaviour) are more dominant than thrusts for this shallow buried culvert. 436 

• To assess the culvert response under initial application of the live load, and then under repeated 437 

loading, the culvert behaviour was compared over 5 different load increments at a depth of 500 438 

mm. During both cycles 1 and 3, the bending moment was consistently the dominant loading 439 

carrying mechanism when compared to thrust, achieving peak maximum values equal to 51% and 440 

33% of the yield moment versus observed thrusts that reached 13% and 10% of the yield thrust.  441 

• All calculated thrust and moment values were also extrapolated using the yield limit stress and fully 442 

factored limit loads to allow for assessment of the culvert at greater vehicle loads than were 443 

achieved during testing (extrapolation to fully factored loads). This revealed that bending moment 444 

consistently represented a larger percentage of the allowable capacity than thrust, indicating again 445 

that moment is more of a concern for this elliptical corrugated steel culvert at shallow burial. For 446 

instance, at cover depths less than the minimum level, the extrapolated incremental moment was 447 

as much as 5 times greater than the yield limit of the corrugated steel plate, while the thrust 448 

remained below 60% of the yield limit under the same conditions. 449 

• Serviceability with regards to deformation was monitored during initial loading and repeated loading 450 

using string potentiometers. During the experiment the culvert only experienced a peak vertical 451 

diameter change of 0.5%, well below the 2% (CSA 2017b) and 5% (Spangler 1951) recommended 452 
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limits. Even when deflection was extrapolated to the values estimated at fully factored service 453 

loads, the values consistently remained below the limit, achieving extrapolated deformation values 454 

around 1% at the largest applied load, suggesting that deformation is not a short term concern for 455 

the particular culvert and backfill choices used for this study. 456 

Data Availability Statement 457 

All data generated or used during the study are available from the corresponding author by request. 458 
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List of Tables 520 

Table 1: Summary of Backfill Properties 521 

Soil Location Dry Density (
𝒈

𝒄𝒎𝟐) Water Content (%) Standard Proctor (%) 

Bedding 2.05 2.4 89.8 

Invert – Crown 2.06 2.9 90.2 

0 – 600 mm Cover 2.07 3.3 90.9 

600 – 1200 mm Cover 2.13 4.0 93.5 

 522 

 523 

Table 2: Applied Load Increments for Corrugated Steel Culvert Tests at Each Burial Depth (Peak Loads 524 
Shown in Table 3) 525 

Load Step Load (kN) 

Initial Conditions 0 

1 25 

2 35 

3 50 

4 73 

5 79 

6 AASHTO Full Service 

7 CHBDC Full Service 

Post Test 0 
Table 3: Peak Load Step and Loading Limit Achieved at Each Burial Depth for Shallow Cover Tests 526 

Burial Depth 
(mm) 

Peak Load 
Step (kN) 

Limit 

100 35 Strain (800 µƐ) 

300 50 Strain (800 µƐ) 

500 79 Strain (800 µƐ) 

700 99 CHBDC Full Service Load 

900 96 CHBDC Full Service Load 

1200 91 CHBDC Full Service Load 

 527 

  528 
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List of Figures 529 

A)                                                                                           B)  530 

   531 

C)                                                                                                          D)         532 

  533 

Figure 1: Corrugated steel culvert (a) the specimen before burial, (b) top view of test set up, (c) front view 534 

of test set up, and (d) load application configuration 535 
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 536 

Figure 2: Fiber optic sensor (highlighted with black lines) and strain gauge (indicated with circles) 537 

locations 538 

 539 

Figure 3: Fiber optic cable layout for linear extrapolation calculation 540 

 541 

Figure 4: Moment distributions (kNm/m) for different cover depths at 25 kN for initial loading, (a) cycle 1, 542 

and repeated loading, (b) cycle 3 543 
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 544 

Figure 5: Thrust distributions (kN/m) for different cover depths at 25 kN for initial loading, (a) cycle 1, and 545 

repeated loading, (b) cycle 3  546 

 547 

Figure 6: Moment (kNm/m) at 500 mm of cover for initial loading, (a) cycle 1, and repeated loading, (b) 548 

cycle 3  549 

 550 

Figure 7: Thrust (kN/m) at 500 mm of cover for initial loading, (a) cycle 1, and repeated loading, (b) cycle 551 

3 552 
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 553 

Figure 8: Moment extrapolated to the fully factored wheel pair load (a) cycle 1 and (b) cycle 3  554 

 555 

Figure 9: Thrust extrapolated to the fully factored wheel pair load (a) cycle 1 and (b) cycle 3 556 
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 557 

Figure 10: Upper bound comparison of extrapolated moment and thrust of cycle 1 and cycle 3 558 

 559 

Figure 11: Accumulated vertical diameter change (a) cycle 1 and (b) cycle 3 560 
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