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Abstract: The discrete element method, implemented in a modular GPU based framework that supports 

polyhedral shaped particles (Blaze-DEM), was used to investigate effects of particle shape on backfill 

response behind integral bridge abutments during temperature-induced displacement cycles. The rate and 

magnitude of horizontal stress build-up were found to be strongly related to particle sphericity. The stress 

build-up in particles of high sphericity was gradual and related to densification extending relatively far from 

the abutment. With increasing angularities, densification was localised near the abutment, but larger and 

more rapid stress build-up occurred, supported by particle reorientation and interlock developing further 

away. 
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1. Introduction 

 

Over the past 30 years, the disadvantages of using expansion joints and bearings in conventional bridges 

have become progressively more apparent. These joints and bearings are expensive to purchase, install, 

repair and maintain and are known to have relatively short lifespans [1]. The inevitable need for the 

replacement of the expansion joints and bearings results in traffic disruptions and cost implications. An 

increase in longitudinal deck loading may occur should these joints and bearings not be maintained or 

replaced when necessary. This may consequently cause overstressing and damage to occur in the weaker 

bridge components [2,3].  

Integral bridges have been designed to eliminate the problems associated with expansion joints and 

bearings. These bridges are designed without joints or bearings where the abutments are connected to the 

superstructure. The deck and abutments can, therefore, be viewed as a single structural unit. Thus, the 

problems associated with the use of joints and bearings in conventional bridges are eliminated. The use of 

integral bridges simplifies the construction process, reduces maintenance costs, removes the cost of 

movement joints and bearings and provides greater earthquake resistance [4]. 
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A problem that arises with integral bridges is related to the daily and seasonal temperature variations 

experienced by the deck. Since there are no joints or bearings present between the superstructure and the 

abutments, there is an integral connection between them. This means that when the deck either expands or 

contracts due to temperature variations, the abutments are forced to move relative to the granular backfill 

it retains. The abutments move away from the backfill when the deck contracts as a result of a temperature 

decrease and move towards the backfill when the deck expands as a result of a temperature increase. 

Therefore, due to the movements of the abutment, the granular backfill retained by the abutments is exposed 

to temperature-induced cyclic loading [1,5].  

Research by Clayton et al. [1] and Xu et al. [3] have shown that the temperature-induced cyclic loading 

experienced in the backfill may cause a significant build-up of stresses acting on the abutments as the 

number of cycles increases, associated with a mechanism of ratcheting from progressive particle interlock. 

These earth pressures can over time become very large, potentially approaching full passive pressure. 

Clayton et al. [1] and Xu et al. [3] investigated effects of backfill particle shape on the build-up of stresses 

behind integral bridge abutments by means of cyclic triaxial testing and found that particle shapes which 

support possible interlocking resulted in a larger build-up of horizontal stresses in the granular backfill. The 

mechanism is associated with a ratcheting action developing over many cycles. The particle shape of the 

granular backfill retained by integral bridge abutments, therefore, has a considerable effect on the 

accumulation of the earth pressures acting on the abutment [1,3]. It is for this reason that texts on integral 

bridge design [6,7] recommend that a limit be placed on the shear strength of materials used as backfill 

behind abutments to limit the magnitude of lateral earth pressures that can be generated.  

The Discrete Element Method (DEM), proposed by Cundall and Strack [8], is a popular computational 

method which can be used to analyse, design and optimise bulk systems containing granular materials of 

varying shapes. The particle shape and type of particle shape approximation in DEM analyses play a 

significant role in the results of the simulations. For computational reasons, DEM analyses have 

traditionally been carried out using spherical particles, with more complex forms sometimes generated by 

using sphere clumps. However, the use of polyhedral shaped particles, more closely resembling actual 

particle shapes, results in a more accurate representation of actual material behaviour as opposed to particles 

generated from sphere-clumps [9–12]. 

In this study, DEM modelling was used within Blaze-DEM, a research code developed at the University of 

Pretoria, to investigate the effect of granular particle shape on the response of backfill retained by a model 

bridge abutment at micro-mechanical level. Backfill response modes investigated were densification, lateral 

stress build-up and particle reorientation in the backfill during cyclic rotation of the bridge abutment. Blaze-

DEM is a high-performance graphics processing unit (GPU) based framework which supports the 

simulation of spherical, as well as convex and non-convex polyhedra [13].  

 

2. Blaze-DEM 

 

Blaze-DEM is a soft particle DEM simulation environment optimised for the parallel architecture of the 

general purpose GPU (GPGPU) [13]. Particle contact is estimated using collision detection algorithms 

within an explicit time integration scheme to estimate the contact volume overlap for convex and non-

convex polyhedral shaped particles, as well as overlap distance for spherical particles [14]. The framework 

offers high-level computational performance for orders more particles compared to what can be simulated 

on commercial DEM packages that utilise multi-core central processing units (CPUs). The limited number 
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of cores and threads on CPUs restrict the number of particles that can be simulated within a reasonable time 

frame [15].  

The multicore CPU allows for task parallelism, i.e. each core can conduct a separate task that is performed 

across the elements of the same or different datasets. However, the limited number of cores available on 

the CPU limits the number of threads that can be executed concurrently as depicted in Figure 1. Also, as 

illustrated, the CPU performance is effectively the same when considering the simpler single instruction 

stream multiple data stream (SIMD) data parallelism task. Consider Table 1, where a 6 core CPU with 

multi-threading allows for 24 threads to run concurrently per clock cycle. In turn, the GPU allows for data 

parallelism, i.e. streaming multi-processors (SM) can efficiently solve thousands of threads concurrently to 

perform the same task across the elements of a dataset [10], as depicted in Figure 1. This is an extension of 

SIMD to single instruction stream multiple threads (SIMT). Consider again Table 1. The GTX 1080 

graphics processor has 20 SMs, each that can run 2 048 threads concurrently, allowing for 40 960 threads 

to run concurrently per clock cycle. 

Blaze-DEM exploits this massively parallel paradigm of the GPU to achieve an elevated level of 

computational performance [10] when solving DEM problems, since a number of DEM computations per 

time-step can be cast and solved efficiently using SIMT. 

 

  
Fig. 1. Comparison of advantages between CPU and GPU [13] 

 

Since Blaze-DEM is a research code, results obtained from it have been extensively validated against 

experimental results and validated CPU DEM codes. These validations involved mill charge simulations 

with spheres [16], as well hopper flow tests with spherical and polyhedral shaped particles [10,14]. It was 

concluded that the GPU and Blaze-DEM are well suited for these DEM analyses [13,15,16]. In this study, 

the results from Blaze-DEM were validated by performing a software comparison against the results from 

the commercial code of Siemens PLM, STAR-CCM+ [17]. Two separate computers were used for the 

simulations with the two software packages, with the processor specifications for each computer 

summarised in Table 1. The results from the software comparison are shown in Section 4. 
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Table 1 Comparison of processing unit specifications used for STAR-CCM+ and Blaze-DEM 

simulations 

Component STAR-CCM+ processing unit  Blaze-DEM processing unit  

Processing unit CPU GPU 

Processing unit make Intel  GIGABYTE  

Processing unit model Core i7-4930K GeForce GTX 1080 G1 

Number of processing units 1 3 

Number of cores per unit 6 (12 Threads) 
2 560 (40 960 Threads per 

Cycle) 

Base clock frequency 3.40 GHz 1.72 GHz 

Boost clock frequency 3.90 GHz 1.86 GHz 

Power usage 130 W 180 W 

Recommended price in USA $594.00 $499.00 per GPU 

3. DEM modelling 

 

3.1. Integral bridge abutment modelling 

 

To perform the DEM simulations, a model simulating backfill behind an integral bridge abutment was 

prepared. The model was loosely based on the design of the existing Van Zylspruit integral bridge in South 

Africa. The bridge is a reinforced concrete, 90 m long, 5 span, fully integral bridge on the N1 motorway 

between Bloemfontein and Colesberg in central South Africa [18]. Figure 2 shows a photograph of the Van 

Zylspruit bridge during construction in December 2016. Large imposed deformations would be required to 

model a 6 m high abutment and backfill with a 90 m long bridge deck. This would mean that a model with 

a large number of particles would be required in the DEM simulations to model the behaviour realistically. 

Therefore, to reduce the number of particles, a scaled down 30 m long deck with 2 m high abutments was 

modelled. The relevant dimensions of the modelled abutment and deck are shown in Figure 3. The figure 

illustrates the idealised point of rotation of the abutment due to thermal expansion and contraction from 

temperature variations in the deck, as well as the active and passive loading directions.  

The response of the granular backfill behind the abutments to cyclic displacement cycles from temperature 

variation was modelled using DEM. To further limit the number of particles used in the DEM simulations, 

the top portion of the backfill adjacent to the abutment was considered in this study (as shown in Figure 3).  

The DEM particles were injected into a model space with dimensions of 300 mm x 150 mm x 350 mm. The 

particles were injected in a regular grid pattern from the top of the container with an initial downward 

velocity of 5 cm/s and velocities of 1 cm/s in the in-plane directions of the grid. The in-plane velocities 

were applied to randomly distribute the particles within the container, rather than only dropping them 

vertically. Once the container was filled with the particles, the abutment was cycled 25 times towards and 

away from the particles to replicate the temperature-induced loading experienced by the backfill of integral 

bridges, with the centre of rotation as indicated in Figure 3. This was done for each of the six different 

particle shapes considered in this study as discussed in Section 3.3. A 3D view of the DEM model is 

illustrated in Figure 4. The figure shows the rotating abutment and the fixed boundaries. 

Bloodworth et al. [2] reported that there was little evidence that wall friction significantly influences earth 

pressures behind integral bridge abutments over the range of typical roughness values. Wall roughness was 

therefore not varied in this study and all model boundaries were subsequently modelled as rough. 

Bloodworth et al. [2] also mentioned that abutment rigidity only accounted for a 10% difference in earth 



5 
 

pressure magnitudes over the typical range of abutment rigidities of integral bridge abutments. Variations 

in wall rigidity was therefore not investigated in this study and all boundaries were modelled as perfectly 

rigid.  

 

 
Fig. 2. Van Zylspruit integral bridge towards end of construction 

 

 
Fig. 3. Schematic of scaled integral bridge abutment showing relevant dimensions 
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Fig. 4. DEM abutment model 

 

3.2. Imposed deformation 

 

The movements of the bridge deck due to temperature variations were used to determine the angle of 

rotation of the abutment. This rotation angle was used to cyclically rotate the abutment in the passive and 

active directions in the DEM analyses. The temperature data from the Van Zylspruit integral bridge [18] 

and a linear thermal coefficient of expansion of 12 x 10-6 °C-1 for concrete [3] was used to calculate the 

expansion of the deck of the bridge. Assuming free expansion, following Roeder [19], and a maximum 

effective deck temperature variation of 30°C, the integral bridge abutment would be rotated through a total 

angle of 0.154°, giving half-angles of 0.077° relative to the vertical from the maximum expanded or 

contracted positions respectively (see Figure 5). 

To limit computational cost, it was desired to impose the modelled abutment rotations relatively rapidly 

while taking care to avoid unrealistic dynamic or inertial effects. Tests were performed, using the model 

described above with 5 mm diameter spherical particles, to determine the rate of rotation required to model 

the effect of temperature variations. The lateral earth pressure coefficients were studied for spherical 

particles with different abutment rotation rates. It was found that a rotation rate of 0.154°/s (0.5 Hz) was 

slow enough to avoid inertial effects.  
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Fig. 5. Representation of the rotation of the abutment 

 

3.3. Particle shape modelling 

 

Various particle shapes were modelled to investigate the effect of granular particle shape on the response 

of backfill retained by integral bridge abutments. The particle shape plays a significant role in DEM 

simulations [13] and a range of shapes was therefore used to investigate effects on backfill response 

resulting from differences in the interaction between particles of different shape. These shapes were spheres 

and the following convex polyhedral shaped particles: dodecahedrons, tetrahedrons, truncated tetrahedrons, 

triangular prisms and cubes. These six particle shapes are presented in Figure 6. 

The computational time of a DEM simulation is inversely proportional to the size of the particles used [20]. 

A particle size dependence study was therefore performed to determine the largest size of particles which 

could be used in the DEM simulations such that the computational times would be the quickest, while 

minimising unrealistic effect and ensuring that behaviour still represents that of a soil. The lateral earth 

pressure coefficients were therefore studied for a range of spherical particles sizes. It was found that the 

size of the particle did not greatly influence the earth pressure coefficients obtained from the simulations, 

provided that enough particles were used within the model. Larger particle sizes meant that fewer particles 

were in contact with the abutment and resulted in unstable behaviour, i.e. large variations in the forces 

acting on the abutment during displacement cycles. It was found that a minimum of approximately 1 000 

particles were required to be in contact with the abutment for the lateral earth pressure coefficients to vary 

relatively smoothly over each displacement cycle. It was found that, using the DEM abutment model from 

this study, spheres with a diameter of 5 mm resulted in at least 1 000 particles being in contact with the 

abutment (±100 000 particles in the model). It was therefore decided to use particles with a major dimension 

of approximately 5 mm in the DEM simulations. Although the sizes of the various shaped particles did vary 

somewhat, it was found that this was of minor significance as long as a minimum number of approximately 

1 000 particles were in contact with the moving model abutment. 

To be able to study the effect of different particle shapes used as backfill retained by integral bridge 

abutments, the particle shapes required classification. The definition of particle sphericity proposed by 

Wadell [21] is a measure of how closely the shape of a particle approaches that of a mathematically perfect 

sphere and was found to be a convenient parameter for this study. The sphericities (Figure 7) for the six 

particle shapes selected for DEM simulations were calculated as follows [21]:  
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Where: 

𝜓 Sphericity of a particle shape 

𝑉𝑝 Volume of a particle shape [𝑚3] 

𝐴𝑝 Surface area of a particle shape [𝑚2] 

 

 
Fig. 6. DEM particle shapes in sequence of decreasing sphericity  
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Fig. 7. Sphericities of DEM particle shapes  

 

3.4. Material properties 

 

The material properties used in DEM simulations play a significant role in the accuracy of the results [22]. 

A number of the parameters were obtained from previous similar work. A particle density of 2 650 kg/m3 

was selected and a particle-wall friction coefficient of 0.70 was obtained from Xu et al. [23] who 

investigated the effects of material properties on granular flow in a silo using DEM simulation. The linear 

spring-dashpot model [22] was used for the simulations and therefore normal and tangential restitution 

coefficients were required. Restitution coefficients of 0.50 and 0.60 were used for the normal and tangential 

directions respectively and a particle-particle friction coefficient of 0.45 was used for each of the six particle 

shapes considered in this study, similar to work performed by Coetzee [22], who performed a review of 

literature on the calibration of DEM particles. In the cases of both the spherical and polyhedral particle 

systems, local rotational damping was applied using a rolling coefficient of 0.001, i.e. the angular rotation 

was damped using the rolling coefficient so that the angular velocity was decreased by the product of the 

rolling coefficient and angular velocity in every time step, similar to approaches by Chang et al. [24], Tu 

and Andrade [25] and Sandlin [26].  

A time-step of 1 × 10−5 seconds was used for all simulations in Blaze-DEM. This time-step was chosen 

since it was the largest possible step which resulted in stable particle behaviour between each iteration. 

Time-steps larger than 1 × 10−5 seconds resulted in erratic particle behaviour and steps smaller than the 

selected time-step would have resulted in unnecessarily longer computational times. 

The computational times of DEM simulations are directly proportional to the square root of the Young’s 

Modulus of the particles [17]. Previous researchers, e.g. Coetzee [20,22], Xu et al. [23] and Härtl and Ooi 

[27] have shown that the theoretically correct Young’s Modulus values for DEM particles can be reduced 

to speed up the computational times of their DEM simulations without detrimentally affecting the results 

of the analyses. In this study, reduction factors of 10 000, 1 000 and 100 were applied to a theoretical 

modulus value of 70 GPa, representative of quartz sand, to obtain 7 MPa, 70 MPa and 700 MPa 

respectively. In the simulations, 140 000 spherical particles, with diameters of 5 mm, were injected into the 

DEM abutment model shown in Figure 4 and the abutment was rotated once in the active direction and 

once in the passive direction after which the density with depth distributions were compared to assess the 
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effect of the modulus reduction. The rotation rate of 0.154°/s and rotation angle of 0.154° resulted in a total 

simulated time of 2 seconds per cycle. Using the time-step of 1 × 10−5 seconds meant that a total of 

200 000 iterations were required for each simulation. Table 2 presents the computational times for the DEM 

simulations carried out in this study with the various Young’s Moduli using Blaze-DEM. 

The simulation with the 700 MPa particles completed a full cycle almost eight times faster than the 

computational time with the 70 GPa particles. The computational times obtained from the 70 MPa and 

7 MPa particles provided significantly faster times than the 70 GPa particles, with the 70 MPa particles 

running 31.8 times faster and the 7 MPa particles over 100 times faster. The time factor of 31.8 obtained 

from the 70 MPa particles was almost identical to the time factor of 31.6 obtained by Xu et al. [23] when 

applying the same reduction factor to 70 GPa particles. Figure 8 shows a comparison of the computational 

times for the different Young’s Modulus values in Blaze-DEM. The figure highlights the computational 

benefits of reducing the Young’s Modulus. 

 

Table 2 Blaze-DEM computational times for Young’s Modulus values 

Young’s Modulus Reduction factor Computational time Times faster than 70 GPa particles 

7 MPa 10 000 2.7 minutes 107.8 × 

70 MPa 1 000 9.2 minutes 31.8 × 

700 MPa 100 37.9 minutes 7.7 × 

70 GPa 1 291.9 minutes - 

 

 
Fig. 8. Computational times for various Young’s Modulus values 

 

While the reduction of the Young’s Modulus resulted in a major reduction in computational cost, it is 

essential that the implications of this step on the compressibility of material in the model be considered. As 

such, the density with depth of material placed behind the DEM model abutment was investigated. The 

distribution of densities with depth, obtained from the 140 000 particles in Blaze-DEM for the four Young’s 

Modulus values considered, are presented in Figure 9. The figure shows that the 70 MPa and 700 MPa 

particles yielded densities with depth similar to the 70 GPa particles. However, the 7 MPa particles resulted 

1

10

100

1000

1 10 100 1000 10000 100000

C
o
m

p
u
ta

ti
o
n
a
l 
T

im
e
 (
m

in
u
te

s
)

Young's Modulus (MPa)



11 
 

in significantly larger densities, particularly near the bottom of the model. These results suggested that the 

7 MPa particles experienced unrealistic deformations at the bottom of the model, implying that the particles 

were too soft to model granular backfill behaviour realistically.  

Since the 70 MPa and 700 MPa particles produced comparable results to 70 GPa particles in this study, it 

was determined that a Young’s Modulus of 70 MPa would be the most practical for the DEM simulations. 

This value would be expected to offer the lowest computational times without significantly compromising 

the accuracy of the results given the adopted problem geometry.  

 

 
Fig. 9. Blaze-DEM density with depth vs Young’s Modulus reduction comparison 

 

4. Software comparison 

 

Blaze-DEM is a recently developed research code and not commercial software. Results of the specific 

application simulated needed to be verified. A comparison, with selected results presented, was therefore 

performed between Blaze-DEM and the commercial code developed by Siemens PLM, STAR-CCM+ [17]. 

This comparison involved filling the DEM abutment model with 90 000 cubic particles and rotating the 

abutment 25 times in the active and passive directions by the angles mentioned in Section 3.2. Spheres 

represent the most common DEM particles [20,22] and software packages capable of modelling different 

shapes are rare [13,14,28]. Therefore, since both STAR-CCM+ and Blaze-DEM offered the capability to 

model cubes, it was decided to run a comparison using this shape. 

The methods used to fill the particles in the containers in the respective software suites differed. The 

particles were injected in the container in Blaze-DEM, as described in Section 3.1. However, to reduce the 

0

50

100

150

200

250

300

0 500 1000 1500 2000 2500

D
e
p

th
 (

m
m

)

Density (kg/m3)

7 MPa 70 MPa 700 MPa 7 GPa



12 
 

computational times in STAR-CCM+, all 90 000 cubic particles were generated in the first iteration by 

placing them in a grid across the entire container. Once the particles were generated, they were allowed to 

settle under only gravitational loads. The different methods of placement were used because of different 

limitations in both software suites. The differences are considered below. 

The simulation required 1 004 hours (41.82 days) of computational time in STAR-CCM+. Blaze-DEM 

allows the option of performing simulations without a live graphics output, i.e. without displaying the DEM 

particles while the simulation was performed. The Blaze-DEM simulation performed with a live graphics 

output required 34.62 hours, whereas the simulation without a live graphics output required only 6.48 hours 

of computational time, powerfully illustrating the benefits of GPU computing in DEM studies. A 

presentation of the computational times from the software comparison test is illustrated in Figure 10. All 

computational times presented exclude the times required to generate or inject the particles, comparing only 

the time required to model the 25 displacement cycles. 

 

 
Fig. 10. Software computational time comparison 

 

The bulk densities (Figure 11) and lateral earth pressure coefficients (Figure 12) obtained from the two 

software packages were analysed. The lateral earth pressure coefficient was calculated by dividing the total 

horizontal force on the wall by the force calculated by integrating the vertical stress determined from the 

bulk density distribution with depth over the area of the wall (analogous to the hydrostatic pressure), similar 

to Kelesoglo and Springman [29]. The comparison of the results showed that there was a slight difference 

in the initial densities but a more significant difference in the initial earth pressures due to the different 

injection methods used by the two software packages. Since the particles were injected into the container 

in Blaze-DEM, a slightly higher initial packing density was obtained, but more significantly, also a different 

packing structure, causing the more significant difference in lateral earth pressure coefficients. However, 

after 25 cycles the lateral earth pressure coefficients from both software suites were similar, with Blaze-

DEM yielding results over 150 times faster than STAR-CCM+ and almost 30 times faster when using a 

live graphics output. The investigation using the six different particle shapes was subsequently performed 

in Blaze-DEM, since performing the simulations in STAR-CCM+ would have been impractical.  

 

1

10

100

1000

10000

STAR-CCM+ Blaze-DEM Live
Graphics

Blaze-DEM No
Graphics

C
o
m

p
u
ta

ti
o
n
a
l 
T

im
e
 (
h
o
u
rs

)



13 
 

 
Fig. 11. Results of bulk density comparison from software suites considered 

 

  
Fig. 12. Results of lateral earth pressure comparison from software suites considered 

 

5. Results of DEM modelling 

 

Using the six different particle shapes, a total of six simulations were performed in Blaze-DEM to study 

the effect of granular particle shape on the response of backfill retained by integral bridge abutments. For 

each of the simulations, the particles were injected from a grid at the top of the model and allowed to settle 

under only gravitational loads until a state of zero velocity was reached. The model abutment was then 

cyclically rotated 25 times in the passive and active directions as described in Section 3.2. 
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5.1. Bulk density distribution 

 

The spatial density distributions in the granular backfill with distance away from the rotating wall were 

investigated for each of the particle shapes differing in sphericity. For this purpose, the area behind the 

model abutment was split into 8 zones of equal width as presented in Figure 13. Zone 1 represents the strip 

of backfill closest to the rotating model abutment, while Zone 8 refers to the strip furthest from the 

abutment. 

 

 
Fig. 13. Zones used for spatial density distribution 

 

Figure 14 illustrates changes in the bulk density of the spheres, dodecahedrons, cubes and tetrahedrons 

during cyclic abutment displacement for the zones identified in Figure 13. The figure shows considerable 

densification during the first cycle, but that the rate of densification rapidly reduced thereafter. The results 

indicate that the particles with higher sphericities, specifically the spheres, experienced densifications over 

a larger domain. However, the particles with higher angularities experienced densification mainly restricted 

to the area close to the abutment. The result was that the spatial density distributions for the spheres were 

almost uniform across the 8 zones considered, while density distributions became more non-uniform with 

decreasing sphericity.  

The differences in density between Zones 1 and 8 after 25 displacement cycles, expressed as a percentage, 

are compared to the sphericities of the various particles in Figure 15. The figure shows that the difference 

in densities reduced linearly with increasing sphericity. 
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Fig. 14. Spatial density distributions for selected particle shapes 
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Fig. 15. Effect of particle sphericity on spatial density distribution difference after 25 cycles 

 

5.2. Lateral earth pressure 

 

The mobilised lateral earth pressure coefficients for the six particle shapes, calculated as explained in 

Section 4, are shown in Figure 16 against the number of displacement cycles. The figure shows that the 

shape of the particles influenced the lateral earth pressures mobilised on the model abutment as the abutment 

was cyclically rotated. This effect was studied by investigating the percentage increase in the average earth 

pressure coefficient per cycle for the different particle shape sphericities between the first cycle and the 

value after 25 cycles. Figure 17 illustrates the effect of sphericity on the percentage increase in the lateral 

earth pressure coefficients. The figure shows that for particle shapes with higher sphericities, the build-up 

of lateral earth pressure behind the model abutment was lower, while particle shapes with lower sphericities 

(higher angularities) had a greater build-up of lateral pressures. A linear relationship was observed between 

the particle shape sphericity and the increase in lateral earth pressure over the 25 displacement cycles. 
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Fig. 16. Lateral earth pressure coefficients for various particle shapes 

 

  
Fig. 17. Effect of particle sphericity on increase in lateral earth pressure coefficient over 25 displacement 

cycles 

 

5.3. Particle rearrangement 

 

Illustrations of the cubes from the first and last (25th) cycles are shown in Figures 18 (a) and (b). The figures 

depict the packing of the cubes with a few key zones highlighted. Figure 18 (a) shows the particles with 

random orientations immediately after injection, i.e. before the abutment was cyclically rotated. 

Figure 18 (b) highlights a few locations where cubes which started with random orientations eventually re-

orientated to become densely packed after a number of cycles to form intact groups of cubes acting as a 

unit. This change in packing structure resulted in a stiffer matrix in the backfill and is suggested to be one 

of the causes of the larger lateral stresses acting on the abutment with increasing cycles. In contrast to 
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densification, which occurred only near the rotating abutment for angular particles, the particle reorientation 

effects occurred over the entire domain behind the model abutment. 

 

 
Fig. 18. Packing of cubes after: (a) first cycle and (b) last cycle (model abutment visible on the left) 

 

Figure 19 presents histograms displaying the total particle reorientation for five particle shapes undergone 

between the first and the last abutment rotation cycles, arranged in order of decreasing particle sphericity. 

The particle reorientations for each of the eight zones identified in Figure 13 are indicated in different 

colours. In general, the histograms of particles reorientation do not vary much across the eight zones, 

plotting on each other. However, the cubes and tetrahedrons are exceptions. Cubes in contact with the left 

and right model boundaries were restricted from rotation because of full-face contact between the particles 

and the model boundary surfaces. This resulted in significantly smaller rotations in zones 1 and 8 compared 

to the inner zones (2 to 7). Some rotation restriction at the left and right model boundaries was also evident 

for the other less spherical particles, but to a lesser extent than for cubes. The more spherical dodecahedrons 

showed negligible spatial variation in rotation angle. Although not explicitly calculated, spheres are 

expected to behave similarly. The tetrahedrons, the most angular particles investigated, showed the greatest 

spatial variation in the rotation angle histograms, with somewhat smaller rotation angles occurring at the 

model boundaries. Rotation angles increased somewhat towards the centre of the model. The magnitude of 

the rotation angles were also the greatest in the case of the tetrahedrons, with mode values of approximately 

7 to 8 degrees. Rotation angle mode values for the truncated tetrahedrons were around 6 to 7 degrees and 

approximately 4 to 6 degrees for the other particles, illustrating that particle reorientation generally reduced 

with increasing sphericity (reducing angularity).  

(a)

(b)
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Overall, the mode of the reorientation angles for the different particles investigated fell in a narrow range 

(4 to 7 degrees), although rotation angles varied over a wide range as shown by the histograms. The range 

in rotation angles (total width of the histograms) seemed to reduce somewhat with reducing sphericity 

(increasing angularity). 

 

 

 
 

 
 

 
Fig. 19. Histograms of particle reorientation for (a) dodecahedrons, (b) cubes, (c) truncated tetrahedrons, 

(d) triangular prisms and (e) tetrahedrons 

(a) Dodecahedrons (b) Cubes 

(c) Truncated tetrahedrons (d) Triangular prisms 

(e) Tetrahedrons 
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5.4. Discussion  

 

The results of the simulations in Blaze-DEM indicate that backfill particle sphericity plays a significant 

role in the build-up of stresses acting on a cyclically displaced integral bridge abutment. Particle shapes 

with lower sphericities (spheres and dodecahedrons) experienced lower build-ups of stress as opposed to 

the more angular shapes, such as the tetrahedrons and triangular prisms. This is similar to observations by 

Clayton et al. [1] and Xu et al. [3]. Particle shapes of higher sphericities experienced densification over 

larger domains, while particle shapes with higher angularities primarily underwent reorientation, somewhat 

restricted due to full-face contact at the model boundaries, increasing towards the centre.  

The localised movements and reorientation observed with the particle shapes of lower sphericities (i.e. high 

angularity) is suggested to be one of the reasons for the differences in the amount and rate of stress build-

up between the particle shapes. These localised particle movements allowed greater interlocking 

mechanisms to develop, resulting in a stiffer particulate mass, supporting the larger stress accumulations 

observed with the particle shapes of lower sphericities. The reduced accumulation of stresses observed with 

the particle shapes with higher sphericities is suggested to be a result primarily of densification. 

The observations support recommendations contained in texts on integral bridge design [6,7] that place a 

limit on the strength of the material used as backfill behind integral bridge abutments. Results illustrate 

how lateral earth pressures can be limited by using uniform sand particles of high sphericity as 

recommended by the abovementioned sources. Soils comprising of particles of high sphericity are likely to 

have a lower shear strength than soils comprising of angular particles which will support greater degrees of 

interlock and hence greater lateral stress. Figure 17 may provide an indication of the sensitivity of the cyclic 

lateral earth pressure magnitude on the degree of sphericity of the particles comprising the backfill (subject 

to the cycling deformations imposed in this study). 

Using Blaze-DEM to perform the simulations modelling spheres and the five convex polyhedra analysed, 

provided much shorter computational times compared to what can be achieved using conventional CPU 

based software. The comparison of selected results between the two programs, investigating the response 

of cubes, confirms that Blaze-DEM delivered results of which compares well with that of STAR-CCM+ in 

terms of particle densification and lateral earth pressure response behind the rotating abutment after several 

cycles 

 

6. Conclusions and recommendations 

 

The discrete element method was used within a research code, Blaze-DEM, to investigate the effect of 

granular particle shape on the response of backfill material retained by integral bridge abutments. Aspects 

of response investigated were densification, lateral stress changes and particle reorientation behind the 

abutment during displacement cycles. The backfill was subjected to simulated cyclic thermal-induced 

displacements of a model integral bridge abutment. The shapes modelled included spheres and the 

following convex polyhedral shapes: dodecahedrons, truncated tetrahedrons, tetrahedrons, triangular 

prisms and cubes. 

A software comparison was performed between Blaze-DEM and the commercial code, STAR-CCM+ to 

verify the performance of Blaze-DEM. The primary differences between the software suites are the 

computing hardware utilised and the particle shapes which can be modelled. STAR-CCM+ makes use of 

the central processing unit (CPU) and is restricted to modelling spheres, sphere-clumped shapes and convex 
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polyhedra. Blaze-DEM uses a graphics processing unit (GPU) and has the ability to model spherical, as 

well as convex and non-convex polyhedra.  

The results from the software comparison showed that Blaze-DEM offers comparable results to STAR-

CCM+. However, using the GPU to perform DEM simulations resulted in an elevated level of performance 

and it was found that Blaze-DEM could offer computational times over 150 times faster for the equivalent 

simulation in STAR-CCM+. This two order of magnitude increase in computational ability and the less 

restricted particle shape modelling capabilities enable parametric studies of geotechnical engineering 

problems to be performed using DEM simulation in more reasonable time frames. 

The results from the investigation showed that the rate and magnitude of horizontal stress build-up during 

cyclic abutment displacement were strongly related to particle sphericity. The stress build-up in backfill 

comprising of particles of high sphericity was gradual and related to densification, which extended over the 

entire backfill domain modelled behind the abutment. As sphericity reduced, i.e. with increasing angularity, 

densification became more localised to the area near the abutment, but larger and more rapid lateral stress 

build-up occurred during displacement cycles. The larger lateral stress accumulation observed with shapes 

of higher angularity is suggested to be a result of not only localised densification, but also a result of the 

evolution of structure within the particulate mass due to particle interlocking and reorientation. This resulted 

in a stiffer particle mass, not only in the zone of densification, but also further away. Following 

recommendations that the shear strength of backfill behind integral bridge abutments should be limited 

[6,7], the DEM analyses suggest the use of backfill comprising of particles of high sphericity. 

Potential future work involves modelling the response of non-convex polyhedral particles. These particle 

shapes are expected to enable greater degrees of reorientation and interlocking between the particles, hence 

an enhanced development of structure, which could possibly result in a larger build-up of stress when 

compared to the spherical and convex polyhedral shapes [30]. 
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