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BACKGROUND
Firstly, in the realm of tyre-pavement contact 
stress, little is known about the actual tyre-
pavement contact between full-scale slick 
solid rubber tyres, as opposed to pneumatic 
rubber tyres. As pavement modelling meth-
odologies develop, it is possible to model the 
actual shape of the tyre-pavement contact 
patch, as well as include three-dimensional 
(3D) contact stress data input. This is an 
introductory paper into this aspect, and it 
includes tyre-pavement contact shape and 
capturing of the actual 3D stress regime 
at the interface described by De Beer et 
al (1997), De Beer and Maina (2011), and 
Maina et al (2013). The stress-in-motion 
(SIM) pad device described by De Beer and 
Fisher (2013) was used for the measurements 
of these stresses. Secondly, in-plane tensile 
stress and strain responses at the bottom of 
the base course of two pavement types – i.e. 
asphalt concrete (AC) and a stiffer pavement 
such as a Portland cement concrete (PCC) 
base under the slick smooth solid rubber 
tyre – are demonstrated by analysing a 
three-layered system using a multi-layer 
linear elastic (MLLE) model with a static tyre 
loading. This analysis was done using actual 
vertical contact stresses (Szz) only, for a tyre 
loading range from 20 kN to an extreme 
loading of 100 kN. This information may be 
useful to pavement engineers when designing 
pavements for loading areas in harbours, the 

mining industry, factory floors and airport 
apron pavements where most of the loading 
is from slow-moving heavy vehicles with slick 
solid rubber tyres, such as front-end loaders, 
cargo passenger boarding bridges and mining 
equipment. Normally this type of equipment 
needs increased manoeuvrability, stability 
and safety, and solid rubber tyres eliminate 
the need for maintaining high tyre inflation 
pressures required by traditional pneumatic 
tyres (Kargo Press-on PBB 2020).

PROBLEM STATEMENT
One of the main limitations for design 
purposes in pavement engineering, including 
airport apron pavements, is more realistic 
contact stresses (or loads) applied on these 
pavements under commercially available 
slick solid rubber tyres. Virtually no informa-
tion on the actual contact patch of slick solid 
rubber tyres is available to pavement engi-
neers to be used in mechanistic modelling.

OBJECTIVE
The objective of this paper is to quantify tyre-
pavement contact shapes and 3D distributions 
of contact stresses of a full-scale slick solid 
rubber tyre. The foregoing is proposed to be 
used in pavement modelling. In this study, a 
typical ‘press-on-rim’ slick solid rubber tyre 
was selected for this purpose.

Three-dimensional contact 
stresses of a slick solid 
rubber tyre on a rigid surface
M De Beer, Y Van Rensburg, J W Maina

The main aim of this paper is to quantify the three-dimensional contact stresses imposed by a single 
slow-moving (or rolling) slick solid rubber tyre on a relatively rough contact surface, such as stiff 
asphalt concrete or airport concrete surfacing layers. The results indicated the tyre-contact patch of 
a slick solid rubber tyre to be of rectangular shape for a vertical tyre loading range between 20 kN 
and 100 kN. The rectangular tyre contact shape was confirmed with static paper prints, as well as 
an electronically measured contact patch with the stress-in-motion pad device. The study included 
load calibration using a mass load scale, and a stress-in-motion device. These were used with an 
existing full-scale accelerated pavement test device, referred to as the heavy vehicle simulator.  
In addition, simplistic multi-layer linear elastic modelling was used to quantify differences 
between stress and strain responses of two types of two relatively ‘stiff’ based pavements, such 
as an asphalt concrete base and Portland cement concrete base, on similar subbase and subgrade 
layers. Notable differences were obtained, which could potentially influence further detailed 
studies on the performance of full-scale slick solid rubber tyres on typical multi-layered pavements.



Journal of the South african institution of civil engineering Volume 63 Number 3 September 2021 3

SCOPE
The scope of the paper is to demonstrate 
the quantification of full-scale tyre contact 
patches for the solid tyre, and use the results 
to model two different pavement types. The 
approach was to use a commercial, calibrated 
vertical load scale (see Figure 1), and a spe-
cially developed 3D load and contact stress 
device, referred to as the stress-in-motion 
(SIM) device (SIM pad), described by De 
Beer and Fisher (2013) in Figure 2. The SIM 
pad device can measure vertical, lateral and 
longitudinal contact forces (or loads), which 
are converted to contact stresses. The surface 
of the SIM test area is relatively rough, com-
parable to a dry, coarse asphalt pavement sur-
facing layer. An array of 3D load cell pins is 
mounted across the SIM device and is capable 

of capturing time-based contact stresses 
(approximate 10 mm wide across tyre width) 
of a slow-moving (~5 km/hr) tyre over the 
SIM system. See De Beer and Fisher (2013).

RESULTS
An image of the slick solid rubber tyre used 
in this study, which was assembled on the 
heavy vehicle simulator (HVS), is shown in 
Figures 1, 2 and 3.

Image of solid rubber ‘press-
on-rim’ tyre mounted on the 
HVS (used in this study)
In Figure 3 a close-up of the pin arrange-
ment on the SIM device (SIM pad) is shown. 
Note that the test surface is not smooth, but 
consists of small gaps (~10 mm) between the 
array of calibrated steel measuring pins (or 
3D load cells), and dummy steel pins for the 
rest of the SIM pad testbed.

Tyre deformation rate (Dtyre) 
by measured recoverable 
(elastic) tyre deformation
The slick solid rubber tyre was an available 
commercial tyre of size 40’’ × 16’’ × 30’’ 
(1 016 mm × 406 mm × 762 mm) with 
a tyre contact width of approximately 
330 mm at 20 kN to 355 mm at 100 kN 
loading. To establish the recoverable tyre 
deformation (or elastic deflection) char-
acteristics, such as the elastic deformation 

rate (Dtyre), the tyre was loaded onto a 
rigid concrete base (and a mass load scale 
(Figure 1)) over a range of loads between 0 
and 100 kN. The total deflection of the tyre 
axle on the HVS was measured, both on 
the left and right sides (see Figure 4). The 
ambient temperature of the rubber tyre 
was approximately 20°C to 25°C during the 
time of testing.

Tyre hardness and temperature
The slick solid rubber tyre used in this 
study is considered as a medium to 

Figure 1  Side view of slick solid rubber tyre on a commercial vertical 
mass load scale

Figure 2  Close-up frontal view of slick solid 
rubber tyre on the SIM pad test device

Figure 4  Manual measurement of the axle 
height relative to the rigid base 
centre of the tyre axle on the HVS

Figure 3  Close-up view of the slick solid rubber tyre rolling on the SIM 
pad testbed*

*  Note the SIM pad testbed pins and gaps in-between. The red-marked dots indicate the perpendicular array of sensor measurement load cell pins of the SIM device.
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hard shore hardness (Totallyseals 2021). 
Although not part of this study, it should 
be noted that most materials expand when 
heated. Rubber does just the opposite – it 
contracts. During vulcanisation, crosslinks 
of sulphur in rubber occur. The contrac-
tion occurs because the heat causes the 
molecules to become tangled with each 
other. Rubber bands that have tangled 
molecules at rest become more so when 
heated. Remove the heat and the rubber 
band returns to its original shape, just as it 
did when the stretching stopped (Doitpoms 
2021). In the context of the solid tyre inves-
tigated, temperature and hardness were not 
regarded as variables. Given the above, the 

hypothesis is that, with increased tyre rub-
ber temperature and hardness, the contact 
patch may shrink at the same load, thereby 
increasing the associated contact stress. 
This, however, is to be investigated with 
further studies.

The test matrix for vertical tyre defor-
mation and associated results is shown in 
Table 1.

Testing matrix
The test matrix for tyre deformation 
and associated results measured from 
rigid base to centre of axle is given in 
Table 1. The test data of this study is illus-
trated in Figure 5. An approximate linear 

relationship was obtained from the slick 
solid rubber tyre (this study).

Outcomes of tyre deformation test
Rubber is essentially an incompressible 
substance that deflects by changing 
shape rather than changing volume. It 
has a Poisson’s ratio (𝜈) of approximately 
0.5. At relatively low strains, the ratio of 
the resulting stress to the applied strain 
is a constant rate of deformation, or 
Dtyre, in this case. This value is the same 
whether the strain is applied in tension 
or compression. Hooke’s law is therefore 
valid within this proportionality limit 
(Schaefer 2018).

Given this, the main outcome of 
the tyre deformation results indicates a 

Table 1 Test matrix for tyre deformation (in mm) and associated results from SIM pads 1 and 2

Applied HVS load (kN) 0 20 30 40 50 60 70 80 90 100

SIM pad 1

Total height (mm) – left 443.0 441.0 439.0 436.0 435.0 434.0 433.0 432.0 431.0 429.0

Total height (mm) – right 436.0 434.0 433.0 431.0 430.0 428.0 426.0 425.0 424.0 422.0

Actual deformation (mm) – left 0.0 2.0 4.0 7.0 8.0 9.0 10.0 11.0 12.0 14.0

Actual deformation (mm) – right 0.0 2.0 3.0 5.0 6.0 8.0 10.0 11.0 12.0 14.0

Average deformation (mm) 0.0 2.0 3.5 6.0 7.0 8.5 10.0 11.0 12.0 14.0

SIM pad 2

Total height (mm) – left 444.0 442.0 440.0 438.0 437.0 435.0 434.0 433.0 432.0 431.0

Total height (mm) – right 435.0 433.0 432.0 429.0 428.0 427.0 425.0 424.0 423.0 421.0

Actual deformation (mm) – left 0.0 2.0 4.0 6.0 7.0 9.0 10.0 11.0 12.0 13.0

Actual deformation (mm) – right 0.0 2.0 3.0 6.0 7.0 8.0 10.0 11.0 12.0 14.0

Average deformation (mm) 0.0 2.0 3.5 6.0 7.0 8.5 10.0 11.0 12.0 13.5

All average deformation (mm) 0.0 2.0 3.5 6.0 7.0 8.5 10.0 11.0 12.0 13.8

Standard deviation (mm) 0.0 0.0 0.6 0.8 0.8 0.6 0.0 0.0 0.0 0.5

+Std dev (mm) 0.0 2.0 4.1 6.8 7.8 9.1 10.0 11.0 12.0 14.3

–Std dev (mm) 0.0 2.0 2.9 5.2 6.2 7.9 10.0 11.0 12.0 13.3

Figure 5  Applied tyre loading on a stationary tyre and associated measurement of tyre 
deformation (approximate linear elastic in this study)
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Figure 7  White paper of A3 size for the 
vertical tyre contact prints
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Figure 8  Footprints of the slick solid rubber tyre on a paper grid of dimensions 450 mm vertical and 300 mm horizontal for a vertical applied load 
range of 20 kN to 100 kN (see page 6 for description)
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45
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45
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45
0 (h) Single solid rubber tyre HVS load: 90 kN
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0 (i) Single solid rubber type HVS load: 100 kN
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constant rate of deformation, or Dtyre, of 
the slick solid tyre, to be approximately 
7.3 kN/mm (average slope of line obtained 
in Figure 5). The data approximated a 
linear relationship during test conditions 
of r2 = 0.99, with one approximate stand-
ard deviation on the rate of deformation 
measurements of the Dtyre data ranging 
between 7.0 kN/mm and 7.5 kN/mm. It 
should, however, be noted that up to the 
40 kN applied loading (~6 mm defor-
mation), the relationship is somewhat 
concave downward (non-linear) before it 
becomes more linear. This could be inter-
preted as rubber visco-elastic response, 
linked with tyre-steel rim ‘settling’ in 
at the time of increased loading from 
the HVS.

Tyre footprint data
As part of the investigation, static tyre 
footprints were measured with paint 
(grease) on paper for every load condition 
given in Table 1 (see Figures 6 and 7).

Scaled versions of the outcome of the 
paper prints are self-explanatory and 
are shown in Table 2. There was a slight 
increase in tyre width, but a larger increase 
in contact length under the range of test 
loads, ranging from 20 kN to 100 kN. The 
shape also becomes more rectangular 
with increased loading and an associated 
increase in the contact area of approxi-
mately 1.8 times. The slightly oval shape 
of the footprint at 20 kN results from the 
fact that the cross-section of the tyre was 
not perfectly flat, as there was a noticeable 

crown of a few mm (~2 mm) at the tyre 
centre. However, at higher loading, this 
becomes flatter, and the tyre wider directly 
because of the Poisson’s ratio (𝜈), as rubber 
is considered incompressible, i.e. 𝜈 = 0.5. 
For road surface design purposes, it is the 
opinion that a rectangular shape is accept-
able, as demonstrated in this paper.

Paper footprints of the solid tyre on 
a grid of 450 mm vertical and 300 mm 
horizontal for a vertical load range 20 kN 
to 100 kN are shown in Figures 8(a) to 8(i) 
on page 5.

3D CONTACT STRESS 
MEASUREMENTS

Full calibration check of 
the SIM pad device
A commercially available vertical mass load 
scale was used in the static mode to cali-
brate the actual applied load by the HVS. 
The SIM pad device was calibrated in a 
factory using a special sensor load calibra-
tion device. Fairly good calibrations were 
achieved between these devices, which 
increased the level of confidence in these 
data sets. The load calibration data for 
the two cases – i.e. HVS versus mass load 
scale, and HVS applied load on the SIM 
pad devices – are given in Figures 9 and 10.

3D measurements of contact 
stresses using a SIM pad device
The tyre loading range for 3D testing was 
20 kN to 100 kN, at ambient room tem-
perature between 20°C to 25°C. The test 
speed was slow at approximately 5 km/hr 
in a straight line. The tyre was free rolling 
using the HVS as the full-scale loading 
device. In Figure 11 the typical approach 
of the full-scale slick solid rubber test tyre 
towards the SIM pad system is shown. The 
contact stresses are measured on the fly.

Normalised contact stress ratios (NCS)
For normal pneumatic tyres, it was estab-
lished that normalised maximum contact 
stress (NCS) ratios – i.e. vertical (Z), lateral 
(Y) and longitudinal (X) – for a free-rolling 
tyre in a straight line are approximately 
10:3:1 when the Szz is normalised to 10 (De 
Beer et al 1997). For this case of a slick solid 
rubber tyre, the results are summarised in 
Table 2. As expected, the NCSs for the free-
rolling solid rubber tyre are slightly different 
from those of pneumatic tyres. The NCS 

Figure 9 Calibration outputs – HVS versus mass load scale
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Figure 10 Calibration outputs – HVS applied load on the SIM pad devices*
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result obtained for the slick solid rubber tyre 
was found to be 10:1.8:1.2 (or rounded-off 
10:2:1) relative to NCS_Z. The longitudinal 
stresses (or loads) (X direction) within the 
contact patch were found to be slightly 
lower than those typically from free-rolling 
pneumatic tyres. This is probably owing to 
the combined effect of the Poisson’s ratio 
and the friction forces in the direction of 
rolling (or rolling resistance) of the solid tyre 
over the relatively rough SIM pad device. 
It should be noted that both paper prints 
and the captured shape of contact stresses 
were of rectangular shape. Since the vertical 
forces (or contact stresses Z) are the highest 
of magnitude, such as for pneumatic tyres, 
the mechanistic MLLE analyses only focus 
on measured vertical contact stresses under 
a range of loading, using theory by Maina et 
al (2017).

Comparison of tyre prints
In this section, it is shown that the slick 
solid rubber tyre footprints from the static 
condition (paper prints) are approximately 
10% smaller compared to those captured 
(or measured) by the SIM system (see 

Figure 12). It is postulated that there are 
two main reasons for this – paper prints 
were made in the static mode, whilst on 
the SIM system the electronic contact 
shapes (or prints) were measured under 
slow-moving (~5 km/hr) free-rolling tyre 
on a non-smooth SIM test surface, which 
provides a relatively longer contact patch 
owing to SIM contact friction, causing 
the rubber to stretch in the direction of 
movement (see Figure 13). This might need 
further experimentation in the future. For 
application in the modelling discussed in 
the next section, the shapes from paper 
prints were used, since the tyre-pavement 

contact patch can be represented by a rec-
tangular shape for this paper.

Typical selected vertical (Z) contact 
stresses under the solid rubber tyre at 
slow speed over the SIM pad are illus-
trated in Figures 14 to 17. For the lateral 
(Y) and longitudinal (X) contact stresses 
some examples are shown in Figures 18 to 
21 and Figures 22 to 25, respectively (this 
study). Note that in these images both 
longitudinal (X) and lateral (Y) axes are 
in mm units. A smoothing interpolation 
algorithm was used for the calculation 
presentation of the actual measured con-
tact stress values (De Beer et al 2012).

Figure 11  The slick solid rubber tyre 
approaching the SIM pad device for 
the 3D contact stress measurement 
of the free-rolling tyre

Table 2 Normalised contact stress ratios (NCSs) from SIM pad 1

Tyre 
loading 

(kN)

Maximum 
vertical 

(Z) stress 
(kPa)

Maximum 
lateral 

(Y) stress 
(kPa)

Maximum 
longitudinal 

(Y) stress 
(kPa)

NCS_Z NCS_Y NCS_X

20 858 146 114 10 1.7 1.3

30 1 044 169 123 10 1.6 1.2

40 1 273 216 143 10 1.7 1.1

50 1 408 249 155 10 1.8 1.1

60 1 505 276 170 10 1.8 1.1

70 1 614 289 185 10 1.8 1.1

80 1 719 306 207 10 1.8 1.2

90 1 792 333 237 10 1.9 1.3

100 1 921 354 263 10 1.8 1.4

Average NCS 10 1.8 1.2

Standard deviation 0 0.1 0.1
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Figure 12 Paper prints versus SIM electronically captured contact patch areas
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*  Note: For illustrative purposes, the contact stresses are shown on the vertical axes on all the legends and images of Figures 14–25.

Figure 14  3D image of measured vertical contact stress (Z) under the 
slow-moving solid tyre at an HVS applied load of 20 kN using 
the SIM pad device*
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Figure 15  3D image of measured vertical contact stress (Z) under the 
slow-moving solid tyre at an HVS applied load of 50 kN using 
the SIM pad device
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Figure 16  3D image of measured vertical contact stress (Z) under the 
slow-moving solid tyre at an HVS applied load of 75 kN using 
the SIM pad device
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Figure 17  3D image of measured vertical contact stress (Z) under the 
slow-moving solid tyre at an HVS applied load of 100 kN 
using the SIM pad device
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Figure 13  Two-dimensional image of measured vertical contact stress (Z) under slow-moving solid tyre at 40 kN load applied by HVS using the SIM 
pad device; note the relatively rectangular tyre contact shape at the far right

Note:  The cross hairs in the far right patch indicate the lateral (Y) and longitudinal (X) stress positions, reflected in the images to the left of the contact 
patch image.
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Figure 18  3D image of measured lateral contact stress (Y) under the 
slow-moving solid tyre at an HVS applied load of 20 kN using 
the SIM pad device
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Figure 19  3D Image of measured lateral contact stress (Y) under the 
slow-moving solid tyre at an HVS applied load of 50 kN using 
the SIM pad device
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Figure 20  3D image of measured lateral contact stress (Y) under the 
slow-moving solid tyre at an HVS applied load of 75 kN using 
the SIM pad device
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Figure 21  3D image of measured lateral contact stress (Y) under the 
slow-moving solid tyre at an HVS applied load of 100 kN 
using the SIM pad device
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Figure 22  3D image of measured longitudinal contact stress (X) under 
the slow-moving solid tyre at an HVS applied load of 20 kN 
using the SIM pad device
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Figure 23  3D image of measured longitudinal contact stress (X) under 
the slow-moving solid tyre at an HVS applied load of 50 kN 
using the SIM pad device
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APPLICATION OF TEST 
RESULTS ON RELATIVELY 
STIFF PAVEMENT SURFACES

Mechanistic approach
As pointed out earlier, for illustration in 
this paper, a relatively simple multilayer 
linear elastic mechanistic (MLLE) method 
was used to get an idea of the obtained 
effective tensile stress/strain characteristics 
at the bottom of a relatively stiff top layer 
(surfacing/base) of this tyre type. Only ver-
tical load intensity (i.e. measured contact 
stresses in the Z direction) representing 
the tyre contact as rectangular (Maina et al 
2017) was considered in this paper. See the 
simple tyre contact model in Figure 26.

Analyses of tensile stresses 
and strains at the bottom 
of the surfacing layers

Tyre-pavement model
As mentioned, the tyre-pavement model 
used here is a three-layered MLLE system, 
with a rectangular tyre contact shape 
(Figure  26). Figure 27 shows the simplistic 
pavement modelling definition used in this 
paper. MLLE was selected in this paper 
owing to fast analysis (Maina et al 2017), 
and merely to demonstrate the theoretical 
stresses and strains under the given loading 
of the slick solid tyre. The modular ratios 
between asphalt (AC) base/subbase and 
concrete (PCC) base/subbase pavements 
modelled here are larger than 10, both on 
similar subgrade. The two relatively simple 
pavements, with base layer thicknesses of 
150 mm, were selected for demonstration 
purposes only, of which relatively ‘stiff ’ bases 

Figure 26  Rectangular tyre model vertical (Z) contact for the slick solid tyre at 20 kN load
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Figure 24  3D image of measured longitudinal contact stress (X) under 
the slow-moving solid tyre at an HVS applied load of 75 kN 
using the SIM pad device
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Figure 25  3D image of measured longitudinal contact stress (X) under 
the slow-moving solid tyre at an HVS applied load of 100 kN 
using the SIM pad device
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Figure 27 Multi-layer linear elastic (MLLE) model (this study)

Solid rubber tyre

Base layer: Asphalt (AC) – 150 mm: EA = 5 000 MPa,    u = 0.44 
Concrete (PCC): 150 mm: EC = 30 000 MPa, u = 0.20  Position A: Bottom of top layer: Tensile stress/strain

Subbase layer: 150 mm: E2 = 450 MPa, u = 0.35
Maximum density = 86%, Saturation = 30%

Subgrade layer (semi-inf): 
E3 = 100 MPa, u = 0.35

Rectangular contact patch
Tyre loading: P

Note: For a relatively shallow (or rigid) 
pavement model, the modular ratios between 
base and subbase (EA/E2 and EC/E2) were 
arbitrarily chosen to be larger than 10.
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can also be referred to as relatively ‘shallow’ 
pavements due to relatively flexible support. 
The engineering parameters are given in 
Figure 27. The case for flexible pavements, of 
typical modular ratios of say less than three 
is, however, not discussed in this paper.

Relatively stiff asphalt surfacing flexible 
pavement (three pavement layers)
Summary results of the maximum tensile 
stress and strain at the bottom of the asphalt 
layer [note the calculation was made inside 
(~1 mm) the bottom of the layer] may also be 
described as ‘bottom of the top layer’, to avoid 
interface conditions which might influence 
the stress and strain results (see Table 3). It 
should further be noted that interface condi-
tions for the pavement analyses were assumed 
to be in full friction (i.e. no slip).

The results clearly indicate increased 
maximum tensile stress (Sxx), and maxi-
mum tensile strain (Exx) at increasing load 
levels. These response values were found to 
be across the contact patch of the tyre. This 
is indicative of potential crack initiation of a 
lateral crack in the AC layer, relative to tyre 
movement. Hypothetically, a lateral crack 
might develop growing towards the surface 
with increased loading repetitions (i.e. bot-
tom-up cracking). The results are illustrated 
for trends in the associated Figure 28. As 
expected, linear trends, typically for MLLE 
type of analyses with full friction between 
layers for both response parameters, i.e. 
maximum Sxx and maximum Exx are illus-
trated with increased applied tyre loading. 
Sxx ranged between 591 kPa to 2 443 kPa, 
and Exx between 77 µε and 313 µε. Note 
that the scale of parameter Exx is on the 
right of Figure 28.

Concrete airport (rigid) pavement 
and aprons (three pavement layers)
Similarly, the summary results of the maxi-
mum tensile stress and strain at the bottom 
of the concrete layer [note calculation was 
made inside (~1 mm) the bottom of the 
layer] may also be described as ‘bottom of 
the top layer’ to avoid interface conditions 
which might influence the stress and strain 
results (see Table 4). It should further be 
noted that interface conditions for the 
pavement analyses were assumed to be in 
full friction (i.e. no slip).

As for the AC pavement, the results 
indicate increased maximum tensile stress 
(Sxx), and maximum tensile strain (Exx) 
at increasing load levels, across the contact 
patch. These response values were found to 
be across the contact patch of the tyre and 

Table 3  Summary results of the maximum tensile stress and strain at the bottom of the asphalt 
concrete (AC) base layer

Applied vertical 
load (kN) –

rectangular 
pavement contact

Applied average 
uniform vertical 

stress (Szz) on the 
surface (kPa)

Maximum tensile 
stress (kPa) 

response at the 
bottom of the 
top layer (Sxx)

Maximum tensile 
strain (µε) response 

at the bottom of 
the top layer (Exx)

20 kN –407.70 591.20 77.56

30 kN –518.10 848.80 110.63

40 kN –671.80 1 123.00 146.09

50 kN –734.00 1 342.00 174.05

60 kN –819.40 1 571.00 202.52

70 kN –880.80 1 776.00 228.05

80 kN –992.20 2 018.00 259.63

90 kN –1 070.00 2 231.00 285.92

100 kN –1 148.00 2 443.00 313.14

Table 4  Summary results of the maximum tensile stress and strain at the bottom of the concrete 
base layer

Applied vertical 
load (kN) –

rectangular 
pavement contact

Average uniform 
vertical stress (Szz) 

on surface (kPa)

Maximum tensile 
stress (kPa) at the 

bottom of concrete 
layer (Sxx)

Maximum tensile 
strain (µε) at the 

bottom of the 
concrete layer (Exx)

20 kN –407.70 924.50 25.55

30 kN –518.10 1 342.00 36.99 

40 kN –671.80 1 779.00 48.99 

50 kN –734.00 2 154.00 59.21 

60 kN –819.40 2 536.00 69.55 

70 kN –880.80 2 891.00 79.18 

80 kN –992.20 3 293.00 90.24 

90 kN –1 070.00 3 657.00 100.00 

100 kN –1 148.00 4 023.00 110.10 
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Figure 28 Stress-strain characteristics of asphalt concrete (AC) base pavement
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indicate the potential for crack initiation 
of a lateral crack in the PCC layer, relative 
to tyre movement. Hypothetically, a lateral 
crack might develop growing towards the 
surface with increased loading repetitions 
(i.e. bottom-up cracking). The results are 
illustrated for trends in the associated 
Figure 29. As expected, linear trends, typi-
cally for MLLE type of analyses with full 
friction between layers for both response 
parameters, i.e. maximum Sxx and maxi-
mum Exx, are illustrated with increased 
applied tyre loading. Sxx ranged between 
925 kPa to 4 023 kPa, and Exx between 
26 µε and 110 µε. Note that the scale of 
parameter Exx is on the right of Figure 29.

DISCUSSION OF RESULTS
Quantification of the actual measured 3D 
contact stresses imposed by a single slow-
rolling (<5 km/hr) slick smooth (no tread 
pattern) solid rubber tyre has been demon-
strated. The tests were done on a relatively 
rough contact surface, such as stiff asphalt 
concrete (AC) and very stiff concrete (PCC) 
base layers. Simplistic modelling of three-
layer MLLE was made on two pavement 
types for demonstration purposes.

3D contact stresses
As illustrated, the tyre contact of a slick 
solid rubber tyre could be measured with 
a device such as the SIM pad used in this 
paper. The result appears to be very illus-
trative in three dimensions. It also showed 
that, for a slow-moving free-rolling solid 
rubber tyre, in both the lateral (Y) and lon-
gitudinal (X) directions there were acting 

stresses (and strains) in the plane of non-
smooth contact on the SIM pad device. 
Both static and slow-moving conditions 
of the slick solid rubber tyre showed that 
the tyre-contact patch is rectangular. It is 
therefore recommended to model the tyre-
pavement contact of slick solid rubber tyres 
with the given rectangular shape obtained 
through measuring in this study.

Mechanistic modelling
The modelling of the two pavement types 
was performed with MLLE theory, since 
both pavements were relatively stiffer in 
the base layers compared to typical flex-
ible pavements. Linear trends in response 
parameter stresses and strains were 
found at the bottom of the bases for both 
pavement types. These responses, under 
increased tyre loading, could be quantified, 
and showed that the average maximum 
tensile stress ratio and maximum tensile 
strain: AC/PCC were 0.62 and 2.92 for the 
AC pavement relative to those of the PCC 
pavement in this study. This indicates that 
the stiffer the base, i.e. PCC, the higher the 
tensile stress at the bottom of this layer, 
relative to the AC base pavement (approxi-
mately five times higher), and therefore 
more prone to immediate fracture under 
loading. Acceptable standard deviations 
were noted (see Table 5).

Note
It should be noted that to estimate, for 
example, the ‘fatigue cracking life’ of 
the pavements studied here, appropriate 
transfer functions are needed which were 
not the purpose of this study and should 

be addressed in further studies regarding 
the slick solid rubber tyre used here. It is 
recommended that these studies should 
include accelerated pavement testing 
(APT), such as the HVS or similar available 
equipment, to get results in an affordable 
and timeous manner. For the asphalt base 
pavements a more suitable visco-elasto-
plastic approach is highly recommended. 
For the concrete pavement it is also 
recommended to include more appropriate 
boundary conditions, such as joints and 
slab corners, if the concrete is not continu-
ally reinforced with steel and/or fibres. 
Finally, it is accepted and recommended 
that the important effect of environmental 
factors, e.g. layer density, pavement and 
tyre temperature, moisture, interlayer 
conditions and tyre dynamics, should also 
be included in future studies for a typical 
range of road roughness indices.

Main findings of this study

Tyre measurements
1. Under an applied static load range from 

20 kN to 100 kN, a single commercial 
slick solid rubber tyre showed a linear 
deformation trend with a rate of tyre 
deformation (Dtyre) ranging between 
7.01 kN/mm and 7.50 kN/mm, with the 
average value of 7.3 kN/mm.

2. The measured shapes of the tyre-
pavement contact patch under a static, 
or slow-moving speed commercial slick 

Table 5 Summary of the ratio of pavement 
response parameters for both pavements

 

Maximum 
tensile 
stress 
ratios  

AC/PCC

Maximum 
tensile 
strain 
ratios  

AC/PCC

  0.64 3.04

  0.63 2.99

  0.63 2.98

  0.62 2.94

  0.62 2.91

  0.61 2.88

  0.61 2.88

  0.61 2.86

  0.61 2.84

Average 0.62 2.92

1 × Standard 
deviation

0.01 0.07
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Figure 29 Stress-strain characteristics of concrete (PCC) base pavement
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solid rubber tyre were found to be rect-
angular, which increase in length with 
increased tyre loading.

3. Measured vertical (Z) contact stresses 
of a slow-moving commercial slick 
solid rubber tyre were found to range 
between a minimum of 858 kPa and a 
maximum of 1 921 kPa for a loading 
range of 20 kN and 100 kN.

4. Measured lateral (Y) contact stresses 
for a slow-moving commercial slick 
solid rubber tyre were found to range 
between a minimum of 146 kPa and 
a maximum of 354 kPa for a loading 
range of 20 kN and 100 kN.

5. Measured longitudinal (X) contact 
stresses for a slow-moving commercial 
slick solid rubber tyre were found to 
range between a minimum of 114 kPa 
and a maximum of 263 kPa for a loading 
range of 20 kN and 100 kN.

6. Normalised contact stresses (NCS) for 
a slow-moving commercial slick solid 
rubber tyre resulted in a nominal ratio 
of roughly 10:2:1.

Pavement modelling responses
1. For mechanistic modelling purposes 

of both the asphalt and concrete base 
pavements a nominal rectangular shape 
for tyre-pavement contact was used 
with applied uniform static vertical 
stress (Z) ranging between 408 kPa and 
1 148 kPa for a loading range of 20 kN 
to 100 kN.

2. Asphalt base pavement (AC): Calculated 
maximum tensile stresses (Sxx) for a 
slow-moving commercial slick solid 
rubber tyre were found to range 
between a minimum of 591 kPa and a 
maximum of 2 443 kPa for a loading 
range of 20 kN and 100 kN.

3. Patch under an asphalt base pavement 
(AC): Calculated maximum tensile 
strains (Exx) for a slow-moving com-
mercial slick solid rubber tyre were 
found to range between a minimum of 
78 µε and a maximum of 313 µε for a 
loading range of 20 kN and 100 kN.

4. Concrete base pavement (PCC): 
Calculated maximum tensile stresses 
(Sxx) for a slow-moving commercial 
slick solid rubber tyre were found to 
range between a minimum of 925 kPa 
and a maximum of 4 023 kPa for a load-
ing range of 20 kN and 100 kN.

5. Concrete base pavement (PCC): 
Calculated maximum tensile strains 

(Exx) for a slow-moving commercial 
slick solid rubber tyre were found to 
range between a minimum of 26 µε 
and a maximum of 110 µε for a loading 
range of 20 kN and 100 kN.

6. A maximum tensile stress ratio of 0.62 
and a maximum tensile strain ratio of 
2.92 was found comparing the asphalt 
base pavement (AC) with the concrete 
base pavement (PCC) under an applied 
vertical tyre load ranging between 
20 kN and 100 kN.

CONCLUSIONS
To conclude, the quantification of the 
three-dimensional (3D) contact stresses 
imposed by a single slow-moving (or roll-
ing) slick solid rubber tyre on a relatively 
rough contact surface, such as stiff asphalt 
concrete or airport concrete surfacing lay-
ers, has been presented. The results indi-
cate that the tyre-contact patch of a slick 
solid rubber tyre is rectangular for a verti-
cal tyre loading range between 20 kN and 
100 kN. The rectangular tyre contact shape 
was confirmed with static paper prints, as 
well as an electronically measured contact 
patch with the SIM pad device. The study 
included load calibration using a mass load 
scale, and a stress-in-motion (SIM) device. 
These were used with an existing full-scale 
accelerated pavement test device, referred 
to as the heavy vehicle simulator (HVS).

In addition, simplistic multi-layer linear 
elastic (MLLE) modelling was used to 
quantify the differences between the stress 
and strain responses of two types of two 
relatively ‘stiff ’ based pavements, such as an 
asphalt concrete (AC) base and a Portland 
cement concrete (PCC) base, on similar sub-
base and subgrade layers. Notable differenc-
es were obtained, which could potentially 
influence further detailed studies on the 
performance of full-scale slick solid rubber 
tyres on typical multi-layered pavements.

ACKNOWLEDGEMENT
The research reported in this paper 
was performed in 2017 by the South 
African Council for Scientific and 
Industrial Research (CSIR). The CSIR 
is acknowledged for their long-term 
support towards the establish-
ment of the stress-in-motion (SIM) 
technology platform focusing on 
tyre-road interaction. This technology 

platform was initiated by the CSIR in the 
mid-1990s.

REFERENCES
De Beer, M, Fisher, C & Jooste, F J 1997. Determination 

of pneumatic tyre/pavement interface contact 

stresses under moving loads and some effects 

on pavements with thin asphalt surfacing layers. 

Proceedings, 8th International Conference on 

Asphalt Pavements, 10–14 August 1997, Seattle, 

Washington, Vol. 1, pp 179–227.

De Beer, M, Maina, J W 2011. Using tire-road contact 

stresses in road pavement design and analysis. Tire 

Technology International 2011 Annual Review, UK. 

http://viewer.zmags.com/publication/54f87b66#/

54f87b66/76. (Last visited: 2021-09-09).

De Beer, M,  Maina, J W, Van Rensburg., Y & 

Greben, J M 2012. Toward using tire-road contact 

stresses in pavement design and analysis. Tire 

Science and Technology, 40(4): 246–271. http://

tiresciencetechnology.org/doi/abs/10.2346/

tire.12.400403. (Last visited: 2021-09-09)

De Beer, M, Fisher, C 2013. Stress-In-Motion (SIM) 

system for capturing tri-axial tyre-road interaction 

in the contact patch. Measurement, Volume 

46(7): 2155–2173. https://doi.org/10.1016/j.

measurement.2013.03.012. (Last visited: 

2021-09-09).

Doitpoms 2021. https://www.doitpoms.ac.uk/tlplib/

stiffness-of-rubber/contraction2.php. (Last 

visited: 2021-09-09)

Kargo Press-on PBB 2020. https://www.trelleborg.

com/en/wheels/products-and-solutions/ground-

support-equipment-tires/passenger-boarding-

bridge/kargo--press-on--pbb. (Last visited: 

2021-09-09)

Maina, J W, De Beer, M & Van Rensburg, Y 2013. 

Modelling tyre-road contact stresses in pavement 

design and analysis. Proceedings, 32nd Annual 

Southern African Transport Conference, 

8–11 July 2013, Pretoria.

Maina, J W, Kawana, F & Matsui, K 2017. Numerical 

modelling of flexible pavement incorporating cross-

anisotropic material properties. Part II: Surface 

rectangular loading. Journal of the South African 

Institution of Civil Engineering, 59(1): 28–34. http://

dx.doi.org/10.17159/2309-8775/2017/v59n1a4.  

(Last visited: 2021-09-09)

Schaefer, R J 2018. Mechanical properties of rubber. 

Chapter 33. In Piersol, A G (Ed.). Harris’ Shock 

and Vibration Handbook. 5th ed. New York: 

McGraw-Hill. https://www.globalspec.com/

reference/64489/203279/chapter-33-mechanical-

properties-of-rubber. (Last visited: 2021-09-09)

Totally Seals® 2021. https://www.totallyseals.com/

blogs/news/what-is-shore-hardness. (Last visited: 

2021-09-09)

http://viewer.zmags.com/publication/54f87b66#/54f87b66/76
http://viewer.zmags.com/publication/54f87b66#/54f87b66/76
http://tiresciencetechnology.org/doi/abs/10.2346/tire.12.400403
http://tiresciencetechnology.org/doi/abs/10.2346/tire.12.400403
http://tiresciencetechnology.org/doi/abs/10.2346/tire.12.400403
https://doi.org/10.1016/j.measurement.2013.03.012
https://doi.org/10.1016/j.measurement.2013.03.012
https://www.doitpoms.ac.uk/tlplib/stiffness-of-rubber/contraction2.php
https://www.doitpoms.ac.uk/tlplib/stiffness-of-rubber/contraction2.php
https://www.trelleborg.com/en/wheels/products-and-solutions/ground-support-equipment-tires/passenger-boarding-bridge/kargo--press-on--pbb
https://www.trelleborg.com/en/wheels/products-and-solutions/ground-support-equipment-tires/passenger-boarding-bridge/kargo--press-on--pbb
https://www.trelleborg.com/en/wheels/products-and-solutions/ground-support-equipment-tires/passenger-boarding-bridge/kargo--press-on--pbb
https://www.trelleborg.com/en/wheels/products-and-solutions/ground-support-equipment-tires/passenger-boarding-bridge/kargo--press-on--pbb
http://dx.doi.org/10.17159/2309-8775/2017/v59n1a4
http://dx.doi.org/10.17159/2309-8775/2017/v59n1a4
https://www.globalspec.com/reference/64489/203279/chapter-33-mechanical-properties-of-rubber
https://www.globalspec.com/reference/64489/203279/chapter-33-mechanical-properties-of-rubber
https://www.globalspec.com/reference/64489/203279/chapter-33-mechanical-properties-of-rubber
https://www.totallyseals.com/blogs/news/what-is-shore-hardness
https://www.totallyseals.com/blogs/news/what-is-shore-hardness


14

 KOBUS DELPORT (AMSAICE) is a Civil 
Engineer in the Floods and Stormwater 
Department at AECOM. He has over seven 
years of experience mainly in flood 
hydrology assessments, the design of 
stormwater and hydraulic structures and 
hydraulic modelling. He obtained his 
Masters (cum laude) in Hydraulic 

Engineering from Stellenbosch University in 2019.

Contact details: 
AECOM SA 
Waterside Place, South Gate 
Tyger Waterfront 
Carl Cronje Drive 
Bellville 7530 
South Africa 
T: +27 74 101 4877 
E: kobus.delport@aecom.com

 PROF GERRIT BASSON (Pr Eng, FSAAE, 
MSAICE) is professor in Hydraulic 
Engineering in the
Civil Engineering Department at 
Stellenbosch University. He obtained his 
PhD from Stellenbosch University in 1996 
and has 35 years’ experience mainly in the 
fields of river hydraulics, sedimentation 

management and the design of large hydraulic structures. He has worked 
on projects in 21 countries and is an Honorary Vice-President of ICOLD 
(International Commission on Large Dams).

Contact details: 
Water Division (Hydraulics) 
Department of Civil Engineering 
Stellenbosch University 
Private Bag X1 
Matieland 7602 
South Africa 
T: +27 82 920 6511 
E: grbasson@sun.ac.za

 DR ADÈLE BOSMAN (Pr Eng) is a lecturer in 
Hydraulic Engineering in the Civil 
Engineering Department at Stellenbosch 
University. She has more than 12 years’ 
experience mainly in stormwater, river 
hydraulics, rock scour and the design of 
large hydraulic structures. She obtained her 
PhD from Stellenbosch University in 2021.

Contact details: 
Water Division (Hydraulics) 
Department of Civil Engineering 
Stellenbosch University 
Private Bag X1 
Matieland 7602 
South Africa 
T: +27 82 200 9353 
E: abosman2@sun.ac.za

Keywords:  Armorflex, incipient motion, Movability Number, 
Technicrete, revetment

Delport K, Basson GR, Bosman A. Incipient motion of Armorflex articulating concrete blocks on steep slopes.  
J. S. Afr. Inst. Civ. Eng. 2021:63(3), Art. #1059, 15 pages. http://dx.doi.org/10.17159/2309-8775/2021/v63n3a2

technical PaPer
Journal of the South african 
inStitution of civil engineering
ISSN 1021-2019
Vol 63 No 3, September 2021, Pages 14–28, Paper 1059

ProbleM stateMent
Articulating concrete blocks (ACBs) are 
widely used as an erosion protection 
measure, with multiple tests having 
been conducted on ACBs (Armorflex 
in particular) under overtopping flow 
conditions (Leidersdorf et al 1988). 
However, no standards for ACBs are 
presented in the South African National 
Standards (SANS).

Furthermore, the lack of design guide-
lines from Armorflex manufacturers is 
a cause of concern. Technicrete, a South 
African manufacturer of Armorflex, 
provides the following design guidelines 
(Technicrete 2016):

 Q Slope limits:
 Q Angle of repose of in-situ material 

should not be exceeded
 Q Maximum desired slope = 1V:1.5H

 Q Armorflex 140 limiting flow velocity = 
3.5 m/s

 Q Armorflex 180 limiting flow velocity = 
5.5 m/s.

Technicrete (2016) does not specify which 
slope the maximum desired slope of 
1V:1.5H refers to – either longitudinal or 
side slope. Given the lack of information, 
there remains a high level of uncertainty 
in the performance of Armorflex ACBs 
in channelised applications, especially on 
channel side slopes.

objectives of the studY
The objectives of the study were to:

 Q Provide limiting flow condition param-
eters for Armorflex 140 and 180 blocks 
in channelised applications, specifically 
in terms of Liu’s Movability Number.

 Q Review the design guidelines of Armorflex 
manufacturer Technicrete (2016).

 Q Compare the findings of the study to 
the design guidelines for riprap and 
Reno-mattresses in terms of Movability 
Number.

studY liMitations
The limitations of the study were the 
following:

 Q The maximum discharge capacity of 
the hydraulic laboratory was just under 
600 ℓ/s, which ruled out the possibility 
of full-scale (prototype) testing. A scale 
factor of 1:3 was used.

 Q Only applicable to cellular Armorflex 
blocks, specifically Armorflex 140 and 
Armorflex 180. The term “cellular” 
means that the blocks have open cells, 
compared to solid Armorflex blocks, 
which do not have open cells.

 Q Fully turbulent flow conditions with 
Reynolds Numbers >3000.

 Q Particle Reynolds Numbers (Re*) rang-
ing between 11025 and 131397.

 Q Since symmetric flow in the investi-
gated trapezium shape channel was 
assumed, only half of the canal was 
investigated in the physical model 
with an artificial vertical smooth 
boundary on the canal centre line. 

incipient motion of armorflex 
articulating concrete 
blocks on steep slopes
K Delport, G R Basson, A Bosman

Armorflex is an articulating concrete block erosion protection measure that has been used as 
an alternative to riprap for many years. Even though extensive research and hydraulic testing 
have been conducted on Armorflex, the principal constraint on the use of concrete blocks has 
been the lack of information on prototype performance. Furthermore, there are no standards 
for Armorflex or articulating concrete block revetments in the South African National Standards, 
and design guidelines from Armorflex manufacturers are insufficient.  The aim of this study was 
to improve the understanding of the critical flow conditions under which Armorflex blocks are 
lifted and removed by flowing water in open channel flow applications. Scaled laboratory tests 
were conducted on Armorflex 140 and Armorflex 180 blocks. Liu’s theory of 1957 is applied in an 
attempt to define the point where block movement is initiated.
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Because of the relative smoothness of 
the test canal vertical sidewalls of the 
simulated canal, it was not included in 
the calculation of the wetted perimeter, 
and its roughness is therefore ascribed 
to the much rougher area lined with 
Armorflex blocks.

 Q A bed slope range of 1V:30H (lowest 
slope) to 1V:10H (steepest slope) and a 
side slope of 1V:1.5H.

 Q Slope correction factors were not 
applied to the recommended Movability 
Numbers for Armorflex 140 and 180, as 
the angle of repose of Armorflex blocks 
was not determined.

inciPient Motion theorY
Given that the aim of the study was to 
investigate when Armorflex blocks are 
lifted out of plane under hydraulic flow, an 
investigation into incipient motion theory 
was necessary, as incipient motion refers to 
some threshold of motion. Many renowned 
researchers in the field of particle move-
ment, such as Armitage (2002), Rooseboom 
(1992) and Yang (1973), have done studies 
examining the incipient motion theories 
most commonly used by design engineers.

Incipient motion is initiated by 
oscillating eddy currents in the vicinity 
of the particles (Armitage & McGahey 
2003). Eddy currents are complex and 
close to impossible to be described 
mathematically. Instead, in an attempt to 
simplify the theory of incipient motion, 
researchers made use of a single flow-
related parameter in the vicinity of the 
particle under consideration to define 
incipient motion. The three most used 
models of incipient motion, as listed 
hereunder, were investigated and are 
discussed in this section:

 Q Critical flow velocity approach
 Q Shields’s critical shear stress approach
 Q Liu’s stream-power approach.

critical flow velocity approach
Flow velocity, specifically average flow 
velocity, is relatively easy to measure. It is 
therefore no surprise, given the conveni-
ence, that many researchers have tried to 
link incipient motion to some flow velocity 
(Armitage & McGahey 2003).

The argument for using flow velocity 
to define incipient motion is that particle 
movement would commence once the 
flow velocity in a channel is greater than 
a specific critical flow velocity (Vcr). 
However, the problem with this theory is 

that average flow velocity, although easy 
to determine, does not represent the vel-
o city in the vicinity of the particle under 
consideration. On the other hand, local 
flow velocity, or bed velocity, is extremely 
difficult, if not impossible, to determine on 
site (Armitage & McGahey 2003).

shields’ critical shear 
stress approach
Shields’ (1936) widely accepted theory is 
based on the argument that particle move-
ment would commence once the drag 
force exerted on the particle exceeds the 
resistive force. Drag force is influenced by 
several parameters, including bed shear 
stress (Raudkivi 1998). The primary criti-
cism against the use of Shields’ theory is 
that particle movement is not uniquely 
defined by shear stress (Yang 1973). Yang 
(1973) also argued that at high-particle 
Reynolds Numbers the vertical lift force 
cannot simply be ignored from the stabil-
ity calculations, as Shields only took into 
account the tangential force. Furthermore, 
Rooseboom (1992) argued that median 
particle size is not a sufficient parameter 
to adequately describe incipient motion 
and that settling velocity should be used 
instead.

In deriving his theory, Shields did 
not take into account that some particles 
may be more exposed to flow than oth-
ers, leading to questions being raised 
by Przedwojski et al (1995), Simons and 
Sentürk (1992) and Van der Walt (2005).

liu’s stream-power approach
Liu (1957) agreed that local velocity is 
the energy behind particle movement 
and that drag force is a function of the 
particle Reynolds Number (Re*). Liu used 
stream-power theory to develop a unique 
relationship between the ratio of shear 
velocity to the particle settling velocity 
(V*/Vss) and particle Reynolds Number. 
Liu (1957) termed the ratio of V*/Vss as 
the “Movability Number”. The resulting 
curve does not include average or local 
flow velocity. Particle Reynolds Number is 
defined by Equation 1:

Re* = 
V*d

v
 (1)

Where:
 V* = shear velocity (m/s)
 d = particle diameter (m)
 v =  kinematic viscosity of water = 

1.13 × 10–6 m²/s at 15˚C.

Settling velocity Vss is the average  velo city 
achieved by a particle falling alone in 
quiescent distilled water of infinite extent. 
Settling velocity is influenced by the particle 
size, shape, surface roughness, and density, as 
well as the density and viscosity of the fluid 
(Armitage & McGahey 2003). Settling veloc-
ity is defined by Equation 2 (Raudkivi 1998):

Vss = 4
3 

⎫
⎪
⎭
ρs – ρ

ρ
⎫
⎪
⎭

gd
CD

 (2)

Where:
 ρs = particle density (kg/m³)
 ρ = fluid density (kg/m³)
 g = gravitational acceleration (m/s²)
 CD = drag coefficient.

Shear velocity V* is related to the real 
fluid velocity that gives rise to a shear 
stress (Henderson 1966). Many researchers 
(Armitage 2002; CIRIA, CUR & CETMEF 
2007; Simons & Sentürk 1976) have 
expressed V* as follows:

V* = τ0
ρ

 ≈ √gDSf (3)

Where:
 τ0 = bed shear stress (Pa)
 Sf = energy slope (m/m)
 D = flow depth (m).

Many researchers have proposed Movability 
Numbers for laminar and turbulent flow 
conditions, as presented in Table 1 on 
page 16. The analytical solutions in Table 1 
are presented graphically in Figure 1. The 
graph is easy to understand in that, if it plots 
above a specific Movability Number, move-
ment will commence.

For turbulent flow conditions, in the 
vicinity of the particle, particle settling 
velocity is constant. By assuming that the 
flow is uniform and homogeneous, many 
researchers showed that the Movability 
Number plots along a horizontal line for 
a certain flow condition and particle size 
(Langmaak 2013), as shown in Figure 1.

Even though Shields and Liu assume 
uniform flow, researchers such as Yang 
(1973), Rooseboom (1992), Przedwojski et 
al (1995), Stoffberg (2005) and Langmaak 
(2013) support Liu’s (1957) stream-power 
model for providing the soundest theoreti-
cal base of incipient motion theory for non-
cohesive particles in natural rivers.

For prefabricated paving blocks the 
South African National Roads Agency 
Limited (SANRAL 2013) recommends 
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a Movability Number of 0.12 at particle 
Reynolds Numbers larger than 13.

arMorfleX articulating 
concrete blocKs

background and physical 
characteristics
Armorflex blocks are machine-compressed 
concrete blocks of uniform size, shape 
and weight (Armortec Incorporated 1981). 
Armorflex aims to combine the favourable 
aspects of a flexible lining (such as porosity, 
vegetation and habitat enhancement, and ease 
of installation) with the high-force resistance 
of rigid linings. Armorflex mats are free to 
conform to the contours of the subgrade, even 
if settlement were to occur after installation 
(Schweiger & Holderbaum 2001). However, 
like many other revetments, Armorflex is not 
intended for slope stabilisation.

When licensed internationally, it was 
done so in the form of two cellular Armorflex 

types: Armorflex 140 and Armorflex 180, 
with the number referring to the weight 
of a packed block matrix per square metre 
(kg/ m²). Table 2 presents the physical charac-
teristics of Armorflex 140 and 180.

Armorflex blocks have holes on either 
side of the open cells to allow blocks to be 
linked longitudinally with either galva-
nised wire cables or polyester ropes. Even 
though the National Concrete Masonry 
Association (NCMA 2010) argues that cables 
do not increase the hydraulic stability of 
an Armorflex revetment system, it aids in 
making installation less labour-intensive and 
makes the use of soil anchors more effective 
(Schweiger & Holderbaum 2001). The City of 

Tshwane (2018) recommends that, for long-
length cabled Armorflex installations, anchor 
beams are cast every 50 m (unless otherwise 
specified by the engineer) to prevent failure 
of the entire structure. The City or Tshwane 
(2018) also specifies intermediate anchoring 
in the form of Y-fencing bars driven into the 
ground at 2 m spacing through the block 
openings before encasing it with concrete.

Armorflex blocks are typically installed 
on a filter layer. Geotextile filters may be 
used as a simplified alternative to a graded 
filter, although not all roots may be able to 
penetrate the geotextile, constricting the 
establishment of vegetation (Technicrete 
2016). The filter layer should be designed to 
permit seepage to occur freely, as well as to 
prevent fines from washing out from under-
neath the blocks, which could potentially 
cause the undermining of the revetment.

Manufacturer design guidelines
Armorflex manufacturers present design 
guidelines either in terms of limiting flow 
conditions or by means of moment stability 
analyses, i.e. factor of safety (FoS) methods. 
Limiting flow characteristics may include 
parameters such as flow velocity, bed shear 
stress, flow depth, Froude Number, and 
Movability Number, even though no manu-
facturers use Froude Number or Movability 
Number as a limiting condition. Factor of 
safety methods include the determination 
of overturning moments and resisting 
(stabilising) moments about a single block. 
For this study, Technicrete’s (2016) design 
guidelines were of interest.

Technicrete’s (2016) Armorflex product 
brochure specifies a critical flow  velo city 
and a maximum desired slope as the 
hydraulic limitations for Armorflex 140 
and 180 blocks, as presented in Table 3. 
Technicrete (2016) also mentions that the 
angle of repose of the embankment mate-
rial should never be exceeded.

PhYsical Model studY
The hydraulic laboratory of Stellenbosch 
University had a discharge capacity of 
just under 600 ℓ/s, which was not enough 
to initiate failure of full-scale prototype 

Table 2 Physical characteristics of Armorflex 140 and 180 blocks (Technicrete 2016)

block class
dimensions

l × b × h (mm)

Plan size of 
block  
(mm)

block 
weight  

(kg)

unit weight 
(kg/m²)

solid or 
cellular

Armorflex 140 340 × 400 × 95 309 × 400 17.5 140 Cellular

Armorflex 180 340 × 294 × 115 309 × 294 16.4 180 Cellular

M
ov

ab
ili

ty
 N

um
be

r =
 V

*/
V ss

2.5

2.0

1.5

1.0

0.5

0

Particle Reynolds Number, Re* = V*d/v
1 000100101

Laminar boundaries Turbulent boundaries

Turbulent boundariesLaminar boundaries

Laminar 
boundaries Turbulent boundaries

No particle 
motion

Particle motion

Re* = 13

Re* = 11.8
Re* = 6.23

Rooseboom (1992) Armitage (2002) Armitage and McGaheu (2003)

Figure 1  Incipient motion criteria of Rooseboom (1992), Armitage (2002), Armitage and  
McGahey (2003)

Table 1 Analytical solutions of the Movability Number as presented by various researchers

researcher
laminar flow 
boundaries

turbulent flow 
boundaries

Rooseboom (1992), after data from Yang (1973) Re* < 13: 
V*

Vss
 = 

1.6

Re*
Re* > 13: 

V*

Vss
 = 0.12

Armitage (2002) Re* < 11.8: 
V*

Vss
 = 

2.0

Re*
Re* > 11.8: 

V*

Vss
 = 0.17

Armitage and McGahey (2003) Re* ≤ 6.23: 
V*

Vss
 = 

2.2

Re*1.4
Re* > 6.23: 

V*

Vss
 = 0.17
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Armorflex blocks. An undistorted physical 
model study was therefore undertaken to 
determine the incipient motion conditions 
of Armorflex 140 and 180 blocks on steep 
slopes. A half-width canal cross-section 
was used, assuming symmetry with the 
aim to decrease the effects of scaling.

Prototype-to-model scaling 
and scale effects
Hydraulic model studies aim to simulate the 
direct physical conditions in the same medi-
um as in the prototype. In free-surface-flow 
conditions, inertial and gravitational forces 
govern the flow. Therefore, the Froudian 
similarity law (i.e. Froude Number remains 
constant) was used to convert model values 
into scale prototype values. Table 4 shows 
the model-to-prototype scaling rations used. 
The selected scale for this model study was 
1:3 (i.e. λ = 3).

According to Novak et al (2014), the 
main scale effects in model studies are model 
roughness and the model approach condi-
tions associated with turbulent boundary 
layer development, cavitation effects, surface 
tension effects and aeration formation and 
vortex formation problems. However, some 
of these effects can be minimised with a high 
enough Reynolds Number. According to 
Novak et al (2014), open channel flow models 
require Reynolds Numbers above 103.5 – 104.5 
to avoid scale effects. In addition, Novak et al 
(2014) recommends a minimum flow depth 
of 0.03 m to avoid surface tension effects. All 

results were deemed representative of the 
prototype based on the scale effects criteria of 
Novak et al (2014).

Manufacturing of armorflex 
model blocks
As volume is the most important para m-
eter that controls, with the mass density, 
the mass of the unit and in effect its stabili-
ty, high-quality moulds were manufactured 
to ensure precise and consistent block 
dimensions and shape. Figure 2 shows the 
manufactured moulds of the Armorflex 
140 and 180 model blocks.

The model blocks were manufactured 
using a high-strength mortar mix design 
of sand, cement, water and a viscosity 
modifying agent (Chryso Aquaberton). 
Figures 3 and 4 show plan views of the 
prototype and model scale Armorflex 140 
and 180 blocks, respectively. The model 

blocks were manufactured without holes 
for cables/wires, as it proved impractical 
at the selected scale. Furthermore, some 
researchers (Clopper 1989; NCMA 2010) 
disregard the effect of cables on system 
stability, while others (Escarameia 1995; 
1998) show a difference in performance 
between cabled and loose concrete block 
revetments. As a result, the effect of 
cables on the stability of ACB revetments 
remains uncertain.

experimental work

Weight and density of Armorflex
According to Technicrete (2016) the aver-
age prototype Armorflex 140 and 180 block 
weighs 17.5 kg and 16.4 kg, respectively. 
However, the weight of the sample blocks 
provided by Technicrete for the study 
differed from the average weights stated 
in their product brochure. Table 5 shows 
the discrepancy in weight, proposing that 
a big tolerance may exist in terms of block 
volume, unit weight and possibly concrete 
density in the manufacturing process of 
Armorflex blocks.

Another manufacturer of Armorflex 
180 in South Africa, INCA Concrete 
Products (2018), states that the dry mass 
average of six samples should not be less 
than 16.4 kg, with no block weighing less 
than 15.25 kg (INCA Concrete Products 
2018). A lower weight limit variance of 
±7% was thus adopted. The manufacturer 
provides no upper weight limit.

To set up an allowable weight range for 
the scaled blocks used in this model study, a 

Table 3  Armorflex design guidelines 
according to Technicrete (2016)

block type

Maximum 
permissible 

flow velocity 
(m/s)

Maximum 
desired 

slope (m/m)

Armorflex 140 < 3.5 1:1.5 (angle 
of repose 
not to be 

exceeded)Armorflex 180 < 5.5

Table 4  Froudian similarity law multiplication 
factor

variable

Prototype-
to-model 

multiplication 
factor

Dimensions or length (m) λ

Area (m²) λ2

Volume (m³) λ3

Velocity (m/s) √λ

Flow rate (m³/s) λ2.5

Shear stress (kg/m²) λ

Mass (kg) λ3

Figure 2  Armorflex 140 (left) and Armorflex 
180 (right) soft polyurethane moulds

Figure 3  Armorflex 140 prototype and 1:3 
scale model blocks

Figure 4  Armorflex 180 prototype and 1:3 
scale model blocks

Table 5 Variance in weight of Armorflex blocks

block type
average weight 

(technicrete 2016)

actual weight of 
block provided 
by technicrete

variance from 
product brochure 
(technicrete 2016)

Armorflex 140 17.5 kg 19.37 kg +1.87 kg (10.7%)

Armorflex 180 16.4 kg 17.66 kg +1.26 kg (7.7%)
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7% variance from the average weight stated 
by Technicrete (2016) was adopted. Table 6 
presents the block weight envelope for 
both prototype and model scale Armorflex 
blocks. Each block was numbered before 
being weighed, using a calibrated digital 
scale (Digi DS-788 with a 6/15 kg capacity 
and a scale interval of 2/5 g). Blocks weigh-
ing outside the unit weight envelope of 
Table 6 were rejected and discarded.

The density of the Armorflex 140 and 
180 model blocks was determined using 
the mass and a simple water displacement 
test to determine volume on a sample of 30 
randomly selected blocks of each type.

Figure 5 shows the distribution plot for 
the densities of the model Armorflex 140 
and 180 blocks. Average concrete densities of 
1921.9 kg/m³ and 1920.8 kg/m³ were deter-
mined for the samples of Armorflex 140 and 

180 blocks, respectively. The variance in block 
volume was ascribed to human error during 
the filling of the moulds. An average concrete 
density of 1 921.4 kg/m³ was therefore adopt-
ed and used in all calculations. For concrete, 
this density is strikingly low. INCA Concrete 
Products (2018) claim that Armorflex blocks 
are manufactured using concrete with density 
no less than 2 100 kg/m³. The difference could 
be ascribed to a possible safety factor incor-
porated by the manufacturers of Armorflex to 
ensure that the minimum unit weight criteria 
are always comfortably met.

Settling velocity of Armorflex
Incipient motion studies require the accu-
rate determination of the settling velocity. 
Equation 2 calls for a particle size d, which 
generally refers to a specific sieve size. 
Due to the shape of an Armorflex block, 

however, a representative sphere diameter 
was determined instead. In order to remain 
impartial to particle orientation during 
free-fall conditions, a volume-equivalent 
sphere diameter was determined using 
Equation 4 (Pabst & Gregorova 2007). 
Table 7 presents the calculated values.

dV = ⎫
⎪
⎭
6
π Vblock

⎫
⎪
⎭

⅓
 (4)

Where:
 dv =  volume-equivalent sphere 

 diameter (m)
 Vblock = volume of Armorflex block (m³).

The settling velocity of the blocks was 
determined experimentally in a 5.55 m high 
steel tank in the hydraulic laboratory of the 
Stellenbosch University. Figure 6 shows the 

Table 7  Volume-equivalent sphere diameter of Armorflex 140 and 
180 model blocks

block type

average volume 
of model scale 

blocks  
Vblock (m³)

volume-equivalent 
model sphere 

diameter  
dv (m)

Armorflex 140 0.00034 0.0864

Armorflex 180 0.00031 0.0836

Table 6 Block weight range adopted for model study

Prototype scale armorflex 140 armorflex 180

Upper weight limit (kg) 18.73 17.55

Average weight (kg) 17.50 16.40

Lower weight limit (kg) 16.27 15.25

Model scale armorflex 140 armorflex 180

Upper weight limit (kg) 0.694 0.650

Average weight (kg) 0.648 0.607

Lower weight limit (kg) 0.603 0.565
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Figure 6  Steel tank used to determine the settling velocity 
experimentally

1.5 m

5.55 m

Inspection 
window



Journal of the South african institution of civil engineering Volume 63 Number 3 September 2021 19

steel tank with its dimensions. The steel tank 
was filled with water up to its brim. Blocks 
were released from a stationary position and 
the time that the blocks took to fall to the 
bottom was recorded. A sample size of 30 
blocks of each type was tested. The initial 
acceleration of the blocks (from rest to termi-
nal velocity), after being released, was taken 
into account. Respective average settling 
velocities of 0.585 m/s and 0.678 m/s were 
calculated for Armorflex 140 and 180 model 
blocks. Figures 7 and 8 present the distribu-
tion of the viable settling velocity test results.

Drag coefficient of Armorflex
With dV and Vss known, the drag coef-
ficient could be determined by solving 
Equation 2. Average drag coefficient values 
of 3.045 and 2.191 were determined for 
Armorflex 140 and 180, respectively.

definition of incipient 
motion for model study
For the model study it was important to 
define what constitutes as block failure. 
Incipient motion was defined as the loss of 
solid contact between one or more blocks and 
the foundation bed, i.e. the point at which one 
or more blocks are lifted out of plane. This 
definition is in accordance with the ASTM’s 
(2008a) first condition of what can be used 
as guidance for blocks reaching their stability 
threshold. As the foundation bed was rigid 
and non-erodible, the loss of soil beneath the 
filter layer and the mass slumping/sliding of 
the foundation were not possible, i.e. block 
failure due to bed failure was impossible.

hydraulic tests

Test scenarios investigated
Tests were conducted on three different 
bed slopes (1:30, 1:20 and 1:10), after which 
a side slope of 1V:1.5H was added to each 
bed slope. This side slope was selected as 
it is the maximum desired slope recom-
mended by Technicrete (2016). Given that 
two types of Armorflex blocks were inves-
tigated, 12 different test canal setups were 
constructed. These 12 canal setups could 
be classified into four test scenarios:

 Q Armorflex 140 on bed slopes
 Q Armorflex 140 on side slopes
 Q Armorflex 180 on bed slopes
 Q Armorflex 180 on side slopes.

Each test canal setup was referenced using a 
three-part code, with the first part referring 
to canal bed slope, the second to canal side 
slope and the third to the block type. Table 8 
lists the 12 test canal setups investigated. 

Table 8 List of tests conducted

test 
number

test code  
(bed slope_side 

slope_block type)
bed slope side slope block type

1 30_0_140 1:30 0* Armorflex 140

2 30_0_180 1:30 0* Armorflex 180

3 30_1.5_140 1:30 1:1.5 Armorflex 140

4 30_1.5_180 1:30 1:1.5 Armorflex 180

5 20_0_140 1:20 0* Armorflex 140

6 20_0_180 1:20 0* Armorflex 180

7 20_1.5_140 1:20 1:1.5 Armorflex 140

8 20_1.5_180 1:20 1:1.5 Armorflex 180

9 10_0_140 1:10 0* Armorflex 140

10 10_0_180 1:10 0* Armorflex 180

11 10_1.5_140 1:10 1:1.5 Armorflex 140

12 10_1.5_180 1:10 1:1.5 Armorflex 180

* 0 denotes that the canal was tested without a side slope.
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Figure 7  Skewed normal distribution of Vss of Armorflex 140 samples
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Figure 8  Skewed normal distribution of Vss of Armorflex 180 samples
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Each test was repeated at least twice to inves-
tigate the repeatability of the results obtained. 
In total, 39 tests were conducted, of which 24 
rendered viable results for data analyses.

Test canal layout and construction
The rectangular canal used for the model 
study was constructed with brick walls, 
23 m long (measured from inlet pipe to the 
end of canal), 1.2 m deep and 0.935 m wide. 
Figure 9 schematically shows the test canal 
layout of the hydraulic laboratory model. 
Water was pumped through a 600 mm ND 
mild steel pipeline, through the calibrated 
flow meter and into the stilling basin at the 
upstream end of the test canal. An in-line 
gate vale controlled the discharge into the 
stilling basin. Downstream of the stilling 
basin, stacked hollow bricks straightened 
the flow and prevented waves from enter-
ing the approach canal, forcing the flow 
to be uniform. Flow would then overtop a 
weir at chainage 0 (CH 0) and enter the 6 m 
long test section starting at CH 3. On the 
downstream end the water flowed freely 
into the downstream catchpit, without 
controlling tailwater depths.

Flow was measured using an elec-
tromagnetic Flowmetrix Safmag flow 
meter that was installed into the 600 mm 
nominal diameter ND inlet pipeline. The 
flow meter accurately measured flow rates 
with an approximate error of 0.0005 m³/s. 
Typical cross-sections of the constructed 
canals for the bed slope tests and side 
slope tests are shown in Figures 10 and 11, 
respectively.

Blocks were tested on rigid embank-
ments which were formed using a 40 mm 
cement plaster layer. The rigid bed 
eliminated the possibility of the founda-
tion eroding, resulting in block failure. It 

was deemed fair to assume that results 
obtained from a rigid bed study would be 
similar to those obtained from tests on 
stable erodible beds. A smooth transition 

of flow into the test section was promoted 
by “sinking” the test section into the bed. 
Figure 9 shows this step on the upstream 
and downstream ends of the test section.

Figure 9  Test canal layout in the hydraulic laboratory (not to scale)
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Figure 10  Bed slope tests: Typical cross-section through test section looking downstream  
(not to scale)
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Figure 11  Side slope tests: Typical cross-section through test section looking downstream  
(not to scale)
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The side slopes of the half-trapezoidal 
canals were set out using 6.4 mm thick 
masonite templates, installed at 1 m 
spacing and levelled using a dumpy level. 
Figures 12 to 15 show how the canals were 

constructed, prior to block installation. 
A permeable poly cotton sheet was 
installed along the length of the test 
section to represent a scaled geotextile 
filter layer.

Installation of Armorflex block units
Armorflex model blocks were installed 
according to the guidelines of Armortec 
(2016), from the downstream end proceed-
ing in an upstream direction. As the blocks 

Figure 12 Templates installed for side slopes Figure 13 Sand infill prior to concrete topping

Figure 14  Rigid side slope nearing completion (concrete topping not 
completed yet) Figure 15 Installed poly cotton sheet
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were not linked with cables, blocks were 
hand-packed. Figures 16 and 17 show 
Armorflex 140 blocks installed for a bed 
slope and side slope test, respectively. Flow 
direction is indicated by a red arrow.

The column of blocks against the sym-
metry wall (brick wall in Figure 16) had to 
be cut to fit into the test canal. SikaFlex 
was used to glue the cut blocks to the canal 
side and underlying cotton sheet to prevent 
failure. Additionally, the first three rows 
of blocks at the upstream end and last 
three rows at the downstream end of the 
test section were also glued to the floor, 
preventing failure to occur in these areas. 
Furthermore, in the side slope tests, the 
blocks installed on the bed had to be fixed 
to the floor, as they proved to be less stable 
than those installed on the side slope.

Methodology followed
After installation, the structure was visu-
ally inspected for blocks protruding more 
than the allowed maximum of 3.3 mm 
(10 mm full scale) as recommended by The 
City of Tshwane (2018). The structure was 
also inspected for blocks not tightly packed 
or with no contact with adjacent blocks. 
The test section was surveyed using a 
dumpy level, with bed levels (i.e. the top of 
block levels) recorded at 500 mm intervals 
along the centre line of the test section.

At the start of each test, a small flow, 
typically in the range of 30–50 ℓ/s, was 

released over the revetment to identify any 
protruding blocks. Protruding blocks would 
typically result in local turbulence in the 
area. In such a case the cause of the protru-
sion would be investigated and rectified. 
The flow was slowly increased at a rate 
of ±10 ℓ/s every five minutes, with water 
surface elevation measurements recorded 
at each goal discharge, until failure was 
observed. The test would then be repeated 
to investigate the repeatability of results. 
As the test canal walls were non-transpar-
ent, blocks could only be monitored for 
movement from the top.

Block movement would not always 
result in catastrophic failure only. There 
were cases where blocks were lifted out of 
plane without completely dislodging from 
the structure. At greater flow depths, how-
ever, the visual monitoring of blocks for 
slight movement was challenging and, in 
most cases, only catastrophic failure of the 
revetment could be recorded as the point of 
incipient motion.

Data collection
The data collected during the hydraulic tests 
included embankment elevations, water-
surface elevations (WSEs), the position of 
block failure and the flow rate at incipient 
motion. Flow rate was read from the labora-
tory’s calibrated flow meter. Embankment 
and water surface elevations were measured 
at 500 mm intervals along the canal centre 

line using a needle gauge attached to a trol-
ley moving on a rail along the length of the 
canal. Only the WSE readings upstream of 
the point of block failure could be used in 
the analysis of the collected data because of 
the sudden increased turbulence and change 
in flow conditions downstream of the point 
of block failure.

The high turbulence of flow in the test 
canal made WSE readings challenging to 
capture accurately. To correct possible 
errors made during the recording of the 
WSEs, a linear trendline of the observed 
WSE data points was plotted, effectively 
obtaining a representative WSE at each 
measurement station upstream of the point 
of failure.

The laboratory refilled the tanks with 
clean water only after Tests 1 and 2 had 
already been completed. Upon removing 
the blocks from the canal after Tests 1 
and 2 it was noticed that sand particles 
from the dirty water had been washed in 
between the blocks, reinforcing the system 
by increasing the friction between adjacent 
blocks. This resulted in postponed block 
failure in Test 1 and no failure in Test 2. 
The results presented in the next section 
clearly show the abnormal stability of the 
Armorflex systems tested in Tests 1 and 2. 
The results were, however, still included 
in the analysis, but were disregarded in 
defining the critical flow conditions at 
incipient motion.

Figure 16 Armorflex 140 blocks on bed slope Figure 17 Armorflex 140 blocks on side slope
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data analYsis

typical flow parameters at failure
Collected data from the laboratory tests 
was analysed to determine typical flow 
parameters such as hydraulic radius (R), 
cross-sectional average flow velocity (V), 
Froude Number (Fr), energy grade line 
(EGL) elevation and shear stress (τ) at 
each measurement station upstream of the 
point of block failure. The analysis also 
included the determination of the optimal 
Manning’s n value that best represents the 

observed data of each test. As the main aim 
of this study was to develop design guide-
lines in terms of Liu’s Movability Number, 
the parameters required to plot the results 
on Liu’s Diagram were determined.

Tables 9 and 10 present the critical 
station in each of the tests conducted on 
Armorflex 140 and Armorflex 180, respec-
tively. The flow at which block movement 
was observed is referred to as Qm. The 
flow conditions at the measurement station 
just upstream of the point of block failure 
were assumed to represent the critical flow 

conditions resulting in failure. Where no 
failure was observed, the station with the 
highest Movability Number was taken as 
the most critical station not resulting in 
failure. As mentioned under study limita-
tions, the side walls were not considered 
in the calculation of the wetted perimeter. 
Therefore, R = y for all bed slope tests.

observed Manning’s n value
The optimal Manning’s n value that best 
represents the data observed in each 
test was determined using the method 

Table 9 Critical flow characteristics at Qm for all Armorflex 140 bed and side slope tests

test 
number

test code Qm (m³/s)
flow 

depth 
y (m)

r (m) Vcr (m/s) egl (m) fr
local egl 

slope 
(m/m)

shear 
stress 

(kg/m²)

system 
condition

Bed slope tests:

Test 1a 30_0_140_i 0.580 0.223 0.223 2.788 0.805 1.887 0.030 65.526 Unstable*

Test 1b 30_0_140_ii 0.589 0.232 0.232 2.718 0.810 1.802 0.021 47.547 Unstable

Test 5b 20_0_140_ii 0.060 0.040 0.040 1.614 0.498 2.586 0.055 21.270 Unstable

Test 5f 20_0_140_vi 0.066 0.043 0.043 1.636 0.526 2.514 0.053 22.542 Unstable

Test 9d 10_0_140_iv 0.041 0.024 0.024 1.872 0.731 3.899 0.092 21.298 Unstable

Test 9e 10_0_140_v 0.052 0.027 0.027 2.043 0.769 3.954 0.100 26.686 Unstable

Side slope tests:

Test 3a 30_1.5_140_i 0.451 0.311 0.194 2.609 0.805 1.792 0.015 45.837 Unstable

Test 3b 30_1.5_140_ii 0.420 0.299 0.188 2.579 0.785 1.803 0.017 49.660 Unstable

Test 7b 20_1.5_140_ii 0.526 0.311 0.194 3.043 1.092 2.091 0.022 65.879 Stable**

Test 11a 10_1.5_140_i 0.349 0.182 0.127 4.241 1.317 3.645 0.061 109.380 Stable

* “Unstable” denotes that block movement was observed.
** “Stable” denotes that no block movement was observed, i.e. DNF (did not fail).

Table 10 Critical flow characteristics at Qm for all Armorflex 180 bed and side slope tests

test 
number

test code Qm (m³/s)
flow 

depth 
y (m)

r (m) Vcr (m/s) egl (m) fr
local egl 

slope 
(m/m)

shear 
stress 

(kg/m²)

system 
condition

Bed slope tests:

Test 2a 30_0_180_i 0.595 0.219 0.219 2.913 0.804 1.989 0.024 52.195 Stable**

Test 2b 30_0_180_ii 0.595 0.218 0.218 2.921 0.805 1.998 0.027 57.474 Stable

Test 6d 20_0_180_iv 0.099 0.054 0.054 1.947 0.549 2.673 0.050 26.660 Unstable*

Test 6e 20_0_180_v 0.093 0.051 0.051 1.964 0.549 2.785 0.049 24.371 Unstable

Test 6g 20_0_180_vii 0.121 0.060 0.060 2.170 0.553 2.834 0.038 22.208 Unstable

Test 10b 10_0_180_ii 0.103 0.042 0.042 2.612 0.861 4.065 0.059 24.490 Unstable

Test 10c 10_0_180_iii 0.070 0.032 0.032 2.370 0.702 4.246 0.093 28.944 Unstable

Test 10d 10_0_180_iv 0.074 0.032 0.032 2.491 0.732 4.474 0.087 26.895 Unstable

Side slope tests:

Test 4a 30_1.5_180_i 0.453 0.321 0.199 2.499 0.805 1.694 0.031 97.840 Stable

Test 4b 30_1.5_180_ii 0.456 0.324 0.200 2.484 0.804 1.678 0.031 99.655 Stable

Test 8c 20_1.5_180_iii 0.379 0.243 0.159 3.117 1.021 2.376 0.017 39.508 Unstable

Test 8d 20_1.5_180_iv 0.326 0.220 0.148 3.056 0.979 2.423 0.031 66.574 Unstable

Test 12a 10_1.5_180_i 0.351 0.194 0.134 3.903 1.294 3.262 0.051 96.287 Unstable

Test 12b 10_1.5_180_ii 0.305 0.176 0.124 3.871 1.263 3.372 0.054 92.280 Unstable

* “Unstable” denotes that block movement was observed.
** “Stable” denotes that no block movement was observed, i.e. DNF (did not fail).
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presented by ASTM (2008b). The average 
optimal Manning’s n values minimising 
the objective functions in all Armorflex 
140 and 180 test scenarios are presented 
in Table 11. Technicrete (2016) presents 
a typical Manning’s n value range of 
0.025 – 0.035 for Armorflex blocks.

The difference between Technicrete’s 
specified roughness values and those 
obtained in this study could be attributed 
to differences in how the blocks were 
manufactured. Prototype Armorflex blocks 
are typically dry-packed and hydrauli-
cally compressed in the mould, whereas 
the model blocks were wet-cast into soft 
polyurethane moulds. The surface fin-
ish on the wet-cast concrete blocks was 
smooth and even, while that of the dry-
packed prototype blocks is more textured, 
resembling the surface finish of a paving 
brick. Reference is made to Figures 3 
and 4 that show the difference in surface 
finish between the prototype and model 
Armorflex blocks. Another possible cause 
of the low Manning’s n values is that the 
tests were conducted under controlled 
laboratory conditions, meaning no debris 
or foreign material could influence the 
roughness parameter, whereas field meas-
urements might be affected in such a way.

liu diagram parameters and plots
Liu’s Diagram plots the Movability Number 
(V*/Vss) against the particle Reynolds 
Number. With settling velocity determined 
experimentally, shear velocity and particle 
Reynolds Number could be determined 
using the laboratory data. Even though 
Liu assumes uniform flow conditions 
(So = Sf), Sf was calculated as the local 
EGL slope at the measurement station just 
upstream of the point of failure. With Sf 
determined, shear velocity and particle 
Reynolds Number could be calculated 
using Equations 3 and 1, respectively. The 
kinematic viscosity of water was taken as 
1.13 × 10–6 m²/s in the calculation of the 
particle Reynolds Number, even though 
no water temperature measurements were 
taken in the laboratory. Tables 12 and 13 

present the processed data required to 
plot the test results on the Liu Diagram 
for Armorflex 140 and Armorflex 180, 
respectively.

The results of each of the four test 
scenarios were plotted on the Liu Diagram, 
as presented in Figures 18 to 21. Figure 22 

presents the plot for all blocks and all cases 
on one graph. Figure 22 illustrates that the 
side slope test results plotted higher on the 
Liu Diagram than bed slope test results. 
This verifies the observation that blocks 
installed on bed slopes are less stable than 
blocks installed on the 1H:1.5H side slope.

Table 11  Average observed optimal 
Manning’s n values (s/m0.33) for the 
test scenarios

block type
bed slope 

tests
side slope 

tests

Armorflex 140 0.017 0.024

Armorflex 180 0.015 0.022

Table 12 Liu Diagram parameters for Armorflex 140 tests

test 
number

test code
Vss  

(m/s)
Sf  

(m/m)
V*  

(m/s)
Movability 

number
re*

Bed slope tests: 

Test 1a 30_0_140_i 0.585 0.030 0.256 0.438 19 572

Test 1b 30_0_140_ii 0.585 0.021 0.218 0.373 16 672

Test 5b 20_0_140_ii 0.585 0.055 0.146 0.249 11 151

Test 5f 20_0_140_vi 0.585 0.053 0.150 0.257 11 480

Test 9d 10_0_140_iv 0.585 0.092 0.146 0.249 11 158

Test 9e 10_0_140_v 0.585 0.100 0.163 0.279 12 491

Side slope tests:

Test 3a 30_1.5_140_i 0.585 0.015 0.214 0.366 16 370

Test 3b 30_1.5_140_ii 0.585 0.017 0.223 0.381 17 039

Test 7b** 20_1.5_140_ii 0.585 0.022 0.257 0.439 19 625

Test 11a** 10_1.5_140_i 0.585 0.061 0.331 0.565 25 287

**Did not fail at maximum flow depth in flume.

Table 13 Liu Diagram parameters for Armorflex 180 tests

test 
number

test code
Vss  

(m/s)
Sf  

(m/m)
V*  

(m/s)
Movability 

number
re*

Bed slope tests: 

Test 2a* 30_0_180_i 0.678 0.024 0.228 0.337 16 902

Test 2b* 30_0_180_ii 0.678 0.027 0.240 0.354 17 736

Test 6d 20_0_180_iv 0.678 0.050 0.163 0.241 12 080

Test 6e 20_0_180_v 0.678 0.049 0.156 0.230 11 550

Test 6g 20_0_180_vii 0.678 0.038 0.149 0.220 11 025

Test 10b 10_0_180_ii 0.678 0.059 0.156 0.231 11 578

Test 10c 10_0_180_iii 0.678 0.093 0.170 0.251 12 587

Test 10d 10_0_180_iv 0.678 0.087 0.164 0.242 12 133

Side slope tests: 

Test 4a** 30_1.5_180_i 0.678 0.031 0.313 0.461 23 141

Test 4b** 30_1.5_180_ii 0.678 0.031 0.316 0.466 23 355

Test 8c 20_1.5_180_iii 0.678 0.017 0.199 0.293 14 705

Test 8d 20_1.5_180_iv 0.678 0.031 0.258 0.381 19 089

Test 12a 10_1.5_180_i 0.678 0.051 0.310 0.458 22 957

Test 12b 10_1.5_180_ii 0.678 0.054 0.304 0.448 22 474

* Did not fail at maximum flow rate of laboratory.
** Did not fail at maximum flow depth in flume.
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Figure 18 Liu Diagram for bed slope tests on Armorflex 140 blocks
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Figure 19 Liu Diagram for side slope tests on Armorflex 140 blocks
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Figure 20 Liu Diagram for bed slope tests on Armorflex 180 blocks
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All test scenarios show a trend of 
increasing the Movability Number with 
an increasing particle Reynolds Number. 
SANRAL (2013) equates the Movability 
Number of loose articulating concrete 
blocks (such as Armorflex) to 0.12, for 
particle Reynolds Numbers larger than 13. 
The results obtained from this study show 
that SANRAL’s (2013) Movability Number 
is indeed conservative for design purposes.

Table 14 shows the critical flow 
velocity, shear stress and Movability 
Numbers for the four test scenarios 
investigated, with the Movability Number 

being recommended for use in defining 
the point of incipient motion. For each test 
scenario, a 100% exceedance value was 
assumed, meaning that the lowest obtained 
Movability Number was taken as the criti-
cal value. No safety factors were applied to 
the values presented in Table 14.

evaluation of technicrete’s 
(2016) design guidelines
Figure 23 presents the critical flow 
velocities for each test scenario investigated, 
compared to the limiting flow velocities 

specified by Technicrete (2016). The graph 
shows that Technicrete’s limiting flow veloc-
ity of 3.5 m/s for Armorflex 140 blocks may 
be an overestimation for blocks installed 
on bed slopes, while the critical velocity 
achieved on side slopes was greater than the 
3.5 m/s limiting flow velocity. Armorflex 
180’s bed and side slope tests resulted in 
suggested critical flow velocities lower 
than Technicrete’s limiting flow veloc-
ity of 5.5 m/s. However, incipient motion 
theory clearly argues against the use of flow 
velocity as a parameter to define incipient 
motion conditions of non-cohesive particles. 

Figure 21 Liu Diagram for side slope tests on Armorflex 180 blocks
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Figure 22 Liu Diagram for all blocks and all test cases
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Technicrete’s (2016) design guidelines are 
therefore not suitable for design.

coMParison to inciPient 
Motion criteria of riPraP 
and reno-Mattresses
The incipient motion criteria for riprap 
and Reno-mattresses have been thoroughly 
investigated by many researchers, being 

mainly presented in terms of critical flow 
velocity and shear stress. Stoffberg (2005) 
and Langmaak (2013) managed to apply 
the stream-power-based incipient motion 
studies of Rooseboom (1992) and Armitage 
(2002) to define incipient motion condi-
tions for riprap and Reno-mattresses in 
terms of Liu’s Movability Number.

Stoffberg (2005), basing his findings 
on tests conducted by Simons et al (1984), 

suggested Movability Numbers of 0.13 
and 0.165 for riprap and Reno-mattresses, 
respectively. Langmaak (2013), however, 
found that a critical Movability Number 
of 0.18 can be used for riprap on extremely 
steep bed slopes under non-uniform flow 
conditions, which is close to the 0.17 
recom mended by Armitage (2002).

Figure 24 shows that the suggested 
Movability Numbers of Armorflex 140 and 
180 blocks are greater than those suggested 
for riprap and Reno-mattresses, as pro-
posed by Stoffberg (2005) and Langmaak 
(2013). Unlike riprap and Reno-mattresses, 
Armorflex has no material smaller than 
the design weight that can be dislodged by 
the forces of flowing water, subsequently 
undermining the larger material (Armortec 
Incorporated 1981).

conclusions
The study showed that Liu’s Movability 
Number can be used to define the critical 
point of incipient motion for Armorflex 
blocks. The Movability Numbers recom-
mended for design of Armorflex 140 
installed on bed and side slopes are 
0.249 and 0.366, respectively, while those 
for Armorflex 180 are 0.220 and 0.293, 
respectively. In a wide trapezoidal channel, 
Armorflex blocks installed on a side slope 
of 1V:1.5H are more stable than blocks 
installed on a bed slope. Dimensionless 
stability factors of 1.47 and 1.33 can 
respectively be applied to the Movability 
Numbers of Armorflex 140 and 180 blocks 
installed on bed slopes to determine the 
Movability Numbers of the blocks on side 
slopes. Blocks installed on channel side 
slopes experience smaller local flow veloci-
ties than blocks on the bed. Furthermore, 
the additional load from blocks resting on 
top of each other on a side slope could pos-
sibly have a stabilising effect.

The model study showed increased 
system vulnerability once a block was dis-
lodged from the structure. Consideration 
should be given to intermittent concrete 
beams across a channel at appropriate 
intervals to prevent failure of an entire 
Armorflex structure.

All recommended Movability Numbers 
for Armorflex are greater than SANRAL’s 
(2013) proposed Movability Number of 0.12 
(for natural sediments like sand, gravel, 
boulders and rocks), rendering SANRAL’s 
(2013) criteria conservative for design. The 
recommended Movability Numbers are 
also greater than those recommended for 

Table 14 Observed critical flow parameters of Armorflex 140 and 180

categories
vcr  

(m/s)
τcr  

(kg/m²)
critical Movability 

number

Armorflex 140 on bed slopes 2.7 63.8 0.249

Armorflex 140 on side slopes 4.4 137.5 0.366

Armorflex 180 on bed slopes 3.3 66.6 0.220

Armorflex 180 on side slopes 5.2 118.5 0.293
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Figure 23  Suggested critical flow velocity for Armorflex blocks versus Technicrete (2016) guideline
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riprap and Reno-mattresses. Unless site 
conditions fall outside the limitations of this 
study, no safety factor needs to be applied 
to the recommended Movability Numbers. 
Recommended Movability Numbers repre-
sent the beginning of movement. Selected 
design Movability Numbers smaller than 
the recommended Movability Numbers 
constitute a safe design.

The respective critical flow velocities of 
2.7 m/s and 3.3 m/s obtained in this study 
for Armorflex 140 and Armorflex 180 
on bed slopes propose that Technicrete’s 
(2016) respective limiting flow velocities of 
3.5 m/s and 5.5 m/s are overestimations. 
However, according to incipient motion 
theory, average flow velocity is not a suita-
ble parameter for defining incipient motion 
conditions. Therefore, Technicrete’s (2016) 
design guidelines alone are not suitable for 
the safe and stable design of Armorflex-
lined structures.

recoMMendations 
for future studies
This study investigated the hydraulic 
performance of Armorflex blocks in super-
critical flow conditions (Fr > 1), which is 
typically the flow regime concrete-lined 
canals are designed for to limit costs. A 
study is required to determine the incipient 
motion conditions of Armorflex in sub-
critical flow conditions (Fr < 1).

For this study, hydraulic testing was con-
ducted on loose Armorflex concrete blocks. 
Even though the NCAMA (2010) argues that 
cables do not increase the hydraulic stabil-
ity, it is recommended that this research be 
extended with follow-up research to include 
interlocking cables/wires to test the impact 
thereof and how the results differ.

Given that this study investigated the 
stability of Armorflex blocks in a straight 
channel only, further research is recom-
mended whereby sharp bends in the 
horizontal alignment of ACB channels are 
considered.

As settling velocity is a critical param-
eter in any Movability Number analysis, 
the accurate determination thereof is cru-
cial. It may be an interesting experiment to 
determine the settling velocity of prototype 
Armorflex blocks and to compare the find-
ings with the settling velocities determined 
in this study.

The Movability Numbers presented 
were not adjusted with slope correction 
factors. To consider the effect of the respec-
tive slopes on incipient motion conditions, 

the angle of repose of Armorflex blocks is 
required. It is recommended that future 
incipient motion studies determine the 
angle of repose of Armorflex.

The results from this study showed that 
blocks installed on a side slope of 1V:1.5H are 
more stable than blocks installed on a bed 
slope ranging between 1V:30H and 1V:10H. 
An investigation is required to determine the 
optimum side slope of Armorflex blocks in 
channelised applications.
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introduction
The introduction of building information 
modelling (BIM) and parametric design 
methods has improved the implementation 
of processes in the traditional structural 
engineering workflow. Structural engineer-
ing processes previously completed in 
sequential and isolated steps (Bhusar & 
Akhare 2014; Romo et al 2015) can now 
be automated through BIM parametric 
design (Gilkinson et al 2015; Kalkan et al 
2018). Surveys conducted by Hamidavi et al 
(2020) have revealed that more than 60% of 
structural engineers in the United Kingdom 
(UK) who are professionally accredited 
with the Institution of Structural Engineers 
(IStructE), Institution of Civil Engineers 
(ICE), and the American Society of Civil 
Engineers (ASCE) believe in the potential of 
automation to resolve the challenges faced 
in structural engineering. Hence, automat-
ing the cumbersome and time-consuming 
manual processes for simple and repetitive 
structures can reduce the time spent on 
the project while minimising effort. Box 
culverts are an example of simple, repetitive 
structures which can benefit from paramet-
ric design automation (Manmeetsingh & 
Julian 2016). Standardisation of design pro-
cedures has improved the manual structural 
design process of box culverts. For instance, 
the design procedure prescribed in the 
Design Manual for Standard Box Culverts 

(National Transport Commission 1981) 
allows for selecting a box culvert’s geometric 
and material properties with minimal effort. 
However, producing construction draw-
ings for the designed box culvert remains a 
labour-intensive process of the traditional 
workflow (Bhusar & Akhare 2014).

Although existing literature aimed at 
automating either the traditional structural 
design or two-dimensional (2D) computer-
aided design (CAD) drawing procedures 
of box culverts was evident, literature for 
integrating and automating the structural 
design optimisation and three-dimensional 
(3D) modelling procedures for box culverts 
was limited. This study therefore aims to 
evaluate the potential of reducing the time 
and effort required to perform re-work 
following a design change for box culverts, 
thereby improving project performance. 
Moreover, this study will assist by contrib-
uting to the current body of knowledge 
regarding the expected benefits of integrat-
ing and automating the structural design 
optimisation and 3D modelling procedures 
for box culverts. The following sections 
present the literature review, whereby 
the initial parametric design model is 
developed, followed by the results from the 
structured interview findings, where after 
the findings are then used to validate the 
proposed parametric design process model 
for box culverts.

a parametric design process 
model for box culverts
N Ngobeni, A L Marnewick, D J Van Vuuren

This research proposes a parametric design process model to improve the structural engineering 
project team performance by automating the design and three-dimensional modelling 
procedures of box culverts. Although standardised design procedures can reduce the design 
time of repetitive structures such as box culverts, the increased time and effort required for 
revising construction drawings negatively impacts a project’s performance. A literature review 
was conducted to develop a theoretical process model to improve the current structural design 
optimisation and three-dimensional modelling procedures of box culverts. The proposed 
process model was validated using structured interviews with professionally registered structural 
engineers for appropriateness to box culverts and the potential to improve project performance. 
The data analysis revealed that the interviewed engineers were in favour of automating the 
design optimisation and three-dimensional modelling procedures of box culverts. Moreover, 
parametric design automation would result in improved project performance when encountering 
an inevitable design change. However, the user’s control over the output of each process should 
not be discarded. This study can help readers understand the transformation of the structural 
design and three-dimensional modelling procedures of repetitive structures, such as box culverts, 
into an algorithmic form to achieve improved project performance.
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literature review
Road construction projects consist of 
various types of transportation struc-
tures, such as bridges and culverts. The 
infrastructure choice depends on the 
stakeholder’s requirements and influ-
ence from the project environment. For 
instance, box culverts are generally used 
in road construction where watercourses, 
such as streams, are located at a level 
significantly lower than the final road level 
(Manmeetsingh & Julian 2016). Since both 
culverts and bridges often serve the same 
purpose, culverts are generally preferred as 
more affordable alternatives over bridges, 
due to their significantly lower construc-
tion costs (Parry et al 2000). Furthermore, 
the regulations governing the design of 
culvert structures are similar to those of 
bridges, since both structures are expected 
to support traffic loads (Ahmed & Alarabi 
2011).

Recent advances in information tech-
nology have increased the number of tools 
available for completing the design and 
drawing processes, thereby improving the 
traditional structural engineering work-
flows. For instance, Bhusar and Akhare 
(2014) and Gilkinson et al (2015) compared 
the effects of implementing the traditional 
2D drafting-centric workflow with the 
modernised 3D BIM workflow. Figure 1 
shows that the effort required on a project 
implementing a traditional workflow (indi-
cated by the grey line in the figure) steadily 
increases from the early design phases to a 
maximum during the construction docu-
mentation stage (Bhusar & Akhare 2014; 
Gilkinson et al 2015). Conversely, the effort 
required for implementing the modernised 
BIM workflow (indicated by the green 
line) significantly increases to a maximum 
during the early stages of a project, since 
the design and 3D modelling processes are 
linked through automation (Gilkinson et al 
2015; Kalkan et al 2018). Implementation of 
the BIM workflow is beneficial to a project 
since the potential to impact the project 
cost and performance is at a maximum at 
the start of the project (Bhusar & Akhare 
2014; Gilkinson et al 2015). Moreover, any 
changes implemented during the early 
design phases result in low-cost implica-
tions for the project’s budget (Bhusar & 
Akhare 2014; Gilkinson et al 2015). The 
high potential to impact the project cost 
and performance, and the low cost of 
design changes earlier in the project allow 
the engineer to optimise a design with less 
risk (Alwisy et al 2012).

According to Romo et al (2015), the 
typical structural engineering workflow 
shown in Figure 2 first requires the devel-
opment of a concept for the structural 
system. Predetermined standards within 
an organisation (i.e. the span-to-depth ratio 
rules) (Brishami et al 2018) and simpli-
fied analysis calculation procedures (i.e. 
culvert design coefficient tables) (Reynolds 
et al 2007) are often used to develop the 
conceptual structural system. Depending 
on the preferred structural analysis tool, a 
3D finite element analysis (FEA) model can 
be generated to visualise the preliminary 
design geometry for correctness (Romo et 
al 2015). Moreover, the preference of FEA 
tools is based on the ability to produce 
accurate and realistic analysis results, 
which may lead to a more economical 
design. For instance, Kang et al (2008). 
Zhu et al (2012) and Ulger et al (2020) 
were able to simulate the loading effects 
caused by relative settlement of surround-
ing soils on a culvert for trenched and 
un-trenched installation conditions. The 
results observed by Kang et al (2008), Zhu 
et al (2012) and Ulger et al (2020) revealed 
that the simulated loads imposed on the 
structure were greater for un-trenched 
installation in comparison to trenched 
conditions.

A culvert is analysed and designed 
according to the design loading criteria 
that are specified by the country’s design 
regulations (Ahmed & Alarabi 2011; 

Manmeetsingh & Julian 2016). Design 
regulations such as the Technical Manual 
for Highways (TMH7) (Committee of State 
Road Authorities 1981), BS 5400 (BS 1978) 
and BD 31/01 (The Highways Agency 2001) 
require designers to consider the behaviour 
of structures under the ultimate and ser-
viceability limit states. Serviceability limit 
states focus on the state of the structure 
under normal operational conditions, while 
ultimate limit states are more concerned 
with the failure modes of the individual 
structural members (Committee of State 
Road Authorities 1981; Dawe 2003).

Once the preliminary structural system 
is concluded, the design can thereafter be 
optimised and communicated through 
structural construction drawings (Romo 
et al 2015). Communication of the design 
intent requires a geometric model to be 
produced and coordinated with the other 
disciplines (Solnosky 2017). According 
to Senescu et al (2006), the production 
of a BIM model for drawing purposes 
is often carried out by a BIM manager. 
Furthermore, production of a 3D model in 
a BIM environment takes significantly less 
time and effort compared to traditional 
CAD tools (Senescu et al 2006).

Despite the apparent benefits associ-
ated with intelligent BIM tools, several 
challenges are highlighted in the exist-
ing literature. Since the early design 
information received from the civil and 
geotechnical engineers (Nicholson 2014) 
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Figure 1  Traditional and modernised project workflows (adapted from Bhusar & Akhare 2014, 
and Gilkinson et al 2015; in turn adapted from AIA California Council 2007)



Journal of the South african institution of civil engineering Volume 63 Number 3 September 2021 31

is prone to changes (Rempling et al 2019), 
the structural engineer might often need to 
perform re-work due to inevitable changes 
to the design input data (Bhusar & Akhare 
2014; Gilkinson et al 2015). Traditionally, 
construction drawings were produced 
manually in 2D, which requires more effort 
to update the drawing separately follow-
ing the need for design changes (Mangal 
& Cheng 2018). Moreover, coordination 
using 2D drawings caused challenges in 
visualising the design intent (Mangal & 
Cheng 2018). Although modernised project 
delivery methods enforce early involvement 
of project stakeholders to improve the 
coordination and early decision-making 
processes (Rempling et al 2019), data 
exchange between various BIM tools 
(interoperability) can cause challenges in 
coordination of information (Lothar 2017). 
Several authors have evaluated the use 
of the neutral IFC (Industry Foundation 
Class) data format to resolve interoper-
ability challenges. According to (Lothar 
2017), interoperability by IFC2×3 is based 
on intelligent data formats, which allow for 
3D model presentation, material extrac-
tion, and structural analysis and design. 
However, when evaluating the use of IFC 
format as a mediator for data transfer on 
various software packages, Ran et al (2018) 
discovered that Computers and Structures 

Inc (CSI) ETABS and SAP2000 were able 
to import data in less time than Autodesk 
Robot Structural Analysis (RSA). However, 
certain properties required manual input 
after importing the IFC file on ETABS and 
SAP2000, and material properties were 
missing after importing the IFC file on 
RSA. Similarly, an investigation by Shoieb 
et al (2020) revealed that, although material 
properties could be imported from ETABS 
and SAP2000 to RSA, loads could not be 
imported into RSA from all structural 
analysis software packages evaluated. 
According to Shoieb et al (2020), ETABS 
and SAP2000 are capable of high interop-
erability due to the unique supplier of the 
two applications, and having implementa-
tion agreements for information exchange.

Despite the importance of a good 
preliminary design, limited time is often 
allocated to the early design phase (Romo 
et al 2015). For instance, the additional 
time required to amend and re-analyse 
an analysis model following receipt of 
undesired results might not be allocated 
to the project budget (Romo et al 2015). 
Similarly, project time constraints also 
affect the optimisation of a design solution 
to achieve specific outcomes. According 
to Mangal and Cheng (2018), the design 
optimisation process of reinforced concrete 
frames is either performed manually or 

semi-automated using computational tools. 
However, Manmeetsingh and Julian (2016) 
advised that semi-automated tools, such 
as calculation spreadsheets, still require 
manual input, which makes the approach 
error-prone and time-consuming. Despite 
the ability of FEA computational tools 
to simulate realistic loading effects on a 
structure, the tools do not perform any 
multi-criteria decision analysis to achieve 
an optimal design solution (Mangal & 
Cheng 2018). For instance, standard FEA 
tools only analyse and propose one design 
solution (based on a single set of input 
parameters) instead of evaluating several 
alternatives (Mangal & Cheng 2018).

Existing literature recommends that 
early automation of the design and drawing 
processes would help alleviate the chal-
lenges faced in structural engineering. For 
instance, Hamidavi et al (2020) advise that 
automation solutions are more practical 
during the early design phase of a project, 
because designers can better influence 
the performance and cost of the project 
(Bhusar & Akhare 2014; Gilkinson et al 
2015). Similarly, Holzer (2015) states that 
exploring the automation capabilities of 
parametric design algorithms may provide 
engineers with possibilities of manipulat-
ing BIM data with more flexibility during 
early project stages. Parametric design 
techniques are rapidly emerging as agile 
tools for evaluating various design alterna-
tives with minimal effort (Romo et al 
2015), and limited computer programming 
skills (Betancourt et al 2014; Hamidavi et 
al 2020). Moreover, the use of parametric 
design is a double-edged tool, since the 
automation tool can either be used during 
early project phases to evaluate alternative 
design solutions (Romo et al 2015), or for 
optimisation purposes by setting out spe-
cific design-related target outputs (Romo et 
al 2015; Hamidavi et al 2020).

Romo et al (2015) and Hamidavi et al 
(2020) have recently proposed parametric 
design algorithms for design optimisa-
tion during the early project phases. The 
parametric structural design optimisation 
scheme proposed by Romo et al (2015) in 
Figure 3 shows that, once the structural 
model is parameterised through a visual 
programming plug-in, the design process 
starts by automatically generating a 3D 
geometric and analytical model in a BIM 
environment (Romo et al 2015). The 3D 
models are generated through a visual 
programming algorithm editor, which 
allows the designer to develop generative 

Figure 2  Traditional structural engineering workflow (adapted from Romo et al 2015)
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Figure 3  Parametric structural design optimisation scheme (adapted from Romo et al 2015)
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algorithms for automatically modelling the 
3D geometry in both the BIM (Romo et al 
2015) and FEA environments (Hamidavi et 
al 2020).

Similarly, the optimised structural 
design (OSD) framework proposed by 
Hamidavi et al (2020) also uses a combi-
nation of several BIM tools. In Figure 4 
the automated design optimisation 
computational process consists of three 
sub-processes: (1) structural analysis and 
design, (2) evaluation of design solutions, 
and (3) multi-criteria decision analysis. 
According to Hamidavi et al (2020), 
integration of the BIM environment and 
an FEA tool is made possible through 
visual programming, which resolves the 
challenges related to BIM data transfer. 
According to Hamidavi et al (2020), visual 
programming tools allow the designer 
to link the design input parameters from 
the BIM information received with the 
structural FEA model. Moreover, the link 
created between the design input param-
eters enables the designer to automatically 
create an analysis model within an FEA 
tool – this ensures that any changes made 
to the information previously received are 
automatically applied to the optimised 

FEA model (Hamidavi et al 2020). For each 
analysis model created through generative 
design, the design loading conditions are 
automatically defined using the visual 
programming tool. Using the analysis 
results obtained for each FEA model, the 
evaluation process is conducted to evaluate 
various design solutions and, thereafter, 
perform multi-criteria decision analysis for 
each of the models generated (Hamidavi et 
al 2020). The analysis results are classified 
in terms of over-design and under-design 
based on a predefined weighting score 
system (Hamidavi et al 2020).

According to Omoregie and Turnbull 
(2016), the introduction of BIM has made 
it possible to produce intelligent models for 
construction documentation. Furthermore, 
the use of 3D models helps professional 
teams better illustrate their design intent 
and visualise the full structure before 
construction (Omoregie & Turnbull 2016). 
One of the advantages of using a BIM 3D 
model for producing drawings, instead of 
the traditional 2D CAD, is the ability for 
the BIM software to detect model member 
clashes across all disciplines (Jaehyun 
& Hubo 2015). According to Romo et al 
(2015), visual programming platforms are 

usually pre-integrated within parent BIM 
environments. The visual programming 
software plug-ins allow users to auto-
matically generate and manipulate 3D BIM 
geometry by creating generative parametric 
algorithms (Romo et al 2015). Similarly, 
Juhee et al (2019) have developed an algo-
rithm automating the BIM model genera-
tion process by using design parameters. 
Moreover, Juhee et al (2019) advise that the 
proposed modelling automation algorithm 
can shorten the requisite time for model-
ling, regardless of the type of work.

Figure 5 shows that the automated 
process of modelling 3D geometry based 
on the construction setting out informa-
tion is enabled by the use of reference grids 
and level information (Juhee et al 2019). 
Using the object’s location information 
and geometric attributes, the modelling 
process generates the 3D geometry based 
on the extrusion lengths and heights of 
each model component (Juhee et al 2019). 
According to Juhee et al (2019), extru-
sion of each component is based on the 
sectional profile. For instance, objects such 
as walls and columns would be extruded 
vertically (height), whereas beams would 
be extruded horizontally (length) (Juhee 

Start

Generative design of 
structural model

Finite element 
structural analysis

Evaluation of design 
solution models

Optimised solution

Finite element 
analysis tool

Programming 
tool

Structural analysis 
and design process

Evaluation process

Decision process

Weight score

Structural analysis  
results

Material properties

Design input parameters

Penalty functions

Design optimisation automation process

Figure 4  Automated OSD prototype framework (adapted from Hamidavie et al 2020)

Cross-sections of 
elements

Geometric boundaries:

positions, lengths and 
heights of elements

(Link between BIM 
environment and analysis 
tool created using visual 

programming)



Journal of the South african institution of civil engineering Volume 63 Number 3 September 2021 33

et al 2019). Once the 3D object has been 
generated, the material properties defined 
at the start of the automation process are 
assigned to the appropriate model compo-
nents. Relevant construction information, 
such as material quantities, is thereafter 
accessible to produce construction draw-
ings (Juhee et al 2019).

Table 1 summarises the challenges 
currently faced in structural design and 
3D modelling, contributing to the amount 
of time and effort required to perform 
re-work in the event of an inevitable design 
change. Furthermore, the literature review 
findings given in Table 1 propose that 
automating the design and 3D modelling 
processes would resolve the issues cur-
rently faced in structural design and 3D 
modelling processes.

Hence, the theoretical parametric 
design process model shown in Figure 6 
was proposed to resolve the challenges 
faced in structural engineering, thereby 
reducing the effort and time required to 
perform re-work for box culverts. The 

proposed theoretical model for automating 
the structural design and 3D modelling 
processes of box culverts was formed by a 
combination of:

1. The OSD framework proposed by 
Hamidavi et al (2020) for use on a wide 
range of structural design scenarios 
including bridge design.

Table 1 Proposed solutions to challenges faced in structural design and 3D modelling

challenges highlighted in current literature
Proposed solutions to challenges 
highlighted in current literature

Uncertainty and availability of design input data from 
other disciplines at early project phases  
(Rempling et al 2019

Automated structural analysis and design 
procedures to reduce the duration and effort 
of producing re-designs (Romo et al 2015; 
Manmeetsingh & Julian 2016; Rempling et al 
2019; Hamidavi et al 2020)

Minimum time allocated to conceptual design for 
evaluation of various design alternatives  
(Romo et al 2015)

Time-consuming and error-prone manual, or 
semi-automated design optimisation process 
(Manmeetsingh & Julian 2016; Mangal & Cheng 2018)

Interoperability of BIM data between various 
tools leading to missing or incorrectly transferred 
information which requires manual input  
(Lothar 2017; Hamidavi et al 2020; Shoieb et al 2020)

Automated design procedures to enable data 
transfer of multiple formats (Hamida et al 
2020; Shoieb et al 2020)

Time-consuming and error-prone manual drawing or 
modelling processes used to produce drawings and 
perform re-work following design changes  
(Mangal & Cheng 2018)

Automated 3D modelling procedure to 
reduce the effort and duration of performing 
re-work following a design change (Rosick et 
al 2005; Kang et al 2013; Juhee et al 2019)
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Figure 6  Theoretical parametric design process model (adapted from Juhee et al 2019 and Hamidavi et al 2020)
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2. The automated BIM model generation 
framework proposed by Juhee et al (2019) 
to shorten the requisite time for model-
ling, regardless of the type of work.

Method
Although the automated OSD and BIM 3D 
modelling algorithms were developed and 
validated for a wide range of applications 
in structural design and 3D modelling, 
the combination of the two algorithms 
required validation for appropriateness to 
box culverts. Therefore, this study’s research 
design method was aimed at validating the 
theoretical model proposed in Figure 6. 
According to Axinn et al (2009), developing 
a research design begins with the selection 
of a unit of analysis, such as the interpreta-
tions of individuals or groups regarding a 
specific phenomenon. For this study, the 
interpretations of professionally registered 
structural engineers and 3D modellers were 
used to evaluate whether the proposed 
theoretical model would result in improved 
project performance. Responses from each 
participant were recorded on a standardised 
interview schedule and audio-recorder for 
validation purposes. To preserve anonymity 
for the interview participants, no personal 
information was transcribed when validat-
ing the collected data. Due to the COVID-19 
restrictions at the time of this study, the 
structured interview process was conducted 
through a web-based meeting platform. The 
structured interview data collection method 
enabled the combined characteristics of 
qualitative and quantitative methods, which 
are useful for implementation of complex 
evidence-based research (Cooksey & 
McDonald 2019). To ensure that interpreta-
tions of both structural designers and 3D 
modellers were obtained, the sample size 
consisted of six participants who were pro-
fessionally registered structural engineers 
with 3D modelling experience, and one 
professionally registered structural engineer. 
The composition of the interview par-
ticipants with their respective professional 
backgrounds is shown in Table 2.

The interview participants IP 5 and IP 7 
work in the same design office, whereas the 
remaining five participants work in differ-
ent offices. While adhering to the univer-
sity’s ethical requirements, the interview 
participants were sourced as follows:

 Q IPs 4, 5, and 7 – by previous industry 
interaction

 Q IPs 3 and 6 – by LinkedIn requests (no 
previous interaction with IPs)

 Q IP 2 – by request sent to the South 
African Institution of Civil Engineering 
(SAICE) young members communication 
group (no previous interaction with IP)

 Q IP 1 – by recommendation from industry 
peer (no previous interaction with IP).

discussion
The proposed theoretical process model 
presented in Figure 6 was validated for use 
on box culverts in four parts:
1. Appropriateness of the proposed struc-

tural design and 3D modelling input 
parameters

2. Appropriateness of the proposed struc-
tural design and 3D modelling processes 
and sub-processes

3. Appropriateness of the proposed 
sequence of processes

4. Willingness of the participants to 
automate the proposed sub-processes to 

reduce the time and effort required to 
perform re-work.

Although the structured interview results 
presented in Table 3 are in favour of the 
proposed input parameters, the results also 
highlighted the need for additional input 
parameters.

Therefore, the results shown in Figure 7 
validate that, if implemented correctly, the 
proposed structural design input parameters 
are appropriate for use on box culverts.

Moreover, the results shown in Figure 8 
validate that, if implemented correctly, the 
proposed 3D modelling input parameters 
are appropriate for use on box culverts.

The request received from the respond-
ents to include additional input parameters 
was mainly due to the specialised nature 
and functionality of transportation 
structures. Box culverts are used in road 
construction to support traffic loads while 
providing drainage for streams positioned 

Table 2 Composition of interview participants

interview 
participant 

(iP)
role on culvert projects

experience in the 
engineering field

Professionally 
registered?

IP 1 Structural designer and 3D modeller 11 – 20 years Yes

IP 2 Structural designer and 3D modeller 11 – 20 years Yes

IP 3 Structural designer and 3D modeller 5 – 10 years Yes

IP 4 Structural designer and 3D modeller 5 – 10 years Yes

IP 5 Structural designer Less than 5 years Yes

IP 6 Structural designer and 3D modeller 5 – 10 years Yes

IP 7 Structural designer and 3D modeller 5 – 10 years Yes

Table 3 Validation part 1 quantitative and qualitative results

Quantitative results Qualitative results

The results presented in 
Figures 7 and 8 indicated a 
high level of agreement from 
the respondents that the 
proposed structural design and 
3D modelling processes were 
appropriate to box culverts.

Responses received advised that the design loading and 
geotechnical information were required as additional design input 
parameters, and the topographical survey information was required 
for both the design and 3D modelling processes.

Due to the challenges faced when transferring data between BIM 
tools, one respondent advised that the design loading should 
rather be used as a manual input since the loads tend to either be 
transferred incorrectly, or not transferred at all.

Figure 7  Structural design input parameters quantitative results
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at a level significantly lower than the final 
road level (Manmeetsingh & Julian 2016). 
Communication of the design intent requires 
a structural drawing to be produced and 
coordinated with other disciplines (i.e. the 
civil engineer) (Solnosky 2017). Hence, survey 
information such as the road and drainage 
levels would be required on the structural 
drawings to illustrate the structure’s position 
in relation to the road, natural ground, and 
stormwater drainage levels. The position of 
a culvert in relation to the road and natural 
ground level can have positive or negative 
effects on the structure. For instance, the 
traffic load effects are reduced as the distance 
between the road level and culvert structure 
(soil cover height) increases (Ahmed & 
Alarabi 2011). However, the soil dead load 
imposed on the culvert roof also increases 
with each increase in cover height (Ahmed & 
Alarabi 2011).

Similarly, the position of the culvert in 
relation to the natural ground level deter-
mines the installation method, which also 
affects the design loading. For the embank-
ment (un-trenched) installation method 
in Figure 9(a), the surrounding soils have 
higher settlement rates in comparison to 
the soil directly above the structure – which 
results in the surrounding soils increasing 
the total load applied to the culvert (Kim 
& Yoo 2005; Kang et al 2008; McGuigan 
& Valsangkar 2011; Wood et al 2015). 
Relating to the trenched method shown 
in Figure 9(b), the surrounding soils have 
lower settlement rates compared to the soil 
directly above the structure – resulting in 
the surrounding soils reducing the total load 
applied to the structure (Kim & Yoo 2005; 
Kang et al 2008; McGuigan & Valsangkar 
2011; Wood et al 2015). According to Ulger 
et al 2020, the soil parameters provided 
within the geotechnical report can be used 
to realistically simulate soil-structure inter-
action effects on FEA tools.

The structured interview results 
presented in Table 4 are in favour of the pro-
posed structural design and 3D modelling 
processes and sub-processes. However, the 
results advise that, although FEA tools are 
more effective in providing accurate results, 
simpler forms of analysis are available.

The results shown in Figures 10 there-
fore validate that, if implemented correctly, 
the proposed structural design and 3D 
modelling processes are appropriate for use 
on box culverts.

The results shown in Figure 11 further-
more validate that, if implemented cor-
rectly, the proposed structural design and 

Figure 8  3D modelling input parameters quantitative results
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Table 4 Validation part 2 quantitative and qualitative results

Quantitative results Qualitative results

The results presented in Figure 10 indicated 
a high level of agreement from the 
respondents that the proposed processes 
were appropriate for the design and 3D 
modelling of box culverts. Responses received from two participants advised that, 

although FEA tools were ideal to achieve the most 
accurate analysis and design results, simpler methods of 
analysis were available for less complex structures such 
as culverts without skew ends. 

An example given by one respondent was the 
standardised culvert design procedure prescribed in 
the Design Manual for Standard Box Culverts (National 
Transport Commission 1981). 

Moreover, the results presented in Figure 11 
indicated a high level of agreement from 
the respondents that the proposed sub-
processes were appropriate for the design 
and 3D modelling of box culverts.

However, one participant remained neutral 
regarding the generation of modelling 
references, generation of 3D model objects 
and material information sub-processes.

Figure 10  Structural design and 3D modelling processes quantitative results
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3D modelling sub-processes are appropriate 
to use on box culverts.

The literature review findings also 
confirmed that simplified analysis 
methods were evident. For example, the 
culvert design coefficient tables (Reynolds 
et al 2007) and the Design Manual for 

Standard Box Culverts (National Transport 
Commission 1981) are available for 
the design of culverts, with less effort. 
However, several researchers have proven 
that FEA tools were capable of simulat-
ing realistic load effects to produce more 
economical structural designs at faster rates 

in comparison to simplified analysis proce-
dures. For instance, Ulger et al (2020), Zhu 
et al (2012) and Kang et al (2008), have used 
an FEA tool to simulate the realistic loading 
effects caused by the trenched and un-
trenched installation methods. Furthermore, 
Mangal and Cheng (2018) advised that the 
preference of using FEA tools is based on 
the time and effort benefits experienced 
when performing structural designs.

When asked to confirm the appro-
priateness of the proposed sequence of 
processes (validation part 3), three (43%) of 
the respondents agreed that the proposed 
sequence was also appropriate for the 
design and 3D modelling of box culverts. 
However, the remaining (57%) respondents 
each preferred four different sequences of 
processes. The five preferred sequences of 
computational processes derived from the 
interview responses received are presented 
in Figure 12.

Figure 11  Structural design and 3D modelling sub-processes quantitative results
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Regarding Table 5 – most of the 
respondents were in favour of automating 
the structural design and 3D modelling 
sub-processes to achieve the benefits of 
reduced time and effort when performing 
re-work on culvert projects. In addition, the 
possibility to automatically update input 
parameters prone to change, and perform 
multi-criteria decision analysis, were sug-
gested as additional potential benefits to 
the user. However, the qualitative results 
showed some reluctance amongst the 
participants to fully automate the proposed 
process model through parametric design. 
The reluctance to fully automate the design 
and 3D modelling sub-processes was based 
on the expected reduction in control that 
the user would have, and the possibility of 
encountering construction-related prob-
lems caused by:

 Q Non-adherence to non-structural 
requirements constraining the culvert 
geometry and position.

 Q Limited engineering judgement applied 
when evaluating design solutions.

 Q Unsuccessful transfer of design loading 
information.

As a possible solution for the reluctance of 
fully automating the sub-processes, it was 
suggested that a user should be allowed to 
review and manually modify the output 
of each sub-process. Allowing the user to 
retain some control over each process and 
important input parameters would assist 
in reducing the level of reluctance amongst 
the interview respondents.

Therefore, the results shown in Figure 13 
validate that, if implement correctly, 
automating the proposed structural design 
and 3D modelling processes could result in 
reduced effort when performing re-work for 
box culverts.

In summary, some similarities were 
drawn from the literature review and struc-
tured interview findings. The quantitative 
results received from the structured inter-
view process revealed that the majority of 
the participants agreed that the proposed 
process model was appropriate for use 
on box culverts. Furthermore, automat-
ing the proposed process model through 
parametric design could potentially yield 
benefits which would help improve project 
performance. However, certain challenges 
associated with automation of processes 
and parameters constrained by important 
structural and non-structural requirements 
were raised. Table 6 provides a brief com-
parison between the literature review and 
validation process findings.

Therefore, the initially proposed theo-
retical model presented in Figure 6 was 
revised, based on the validation process 
findings, which recommend additional 
manual input parameters and decision 
gateways, with the option to review and 
perform manual alterations. The revised 
and validated process model is presented 
in Figure 14, whereby the new manual 
processes and input parameters are shown 
in blue. The sequence of computational 

processes remained unchanged since most 
of the interview participants approved the 
originally proposed sequence of processes.

The parametric design process model 
shown in Figure 14 creates a visual 
programming link to the civil engineer’s 
3D model for extraction of relevant 
constraining design information such as 
the opening size, flange and rib thick-
nesses of members and material properties 
(Hamidavi et al 2020). Constraining input 

Table 5 Validation part 4 quantitative and qualitative results

Quantitative results Qualitative results

The results presented in Figure 13 indicated that 
only one participant remained neutral to the 
idea of automating the (1) structural analysis and 
design, (2) generation of modelling references, 
(3) material information, (4) quantity information 
from the 3D model, and (5) construction 
information sub-processes. 

The responses received showed that several 
respondents appreciate the proposed benefits 
presented by automation of the given sub-
processes. For instance, one participant 
mentioned that design specifications, such 
as material properties, are prone to change 
once construction activity commences. Hence, 
automating the sub-processes for updating 
material properties would be beneficial. 

Conversely, only one participant disagreed to 
the idea of automating the design solution 
evaluation, generation of modelling references, 
and generation of 3D model objects. 

Another participant advised that, if multi-criteria 
decision analysis is completed manually, it 
would be inefficient to achieve an optimised 
design based on several criteria, including the 
time constraints. Hence, automating the sub-
process would be beneficial since the designer 
could optimise the design to suit a desired 
reinforcement arrangement to improve with ease 
of construction.

The remaining respondents agreed that 
automating the proposed sub-processes would 
result in the desired benefits of reduced time and 
effort. 

However, the responses received also advised 
that the engineer’s control and ability to review 
the output for each sub-process should not 
be discarded because of the automation. For 
instance, one participant advised that, since the 
culvert is constrained by the road and drainage 
levels specified by the civil engineer, it would 
be risky to fully automate the generation of 
modelling references sub-process.

Two participants added that automating the 
design solution evaluation sub-process would 
remove the designer’s control over the results. 
Similarly, several participants have also advised 
that important input parameters, such as the 
topographical survey information, design loading, 
and penalty functions, should rather be manually 
defined by the user.

Figure 13  Automation of computational sub-processes quantitative results

Design solution evaluation

Multi-criteria decision analysis

Generation of modelling references

Generation of 3D model objects

Material information

Quantity information from 3D model

Construction information

Do you agree or disagree that fully automating the proposed sub-processes through parametric 
design can reduce the time and effort required for performing re-work on box culvert projects?

Structural design and analysis

Strongly disagree Disagree Neutral Agree Strongly agree

14% 72%14%

100%

14% 57%29%

14% 72%14%

14% 72%14%

14% 58%14% 14%

14% 57%29%

14% 72%14%
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parameters such as (1) penalty functions 
to achieve optimised solutions based on 
predefined design targets adhering to 
constraining factors (Nicholson 2014), 
(2) design loading caused by fill heights, 
design regulations and client’s require-
ments (Dawe 2003; Ahmed & Alarabi 
2011; Manmeetsingh & Julian 2016), 
(3) geotechnical information such as soil 
properties (Nicholson 2014), and (4) road 
and stormwater drainage topographical 
survey levels are manually captured by the 
user (Nicholson 2014; Manmeetsingh & 
Julian 2016). Thereafter, all design input 
parameters are obtained, and multiple 
mathematical models are automatically 
developed. For each mathematical model 
generated, FEA and structural design are 
carried out and the results are, thereafter, 
stored in a database (Hamidavi et al 2020). 
The first decision gateway is presented as 
an option to review the stored results and 
perform manual modifications. Once satis-
fied with the results, the automated result 
evaluation process is completed (Hamidavi 
et al 2020), and the second decision gate-
way is presented to review the evaluation 
outcome. Once satisfied, the automated 
multi-criteria decision analysis process is 
completed, and the third decision gateway 

is presented to review the design optimisa-
tion output (Hamidavi et al 2020).

Once the user is satisfied that an 
optimal design solution is achieved, a 
visual programming link is once again 
created to extract relevant modelling 
input parameters from the optimised 
mathematical model to communicate the 
design intent (Nicholson 2014; Solnosky 
2017; Juhee et al 2019). Concurrently, the 
topographical survey information, such as 
reference levels and coordinate systems, 
are manually defined as the 3D model-
ling input parameters required to start 
the 3D object modelling computational 
process (Nicholson 2014; Solnosky 2017). 
Subsequently, modelling references and 3D 
modelling objects are, thereafter, gener-
ated from the input parameters (Juhee et 
al 2019), and the fourth decision gateway 
is presented to review the output. Once 
satisfied, the material information for 
each member is assigned and the relevant 
quantity and construction information is 
extracted from the 3D objects containing 
the design material information (Juhee et 
al 2019). The final manual process provides 
an option for the user to select what con-
struction documentation, such as drawings, 
should be generated.

conclusion
Leveraging the computational strength 
of continuously improving BIM tools 
requires structural engineering project 
teams to adapt to the ongoing advances 
in technology. The proposed theoretical 
process model presented in Figure 6 was 
initially developed to evaluate the potential 
of reducing the time and effort required 
to perform re-work following a design 
change for box culverts. Hence, a proposed 
parametric design process model was 
developed from existing literature (that 
encompasses all the relevant challenges) to 
improve the structural engineering team 
performance and resolve the challenges 
faced in structural design and 3D model-
ling processes. The proposed process 
model was validated with professionally 
registered structural engineers and BIM 
3D modellers for appropriateness to box 
culverts. The research findings revealed 
that, if implemented, the proposed 
theoretical process model presented in 
Figure 14 is capable of resolving the chal-
lenges faced of (1) uncertainty of design 
input parameters, (2) non-adherence 
to constraining requirements, (3) BIM 
interoperability, and (4) insufficient time 
allocated to early design phases. Hence, 

Table 6 Summary of research findings

challenges highlighted in 
the current literature

challenges highlighted 
during validation process

Proposed solutions 
to challenges

Potential benefits to 
automating the proposed 

process model

In
pu

t p
ar

am
et

er
s

Uncertainty and availability of 
design input data from other 
disciplines at early project phases.

Input parameters such as material 
properties are prone to change 
during construction, resulting in 
re-work.

Full parametric design automation 
of the geometric boundaries, 
cross-sections of elements, and 
material properties input functions. 

Reduced effort required to 
perform re-work due to an 
unforeseen change of design input 
parameters during construction. 

Culvert’s geometric properties 
are constrained by non-structural 
requirements. 

Topographical survey information 
and penalty functions used as 
constraining manual inputs.

Provision of manual constraining 
input parameters will help meet 
design target objectives.

Interoperability of BIM data 
between various tools leading to 
missing or incorrectly transferred 
information.

Transferring design loads between 
BIM tools often results in missing 
or incorrectly transferred data.

Topographical survey information, 
design loading and geotechnical 
information used as manual inputs.

Reduced risk of costly design errors 
due to automation.

St
ru

ct
ur

al
 d

es
ig

n 
pr

oc
es

s

Minimum time allocated to 
conceptual design for evaluation of 
various design alternatives. 

Conducting multi-criteria decision 
analysis manually is too time-
consuming. 

Fully automate the multi-decision 
analysis sub-process through 
parametric design.

The opportunity to perform early 
design optimisation with minimum 
time and effort.

Time-consuming and error-prone 
manual, or semi-automated design 
optimisation process. 

Fully automating all processes is 
too risky, since the user’s control 
over the results is removed.

To retain the user’s control, provide 
optional decision control gateways 
to review the output results and 
modify the model.

Reduced risk of costly design errors 
due to automation.

3D
 m

od
el

lin
g 

pr
oc

es
s

Time-consuming and error-prone 
manual drawing or modelling 
processes used to produce 
drawings and perform re-work 
following design changes. 

Culvert’s geometric properties 
are constrained by non-structural 
requirements. 

Topographical survey information 
used as constraining manual 
inputs.

Reduced risk of costly design errors 
due to automation.

Full parametric design automation 
of the geometric boundaries, 
cross-sections of elements, and 
material properties input functions.

Reduced effort required to 
perform re-work due to an 
unforeseen change of design input 
parameters during construction.
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Figure 14  Proposed parametric design process model for box culverts (further modification of Figure 6 on page 34)
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if implemented correctly, the proposed 
process model is capable of providing the 
users with the benefits of (1) performing 
re-work with minimal effort, (2) ensuring 
adherence to constraining requirements, 
(3) reduced risk of costly design errors, and 
(4) early design optimisation. However, due 
to their importance, the design loading, 
topographical survey information, and 
geotechnical information should be used 
as manual inputs to avoid costly errors. 
Moreover, an option should be provided 
to the designer to evaluate and modify (if 
required) the analysis model after exercis-
ing his/her engineering judgement. Due to 
time restrictions, the proposed theoretical 
process model could not be implemented, 
and the realised benefits could not be 
measured. Therefore, implementation 
and measurement of the realised benefits 
provided by the proposed parametric 
design process model for box culverts are 
suggested as an area for future research.
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introduction
South Africa is largely a semi-arid country 
with a mean annual rainfall of about 
450 mm/ year (Botai et al 2018). Due to the 
variable topography, the climate varies from 
desert and semi-desert in the dry northwest-
ern region, to sub-humid and wet along the 
eastern and coastal areas (Dinar et al 2008). 
The country is water-stressed, with high tem-
poral and spatial variability. The high vari-
ability of rainfall across South Africa makes 
it vulnerable to extremes in climate which 
impact on agriculture, water resources, and 
the economy at large (Phakula et al 2018).

Analysis of rainfall variability and 
trends require long-term rainfall data that 
is adequately distributed and consistent 
with time. Gauged rainfall stations have in 
the past been the primary source of rainfall 
data. However, there is inadequate spatial 
coverage of the current rain gauge net-
works. Pitman (2011) provided a worrying 
picture of the declining number of rainfall 
monitoring stations in South Africa coupled 
with poor documentation of hydrological 
events. Comparing monitoring stations 
in South Africa between 1970 and 2004, a 
decline in the number of functional rainfall 
stations of almost 50% was reported. The 
number of stations in 2004 was equivalent 
to the same number of stations that were 
available in 1920 (Pitman 2011). The World 

Meteorological Organisation (WMO) rec-
ommends that at least one rainfall recording 
station per 100–250 km2 is required for 
meaningful information (WMO 2008). 
Studies by Makapela et al (2015) further 
highlight that the South African Weather 
Service (SAWS) and the Agricultural 
Research Council (ARC), respectively, had 
about 1 650 and 500 rainfall stations at 
varying timescales since 1836 and 1940. 
Furthermore, SAWS has approximately 12 
ground radar stations. Measured against 
WMO criteria, South Africa is short of 
about 2 700 rainfall stations. The available 
data is also observed to have some recorded 
errors, missing data, and in some cases 
stations were closed for a considerable 
period. There has thus been an increasing 
need for satellite-based rainfall data to 
complement the declining gauged and radar 
rainfall data in South Africa. Satellite-based 
rainfall estimates are advantageous as they 
provide information with a high spatial 
and temporal resolution over large regions 
where gauged rainfall data is limited or not 
available. However, satellite-based rainfall 
estimates have limitations, with uncertainty 
over their accuracy of measurement (Funk 
et al 2015). This is mainly due to satellite 
sensors that detect proxy variables and use 
relationships with gauged rainfall to com-
pute rainfall estimates (Toté et al 2015).

applicability of chirPs-based 
satellite rainfall estimates 
for south africa
J A du Plessis, J K Kibii

Long-term rainfall data with good spatial and temporal distribution is essential for all climate-
related analyses. The availability of observed rainfall data has become increasingly problematic 
over the years due to a limited and deteriorating rainfall station network, occasioned by limited 
reporting and/or quality control of rainfall and, in some cases, closure of these stations. remotely 
sensed satellite-based rainfall data sets offer an alternative source of information. In this study, 
daily and monthly rainfall data derived from Climate Hazards Group Infrared Precipitation (CHIrPS) 
is compared with observed rainfall data from 46 stations evenly distributed across South Africa. 
Various metrics, based on a pairwise comparison between the observed and CHIrPS data, were 
applied to evaluate CHIrPS performance in the estimation of daily and monthly rainfall. The results 
show that CHIrPS data correlate well with observed monthly rainfall data for all stations used, 
having an average coefficient of determination of 0.6 and bias of 0.95. This study concludes that 
monthly CHIrPS data corresponds well, with good precision and relatively little bias when compared 
to observed monthly rainfall data, and can therefore be considered for use in conjunction with 
observed rainfall data where no or limited data is available in South Africa for hydrological analysis.
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Currently, there are a number of 
satellite products which provide more 
than 30 years of rainfall time series data. 
These are the Climate Prediction Centre 
(CPC), combined with Merged Analysis of 
Precipitation (CMAP) (Xie & Arkin 1997), 
the Global Precipitation Climatology Project 
(GPCP) (Adler et al 2003), African Rainfall 
Climatology version 2 (ARC2) (Novella & 
Thiaw 2013), and the Tropical Applications of 
Meteorology using Satellite and ground-based 
observation (TAMSAT) rainfall estimates 
(Dinku et al 2014). The GPCP and CMAP 
have long time series going back to 1979, but 
with coarse spatial (2.5° latitude/longitude) 
and monthly temporal resolutions. These 
products also combine data from different 
sources with unique weightings for each year, 
depending on the availability of data; hence 
trend and variability analysis based on these 
products are likely to be misleading (Dinku 
et al 2014). ARC2 and TAMSAT products 
have a high spatial resolution, 0.1° and 
0.0375° respectively, and are available at daily 
intervals. These two sources, however, have a 
limitation of possible inconsistencies arising 
from the Global Telecommunications System 
(GTS) which is attributed to the unavailability 
of daily GTS gauge reports in real-time. The 
data is also only available in Africa.

Climate Hazards Group InfraRed 
Precipitation (CHIRPS) is a relatively new 
product with good spatial (0.05° latitude/
longitude) and temporal (daily, 5-days, and 
decadal) resolutions with almost worldwide 
coverage. CHIRPS provides rainfall data 
estimates dating from 1981, which incorpo-
rate satellite information in the data produc-
ing algorithm, but has been observed to lack 
homogeneity in areas where station data is 
inconsistent over time (Funk et al 2015).

Due to the uncertainties in accuracy 
posed by satellite rainfall projections, assess-
ment and validation studies have been car-
ried out by several researchers for different 
climatic and geographic locations. These 
include, amongst others, Hirpa et al (2010), 
Paredes-Trejo et al (2017) and Dinku et al 
(2018). Most of these studies have focused 
on the challenges of extracting satellite rain-
fall data over complex topographies. The 
general observation of the different studies 
has been that the accuracy of satellite 
rainfall estimates vary greatly with climate, 
topography and seasonal rainfall patterns.

This study aims to examine satellite-
derived rainfall projections using CHIRPS 
for South Africa by comparing the CHIRPS-
based rainfall estimates with observed rain-
fall at rain gauge stations. Rainfall estimates 

for the different rainfall categories, and their 
variations within a spatial and temporal con-
text, were evaluated in this research. CHIRPS 
was selected because of its high spatial and 
temporal resolution. It also covers at least 30 
years of global rainfall sufficient for valida-
tion, using in situ rain gauge measurements 
(or data). Uncertainties relating to how 
CHIRPS-based rainfall data compares with 
observed rain gauge data for different rainfall 
categories, over the seasonal and spatial con-
text, were investigated in this study.

Materials and Methods

study area
South Africa lies between the coordinates 
22.1° to 34.8° south and 16.4° to 33.0° east. 
The region is classified as semi-arid having 
variation in climate and topography from a 
narrow coastline giving way to mountain-
ous escarpments into the high inland pla-
teaus. South Africa has an area of approxi-
mately 1.22 million km2 and its neighbours 
are Botswana, Lesotho, Mozambique, 
Namibia, Swaziland and Zimbabwe.

The interannual periodic variation of 
rainfall in South Africa is mostly controlled 
by El Niño and La Niña southern oscillations. 
The El Niño Southern Oscillation phase 
(ENSO) results in a decreased rainfall and an 
increase in temperature, while La Niña causes 
the opposite (MacKellar et al 2014). This 
interaction between ocean and atmosphere, 
resulting in cyclic fluctuations of sea surface 
temperature (SST), determines the wetness 
or dryness within a given cycle (Lester 2019). 
The climate of South Africa is characterised 
by four seasons, i.e. spring (September, 
October, November), summer (December, 
January, February), autumn (March, April, 
May), and winter (June, July, August). There 
are three distinct regions, i.e. summer, winter 
and all-year-round precipitation (Figure 1). 
The all-year-round rainfall is confined to the 
southern coastal belt. Summer is the wettest 
season, with winter the driest season for 
most of the country, except for the Western 
Cape region where the opposite is true. This 
region experiences a wet winter as a result of 
the effects of the cold Benguela current and 
the northward displacement of high-pressure 
systems, causing winter rainfall, while the 
warm, moist Indian ocean currents along 
the southern coastal belt produce an all-year 
rainfall along the southern coast and the 
inland plateau which mainly experiences wet 
summers with thundershowers (Du Plessis & 
Schloms 2017). The varied topography and 

climate across the region offer an opportunity 
for the validation of CHIRPS-based rainfall 
data as a complementary source of daily rain-
fall data over the country.

rain gauge data
South Africa has a relatively good network of 
rainfall recording weather stations compared 
to the rest of Africa and much of the southern 
hemisphere (Easterling et al 2000; New et 
al 2000). Pitman (2011), however, reports 
a considerable decrease in the number of 
operational rainfall recording stations in 
South Africa over the last quarter of the 20th 
century through to the first decade of the 21st 
century. Despite the relative paucity of rainfall 
recording stations, the existing network still 
makes it possible to have a pool of stations 
that can be sampled for purposes of compari-
son and validation of CHIRPS-based rainfall 
data. A representative sample, well distributed 
over the country, of 71 stations with daily 
rainfall data for the past 100 years was 
obtained from SAWS and subjected to data 
quality and homogeneity analyses, resulting 
in a total of 46 stations being considered as 
useable stations for this study. Stations with 
more than 10% missing data, and those estab-
lished to be inhomogeneous, were discarded. 
The distribution of the selected homogenous 
stations across South Africa is illustrated 
in Figure 1. Rainfall stations selected are 
particularly scarce in the dry Northern Cape 
(ringed in Figure 1). This motivates the need 
for an alternative (supplementary) rainfall 
data set to provide insight regarding trends in 
the variability of regional rainfall, and trends 
required for water resource studies.

chirPs-based data
While only a brief overview of the CHIRPS 
has been provided here, a detailed descrip-
tion was provided by Funk et al (2015). 
CHIRPS provides daily precipitation data at 
a spatial resolution of 0.05° for a quasi-global 
coverage of 50° N – 50° S from 1981 to near-
present. The latest version (version 2.0) can 
be obtained from https://data.chc.ucsb.
edu/products/CHIRPS-2.0/africa_daily. 
CHIRPS data is estimated using an algorithm 
which combines data from the Climate 
Hazards group Precipitation climatology 
(CHPclim), created using rain gauge data 
collected from the Food and Agriculture 
Organisation (FAO), Global Historical 
Climatology Network (GHCN), and the 
Cold Cloud Duration (CCD) information; 
based on thermal infrared data archived 
from the Climate Prediction Centre (CPC) 
and National Oceanic and Atmospheric 

https://data.chc.ucsb.edu/products/CHIRPS-2.0/africa_daily
https://data.chc.ucsb.edu/products/CHIRPS-2.0/africa_daily
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Administration (NOAA); the National 
Climate Data Centre (NCDC), version 7 
TRMM 3B42 data; the version 2 atmospheric 
model rainfall field from the NOAA Climate 

Forecast System (CFS); and the observed rain 
gauge data from multiple sources.

The process to derive the available 
(via link provided) CHIRPS data is well 

described by Funk et al (2015) and can be 
summarised as follows:

The CCD data is calibrated with the 
TRMM 3B42 data to generate the 5-day 
CCD-based precipitation estimates. These 
estimates are then translated into fractions of 
the long-term mean precipitation estimates. 
The fractions are then multiplied with 
CHPclim data to remove the systematic bias 
and to derive the CHIRPS data. The CHIRPS 
data is then finally blended with rainfall 
recording stations data, using a modified 
inverse distance weighting algorithm, to 
produce the final CHIRPS data set. These 
processes are performed at a 5-day timescale. 
The daily CCD data and daily CFS data are 
then used to disaggregate the 5-day products 
to daily precipitation estimates using a simple 
redistribution. The data is downloaded in 
raster format and thereafter extracted for 
each station for use in comparative analysis, 
using the described methods.

evaluation methods
For evaluation purposes, six commonly 
used pairwise statistical metrics (comparing 
observed gauged daily rainfall data with the 
daily data as provided in the CHIRPS data 
set) were used following Duan et al (2016) 

Table 1 List of validation statistical metrics used in the validation of the CHIRPS rainfall data

Statistical metric  Equation
 Optimal 

value

Coefficient of determination  R2 = 
⎫
⎪
⎪
⎭

∑n
i=1(SI – S– )(Gi – G– )

∑n
i=1(Si – S– )2 ∑n

i=1(Gi – G– )2

⎫
⎪
⎪
⎭

2

1

Bias  Bias = ∑
n
i=1Gi

∑n
i=1Si

1

Mean Error 
 
ME = 

∑n
i=1(Gi – Si)

n
0

Mean Absolute Error
 
MAE = 

∑n
i=1|Gi – Si|

n
 0

Root Mean Squared Error RMSE = ∑n
i(Gi – Si)2

n
0

Nash Sutcliffe Model Efficiency Coefficient NSE = 1 – 
∑n

i=1(Gi – Si)2

∑n
i=1(Gi – G– )2

1

Where:
G = observed precipitation data from SAWS
S = CHIRPS rainfall data

Figure 1 Map of South Africa showing the distribution of the 46 selected homogenous rain gauge stations
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Winter rainfall region
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Summer rainfall region
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Table 2 Statistical results for the pairwise comparison of daily CHIRPS versus daily observed rain gauge data

no stations saws no rainfall regime R2 bias Me Mae rMse nse

1 Piketberg SAPD 0062444 7 Winter 0.03 0.93 0.09 1.87 6.60 –1.27

2 SAA 0020866 9 Winter 0.02 0.73 0.43 2.28 7.40 0.58

3 Cape Point 0004891 1 Winter 0.05 1.07 -0.07 1.67 5.75 –1.80

4 Grabouw 0006039 7 Winter 0.03 0.61 1.09 3.61 10.97 –0.38

5 Steinkopf 0244405 5 Winter 0.04 0.76 0.09 0.55 2.66 –0.18

6 Laingsburg Mun 0045611 7 All-Year-Round 0.04 0.68 0.13 0.58 2.76 –0.08

7 Prince Albert TNK 0048043 2 All-Year-Round 0.06 0.91 0.04 0.76 3.22 –0.08

8 Lotteringbos 0031507 8 All-Year-Round 0.01 0.76 0.63 4.06 12.04 –0.52

9 Witelsbos 0032209 3 All-Year-Round 0.01 0.76 0.68 4.27 12.23 –0.61

10 Humansdorp 0017452 7 All-Year-Round 0.01 0.88 0.20 2.82 9.52 –0.43

11 Grahamstown TNK 0057048A9 All-Year-Round 0.03 0.93 0.12 2.69 7.89 –0.47

12 Klipfontein 0074363 3 Summer 0.11 0.88 0.09 1.04 3.59 –0.02

13 Winterhoek 0095823 X Summer 0.06 0.86 0.14 1.45 5.10 –0.11

14 Bloemhof 0096272 1 Summer 0.09 0.92 0.08 1.28 4.26 –0.17

15 Katergbos 0100329 1 Summer 0.01 0.72 0.68 3.52 10.07 –0.28

16 Hogsbackbos 0078755 8 Summer 0.04 0.69 0.95 3.94 10.29 –0.28

17 Amatola State Forest 0079490 X Summer 0.04 0.79 0.53 3.42 9.36 –0.27

18 Kei Rod Pol 0080072 8 Summer 0.03 1.02 –0.03 3.14 9.96 –0.32

19 Richmond TNK 0142805 X Summer 0.12 0.91 0.08 1.18 4.22 –0.11

20 Exwell Park 0101192 X Summer 0.09 1.29 –0.34 1.94 5.58 –0.40

21 Xhora Prison 0127298 5 Summer 0.03 1.21 –0.32 2.73 8.10 –0.40

22 Cwebe Nature Reserve 0104762 6 Summer 0.02 0.88 0.33 4.51 13.24 –0.24

23 Silaka Nature Reserve 0129007 4 Summer 0.02 1.14 –0.36 4.46 12.02 –0.57

24 Engcobo Prison 0125880 X Summer 0.06 1.13 –0.21 2.77 7.56 –0.35

25 Sterkstroom 0123062 2 Summer 0.07 1.08 –0.09 1.85 5.59 –26.00

26 Burgesdorp Pol 0174600 4 Summer 0.10 1.15 –0.16 1.65 5.26 –0.24

27 Zastron TNK 0204138 1 Summer 0.13 1.15 –0.22 2.17 6.35 –0.23

28 Philipolis Pol 0200466 9 Summer 0.06 1.06 –0.06 1.47 5.28 –0.21

29 Petrusville Pol 0199275 1 Summer 0.14 1.00 0.00 1.22 4.19 –0.08

30 Hopetown TNK 0227127 X Summer 0.11 0.81 0.17 1.12 4.20 0.00

31 Nuwejaarskraal 0255202 9 Summer 0.08 1.14 –0.08 0.96 3.77 –0.21

32 Thornlea 0284008 4 Summer 0.06 0.81 0.10 0.74 3.50 –0.05

33 Richmond SAP 0239472 3 Summer 0.04 0.83 0.43 3.65 10.03 –0.13

34 Balfour 0440129 8 Summer 0.07 1.03 –0.05 2.55 7.34 –0.18

35 De Emigratie 0443196 2 Summer 0.12 1.08 –0.16 2.75 7.54 –0.20

36 Bothaville Mun 0400203 4 Summer 0.06 0.88 0.18 2.19 7.28 –0.07

37 Boetsap Pol 0359808 X Summer 0.13 0.94 0.07 1.56 5.22 –0.03

38 Morokweng 0467487 5 Summer 0.04 1.11 –0.08 1.22 5.18 –0.48

39 Ottoshoop Pol 0508825 8 Summer 0.08 0.96 0.06 2.10 6.84 –0.09

40 Swartsgen Pol 0510308 6 Summer 0.08 0.96 0.07 2.32 7.43 –0.10

41 Premier Mine Cullinan 0514010 X Summer 0.06 0.97 0.05 2.72 8.38 –0.18

42 Kungwini Local Mun 0514408 X Summer 0.05 1.00 0.00 2.71 9.03 –0.14

43 Machadodorp 0517430 6 Summer 0.07 0.97 0.06 3.03 8.09 –0.27

44 Naboomspruit 0590361 X Summer 0.11 0.86 0.23 2.10 6.63 –0.01

45 Haenerstburg 0678776 7 Summer 0.09 1.17 –0.32 3.12 10.03 –0.42

46 Klein Australië 0723363 X Summer 0.16 1.25 –0.81 5.09 16.43 –0.47

Mean 0.06 0.95 0.10 2.37 7.35 –0.84
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and Dinku et al (2018). The equations and 
optimal values of the metrics are summa-
rised in Table 1 on page 45. The coefficient 
of determination (R2) describes the degree 
of collinearity between observed rain gauge 
data and the CHIRPS-based rainfall data, 
and further depicts the proportion of the 
variance in observed rainfall data explained 
by the CHIRPS rainfall product. Bias, mean 
error (ME), mean absolute error (MAE), and 
root mean square error (RMSE) were also 
used to support the analysis.

It should be noted that the validation 
results are specific to the station networks 
used and represent accuracy levels in places 
where station data is available and has been 
used in this study.

RESULTS AND DISCUSSION

Validation at a daily time-step
Scatter plots of daily precipitation from 
CHIRPS-based rainfall data against observed 
rain gauge data for all the stations show a 
large scatter, as illustrated by a typical exam-
ple (Cape Point with R2 = 0.05) in Figure 2.

The large scatter is an example 
of expected poor agreement between 
CHIRPS-based rainfall data and observed 
rainfall data at a daily time-step. CHIRPS 
data is obtained by an algorithm that 
combines different data sets obtained by 
different procedures and then blended 
into one product. Daily CHIRPS data is 
obtained through the disaggregation of 
estimated 5-day rainfall data. The process 
followed at arriving at daily CHIRPS rain-
fall data anticipates several factors that may 
lead to a poor agreement with observed 
rain gauge data. These include possible 
satellite sampling errors, errors in estima-
tion algorithms, data blending algorithms, 
bias correction algorithms, disaggregation 

procedures, and use of unrepresentative 
data in bias correction (Duan et al 2016).

The results of statistical metrics at a daily 
timescale are summarised in Table 2, and its 
average values are illustrated in Figure 3. The 
average coefficient of determination (R2) is 
0.06. This value is extremely low, indicating 
a lack of correlation between daily CHIRPS-
based rainfall data and observed rainfall 
data as anticipated by a typical scatter plot 
in Figure 2. The average NSE value of –0.83 
further suggests that CHIRPS-based rainfall 
data is not best at estimating the daily mean 
rainfall. Bias is relatively good with an 
average 0.95 out of an optimal value of one. 
ME and RMSE values are relatively high, 
suggesting a relatively low correspondence 
between the observed rainfall data and 
the CHIRPS-based rainfall data at a daily 
time-step.

Validation at monthly time-steps
The daily precipitation data for both 
CHIRPS and observed rain gauge data was 
accumulated to monthly totals and a similar 
statistical evaluation, as done for the daily 
time-step series conducted. Monthly scatter 

plots, providing an overview of the expected 
relationship between CHIRPS-based 
rainfall data and observed monthly rainfall 
data, are illustrated by the typical example 
in Figure 4, showing scatter plot for the 
Ottoshoop Pol station with an R2 of 0.78.

Compared to the performance of the 
daily data analysis, monthly CHIRPS rain-
fall data and the observed rain gauge data 
exhibit significantly stronger correlation. 
The results of the statistical metrics for the 
comparison are summarised in Table 3.

The coefficient of determination ranges 
from a minimum of 0.35 to a maximum 
of 0.78, with a mean value of 0.6, as shown 
in Table 3 and illustrated in Figure 5. 
These values indicate the existence of a 
reasonable correlation between monthly 
CHIRPS-based rainfall data and observed 
rain gauge data, as also suggested by the 
scatter plot in Figure 4. Bias is observed to 
be good with an average of 0.95 out of an 
optimal value of 1. The distributions of the 
coefficient of determination and bias across 
South Africa are illustrated in Figures 5 
and 6 respectively.
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Figure 2  Daily CHIRPS rainfall data versus observed rain gauge data: Cape Point (1987–2019)
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Table 3 Monthly statistical results for the pairwise comparison of CHIRPS-based data versus observed rain gauge data

no stations saws no rainfall regime R2 bias Me Mae rMse nse

1 Piketberg SAPD 0062444 7 Winter 0.76 0.93 1.93 12.46 53.09 0.71

2 SAA 0020866 9 Winter 0.77 0.73 11.71 17.82 55.73 0.56

3 Cape Point 0004891 1 Winter 0.56 1.07 –3.07 12.93 52.75 0.33

4 Grabouw 0006039 7 Winter 0.73 0.61 30.93 36.57 58.08 0.38

5 Steinkopf 0244405 5 Winter 0.48 0.76 2.45 7.93 14.05 0.40

6 Laingsburg Mun 0045611 7 All-Year-Round 0.55 0.68 3.80 7.63 12.90 0.39

7 Prince Albert TNK 0048043 2 All-Year-Round 0.45 0.91 0.93 10.14 15.77 0.38

8 Lotteringbos 0031507 8 All-Year-Round 0.37 0.76 16.44 30.72 55.69 0.19

9 Witelsbos 0032209 3 All-Year-Round 0.35 0.76 17.76 33.89 52.95 0.14

10 Humansdorp 0017452 7 All-Year-Round 0.42 0.88 3.93 23.76 43.09 0.35

11 Grahamstown TNK 0057048A9 All-Year-Round 0.39 0.93 0.99 24.78 44.43 0.29

12 Klipfontein 0074363 3 Summer 0.56 0.88 1.82 11.09 17.49 0.49

13 Winterhoek 0095823 X Summer 0.51 0.86 2.94 15.46 25.68 0.42

14 Bloemhof 0096272 1 Summer 0.71 0.92 1.19 11.01 56.06 0.62

15 Katergbos 0100329 1 Summer 0.55 0.72 17.75 33.75 52.79 0.30

16 Hogsbackbos 0078755 8 Summer 0.59 0.69 25.54 36.96 57.52 0.34

17 Amatola State Forest 0079490 X Summer 0.56 0.79 16.05 33.21 51.01 0.50

18 Kei Rod Pol 0080072 8 Summer 0.50 1.02 –4.69 27.73 49.48 0.38

19 Richmond TNK 0142805 X Summer 0.62 0.91 1.25 11.99 21.78 0.53

20 Exwell Park 0101192 X Summer 0.70 1.29 –11.65 17.30 26.42 0.52

21 Xhora Prison 0127298 5 Summer 0.38 1.21 –12.02 30.59 46.94 0.25

22 Cwebe Nature Reserve 0104762 6 Summer 0.48 0.88 7.20 41.01 86.18 0.42

23 Silaka Nature Reserve 0129007 4 Summer 0.43 1.14 –13.69 39.41 61.67 0.30

24 Engcobo Prison 0125880 X Summer 0.56 1.13 –8.74 27.17 42.06 0.47

25 Sterkstroom 0123062 2 Summer 0.70 1.08 –4.22 15.87 24.62 0.63

26 Burgesdorp Pol 0174600 4 Summer 0.58 1.15 –6.26 18.49 60.44 0.49

27 Zastron TNK 0204138 1 Summer 0.66 1.15 –8.42 21.71 34.47 0.59

28 Philipolis Pol 0200466 9 Summer 0.59 1.06 –2.71 15.71 26.18 0.54

29 Petrusville Pol 0199275 1 Summer 0.71 1.00 –1.39 12.02 21.33 0.61

30 Hopetown TNK 0227127 X Summer 0.64 0.81 3.99 12.36 22.10 0.57

31 Nuwejaarskraal 0255202 9 Summer 0.67 1.14 –3.06 10.41 16.65 0.62

32 Thornlea 0284008 4 Summer 0.53 0.81 –2.38 9.77 19.15 0.47

33 Richmond SAP 0239472 3 Summer 0.64 0.83 9.52 28.95 51.04 0.52

34 Balfour 0440129 8 Summer 0.70 1.03 –4.13 18.99 37.27 0.59

35 De Emigratie 0443196 2 Summer 0.74 1.08 –7.02 20.62 37.17 0.65

36 Bothaville Mun 0400203 4 Summer 0.63 0.88 3.86 21.78 40.30 0.56

37 Boetsap Pol 0359808 X Summer 0.73 0.94 1.22 15.05 25.82 0.71

38 Morokweng 0467487 5 Summer 0.50 1.11 –3.15 14.99 26.24 0.47

39 Ottoshoop Pol 0508825 8 Summer 0.78 0.96 0.27 15.53 61.03 0.73

40 Swartsgen Pol 0510308 6 Summer 0.68 0.96 0.88 20.71 34.17 0.66

41 Premier Mine Cullinan 0514010 X Summer 0.71 0.97 –1.41 19.51 40.83 0.61

42 Kungwini Local Mun 0514408 X Summer 0.61 1.00 –1.61 23.32 43.48 0.57

43 Machadodorp 0517430 6 Summer 0.66 0.97 0.02 23.14 43.72 0.61

44 Naboomspruit 0590361 X Summer 0.63 0.86 5.45 22.31 39.78 0.59

45 Haenerstburg 0678776 7 Summer 0.57 1.17 –11.34 29.84 57.73 0.49

46 Klein Australië 0723363 X Summer 0.77 1.25 –26.73 47.33 147.84 0.65

Mean 0.60 0.95 1.24 21.60 42.72 0.49
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Figure 5  Distribution of monthly coefficient of determination (R2)
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Figure 6  Distribution of monthly bias
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The northeastern region has the highest 
R2 while the southwestern region has the 
lowest values. The Limpopo, Vaal, Mfolozi, 
Olifants and Komati catchments have an 
excellent R2 of at least 0.7. The Kromme 
catchment along the southern coast has 
the poorest R2 ranging from 0.43 to 0.46. 
Bias distribution across the country follows 
a similar trend to that of R2. The central 
part of the country has an optimal bias 
value of 1, which increases northwards 
and decreases southwards. The ME, MAE, 
RMSE and NSE parameters all reflect poor 
similarity. Comparing the results of these 
four parameters with statistical results 
for daily analysis, NSE is the only statisti-
cal parameter that improves slightly at a 
monthly time-step, but it remains below 
0.65, which is the lowest acceptable value.

However, six stations are observed to 
have an NSE value of greater than 0.65, 
suggesting CHIRPS to be a good estima-
tor of monthly rainfall data for them. 
Stations numbered 1, 35, 37, 39, 40 and 46, 
having good NSE values, are geographi-
cally located in the northern part of the 
country (Limpopo, Olifants and Komati 
catchments) which experiences relatively 
high rainfall. This is in contrast to Station 
Number 1, of which the average annual 
rainfall is 621 mm, located on the west 
coast of the Western Cape region (Berg 
catchment), as illustrated by the stations’ 
distribution in Figure 1.

The mean values for ME, MAE, RMSE 
and NSE, based on monthly data, are 1.24, 
21.60, 42.70, and 0.49, respectively. These 
four statistical parameters do not improve 
to optimal values with a change in time-
step, as was also observed by other studies 
such as those of Dembélé and Zwart (2016), 
Duan et al (2016) and Dinku et al (2018).

Monthly validation
Taking into account the monthly variation 
in precipitation as a factor influencing 
the relationship between CHIRPS-based 
rainfall data and gauged rain data (Duan et 
al 2016), a monthly validation analysis was 
performed to determine if specific months 
compare better than others. To better 
understand the results of monthly specific 
pairwise comparison of CHIRPS-based 
rainfall data and observed rainfall data it is 
important to have a picture of the charac-
terisation of precipitation in South Africa. 
The distribution of precipitation in time 
and space is categorised into four main 
seasons, with peak precipitation occurring 
during November, December and January 

(summer). For most of the country, winter 
(June, July, August) is the driest period, 
while autumn (March, April, May) and 
spring (September, October, November) 
represent the rising and descending limb 
in the distribution of annual rainfall in the 
summer rainfall region. However, in the 
Western Cape, the opposite is true, as it is 
a winter rainfall region. The region, mainly 
dominated by a Mediterranean climate, 
receives winter rainfall from cyclones 
originating over the South Atlantic, while 
its summer is dry (Du Plessis & Schloms 
2017). Some parts of the Southern Cape, 
however, have different rainfall mecha-
nisms, mostly influenced by the movement 
of warm, moist air from the Indian Ocean. 

These regions experience an all-year rain-
fall with its peak in summer, like in other 
parts of the country. The results of the 
summer rainfall region analyses are illus-
trated using radar diagrams in Figure 7.

The R2, NSE and bias statistical param-
eters follow a similar trend throughout 
the year. These statistical metrics attain 
their best values during the spring and 
autumn seasons, while reflecting the worst 
comparison during the dry winter season, 
as illustrated in Figure 7. Summer, which 
is the wettest season, also has a low cor-
relation. The results presented in Figure 7 
suggest a stronger correlation between 
CHIRPS-based rainfall data and observed 
rainfall data during the start and end of the 
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rainy season, evidenced by the strongest 
correlation during April and October. The 
low correlation during winter and sum-
mer confirms the findings of Duan et al 
(2016) of higher errors in satellite rainfall 
products (inclusive of CHIRPS data) during 
the winter season when precipitation is low 
and low error values during the wet sum-
mer seasons.

The results of winter rainfall region 
analyses are illustrated using radar dia-
grams in Figure 8.

For winter rainfall regions experiencing 
a Mediterranean climate, an observation is 
made of a stronger correlation during the 
autumn and spring seasons, evidenced by 
the strong correlation recorded in April, 

September and November, as illustrated in 
Figure 8.

For the winter rainfall regions, correla-
tion is low during winter because of the 
multiple errors likely to be attributed to 
winter precipitation associated with shal-
low clouds not detected by satellite algo-
rithms, as highlighted in studies by Tian 
et al (2007) and Mei et al (2015). Satellite 
algorithms have also been observed to 
perform better in detecting precipitation in 
warm seasons, especially with convectional 
rainfall systems (Duan et al 2016). Further, 
Tian et al (2007) noted that ice and snow 
cover add errors to satellite signals by 
producing disturbing signals from those 
ice particles in the atmosphere. This is 

supported by the observation of high ME, 
MAE, RMSE and low R2 values during win-
ter months, as illustrated in Figure 8. The 
NSE values are low and follow a similar 
trend across the year to that of R2.

The results of the all-year rainfall 
region analyses are illustrated using radar 
diagrams in Figure 9.

For regions experiencing rainfall 
throughout the year, the South Coast value 
of R2 is such that it is the strongest during 
spring and the weakest during summer. 
The strongest correlation is recorded in 
October with an R2 of 0.67, while the least 
correlation is in January with R2 of 0.28, as 
illustrated in Figure 9.

The R2 values are generally low, with 
most values below the average of 0.5. This 
is an indication of poor correlation for 
CHIRPS and observed monthly rainfall 
for regions experiencing an all-year 
rainfall distribution. This is illustrated in 
Figure 5 where the Bushmans, Kromme 
and Swartkops catchments along the South 
Coast have values below 0.5 R2. The low 
correspondence between CHIRPS and 
observed monthly rainfall for this region is 
supported by the high MAE and RMSE and 
low NSE values illustrated in Figure 9.

Comparing the distribution of R2 for 
the three rainfall regions, the all-year 
rainfall region has R2 values increasing 
from May, with its peak in October, while 
the summer and winter regions’ R2 values 
tend to be high during March, April, May, 
September, October and November, as 
shown in Figures 7, 8 and 9. The R2 values 
are the highest in the summer rainfall 
regions, followed by winter rainfall regions, 
and least for all-year rainfall regions, as 
also illustrated in Figure 7, 8 and 9.

Observing results for the winter, sum-
mer and all-year rainfall regions, the fol-
lowing deductions can be made:

The MAE and RMSE are observed to 
be high during summer and winter com-
pared to the other seasons, while NSE is 
relatively high during spring and autumn 
for the summer and winter rainfall regions, 
respectively. For the winter and summer 
seasons, irrespective of whether the region 
experiences a winter, summer or all-year 
rainfall, the correlation is observed to be 
slightly lower than that of the spring and 
autumn seasons, as illustrated in Figures 7, 
8 and 9. This is explained by the fact 
that CHIRPS tends to overestimate low 
amounts of rainfall and underestimate 
high amounts of rainfall for the different 
time intervals (Dinku et al 2018). This is 
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well illustrated by the difference in peaks 
between the CHIRPS and observed rainfall, 
as shown in Figure 10, representing the 
monthly plot for the Ottoshoop Pol sta-
tion 39, which is located near the border 
between the Orange area and the Limpopo 
Province, as depicted in Figure 1. Generally, 
the four parameters RMSE, ME, MAE and 
NSE do not improve significantly from 
daily to monthly, as mentioned earlier. 
The first three parameters (RMSE, ME 
and MAE) indicate the magnitude of 
overestimation/underestimation, while 
the latter (NSE) shows predictive accuracy 
relative to the mean of observed rainfall. 
Despite the decrease in the magnitude of 
overestimation/underestimation from daily 
to monthly, the effects are still pronounced 
at a monthly time-step as illustrated in 
Figure 10.

conclusions
CHIRPS-based rainfall data was evalu-
ated using a network of forty-six stations 
adequately distributed across South Africa. 
The analysis was done at daily and monthly 
time-steps with CHIRPS data of spatial 
resolution 0.05° latitude/longitude from 
1987 to 2019. Validation statistics were 
computed for the entire region. The results 
of CHIRPS-based rainfall data valida-
tion statistics across South Africa were 
observed to show similar findings to previ-
ous studies in other regions, such as in East 
Africa by Kimani et al (2018) and in Italy 
by Duan et al (2016).

CHIRPS rainfall data is observed to 
be good in estimating monthly rainfall 
(based on accumulated daily rainfall data), 
except for the all-year rainfall regions, but 
poor in estimating daily rainfall. The poor 
estimation of daily rainfall is likely due to 
the processes involved in computing daily 
CHIRPS-based rainfall data through the 
disaggregation of a 5-day rainfall product, 
as highlighted by Funk et al (2015).

Monthly CHIRPS rainfall data (based 
on accumulated daily data) is observed to 
have good correspondence with observed 
rainfall data evinced by stronger cor-
relation values. The correspondence of 
monthly rainfall, however, varies for differ-
ent regions. The all-year rainfall region has 
its best correspondence during spring and 
its lowest in summer. This is different from 
the winter and summer rainfall regions, 
which have a similar correspondence pat-
tern between them. These regions have 
their best correspondence during the 

autumn and spring months, and the lowest 
during winter and summer. The winter and 
summer rainfall regions have a low correla-
tion during winter and summer seasons 
respectively due to the overestimation/
underestimation of observed rainfall dur-
ing the wet and dry seasons.

For the South Coast (the all-year rain-
fall region), the correspondence is slightly 
low and records its strongest correlation in 
October. The low correspondence is likely 
because of rainfall formation mechanisms, 
nature and the amount of rainfall, which 
affect the quality of CHIRPS data for 
this region. Dinku et al (2018) credit the 
low correlation between CHIRPS data 
and observed rainfall data to the effects 

of frontal systems along the coastline of 
East Africa. Low correlation (below 0.4) 
is observed in parts of Gourits, Gamtoos, 
Sundays, Kromme and Swartkops catch-
ments in the all-year rainfall region, and 
care should be taken when using CHIRPS 
rainfall data in these areas.

CHIRPS rainfall data performs well 
in the northern part of the country. 
Correspondence decreases southwards to 
the dry Northern Cape region, with an R2 
of approximately 0.5–0.6. In these areas, 
CHIRPS offers a good alternative source 
of monthly rainfall data. The Limpopo, 
Olifants, Komati, Mfolozi, and parts of 
Tugela and Vaal have the best R2 of at 
least 0.7.

Figure 9  Monthly specific pairwise comparison of CHIRPS versus observed rainfall data for the 
all-year rainfall region in South Africa
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The Berg catchment in the Western 
Cape and parts of the Vaal, Tugela and 
Mkomazi catchments follow closely with R2 

of at least 0.65. The rest of the catchments 
have R2 ranging between 0.5 and 0.6.

The catchments along the Eastern 
Coast have the lowest R2 values (less than 
0.5). Therefore, the use of CHIRPS data 
in hydrological analysis should be guided 
accordingly, while appreciating the variation 
in correlation across the different regions of 
South Africa, as illustrated in Figure 5. In 
regions with a strong correlation, such as the 
northern part of the country with R2 greater 
than 0.7, CHIRPS data can be used confi-
dently. However, the use of CHIRPS data is 
not advisable for regions with significantly 
low correlation (R2 below 0.5), such as the 
Eastern Coast in the Keiskamma, Mzimvubu, 
Mkomazi and Mfolozi catchments.

Finally, this study found that CHIRPS-
based rainfall data at a monthly time-step 
is an adequate alternative to use in comple-
menting observed rainfall data in hydro-
logical analyses for different regions across 
South Africa. The confidence in using 
CHIRPS data should, however, be in line 
with the strength of correlation (Figure 5), 
which varies for different rainfall regions, 
as discussed. The findings of this study 
complement observations by several other 
studies, such as Toté et al (2015), Ayehu et 
al (2017), Kimani et al (2017), Dinku et al 
(2018) and Muthoni et al (2019) in countries 
such as Mozambique, Ethiopia, Uganda, 
Tanzania and Kenya, which is comforting.
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introduction
Rainfall frequency analysis is used to 
construct Depth-Duration-Frequency 
(DDF) curves, which are needed for the 
estimation of design floods in order to 
design and construct hydraulic structures, 
including dam walls, spillways, culverts 
and stormwater drains. Extreme rainfall 
quantities are of particular interest for this 
purpose (Hao & Singh 2013). Standard 
methods for frequency analysis of extreme 
events are based on the assumption of a 
stationary climate (Prosdocimi et al 2014). 
However, anthropogenically induced 
climate change has resulted in changes in 
extreme weather events, thus questioning 
the assumption of stationarity (Serinaldi 
& Kilsby 2015). As a consequence of a 
changing climate, the frequency and 
magnitude of extreme rainfall events may 
increase (Bates et al 2008). The possible 
non-stationarity in climate is projected to 
result in changes in rainfall and runoff, 
with potential impacts on the accuracy of 

design rainfall estimations and the estima-
tion of extreme rainfall quantities such 
as the Probable Maximum Precipitation 
(PMP). This may have significant con-
sequences for the design of hydraulic 
infrastructure, and consequently also for 
the South African economy (Cullis et al 
2015). This concept has triggered the need 
to account for uncertainty due to non-
stationary data in the analysis of extreme 
rainfall events (Yilmaz et al 2014).

This paper contains a review of the 
potential impacts of climate change on 
extreme rainfall in South Africa, and 
methods for incorporating non-stationary 
data in extreme design rainfall estimates.

cliMate change and 
non-stationarY data

climate change
A significant amount of current scien-
tific evidence suggests that increasing 
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greenhouse gas emissions have resulted 
in an increase in the global mean tem-
peratures (IPCC 2007; 2014). This trend in 
climate change is expected to continue into 
the future with an overall warming of the 
planet expected. Higher global tempera-
tures are linked to significant changes in 
precipitation, storm occurrences, sea level 
rise, and extreme weather events (Bates et 
al 2008; Easterling & Kunkel 2011; Cullis et 
al 2015). A major concern associated with 
higher temperatures is increased evapora-
tion rates, thus resulting in increased total 
global precipitation (Trzaska & Schnarr 
2014). Studies have shown that it is pos-
sible that climate change processes will 
intensify the hydrological cycle, thus 
resulting in more frequent and intense 
climatological events. It is thus very likely 
that the frequency of extreme temperatures 
and extreme precipitation events will not 
only increase, but that the patterns of 
extreme precipitation will become more 
erratic (Westra 2011; Madsen et al 2013; 
WRF 2014). At a global scale, broad trends 
in precipitation may not necessarily be 
linked to the same trends in runoff, and 
some areas may experience increased 
runoff whilst others may experience less 
(Bates et al 2008).

climate change impacts 
in south africa
The impact of changing climate has 
become a key concern in South Africa 
(Department of Environmental Affairs 
2014a; 2014b; 2017). In South Africa, 
over the past five decades, the mean 
annual temperatures have increased 
more than 1.5 times the observed global 
average (Ziervogel et al 2014), and the 
Department of Environmental Affairs 
(2017) noted that the highest recorded 
temperatures since 1951 occurred in 2015. 
The Intergovernmental Panel on Climate 
Change (IPCC) notes that severe and 
widespread impacts associated with such 
temperature increases are attributable 
to climate change (IPCC 2018). Changes 
in temperature have a significant impact 
on extreme weather events (Pfahl et al 
2017; IPCC 2018), and generally warmer 
atmospheric conditions are more condu-
cive to heavy rainfall (IPCC 2017; Pfahl 
et al 2017). Over parts of South Africa, 
it has been noted that the frequency of 
extreme rainfall events has increased 
(Ziervogel et al 2014).

The estimation of design floods is 
impacted upon by changes in rainfall 

and runoff distribution characteristics 
(Smithers 2012). Numerous studies have 
indicated that the changing climate has 
impacted both rainfall and associated 
flooding in South Africa. Studies have 
proven that the annual maximum rainfall 
in South Africa has been increasing 
(Ndiritu 2005) and that seasonal patterns 
of rainfall have also shifted, proving that 
patterns of rainfall are becoming more 
variable (Knight & Fitchett 2019; Schulze 
& Schütte 2019). Alexander (2006) demon-
strated, with a high degree of confidence, 
that climate change in South Africa has 
resulted in a discernible increase in aver-
age rainfall over parts of the country, as 
well as increased occurrences of heavy 
rainfall events. This is supported by results 
of studies by De Waal et al (2017) that 
display a general increase in the frequency 
of intense rainfall events, which further 
challenges the assumptions of stationary 
climatic conditions in design rainfall esti-
mation. Trend analysis of almost 100 years 
of daily precipitation records by Kruger 
(2006) showed some significant changes 
in precipitation in the country, although 
annual precipitation increased and 
decreased for different areas in the coun-
try, with some areas showing increased 
occurrences of more extreme precipitation 
events. Although the total annual precipi-
tation may be fairly constant over time in 
certain parts of South Africa, the number 
of rainfall events has decreased in parts, 
thus indicating that rainfall intensities 
have increased in these parts of the coun-
try (Van Wageningen & Du Plessis 2007; 
Kruger & Nxumalo 2017; Pohl et al 2017). 
Despite no consistent evidence of clear 
trends in changes of rainfall intensities in 
the western parts of the country, future 
climate conditions for rainfall are project-
ed to intensify and become more extreme 
for the wider South African region (Du 
Plessis & Burger 2015). Consequently, 
design rainfalls are projected to increase 
in some areas due to climate change, thus 
impacting on future designs of hydraulic 
structures (Knoesen et al 2011; Schulze et 
al 2011; Schulze & Schütte 2019).

climate change impacts 
on the Probable Maximum 
Precipitation (PMP)
The PMP is an extreme rainfall quantity 
applied by hydrologists and engineers 
to determine the Probable Maximum 
Flood, an extreme flood quantity used in 
the design of high-hazard hydrological 

structures (Wang 1984). Many observa-
tions of global climate trends have raised 
an increasing concern that the PMP will 
change due to the influence of a changing 
climate (Rouhani 2016). The potential 
influences of climate change on key vari-
ables for PMP estimation, such as maxi-
mum moisture and precipitation efficiency, 
have been studied (Clark 1987; Rastogi et al 
2017). Results of this research suggest that 
changes in both atmospheric temperature 
and the maximum atmospheric moisture 
that can be held may increase PMP 
estimates by around 20% due to climate 
change (Clark 1987; Rastogi et al 2017). In 
South Africa, Johnson & Smithers (2020) 
revised the PMPs using an updated rainfall 
database and a modernised methodology. 
Many of the extreme events noted in the 
study occurred after the previously esti-
mated PMPs published by the Hydrological 
Research Unit at the University of 
the Witwatersrand (HRU (1972). 
Approximately 80% of the new PMPs are 
greater than the corresponding HRU (1972) 
estimates, with some new estimates shown 
to be greater than five times the previous 
estimates. This indicates that there has 
been an increase in extreme rainfall events 
and that the PMP estimates are influenced 
by the length of rainfall records. As such, 
Johnson & Smithers (2020) recommend 
that a database of extreme rainfalls should 
be continually updated and used to revise 
the PMP following the occurrence of new 
extreme rainfall events.

Several non-stationary statistical 
analyses of extreme rainfalls indicate that 
it is likely that the PMP will change into 
the future (Cheng et al 2014; Gao et al 
2016; Wi et al 2016). Studies of the impact 
of climate change on PMP estimates on 
a global scale conclude that, as future 
atmospheric water vapour concentrations 
increase due to climate change, the PMP 
values for future climate conditions should 
increase as well (Kunkel et al 2013). Such 
increases would consequently have severe 
implications for the design of new large 
hydraulic infrastructure, as well as of exist-
ing infrastructure (Clark 1987; Stratz & 
Hossain 2014; Clavet-Gaumont et al 2017). 
The following factors should be considered 
when assessing the possible impacts of 
climate change on PMP: moisture avail-
ability, depth–area curves, storm types, 
storm efficiency and generalised rainfall 
depths. Moreover, changes in observed and 
projected extreme rainfall should both be 
taken into account (WMO 2009b).
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Modelling the impacts 
of climate change
Climate change scenarios can be con-
structed in many ways. The most widely 
applied method to project climate is the 
use of outputs from Global Circulation 
Models (GCMs). GCMs can simulate the 
key features of the global climate relatively 
reliably at a large scale. However, these 
models often cannot characterise impacts 
at a local scale due to their low spatial 
resolution and limited description of 
sub-grid processes (Bergant et al 2006). 
For the assessment of potential climate 
change impacts on local vulnerabilities, 
managers and decision-makers may require 
information to be at a refined local scale. 
Thus, climate change impact analyses 
are dependent on GCM outputs that are 
downscaled to a local scale by linking them 
to regional or local climate characteristics 
(Schulze et al 2011; WRF 2014).

global circulation models
The earth’s climate is governed by the 
interactions between many extensive 
and complex processes. Consequently, 
the impacts of increasing greenhouse 
gas concentrations on climate cannot 
be quantitatively predicted by intuitive 
reasoning. Thus, GCMs, which represent 
the planet’s system mathematically, have 
been developed (Jacob & Van den Hurk 
2009). In order to simulate the earth’s 
climate system realistically, various 
physical processes of the global climate 
system are defined numerically in these 
computer models. Scenarios of greenhouse 
gas emissions to the atmosphere are used 
as inputs for GCMs. The GCM outputs 
are then used to generate climate change 
scenarios which are in turn used to model 
impacts of climate change on human and 
natural systems (Trzaska & Schnarr 2014). 
There have been numerous improvements 
in climate change research over the past 
three decades, which have strengthened 
the confidence in the predictive capa-
bilities of climate models (Halmstad et al 
2012). However, there is still significant 
uncertainty involved in estimating future 
extreme events when using such models, 
and it must be noted that it is impossible to 
predict future climate scenarios with any 
degree of accuracy (Das & Simonovic 2012; 
Delgado et al 2014).

regional climate downscaling
GCMs can be made relevant to local 
impact assessments by the use of 

downscaling techniques and bias correc-
tion. There are two principal approaches 
used to downscale large-scale climate 
projections to a more local scale, namely 
dynamical downscaling and statistical 
downscaling (Trzaska & Schnarr 2014).

Dynamical downscaling
Dynamical downscaling is used to generate 
climate change scenarios at a higher spatial 
resolution (about 30 to 50 km) and higher 
temporal resolution (time-step of six hours) 
and is achieved by the explicit inclusion of 
additional data and physical processes in 
higher resolution Regional Climate Models 
(RCMs) covering selected portions of the 
globe (Willows & Connell 2003; Trzaska 
& Schnarr 2014). Although this method 
has many advantages, it requires large 
volumes of data and is computationally 
intensive. Moreover, in order to imple-
ment and interpret results, a high level of 
expertise is needed (Trzaska & Schnarr 
2014). Despite limitations of RCMs, the use 
of these models is becoming increasingly 
popular (Halmstad et al 2012; Lawrence 
et al 2012; Willems et al 2012; Cullis et al 
2015; Maraun & Widman 2015; Shongwe et 
al 2015; Rouhani 2016).

Statistical downscaling
Statistical downscaling involves the 
establishment of statistical relationships 
between large-scale climate variables and 
local-scale variables at a daily timescale 
(Willows & Connell 2003, Trzaska & 
Schanrr 2014). These relationships are 
applied to the GCM outputs to obtain 
future local climate change projections. 
Statistical methods require minimal 
computing and are simple to implement 
and interpret. The use of statistical tech-
niques is advantageous, as the GCM can 
be downscaled to a particular point, which 
can be used to obtain selected projections 
at a particular site, e.g. rainfall projections 
to be used as input for hydrological models 
(Willows & Connell 2003). These methods 
rely on historical climate observations of 
large-scale atmospheric circulation and 
the assumption that the current observed 
relationships will continue into the future 
(Zorita & Von Storch 1999).

Climate model downscaling in South Africa
In South Africa there are two main centres 
for climate modelling: the University of 
Cape Town Climate System Analysis 
Group (CSAG) and the Council for 
Scientific and Industrial Research (CSIR). 

The CSAG focuses on climate change 
projections (inter alia) and in the past has 
often made use of the statistical downscal-
ing process to derive regional climate 
change scenarios from global scenarios 
produced by GCMs (Schulze et al 2011). 
The CSIR focuses on the use of a variable-
resolution Conformal-Cubic Atmospheric 
Model (CCAM) which is dynamically 
downscaled and runs globally at higher 
resolutions (Engelbrecht et al 2011).

climate futures for south africa 
and recommendations
Based on climate modelling studies, an 
increase in heavy precipitation is likely, 
defined as a likelihood of at least 90%, 
throughout the world in the 21st century 
(Field et al 2012). In South Africa, the 
Long-Term Adaption Scenarios (LTAS) 
project used CSAG and CSIR downscaled 
projections from two recent genera-
tions of GCMs, namely Coupled Model 
Intercomparison Project Phase 3 and 
Phase 5 (CMIP3 and CMIP5) and emission 
scenarios that were used in the Fourth 
and Fifth IPCC assessments. The CSIR 
downscaled the CMIP3 for emission 
scenario A2 and CMIP5 for Representative 
Concentration Pathways RCP4.5 and 
RCP8.5. The CSAG downscaled the 
CMIP3 for emission scenarios A2 and 
B1, and Representative Concentration 
Pathways RCP4.5 and RCP8.5. Table 1 
summarises the mean projected changes in 
precipitation for these different emission 
scenarios for the different downscaling 
methods. The South African LTAS and 
the Intergovernmental Panel on Climate 
Change (IPCC) indicate that increases in 
temperature and the frequency of extreme 
rainfall occurrences are likely to continue 
in future (IPCC 2014; Ziervogel et al 2014; 
IPCC 2017). In South Africa, based on 
various temperature projections for future 
periods (2081–2100), temperatures are 
expected to increase by 3–6oC when com-
pared to a reference period (1986–2005). 
However, changes in magnitudes of precipi-
tation are less certain.

Climate models project changes in 
precipitation that are more temporally 
uneven than present-day precipitation, 
indicating that most of the annual rainfall 
is likely to occur over a shorter period 
than in the past. This suggests that the 
intensity of heavy rainfalls is likely to 
increase (Pendergrass & Knutti 2018). 
It is anticipated that most of southern 
Africa will experience warming trends 
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and increased rainfall variability, with 
increased heavy rainfall events and associ-
ated flooding (Midgley et al 2011). Analysis 
of downscaled climate models has shown 
that climate change impacts may result 
in increased precipitation in parts of the 
country and increased drying trends in 
others (Cullis et al 2015; Schulze & Schütte 
2019). Furthermore, changes in extreme 
rainfalls affect estimates of design rainfalls. 
Although design rainfalls may be projected 
to decrease in parts of the country, project-
ed increases of long duration design rain-
falls in South Africa are generally in the 
range of 10–20% (Schulze et al 2011) and 
could be up to 40% in some parts (Schulze 
& Schütte 2019). Potential future flood 
risks due to increased extreme rainfall 
events have increased across most of the 
country, which may further impact existing 
structures (Department of Environmental 
Affairs 2014a).

Most studies on extreme rainfall 
are based on frequency analysis assum-
ing stationary conditions (Serinaldi & 
Kilsby 2015). Previous studies in South 
Africa have assumed a stationary climate. 
However, as the climate is ever-changing, 
the assumption of stationarity of annual 
maxima may not be reasonable for deriving 
design rainfalls (Ndiritu 2005; De Waal 
et al 2017). In addition, the frequency of 
extreme rainfall events has been chang-
ing and this is likely to continue in future 
(IPCC 2007; Field et al 2012). Hence, 
methods to account for trends in extreme 

rainfall events in a changing environment 
need to be developed (Smithers et al 2014). 
The need for concepts and models that 
account for non-stationary analysis of 
climatic and hydrologic extremes has been 
highlighted frequently in recent literature 
(Smithers 2012; Madsen et al 2013; Cheng 
et al 2014; Salas & Obeysekera 2014; Yilmaz 
et al 2014; Hounkpè et al 2015; De Waal et 
al 2017; Tan & Gan 2017; Mo et al 2018). 
Smithers (2012) suggested that dealing with 
non-stationary data, such as the projected 
impacts of climate change, should be taken 
into account for the development of new 
methods for design flood estimation in 
South Africa.

non-stationarY analYsis 
of eXtreMe rainfall
There are two main methods for analys-
ing the frequency and severity of extreme 
events: Cumulative Frequency Analysis 
(CFA) or Extreme Value Analysis (EVA). 
For CFA the data, such as daily rainfall 
measurements, are used to construct a 
cumulative frequency distribution from 
which an extreme event with a defined fre-
quency of exceedance with the data set can 
be defined. This approach has numerous 
limitations. It is not possible to estimate 
the probability of an extreme event that is 
larger than the maximum value in the data 
series. Furthermore, the threshold used 
for the identification of extreme events is 
objectively random and, consequently, it 

is likely that the frequency and quantity 
of extreme events obtained by CFA will 
be strongly dependent on the threshold 
chosen. EVA, however, is less constrained 
by these limitations (Francis 2011).

extreme value analysis (eva)
EVA is a statistical method of analysis. 
Using EVA, it is possible to estimate the 
probability and magnitude of events that 
exceed those in a given data series. EVA 
allows the estimation of the probability 
and magnitude of future events to be 
made based on limited historical data, 
e.g. a 30-year record of observed events 
can be used in the estimation of the risk/
exceedance probability of extreme events 
beyond the 1 in 30-year recurrence inter-
val. However, it must be noted that the 
degree of uncertainty in the projected risk 
of extremes increases as the return period 
reaches the length of available data, and the 
uncertainty increases even further when 
the return period exceeds the length of the 
data series (Coles 2001).

There are numerous frequency distri-
butions, or statistical models, which can 
be used in EVA. Commonly, two general 
methods can be used: (1) the “Peak-over-
threshold” (POT) method, and (2) the 
“block maxima” or Annual Maximum 
Series (AMS) method. The POT method 
is used to represent the behaviour of 
exceedances above a high threshold and 
the extreme values are analysed using a 
Generalised Pareto (GP) distribution (Coles 
2001; Klein Tank et al 2009). The block 
maximum method considers the sample of 
extreme values by selecting the maximum 
value observed in each block. Generally, 
blocks are one hydrological year in length, 
but they can be one season in length. The 
Generalised Extreme Value (GEV) distribu-
tion is a frequently used distribution to 
analyse the block maxima (Klein Tank et al 
2009). The GEV distribution is flexible for 
exhibiting the behaviour of extremes with 
three distribution parameters: location, 
scale and shape (Coles 2001). Other distri-
bution methods used for EVA of rainfall 
include the Gumbel’s Extreme Value Type 
1 (EV1) distribution, the Log-normal distri-
bution and the Log-Pearson Type III (LP3) 
distribution (WMO 2009a).

accounting for non-stationarity 
in extreme value analysis
As stationarity is defined as the time 
invariance of the properties of extremes, for 
non-stationary processes the parameters 

Table 1  Summary of the ensemble mean projected changes in precipitation into the 2080s for 
different emissions scenarios and different downscaling methods (Ziervogel et al 2014 – 
reproduced here under a Creative Commons open-access agreement)

 
summer rainfall region winter rainfall region

son djf MaM MaM jja son

CSAG CMIP5 RCP8.5

RCP4.5

CMIP3 A2

B1

CSIR CMIP5 RCP8.5

RCP4.5

CMIP3 A2

SON: September, October, November DJF: December, January, February  
MAM: March, April, May JJA: June, July, August

Single arrow implies consistent direction of change across the summer or winter rainfall region 
respectively, with upward and downward arrows indicating increases and decreases respectively; large 
and small arrows indicating strong and weak responses, and upward and downward arrows together 
indicating areas of both increase and decrease in the rainfall region.

Source: Extracted via analysis of the projection maps within South African LTAS.
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of the underlying distribution are time-
dependent (Katz 2010). Thus, the properties 
of the distribution vary with time (Francis 
2011). EVA distributions can be used with 
non-stationary data by allowing for at 
least one of the parameters (e.g. location, 
scale or shape) to depend on a climate 
variable which varies over time (Kharin 
& Zwiers 2005). Climate variables which 
change with time are known as covariates, 
which can be defined to suit the user. As 
an example for local scale applications, it 
is known that precipitation may increase 
as temperature rises, hence an appropri-
ate choice of covariate for accounting for 
non-stationarity due to climate change may 
be mean temperature (Francis 2011; Roth 
et al 2014). Accounting for non-stationary 
data in EVA using covariates has been suc-
cessfully undertaken in numerous studies. 
Hounkpè et al (2015) tested the assumption 
of stationarity in estimating flood events, 
employing a statistical model which uses a 
time-dependent and/or covariate dependent 
GEV distribution to fit the annual max dis-
charge, and found that the non-stationary 
model more adequately explains variation 
in the data in flood frequency analysis. 
In Denmark, a spatio-temporal model of 
extreme rainfall for short durations was 
developed using a non-stationary POT 
approach. The model was determined to be 
highly qualified to model spatio-temporal 
variability in the parameters of the GP dis-
tribution (Gregersen et al 2017). Tramblay 
et al (2011) and Tramblay et al (2013) used 
a non-stationary POT model with climatic 
covariates for heavy rainfalls in France. The 
covariates investigated included humid-
ity fluxes, monthly air temperature and 
seasonal occurrence of southern circulation 
patterns. The studies determined that the 
non-stationary model provides a better 
fit to the data compared to the standard 
stationary model. Models that incorporate 
climatic covariates allow for the re-evalu-
ation of the risk of extreme precipitation 
scenarios and can be useful for evaluating 
possible future changes (Tramblay et al 
2013). In Finland, a non-stationary POT 
analysis method for extreme precipitation 
was developed incorporating covariates 
such as temperature and atmospheric 
circulation patterns. The results indicate 
that the non-stationary analysis of extreme 
precipitation is statistically valid for most of 
the observations and is independent of loca-
tion or seasonality (Pedretti & Irannezhad 
2019). A time- varying GEV distribution 
which incorporates the impacts of different 

non-stationary climatic conditions on 
extreme rainfall occurrences was developed 
for application in parts of North America. 
The results of that study show that extreme 
precipitation can be underestimated using 
the assumption of stationarity, thus high-
lighting the importance of updating design 
strategies for hydraulic infrastructure in 
changing climatic conditions (Sarhadi & 
Soulis 2017).

discussion and conclusion
Evidence that increases in greenhouse gas 
emissions due to anthropogenic activities 
have resulted in climate change has been 
widely documented. Increases in these 
gases have resulted in increased global 
temperatures. Higher temperatures are 
linked to significant changes in the magni-
tudes and frequencies of extreme precipita-
tion events, and thus to increased flood 
risks. Numerous studies have shown that 
the changing climate has impacted rainfall 
in South Africa. In the past 15 years, many 
studies indicate that changing climatic 
conditions have resulted in variations 
in the occurrence of extreme precipita-
tion events, and overall trends show that 
rainfall intensities have increased in many 
parts of the country, while few studies 
note a decrease in precipitation intensi-
ties. Changes in climate impact on the 
estimation of design rainfalls and extreme 
rainfall quantities such as PMP, which 
could potentially be up to five times greater 
at certain locations when compared to past 
estimates. Consequently, these changes 
may impact the future design of hydraulic 
structures. Moreover, the consequences 
of the changing climate may also impact 
on existing infrastructure (Department of 
Environmental Affairs 2014a). The impacts 
of climate change can be modelled using 
GCMs. These models can be used at a 
global scale or can be downscaled and bias-
corrected for application at local scales. 
Data from downscaled GCMs can be ana-
lysed using EVA, which takes into account 
non-stationarity by means of covariates. 
Results of numerous studies indicate that 
the inclusion of climatic covariates in 
such analyses could improve the statistical 
 modelling of extreme events.

Most previous studies of design rainfall 
and PMP estimation have been based 
on what has now been found to be the 
unrealistic assumption of a stationary 
climate. As such, methods that account 
for non-stationary data, such as climate 

change impacts, need to be developed. The 
impacts of the changing climate need to 
be considered in the estimation of design 
rainfall and PMP estimates to allow for the 
characteristics of the non-stationarity of 
the climate to be modelled into the design 
life of hydraulic structures. Internationally 
new approaches have been developed to 
account for the impact of climate change in 
extreme rainfalls for design flood estima-
tion; however, in South Africa there has 
been relatively little research in this regard. 
For South Africa, the need to identify 
trends in extreme rainfall events due to a 
changing climate and the need to account 
for non-stationary data in the development 
of new methods for design flood estimation 
have been highlighted by Smithers (2012) 
and by Smithers et al (2014). Given the 
importance of flood risk management, the 
shortcomings of the methods currently 
used by practitioners and the potential 
impact of climate change, dealing with a 
non-stationary climate data series currently 
requires urgent attention in South Africa.
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introduction
The occurrence of local scouring is one 
of the main reasons for the instability and 
failure of bridges. Lefter (1993), and Lagasse 
and Richardson (2001) postulated that the 
main cause of the failure of bridges in the 
United States of America was a local scour-
ing phenomenon. Chiew and Lim (2003), 
and Chiew (2004) reported several break-
downs of bridges in the south of Taiwan. 
Dey and Barbhuiya (2004) also observed the 
failure of bridges in New Zealand due to a 
local scouring phenomenon. In this regard 
Ghorbani and Kells (2008) stated that the 
lack of pier protection measures against 
local scouring would disrupt the transporta-
tion system, in addition to the failure of 
bridges, and financial and human costs.

Different countermeasures have been 
proposed and tested in the literature to 
reduce the local scour hole dimensions at 
bridge piers. These can generally be cat-
egorised into three distinct groups, namely 
armouring, flow altering and structural 
countermeasures. The first method is to 
increase the resistance of the bed to the 
shear stress. This is done by replacing the 
materials around the pier with a protective 
layer of materials such as riprap, gabion, 
blocked cables or prefabricated concrete 
moulds. The objective of the second method 

is to reduce the power of the eroding causes, 
i.e. the downflow and the horseshoe vortex, 
which are mainly responsible for producing 
scouring around the pier. The flow-altering 
countermeasures involve one of the follow-
ing three methods: (1) connecting some 
form of assemblies in the upstream of the 
pier (e.g. sacrificial piles), (2) altering the 
shape of the pier, and (3) providing the scour 
reduction devices on the pier (e.g. collars, 
plates or slots). The third method involves 
the modification of the bridge structure 
(foundation). Typically, the substructure 
is modified to increase the bridge stability 
after scour has occurred or when there is a 
scour-critical bridge. These modifications 
are generally classified as either foundation 
strengthening or pier geometry modifica-
tions (Lagasse et al 2009).

Bed sills are usually employed for river 
training purposes, e.g. in high-gradient 
streams, to prevent excessive bed deg-
radation. They can also be arranged in 
sequence, producing a stair-like configura-
tion of artificial steps, to reduce the veloc-
ity and erosive capacity of the watercourse 
(Gaudio et al 2000; Lenzi et al 2003; 
Martín-Vide & Andreatta 2009). Bed sills 
could affect the general channel morphol-
ogy; however, they have also been shown to 
be able to act as countermeasures against 

reduction of local 
scouring at round-nosed 
rectangular piers using 
a downstream bed sill
E Sanadgol, M Heidarpour, R Mohammadpour

This study investigated the effectiveness of bed sills in reducing the scour depth with time 
at rectangular piers in a laboratory. Experiments were conducted just below the threshold of 
sediment motion (U/Uc = 0.95) for round-nosed piers with the length-to-width ratios of L/b = 1, 
2, 3 and 4. Accordingly, a 1 cm thick PVC section as wide as the channel was used as the bed 
sill, which was flush with the bed and located at various distances, D, in the downstream of 
the piers, i.e. D/b = 0, 1, 2 and 3. It was found that the efficiency of the bed sill for a rectangular 
pier was significantly less than that for the circular one; there was a decrease in efficiency and 
scour depth with an increase of the pier length. The maximum efficiency obtained for the 
round-nosed piers with L/b = 1, 2, 3 and 4 was 32.5%, 21.3%, 14.4% and 5.7%, respectively. The 
application of a bed sill to reduce the local scour in round-nosed rectangular piers, when the 
length-to-width ratio exceeds 2, is therefore not recommended. Furthermore, the efficiency of 
the bed sill is the best when it is attached to the downstream end of the pier; its efficiency is 
decreased when increasing its distance from the pier.
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bridge pier scour (Chiew & Lim 2003; 
Gaudio et al 2012; Grimaldi et al 2009a & 
2009b; Pagliara et al 2010; Razi et al 2011; 
Tafarojnoruz et al 2012a & 2012b).

Grimaldi et al (2009a) showed that 
the scour depth reduction could reach 
to approximately 26% in the best tested 
configuration (bed sill adjacent to the pier). 
Grimaldi et al (2009b) also proposed a 
combined countermeasure consisting of a 
slot and a bed sill placed downstream of the 
pier and adjacent to it. In the best configura-
tion, the scour reduction in the upstream 
front of the pier was approximately 45%, on 
average (with approximately 80% and 90% 
for the scour area and volume, respectively). 
Further, Pagliara et al (2010) analysed the 
efficiency of sills and gabions as counter-
measures against local scour in the presence 
of a simplified debris geometry. They found 
that, although a delay occurred in the 
scour development, the countermeasure 
efficiency was insufficient for the large scour 
development in the presence of large debris 
accumulation, while gabions were able to 
further delay the scour process, mainly due 
to the larger surface roughness, as compared 
with the smooth sills. Tafarojnoruz et al 
(2012a) also showed that a single bed sill 
downstream of a pier had the maximum 
efficiency, which was less than 20%, with 
D/b = 0 (D was the distance between the 
downstream end of the pier and bed sill, 
and b was the diameter or the width of the 
pier, as shown in Figure 2). Tafarojnoruz et 
al (2012b) used a combination of the bed sill 
and collar for a circular pier under steady 
flow conditions, as well as for a rectangular 
pier with a round nose and tail, two circular 
in-line piers and two rectangular in-line 
piers. The results showed that the combined 
countermeasure had the efficiency of almost 
63% for a single circular pier; however, 
higher efficiency (approximately 75%) was 
obtained in applications related to the 
rectangular pier and two in-line circular 
or rectangular piers. Further, Gaudio et al 
(2012) studied the combined flow-altering 
countermeasures against the bridge pier 
scour: (1) submerged vanes and a bed sill, 
and (2) a bed sill and a collar. The results 
showed that combination (1) did not reduce 
the scour depth significantly, with respect to 
the single countermeasure and combination; 
for combination (2), in the best configura-
tion, the scour depth was significantly 
reduced around the collar with respect to 
the maximum scour depth of the unpro-
tected pier, as well as prevented the scour 
hole from reaching the pier body.

Bridge piers are mainly circles, squares, 
rectangles, rectangular corners and round-
nosed rectangular shapes. Investigations on 
the effect of the bed sill on the reduction 
of local scouring indicate that the research 
has mainly been carried out on circular 
piers. However, round-nosed rectangular 
piers are widely used in bridges, and the 
performance of the bed sills on round-
nosed rectangular piers is of great interest. 
There is limited information regarding 
the application of bed sills for rectangular 
piers. The objective of this work was, there-
fore, to study the effectiveness of the bed 
sill downstream of a round-nosed rectan-
gular pier when the distance between the 
bed sill and pier and the length-to-width 
ratio of the pier were changed.

Materials and Methods

dimensional analysis
The relation between the depth of the local 
scour at a round-nosed rectangular bridge 
pier, ds, and a bed sill located at a distance, 
D, in the downstream (Figure 2), and its 
dependent parameters can be written 
as follows:

dse =  f (g, ρ, υ, U, y, B, d50, σg, Uc, ρ's,  
L, b, Sh, AI, D, t) (1)

Where: dse is the equilibrium scour depth 
in the upstream front of the pier, g is the 
acceleration of gravity, ρ is water density, 
ν is kinematic viscosity, U is the mean 
approach flow velocity, y is the mean 
approach flow depth, B is the width of 
the flume cross section, d50 is the median 
diameter size of the sediment, σg is the geo-
metric standard deviation of the sediment 
particle, Uc is the mean approach flow 
velocity at the threshold condition for the 
sediment movement, ρ’s is the submerged 
sediment density, L is the rectangular pier 
length, b is the rectangular pier width, Sh 
is the parameter describing the shape, Al is 
the parameter describing the alignment of 
the pier, D is the distance between the pier 
and bed sill, and t is the time.

The Buckingham theorem, applied to 
Equation 1, by choosing ρ, U and b as the 
basic variables, leads to:
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Where: U/Uc is termed the flow intensity, 
U/ gb and Ub/ν are known as “pier Froude 
number” (Fp) and “pier Reynolds number” 
(Rp), respectively, y/b is the flow shal-
lowness, ρ’s/ρ is the submerged sediment 
specific gravity, σg is the sediment nonuni-
formity, b/d50 is the sediment coarseness, 
Ut/b is a time scale for the development 
of scour, and L/b is the aspect ratio for a 
rectangular pier.

A lot of research has been done to 
determine the effect of the dimensionless 
groups in Equation 2 on the local scour 
depth. According to Franzetti et al (1994), 
if the pier Reynolds number is greater than 
7  000, the effect of viscosity on the local 
scouring process can be ignored. If y/b ≥ 2, 
the flow shallowness effect does not occur 
and the depth does not influence scouring 
(Laursen & Toch 1956; Breusers et al 1977; 
Melville & Sutherland 1988; Franzetti et 
al 1994). Laursen and Toch (1956), and 
Hager and Oliveto (2002) reported that if 
B/b ≥ 10, the channel side wall effects on 
the local scour could be eliminated and 
the contracted scour would not happen. 
Laboratory data also showed that the local 
scour depth was independent of the sedi-
ment size when b/ d50 ≥ 20–25 (Ettema 1980; 
Chiew 1984; Breusers & Raudkivi 1991; 
Melville & Coleman 2000). For sand and 
gravel, ρ’s/ρ is almost constant and can be 
eliminated from Equation 2. When a rectan-
gular pier is aligned with the flow direction 
(the flow angle of attack is zero), the pier 
alignment effects are assumed to be absent. 
For σg < 1.3, the sediment can be considered 
uniform. It is assumed that their influence 
in Equation 2 is the same, even in the pres-
ence of a bed sill. The maximum scour 
depth is achieved under a condition close to 
the motion initiation, i.e. U/Uc ≈ 1.

Given the above conditions, for the 
present study, the dimensionless scour 
depth can be simplified as follows:

ds

b
 =  f2
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At equilibrium, i.e. when the dimensions of 
the scour hole stop increasing and remain 
constant, Equation 3 becomes:

ds

b
 =  f3

⎫
⎪
⎭

D

b
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L

b
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 (4)

U/Uc represents the stage of the sedi-
ment transport on the approach flow bed, 
termed the flow intensity. In the present 
study, all experiments were conducted 
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under weak transport conditions, so a 
small number of the smallest particles were 
in motion at the isolated zones, according 
to the definition given by (Kramer 1935), 
i.e. U/Uc = 0.95. In the following sections, 
the influence of these parameters on the 
local scour depth is discussed.

experimental set-up and procedure
The experiments were conducted in an 11 m 
long, 0.42 m wide and 0.6 m deep plexiglass-
sided tilting recirculating experimental 
flume. At the inlet, a honeycomb box was 
placed to straighten the flow streamlines 
and minimise the turbulent velocity fluctua-
tions. The test section, in which piers and 
the bed sill were located, was 2 m long with 
a recess on the bed 0.2 m deep; it was situ-
ated 6 m downstream from the entrance 
of the flume to guarantee a fully developed 
flow. To determine a fully developed region, 
velocity profiles were measured along the 
flow from the flume inlet in case no bed 
was installed in the channel, and a fully 
developed flow was observed downstream 
far from the flow inlet, where there was no 
detectable change of velocity profiles in the 
flow direction. The recess was filled in with 
a nearly uniform coarse sand (median diam-
eter: d50 = 0.72 mm; geometric standard 
deviation: σg = (d84/ d16)0.5 = 1.2) (d16 = grain 
size for which 16% by weight of the sediment 
was finer, and d84 = grain size for which 
84% by weight of the sediment was finer). A 
gravel ramp was placed downstream of the 
honeycomb, creating a progressive increase 
in elevation to obtain a gradual change in 
the test section. The slope of the gravel 
ramp was equal to 1 V : 6 H and its length 
was 1.2 m. Discharge was measured with an 

electromagnetic flowmeter located on the 
supply pipes with the accuracy of 0.1 ℓ/s, 
and the flow depths and bed level were in 
front of each pier with a point gauge having 
the accuracy of 0.1 mm. At the end of the 
flume, a sluice gate was used to adjust the 
water surface level. The bed topography 
was manually measured on a grid size of 
3 cm × 3 cm (sometimes 1 cm × 1 cm, 
depending on the bed topography) over the 
pier. The grid pattern was dense to obtain 
the accurate bed topography at the end of 
each experiment.

One circular and three round-nosed 
rectangular piers were tested. The circular 
pier had a diameter of 30 mm, and three 
round-nosed piers with a width of 30 mm 
and a length of 60, 90 and 120 mm were 

applied, i.e. L/b = 2, 3 and 4. The piers were 
positioned at the centreline of the middle 
cross-section of the mobile bed. The 
round-nosed rectangular piers were aligned 
with the flow direction (the flow angle of 
attack was zero), so that the pier align-
ment effects could be assumed to be zero. 
Figure 1 shows the pier models used in the 
experiments. A 1 cm thick PVC section as 
wide as the channel, flush with the bed and 
extended to the bottom of the channel, was 
used as the bed sill, at different distances, 
D. Figure 2 represents a sketch of the bed 
sill installed downstream of the rectangu-
lar pier. Table 1 shows the flow conditions 
in the experimental tests.

Twenty tests were performed. Tests 
were designed according to the values 

Table 1 Flow conditions in the experimental tests

d50
(mm)

Q
(m3/s)

U
(m/s)

y
(m)

U*c
(m/s)

Uc
(m/s)

u*/u*c fr re

0.72 0.0213 0.327 0.155 0.02 0.344 0.95 0.265 50685

Figure 1  Pier models used in the experiments
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reported in Table 2. The first column 
shows the name of the test. The first letter 
shows the shape of the pier, i.e. C stands 
for the circular pier and R represents the 
round-nosed rectangular pier. The first 
number in the circular and rectangular 
piers shows the aspect ratio, i.e. the 
length-to-width ratio, L/b. The second 
number represents the relative distance 
between the pier and bed sill, D/b. Tests 
C1, R2, R3 and R4 were carried out without 
countermeasures and were used as the 
reference to evaluate the effectiveness of 
the countermeasure. In Table 2, the term 
%RDP or percentage reduction of the pier 
scour depth at equilibrium is defined as 
(dse0 = equilibrium scour depth in front of 
the pier without countermeasure):

%RDP = 
dse0 – dse

dse0
 × 100% (5)

All experiments were continued until 
reaching the equilibrium state. Several 
criteria have been suggested in literature 
to recognise the equilibrium condition. 
Cardoso and Bettess (1999) considered that 
equilibrium could be reached if, by plotting 
ds versus log t, the variation of the slope is 
recognised in the plot; ds follows a nearly 
horizontal trend. Franzetti et al (1994) sug-
gested that equilibrium could be achieved if 
Ut/b > 2 × 106. Kumar et al (1999) assumed 
that the time of equilibrium was achieved 
when the variation in the scour depth was 
less than 1 mm in a three-hour period. 
Vittal et al (1994) also defined the equilib-
rium time as the one when the local scour 
depth variations in a six-hour period was 
less than 1 mm. Melville and Chiew (1999) 
considered that the equilibrium condition 
was reached when the variation of the local 
scour depth (ds) in a one-hour period was 
less than 5% of the pier diameter (for circu-
lar piers) or width (for rectangular). In this 
research, all tests were continued until the 
criteria proposed by Vittal et al (1994) were 
satisfied. It was found that the value of 
the scour depth in the final six hours was 
less than 1 mm 14 hours after starting the 
experiments. Therefore, all experiments 
were continued for a period of 15 hours.

The Uc value was measured in prelimi-
nary tests when the pier was not installed. 
These tests showed that, with 0.155 m flow 
depth and 0.02 m3/s discharge, the bed 
material would be at the incipient motion. 
The ratio of shear velocity in these experi-
ments, calculated from flow depth and 
energy slope, to the critical shear velocity, 

as calculated from the Shields diagram, 
was approximately 0.95. The results were 
compatible with the equations proposed 
by Laursen (1963), Goncharov (1964), Neill 
(1967) and Garde (1970).

results and discussion

experimental observations
During the first few minutes of the 
experiments, the bed sill was flush with 
the surface of the sediment recess and did 
not interfere with the horseshoe and wake 
vortices. During this time, the scour was 
initiated at the side of the pier, where the 
high shear stress occurred from the sepa-
rated flow before it was propagated to the 
front face of the pier where the horseshoe 
vortex was located. As time passed and the 
scour hole grew around the pier, the scour 
around the bed sill occurred and the bed 
sill emerged. As the bed sill emerged, its 
impact on the flow field started and the 
scour rate was decreased; the greater the 
distance between the bed sill and the pier, 
the later the emergence of the bed sill. By 
reducing the distance between the bed sill 

and the pier, it had a greater impact on the 
wake vortices; so, when the bed sill was 
attached to the pier, it destroyed the wake, 
as well as affected the horseshoe vortices. 
With the increase of the bed sill distance 
from the pier, the impact of it on the horse-
shoe vortices was reduced, only affecting 
the lower part of the wake vortices. In the 
downstream of the bed sill, the local scour 
was observed. The maximum local scour 
downstream of the bed sill occurred at a 
distance approximately 35% of the scour 
hole length. The same observation was 
reported by Gaudio et al (2000), Gaudio 
and Marion (2003), Tregnaghi et al (2007) 
and Grimaldi et al (2009a). The width of 
the scour region downstream of the pier 
with bed sill was almost twice that for a pier 
without bed sill. It suggested that the lower 
part of the wake vortices interacted with the 
bed sill and deviated laterally. As a result, 
the lateral movement of the wake vortices 
caused the scour hole to become wider. The 
lateral deviation of the wake vortices also 
created two symmetrical holes downstream 
of the bed sill. All eroded sediments around 
the pier and bed sill were deposited in the 
form of a downstream hill. Figure 3 shows 

Table 2  Geometric parameters of the piers and bed sill, and the maximum scour depth at 
equilibrium and efficiency

test
L

(mm)
b

(mm)
L/b

D
(mm)

D/b
ds

(cm)
rdP

%

C1 30 30 1 (circular) – – 6.15 –

C1–0 30 30 1 (circular) 0 0 4.15 32.5

C1–1 30 30 1 (circular) 30 1 4.57 25.7

C1–2 30 30 1 (circular) 60 2 4.75 22.8

C1–3 30 30 1 (circular) 90 3 4.95 19.5

R2 60 30 2 – – 5.85 –

R2–0 60 30 2 0 0 4.60 21.3

R2–1 60 30 2 30 1 4.80 17.9

R2–2 60 30 2 60 2 4.95 15.4

R2–3 60 30 2 90 3 5.01 14.3

R3 90 30 3 – – 5.55 –

R3–0 90 30 3 0 0 4.75 14.4

R3–1 90 30 3 30 1 4.90 11.7

R3–2 90 30 3 60 2 5.00 9.9

R3–3 90 30 3 90 3 5.05 9.0

R4 120 30 4 – – 5.25 –

R4–0 120 30 4 0 0 4.95 5.7

R4–1 120 30 4 30 1 5.01 4.6

R4–2 120 30 4 60 2 5.06 3.6

R4–3 120 30 4 90 3 5.10 2.9
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the contour lines of the equilibrium scour 
hole around the pier with and without the 
bed sill for tests C1-0, R2-0, C1 and R2. The 
images of the scour hole at the bed sill in the 
laboratory for tests C1-0 and R2-0 are also 
shown in Figure 4.

temporal development of the local 
scour around the circular pier
Figure 5 shows the temporal development 
of the local scour around the circular pier 
without countermeasure (Test C1). It can 
be seen from Figure 5 that approximately 
95% of the local scour depth occurred in 
the first six hours. Local scour depth was 
increased progressively with time, reach-
ing equilibrium. Three segments could 
be recognised as the initial, principal and 
equilibrium segments. Three quantitative 
references of the time evolution of the 
scour depth around circular piers have 
been added for comparison purposes, i.e. 
Melville and Chiew (1999), Barkdoll et 
al (2000) and Guo (2014). The results of 
the current study were more consistent 
with those of Melville and Chiew (1999). 
Although there was a weak agreement 
between the studies presented in Figure 5 
at the initial and principal stages, the 
results were close at the final equilib-
rium stage. The difference between the 
results could be attributed to different 

experimental conditions, e.g. different 
flow intensity, U/Uc. The maximum scour 
depth, using the equation developed by Lee 
and Strum (2009), was 7.75 cm, indicating 
a good agreement with the results of the 
present study.

temporal development of 
the local scour depth in the 
piers without bed sill
Figure 6 presents the temporal varia-
tions of the scour depth for circular and 

round-nosed rectangular piers without bed 
sill. As can be clearly seen at all phases of 
temporal development, the scour depth 
at the round-nosed rectangular piers was 
lower than that of the circular pier. In 
addition, the scour depth difference for 
the round-nosed rectangular piers with 
different lengths in the initial times of 
temporal development was low; however, 
over time, this difference increased. The 
results, as shown in Figure 6, indicated 
that in the round-nosed rectangular piers, 

Figure 4  Images of the scour hole at the bed sill in the laboratory for tests (a) C1-0 and (b) R2-0

(a) (b)

Flow Flow

Figure 3  Contour lines of the equilibrium scour hole around the pier with and without the bed sill for tests (a) C1-0, (b) R2-0, (c) C1 and (d) R2
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the pier with the shorter length (L = 60 
mm) had more scour depth, whereas the 
lower scour depth occurred at the pier 
with the larger length (L = 120 mm). This 
is due to the horseshoe vortex, after form-
ing in front of the pier, moving along the 
pier to its downstream end; so, the longer 

the pier, the weaker the horseshoe vortex. 
A reduction of the strength of the wake 
vortices resulted in less sediment being 
transported from the back of the pier. This 
could have an impact on the transporta-
tion of sediment from the front to the 
back of the pier.

temporal development of the local 
scour depth in the piers with bed sill

The effect of increase (L/b) on 
the local scour depth
Temporal scour depth variations in the 
circular and round-nosed rectangular 

Figure 5  Temporal development of the local scour around the circular 
pier without countermeasure (Test C1) and comparison with 
other studies
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Figure 6  Temporal variations of the scour depth in the piers without 
bed sill
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Figure 7  Temporal variations of the scour depth at piers with and without bed sill for different distances from the downstream side of the pier: 
(a) D/b = 0, (b) D/b = 1, (c) D/b = 2 and (d) D/b = 3
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piers with bed sill into the piers and those 
without bed sill are presented for different 
distances of the bed sill from the down-
stream side of the bridge pier in Figure 7. 
The percentage reduction of the local scour 
depth of the circular and round-nosed 
rectangular piers with bed sill into the 
piers and those without bed sill is also 
presented in Table 2. The results, as pre-
sented in Figure 7, showed that the scour 
depth variations were very high in the early 
phases of the experiments, but over time 
the intensity of these variations was dimin-
ished. The bed sill used in this study acted 
as a protective agent against local scour, 
influencing the horseshoe vortex and, par-
ticularly, the wake vortices. In addition, the 
results indicated that, by increasing the L/b 
ratio at the piers with bed sill, the scour 
depth increased and bed sill performance 
was decreased. Therefore, it could be stated 
that the bed sill performance for the pier 
with L/b = 1 outweighed that for the pier 
with L/b = 4.

The effect of increase (D/b) 
on the local scour depth
Temporal variations of the scour depth 
based on the variations in the distance of 

the bed sill from the downstream side of 
the circular and round-nosed rectangular 
piers are presented for different length-to-
width ratios, L/b, in Figure 8. In addition, 
according to Table 2, the bed sill perfor-
mance in terms of reducing the local scour 
depth of the circular and round-nosed 
rectangular piers was calculated and pre-
sented. In all experiments, the scour depth 
was measured and shown at different time 
intervals. Sixteen tests were carried out 
to investigate the bed sill performance at 
the piers with ratios (L/b) 1, 2, 3 and 4; the 
details of each experiment are presented 
in Table 2. The results indicated that the 
bed sill, as a protective agent on the back 
of the pier, reduced the scour depth (ds) 
and its use led to a significant decrease in 
the local scour depth of the bridge piers, 
particularly for the circular pier. The 
results also revealed that, by distancing the 
bed sill from the back of the pier towards 
downstream, the bed sill had less effect on 
reducing the local scour depth. In addition, 
it could be seen that when increasing the 
L/b ratio, the bed sill performance at dif-
ferent D/b intervals was decreased – see 
Figures 8(a) and 8(b). Therefore it could 
be expressed that the highest decrease in 

the local scour depth by the bed sill for the 
best combination L/b = 1, D/b = 0, and the 
lowest decrease in the local scour depth 
for the combination L/b = 4, D/b = 3 were 
observed, i.e. approximately 32.5% and 
2.9%, respectively (Table 2). Regardless of 
the increase of the L/b ratio, at L/b = 4 
the use of the bed sill did not have much 
effect on reducing the scour depth and the 
temporal development of the local scour 
depth at the piers where the bed sill was 
almost equal to those without bed sill – see 
Figure 8(d).

Performance of the bed 
sill in the circular pier
Figure 9 indicates the performance of the 
bed sill at different distances downstream of 
the circular pier (C1-0, C1-1, C1-2 and C1-3 
tests). For comparison, the results obtained 
by Grimaldi et al (2009a) are included. As 
shown in Figure 9, the smaller the distance 
between the bed sill and pier, the larger 
the effectiveness of the countermeasure. 
Grimaldi et al (2009a) also found that the 
bed sill effectiveness was increased as D 
was decreased. The maximum efficiency 
was achieved when the bed sill was placed 
just adjacent to the downsream face of the 

Figure 8  Temporal variations of the scour depth at the piers with and without bed sill for different length-to-width ratios: (a) L/b = 1, (b) L/b = 2, 
(c) L/b = 3 and (d) L/b = 4
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circular pier, i.e. D/b = 0 (32.5%). The same 
results were obtained by Grimaldi et al 
(2009a) and Tafarojnoruz et al (2012a). 
When the bed sill is close to the pier, 
D = 0, the bed sill entirely eliminates the 
wake vortex system from the scour volume 
around the pier and changes the flow field, 
as well as affects the horseshoe vortex; this 
results in the maximum performance of the 
bed sill in the reduction of local scouring at 
the pier nose. When D is increased (D > 0), 
the bed sill seems to affect the horseshoe 
vortex, further disturbing the lower part of 
the wake vortex system, with a performance 
less than that for D = 0. The difference of 
performance in the present study and that 
of Grimaldi et al (2009a) could be related 
to the duration of the experiments. The 
duration of tests in the present study was 
15 hours, based on the Vittal et al (1994) 
equilibrium criteria, while it was 96 hours 
in the study performed by Grimaldi et al 
(2009a) according to equilibrium criteria 
proposed by Grimaldi (2005) .

Performance of the bed sill in the 
round-nosed rectangular pier
Figure 10 shows the effectiveness of the bed 
sill in reducing the local scour at the circu-
lar pier and rectangular round-nosed piers 
having different length-to-width ratios. 
For all piers, the bed sills were located at 
four different distances downstream of the 
pier. As can be clearly seen from Figure 10, 
for the round-nosed rectangular piers, 
similar to the circular pier, the maximum 
efficiency of the bed sill occurred when 
it was positioned downstream of the pier 
and attached to it, that was D/b = 0; it was 

decreased with increasing its distance from 
the pier. Figure 10 clarifies that at a certain 
D/b, the efficiency of the bed sill in the 
round-nosed rectangular pier was signifi-
cantly reduced, compared to the circular 
one. In round-nosed rectangular piers, for 
a certain D/b, the efficiency was decreased 
with increasing pier length.

conclusions
The scour depth of the rectangular piers 
was lower than that of the circular ones at 
all phases of temporal development. Also, 
the scour depth decreased with an increas-
ing length-to-width ratio. The efficiency 
decreased with an increasing length-to-
width ratio of the piers. In round-nosed 
rectangular piers, similar to the circular 
piers, the maximum efficiency of the bed 
sill occurred when the bed sill was attached 
to the downstream end of the pier. The 
efficiency decreased with an increase in the 
bed sill distance from the downstream end 
of the pier. To conclude, although the use 
of bed sill is suitable for reducing the local 
scour in the circular piers, its effectiveness 
at round-nosed rectangular piers is signifi-
cantly reduced when the length-to-width 
ratio is greater than 2. This means that 
when the bed sill is attached to the pier, 
the efficiency is decreased from 32.5% for 
the circular pier to 5.7% for the rectangular 
one with a length-to-width ratio of 4. 
Therefore, the application of the bed sill 
cannot be recommended for reducing the 
local scouring in round-nosed rectangular 
piers when the length-to-width ratio is 
greater than 2.
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