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ABSTRACT 
Full scale laboratory testing of an instrumented buried HDPE stormwater retention arch structure was undertaken for a 
shallow soil cover condition subjected to cyclic design truck loading simulated using a hydraulic load actuator. A previously 
validated structural model was used to explicitly model the laboratory setup and testing. The three-dimensional finite 
element model was able to capture the behaviour of cyclic loading, including apparent stiffening of the soil-structure system 
after the first load cycle. The model matched the measured displacements and deformed shape at the start of the nominal 
design wheel load for all load cycles, but struggled to match creep behaviour observed during constant load holds and at 
the larger partially factored design wheel load. The required methods and limitations associated with modelling the failure 
load of the buried arch structure are discussed.  
 
RÉSUMÉ 
Des essais en laboratoire à pleine échelle d'une structure en arche de rétention des eaux pluviales en HDPE enterrée et 
instrumentée ont été entrepris pour une condition de couverture de sol peu profonde soumise soumis à une charge de 
conception en utilisant un actuateur. Un modèle structurel précédemment validé a été utilisé pour modéliser explicitement 
la configuration du laboratoire et les essais. Le modèle a été capable de capturer le comportement de la charge cyclique, 
y compris le raidissement apparent du système sol-structure après le premier cycle de charge. Le modèle correspondait 
aux déplacements mesurés et à la forme déformée au début de la charge nominale de la roue pour tous les cycles de 
charge, mais il était difficile de correspondre au comportement de fluage observé pendant les maintenances de charge 
constante et à la plus grande charge de roue de conception partiellement pondérée. Les méthodes requises et les limites 
associées à la modélisation de la charge de rupture de la structure en arc enterrée sont discutées.  
 
 
1 INTRODUCTION 
 
Profiled thermoplastic stormwater arches are buried 
structures which are used to temporarily hold and then 
release stormwater runoff from rainfall events. These 
profiled arches are one type of structure used in 
stormwater management which can include corrugated 
steel pipes, concrete pipes and arches, and modular 
polymer chambers. These products typically have a 
profiled-wall shape (Figure 1), making for an efficient 
storage option when part of a soil-structure system. The 
arches can be overlapped in the longitudinal direction, then 
placed closely side-by-side to create a high-volume system 
for stormwater retention. The most common application for 
these structures is a shallow burial installation under a 
parking lot or other paved surface where businesses must 
meet regulations for runoff, but it is not possible to use a 
more natural management practice such as a retention 
pond due to high land usage.  

The way in which loads are carried by this system 
depends on burial depth. At shallow burial the structure 
must carry primarily vehicle live loads, whereas under deep 
burial conditions the demand is mainly attributed to dead 
load from overlying soil. Standards have been developed 
for the structural design (ASTM F2787, 2010) and 
qualification (ASTM F2922, 2013) of profiled thermoplastic 
arches based on AASHTO LRFD Bridge Design 
Specifications (2010) for thermoplastic pipes. These 
standards use two-dimensional finite element analysis to 

estimate a factored strain in the structure for a design 
wheel load, which is then compared to a critical strain 
determined by compressive testing of arch specimens 
(NCHRP, 2009). This design must then be qualified 
through physical tests.  
 

 
Figure 1: Diagram of buried arch subject to surface vehicle 
loading. 
 
The first published full-scale testing was carried out by 
Beaver et al. (2003) in conjunction with the development of 
design standards, who investigated the behaviour of three 
arches under live loads installed at minimum burial and 



 

minimum spacing, and under deep burial conditions. 
Similar tests have since been carried out by McGrath and 
Mailhot (2010), Bass et al. (2010), and Masada (2013). 
These field tests used real vehicles to apply surface loads, 
making it difficult to measure the actual applied force, and 
to apply large enough loads to reach partially factored 
loads or to examine limit states. There is an absence of 
laboratory tests which present high quality continuous data 
to investigate the behaviour of these structures under 
controlled loading using an actuator, and to accommodate 
the validation of finite element models by better measuring 
the deformed shape of the structure at known load levels.  
This paper presents the results from a high-quality 
instrumented laboratory test of a buried stormwater arch 
under shallow cover, and a three-dimensional finite 
element model capable of modelling the full response of a 
profiled arch chamber. 
 
 
2 PROFILED ARCH STRUCTURE 
 
The parabolic arch structure tested, made of high-density 
polyethylene, has an interior rise of 350 mm and an interior 
span of 690 mm (Figure 2). The chamber has a profiled 
geometry with corrugations nominally 68 mm deep at a 
period of 84 mm, with an average wall thickness of 3 to 4 
mm. Each arch comes as a 12-corrugation module, which 
can then be overlapped with other modules to create a 
larger storage volume. The arch chambers were 
manufactured by vacuum forming plane plastic sheets to a 
mould. Due to this manufacturing process, the geometry of 
the structure was investigated further to quantify possible 
variations in local thickness from crown to base as a part 
of developing a validated structural model (Adams and 
Brachman, 2018).  

A FaroArm 3D laser scanner was used to measure the 
local geometry of a two-corrugation arch specimen. The 
measurements from this scan were then compared to 
caliper measurements from cut cross-sections to create a 
validated geometric model of the two-corrugation 
specimen. To create a model of the full 12-corrugation 
specimen that was tested in this paper, the validated 
geometry of the measured two-corrugation specimen was 
repeated to create the full structure as equally intensive 
measurements of the full specimen were impractical.  
 
 
3 SURFACE LOAD TEST 
 
3.1 Setup 
 
A full-scale physical test was conducted on a 690 mm span 
profiled HDPE stormwater arch under controlled laboratory 
conditions (Figure 2) in a test cell developed by Brachman 
et al. (2001). A 500 kN actuator was attached to the 2.0 m 
wide, 2.0 m long, 1.6 m deep cell to simulate the nominal 
and factored wheel loads for design truck loading. The arch 
specimen was tested at a burial depth of 0.46 m clear cover 
above the crown, corresponding to the minimum suggested 
cover. Two thin sheets of polyethylene with an in-between 
layer of high-temperature bearing grease were attached to 
the sidewalls of the cell to limit the backfill soil to cell friction 

angle to below 5° to simulate symmetry at the cell 
boundaries which match the behaviour of a series of 
arches installed in parallel, and to create a more repeatable 
experiment. These boundary conditions simulate an 
installation of infinitely long arch specimens placed side-
by-side at a spacing of 2.0 m crown-to crown, and does not 
investigate the effect of the chamber end caps. Thin 
nonwoven geotextile strips (0.1 x 0.5 m) were taped to the 
outer polyethylene sheet to protect it from the coarse 
aggregate backfill soils.  

 

 
Figure 2: Drawing of laboratory setup for the surface 
loading of a profiled stormwater arch buried under 
minimum cover. 
 
The stormwater arch was installed in phases. The 718 mm 
subgrade soil layer of poorly graded gravel (20-mm 
nominal particle size) was installed in a single lift then 
compacted to a dry density of 1650 kg/m3. The specimen 
was then placed on the compacted subgrade (Figure 3), 
and 150-mm lifts of the same poorly graded gravel fill were 
placed without compaction (dry density of 1520 kg/m3), as 
is typical for a stormwater retention arch installation, up to 
150-mm above the crown of the structure. A 305-mm top 
layer of well-graded sand-and-gravel soil (D50 = 2.7 mm) 
was then added in a single lift and compacted to 90% of its 
standard proctor maximum dry density (2030 kg/m3). 
Geotextiles separated each soil layer to keep finer particles 
of the granular A from filling the voids of the uncompacted 
gravel layer. 
 

 
Figure 3: Photograph of profiled stormwater arch prior to 
backfill. 
 



 

3.2 Instrumentation 
 
The instrumentation used for measurements in the test are 
shown in Figure 2. Four string potentiometers were used to 
measure vertical crown displacement (± 0.5 mm), and one 
linear potentiometer (± 0.2 mm) was used to measure the 
surface load pad displacement in combination with the 
machine stroke. Two cameras were used to measure the 
deformed shape of the structure by measuring the 
displacement of ten reference points (± 0.5 mm). The string 
potentiometers and digital cameras were mounted on a 
steel instrumentation beam, attached directly to the cell 
walls, which ran through the centre of the arch structure, so 
measured displacements include any settlement of the 
arch into the compacted gravel layer.  
 
3.3 Procedure 
 
After results were recorded for backfilling, the load actuator 
was attached to the test cell frame. Surface loads were 
then applied using an AASHTO design truck wheel pad 
(254 x 508 mm) and load actuator to simulate the loading 
from one-half of a single design truck axle. Load was 
applied both concentrically (directly over the crown) and 
eccentrically (190 mm offset from crown) under load 
control. The structure was loaded to the nominal design 
load (71.2 kN) and held at this load for 1-minute, then 
loaded to the partially factored design load (90.3 kN) and 
another 1-minute hold. The structure was then unloaded to 
0 kN and held for 1-minute. This constituted one load cycle. 
Three load cycles were completed for concentric loading, 
then three more load cycles for eccentric loading. 
 
4 FINITE ELEMENT ANALYSIS 
 
4.1 Numerical Details 
 
Three-dimensional, large-displacement, geometrically and 
materially nonlinear finite element analysis was conducted 
to model the buried behaviour of the stormwater arch 
specimen using the program ABAQUS (2012). Both the soil 
and arch were modelled using 10-noded tetrahedral 
continuum elements. Mesh analysis was conducted to 
confirm adequate refinement. An element size of 10 mm 
was used for analysis as finer meshes resulted in a relative 
difference of no more than 0.5% in maximum 
circumferential strain. Quarter-symmetry or half-symmetry 
was used where applicable to reduce computational 
runtimes (Figure 4).  

The validated nonlinear viscoplastic material model, 
based on previous uniaxial tensile testing of specimens 
testing was used to model the HDPE. The soil and 
structure were tied together, assuming a fully bonded 
interface. The wheel pad was modelled as a perfectly rigid, 
rough footing. The model was run using a prescribed load, 
matching the magnitudes and time of the laboratory test. 
Symmetry was used where applicable. Rigid, frictionless 
boundaries were used where the soil met the walls, as an 
idealization of the friction treatment used on the test cell 
walls. A rigid, rough boundary was used for the base of the 
cell. These boundary conditions simulate an installation of 
infinitely long arch specimens placed side-by-side at a 

spacing of 2.0 m crown-to crown, identical to that of the 
physical test. Two load cycles were modelled explicitly at 
the prescribed loading rate used in the laboratory test. The 
load cycles were included in an attempt to capture the 
complex load, unload, and reload behaviour observed. 
 

 
Figure 4: Finite element mesh used for modelling the 
concentric surface load test. 
 
4.2 Soil Model 
 
The fill material was modeled using a nonlinear, elastic-
plastic formulation to characterise the response of the soils. 
The elastic range of soil behaviour was modelled using the 
Duncan formulation (1978), which calculates a Young’s 
modulus based on triaxial tests as a function of confining 
pressure, 𝜎ଷ. The parameters used for each soil layer 
(Table 1) were estimated based on initial compaction 
values according to tabulated Duncan parameters 
(CANDE 2007). For the uncompacted gravel layer the 
initial modulus was lowered to better match the measured 
behaviour. 
 
Table 1: Input parameters used for the modelling of soil 
materials. 
 

 Compacted 
Gravel 

Uncompacted 
Gravel 

Compacted 
Granular A 

Soil Model SW95 SW85 SW90 
Initial Modulus 
(Emin) 

11 MPa 5 MPa 10 MPa 

Dimensionless 
Modulus (atm) 

950 450 640 

Power Law 
Coefficient (n) 

0.60 0.35 0.43 

Poisson’s Ratio 
(ν) 

0.23 0.19 0.23 

Friction Angle 
(φ) 

56° 48° 48° 

Dilation Angle 
(ψ) 

26° 18° 18° 

Cohesion (c) 20 kPa 24 kPa 20 kPa 

 
The Mohr-Coulomb model was used to define the yield 
surface (or failure criterion) for soils based on shear failure. 
The internal friction angle (φ) and dilation angle (ψ) used 
for each soil layer (Table 1) were chosen based on 
previous analyses of a buried arch culvert at minimum 



 

cover subject to truck loading (Elshimi et al. 2014, CANDE 
2007). Artificial cohesion was included in the analysis for 
numerical stability.  
 
5 RESULTS AND DISCUSSION 
 
5.1 Surface Load Test 
 
Total vertical crown and surface displacements are shown 
in Figure 5 for concentric loading. Significantly larger 
displacements were observed in the first load cycle 
compared to the subsequent cycles. At the crown, an 
incremental displacement of 9.1 mm was measured for the 
first 71.2 kN load step, versus a displacement of only 6.7 
mm for the same 71.2 kN load in the second cycle, zeroed 
relative to the initial displacement just prior to the second 
cycle. In addition to the more compressible soil-structure 
system response in the first load cycle, the load-
displacement behaviour was also noticeably more 
nonlinear.  

There are two explanations for these differences in 
behaviour. First, is that during the first load cycle the arch 
works itself into place, causing additional displacement 
originating at the foot. This is demonstrated by 8 mm of foot 
displacement measured in the first load cycle versus 2 mm 
foot displacement in the later two load cycles, measured 
using digital image analysis of photographs taken 
throughout the surface load test. Large crown and foot 
displacements during the first load cycle have previously 
been noted by Bass et al. (2010) and Masada (2011) for 
similar corrugated polymer arches under vehicle loading. 
However, this does not explain the nonlinear load-
displacement behaviour observed in the first load cycle.  

 

Figure 5: Measured load-displacement behaviour at 
surface and crown of structure directly underneath the load 
pad. 
 
The second explanation is that shear failure develops 
beneath the load pad during the first load cycle. As the 
shear planes develop under the edges of the wheel pad 
and propagate downward to the arch, the load taken by the 
arch increases as the surrounding soil no longer supports 
the wheel load. This matches the measured nonlinear 
behaviour, where as the soil fails under increasing applied 
load, the crown sees increasing levels of vertical 
displacement represented by nonlinear behaviour (Figure 

5). In the subsequent load cycles, the load-displacement 
behaviour over this same load range is more linear as no 
new shear failure occurs since the permanent deformation 
has already accumulated in the first load cycle. There was 
evidence of shear failure noted during the experiment, as 
punching behaviour was observed underneath the load 
pad at the surface which did not rebound upon unloading. 
This punching shear failure explanation is investigated 
further in the modelling section of the results. Looking at 
Figure 5, if further load cycles were to be applied to the 
arch the behaviour would be similar to second and third 
cycles, exhibiting a more linear response within the working 
load range.  

The explanations presented above offer possible 
insight as to why the soil-structure system yielded a stiffer 
response in the second and third load cycles than in the 
first. It must also be noted that significantly more crown 
displacement is accumulated over the 1-minute hold 
periods at 71.2 kN and at 90.3 kN.  Possible explanations 
for this additional displacement accrued under essentially 
constant external load are either creep of the HDPE 
structure, time-dependent behaviour of the backfill 
material, or a combination of both. Higher additional 
displacements are observed during holds in the first load 
cycle, possibly indicating a time-dependent gravel 
response as a result of the uncompacted backfill gravel and 
structure working its way into place during this constant 
load hold. In subsequent load steps where the structure 
and soil have already experienced the applied load range, 
displacements accumulated during holds are over 60% 
smaller.  

Measured global deformation (Figure 6) shows how the 
shape of the arch changes under concentric and eccentric 
loading. Under concentric loading the arch structure 
deflects vertically due to circumferential compression, with 
all deformation being symmetric. The largest 
displacements occur at the crown, directly underneath the 
wheel pad. Under eccentric loading there is significant 
horizontal displacement observed, as the structure deflects 
laterally from the wheel load placed over the arch shoulder. 
The largest displacement is seen at the shoulder of the 
arch, underneath the wheel pad.  

 

 
Figure 6: Deformed shape under concentric loading and 
eccentric loading at beginning of 71.2 kN hold (1st load 
cycle). 



 

5.2 Finite Element Model 
 
5.2.1 Finite Element Model 
  
The goal of the finite element analysis was to simulate the 
full response of the surface load test by explicitly modelling 
two loading cycles, and accounting for load holds and rate-
dependent behaviour by using a viscoplastic HDPE 
material model.  The finite element model was able to 
match the incremental measured crown displacements 
from the imposed surface loading up to the start of the 
nominal load of 71.2 kN for both the first and subsequent 
load cycles (Figure 7). For the first load cycle, the finite 
element model calculated a crown displacement of 9.2 mm 
and a surface displacement of 13.0 mm, corresponding to 
a relative difference of 1% of the measured values under 
the design wheel load (Table 2).  
 
Table 2: Comparison of measured and calculated 
displacements at the nominal design truck load (71.2 kN). 
 

 First Cycle Second Cycle 
 

Crown Surface Crown Surface 

Measured 
Displacement 
(mm) 

9.1 12.9 6.8 8.4 

Calculated 
Displacement 
(mm) 

9.2 13.0 6.3 9.0 

Relative Error 1% 2% 7% 7% 

 
The deformed shape of the structure at the beginning of the 
71.2 kN hold during the first load cycle (Figure 7) shows 
that the finite element model matches the observed 
deformations form measured laboratory results under both 
concentric and eccentric loading. The calculated 
deformation under eccentric loading was larger than the 
measured results since the soil-structure system in the 
physical test had experienced load previously during the 
concentric testing, which was not accounted for in the 
eccentric finite element model. Overall, the matched global 
deformation and crown displacement indicated that the 
structural model adequately represents the behaviour of 
the HDPE arch structure at the nominal design truck load 
level. However, the model was unable to simulate the 
additional displacement accrued during the 71.2 kN hold 
and afterwards (Figure 7).  

The additional measured displacement not captured by 
the finite element model after the beginning of the 71.2 kN 
hold could be due to time-dependent behaviour of the 
structure or of the soil. Since the viscoplastic model has 
previously modelled creep behaviour in the structure 
successfully prior to burial, emphasis was placed on the 
behaviour of the soil-structure system. Analyses were 
conducted to investigate the effect of weaker and softer 
soils to determine if a different soil material could lead to 
increased structural creep within the soil-structure system. 
It was found that reducing the friction angle of the backfill 
material had little effect on displacement and using a lower 
Young’s modulus for the soils greatly overestimated 

surface displacement in the system. Since these 
investigations did not provide an explanation as to the 
larger displacements measured during load holds and 
during the load step from 71.2 kN to 90.3 kN, it is 
hypothesized that there is a time-dependent response of 
the backfill soil that could not be captured. The large 
increase in crown and surface displacement can be 
explained by further movement of the uncompacted gravel 
under constant load. The time-dependent behaviour of the 
system is even more evident during the 1-minute hold at 
90.3 kN, where larger displacements are formed under the 
larger constant load (Figure 7). 

 
Figure 7: Measured and calculated incremental response 
of the soil-structure system. 
 
Similar behaviour is observed during holds in the second 
load cycle, with time-dependent displacement that is a 
function of load level, though the additional displacements 
are smaller since the initially loose gravel has densified. 
Additional displacements remain during these holds due to 
the time-dependent behaviour of the uniform gravel 
material, and of the HDPE structure. To simulate time-
dependent soil behaviour, laboratory testing (i.e. plate 
loading of backfill soil only with settlement plates installed 
to measure soil strain) would be required to configure a 
new constitutive model and is beyond the scope of this 
thesis. 

Although the finite element model could not match the 
full load-displacement behaviour of the arch structure after 
the nominal design truck load, the model was able to 
capture complex soil behaviour during load cycles, 
including the shear failure of soil during the first load cycle 
and subsequent stiffening of the soil-structure system in 
later cycles. Modelling this behaviour requires a soil model 



 

which can simulate variable modulus and plasticity, such 
as the nonlinear elastic-plastic formulation used. Results 
from the finite element model illustrate the distribution of 
the surface truck load to the structure through soil stresses 
(Figure 8), and the model captured shear failure planes 
which develop during the first load cycle, simulating the 
punching shear failure which developed directly under the 
wheel pad.  

 

 
Figure 8: Vertical stress distribution at beginning of 71.2 kN 
hold (1st load cycle). 

 
The punching shear mechanism, though an important 
aspect of the physical load test and modelling, would likely 
not occur in a more realistic installation which includes a 
surface course (i.e. asphalt layer. Shear failure of the 
compacted gravel was also calculated underneath the arch 
as a result tension induced by displacement at the feet of 
the arch, which was not a concern as it was not noticeable 
in the physical testing. Upon reloading, this soil failure was 
not seen under the same working loads previously 
experienced, as the plastic strains accumulated for this 
load level were already achieved during the first load cycle, 
meaning that the plastic work was done in the first cycle. 
The result of the strain accumulated along these punching 
shear failure planes is best shown by the maximum 
principal plastic strain equivalent (Figure 9). Although the 
variable modulus model would be able to simulate the 
nonlinear soil behaviour, it would not be able to capture 
differences in stiffness across load cycles as a result of 
plasticity, as the nonlinear-elastic formulation would return 
the same results for each load cycle.  

What was observed during both the laboratory 
experiment and in the finite element model is higher 
demand on the structure, shown by larger observed 
deformation, in the first load cycle than in the subsequent 
load cycles. This indicated that the later load cycles are 
more representative of how the structure would perform 
under live loading once it has experienced working loads 
and worked its way into place, creating a stiffer system than 
when initially installed with uncompacted backfill. It was 
important that the model was able to account for residual 
strains from the first cycle to capture this observed 
behaviour in the second load cycle.  
 

 
Figure 9: Maximum principal plastic strain at beginning of 
71.2 kN hold (1st load cycle). 
 
What was observed during both the laboratory experiment 
and in the finite element model is higher demand on the 
structure, shown by larger observed deformation, in the 
first load cycle than in the subsequent load cycles. This 
indicated that the later load cycles are more representative 
of how the structure would perform under live loading once 
it has experienced working loads and worked its way into 
place, creating a stiffer system than when initially installed 
with uncompacted backfill. It was important that the model 
was able to account for residual strains from the first cycle 
to capture this observed behaviour in the second load 
cycle.  
 
5.3 Effect of Model Parameters 
 
After the three-dimensional finite element model was 
compared to the laboratory results, simplified models were 
run to investigate the role of key components in capturing 
the response of the soil-structure system. Models were run 
without geometric nonlinearity, using a linear-elastic 
structural model, without Mohr-Coulomb plasticity, and 
without a stress-dependent modulus, then compared to the 
full geometrically and materially nonlinear model with a 
nonlinear elastoplastic soil model (Table 3, Figure 10). 
 
Table 3: Summary of numerical parametric analysis of 
model components. 
 

Case Soil  Structure Crown 
Def. 
(mm) 

Percent 
Difference 

Full Model  NL-
MC 

VP, 
NLGEOM 

9.2 - 

Geometrically 
Linear 

NL-
MC 

VP, 
NLGEOM 

Off 

8.6 7% 

Linear-Elastic 
Structure 

NL-
MC 

LE, 
NLGEOM 

10.8 17% 

Linear-Elastic-
Plastic Soil 

LE-
MC 

VP, 
NLGEOM 

5.9 36% 

Nonlinear-
Elastic Soil 

NL VP, 
NLGEOM 

5.1 45% 

   



 

 
5.3.1 Geometrically Linear 
 
Geometrically linear analysis disregards the effect of 
deformed shape, and instead calculates stresses and 
strains in subsequent steps using the initial geometry. 
Although including geometric nonlinearity had a large effect 
on modelling the structural behaviour prior to burial, at 
working loads and in buried conditions the effect is much 
smaller since the structure is confined by backfill soil, 
leading to smaller and less locally varying deformations. 
Neglecting geometric nonlinearity underestimates crown 
displacement by 7% compared to the measured value at 
an unfactored wheel load of 71.2 kN (Figure 10) when 
compared to the geometrically nonlinear finite element 
model. 
 
5.3.2 Linear-Elastic Structure 
 
Using a linear-elastic material model for HDPE with a short-
term Young’s modulus of 760 MPa overestimated crown 
displacement by 17% at 71.2 kN compared to the 
viscoplastic model. The linear elastic model calculated 
larger displacement because the initial Young’s modulus of 
the calibrated viscoplastic model is larger (1450 MPa), so 
the system is stiffer during the strain range associated with 
the first load step to the nominal design load. Overall, the 
calculated behaviour using a linear-elastic constitutive 
model was similar, which was expected since during the 
testing prior to burial the linear-elastic model captured the 
behaviour well up to a crown displacement of 12 mm, 
though unable to characterise the ultimate limit state. 
However, using a static analysis cannot account for time-
dependent behaviour, such as additional strains 
accumulated during load holds, shown in Figure 10 by the 
flat lines during these hold periods.  
 
5.3.3 Nonlinear-Elastic Soil 
 
When Mohr-Coulomb plasticity is not included in the model 
the soil failure underneath the wheel pad cannot be 
captured. This results in more load being supported by the 
surrounding soil, and less demand on the arch structure. 
Additionally, deformations are significantly smaller since 
there is no plastic strain accumulated associated with 
shear failure. Crown displacement is reduced by 45% when 
compared to the finite element model including plasticity. A 
full Duncan-Selig formulation would be able to simulate the 
shear failure of this soil through softening but would be 
unable to accumulate plastic strain across load cycles as it 
remains an elastic formulation.  
 
5.3.4 Linear-Elastic-Plastic Soil 
 
This analysis was conducted to investigate the effects of 
disregarding nonlinear modulus. Using assumed stiffness 
values for a linear-elastic Mohr-Coulomb model, the finite 
element model resulted in a 36% underestimate of crown 
displacement and a 31% overestimate of surface 
displacement. Since the constitutive soil model cannot 
account for the stiffening of soil as a function of confining 
stress, the soil directly underneath the wheel pad is very 

soft compared to the actual response. In the laboratory 
results, a stiffer soil column underneath the load pad 
transferred a larger proportion of load to the structure, 
which could not be captured with a linear modulus. 
Additionally, due to the low stiffness underneath the load 
pad significantly larger surface displacements were 
modelled.  
 

 
Figure 10: Structural response during numerical parametric 
analysis of model components. 
 
6 SUMMARY AND CONCLUSIONS 
 
Three-dimensional finite element analysis was conducted 
to investigate the response of a profiled high-density 
polyethylene stormwater retention arch when buried with 
minimal soil cover and subjected to design truck loading.  
A previously validated structural model employing material 
and geometric nonlinearity was used to model the arch.  
Results from the finite element analysis were compared 
with a full-scale physical test where arch displacements 
were measured under applied load.  It was found that: 
 
1. Vertical displacement at the ground surface and at the 

crown of the arch was seen to be significantly larger in 
the first load cycle than the subsequent loading cycles. 
The same trend was seen for foot displacement, as the 
arch foot worked its way into place during this cycle. A 
stiffer soil-structure response was then observed in 
subsequent load cycles.  

2. The three-dimensional finite element model was able 
to match crown displacements and the deformed 
shape of the structure within 7% at a nominal wheel 
load of 71.2 kN, for both the first and subsequent load 
cycles when loaded concentrically and eccentrically. 
The model was unable to match the additional 
displacement measured during the 71.2 kN hold, or 
during loading up to the partially factored wheel load 
of 90.3 kN. 



 

3. Geometric nonlinearity had no substantial affect on the 
model under working loads as the surrounding soil 
provides confinement of the structure, keeping local 
deformations much smaller in this load range. 
Furthermore, a linear-elastic material model was able 
to capture the HDPE response under these working 
loads, where buried strains are relatively small due to 
soil support.  

4. A stress dependent soil model which includes 
plasticity was required to capture the response of the 
soil, which included shear failure during the first load 
cycle and consequent stiffening in the subsequent 
cycles. The previously validated viscoplastic structural 
model was able to account for some additional 
displacement during holds, but there appears to be 
further time-dependent behaviour of the backfill soil or 
decrease void ratio (i.e. densification) which could not 
be modelled within the scope of this analysis.  

 
The testing and modelling presented demonstrates the 
intricacies associated with analyzing these stormwater 
arch structures. The thin-walled chambers appear to be 
prone to local changes in thickness during the 
manufacturing process which can greatly affect their 
response to loading, particularly at failure. Additionally, 
accurately modelling the backfill soil material is crucial for 
this soil-structure interaction analysis, in which the soil 
plays a large part in carrying the applied live and dead 
loads.  

The success in modelling the stormwater retention arch 
in this chapter shows that there is significant room for 
improvement in the analysis of these structures, which 
could be useful from a product design and manufacturing 
standpoint. Additionally, a better understanding of how 
these structures behave could lead to improvements of 
existing design standards. There are two next steps in 
laboratory testing which could lead to a further 
understanding of these products, which are testing these 
structures up to and past their ultimate limit state, and by 
measuring local strain throughout the structure. There is 
also room for further testing of these structures with a 
surface course, and the monitoring of installed structures. 
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