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introduction
Bulk density measurements are routinely 
used to investigate different soil properties, 
most commonly to measure soil compac-
tion (Blake 1965; Håkansson et al 2000). It 
is also a helpful tool to measure porosity, 
permeability, hydraulic conductivity, soil 
water retention and root movement though 
soil (Edwards et al 1984; Flint & Childs 
1984; Vereecken et al 1989). Currently 
there are four standard methods to deter-
mine soil bulk density, namely the clod, 
core, excavation and radiation methods 
(Blake 1965).

The clod, core and excavation methods 
consist of weighing the sample and calcu-
lating its volume through the Archimedes 
displacement principle, with only the 
sample collection being the differentiat-
ing factor. The radiation method uses 
gamma radiation to measure the absorbed 
or scattered radiation in-situ down a drill 
hole combined with relevant standards for 
the investigated soil types (Davidson et al 
1963; Blake 1965). The radiation method 
is fast, causes little soil disturbance, and 

multiple measurements are possible on the 
same spot. The drawbacks of the method 
are that the radiation can be dangerous 
if not properly shielded, and the method 
can provide incorrect values if the soil 
contains an abundance of heavy elements 
or large stones.

The clod method is the most commonly 
used, with its advantages mainly consisting 
of easy sample collection of undisturbed 
soil and easy volume calculation with 
the Archimedes displacement principle. 
Despite these advantages, it is difficult to 
accurately calculate the bulk density of 
the fine-earth fraction of a sample with 
large stones or high gravel content (Page-
Dumroese et al 1999; Hirmas & Furquim 
2006). During the wax-coating process, the 
wax has the potential to penetrate cavities 
or trap air bubbles between the surface 
of the clod and the wax, influencing the 
accuracy of the volume calculation. The 
bulk density of a single clod only provides 
information on a single section/layer of 
the soil and cannot provide information 
on how the bulk density changes down a 

Microct-based bulk 
density measurement 
method for soils
S G le Roux, A du Plessis, C E Clarke

High-resolution micro-computed tomography (microCT) is a method growing rapidly in 
popularity and has been applied to various soil studies with great success, especially for 3D 
characterisation of pore spaces or mineral distributions. However, microCT is not typically used 
for soil bulk density measurements, probably due to relatively simple and fast alternatives. 
Besides the complex process of image analysis from microCT scans, the method is also limited 
in resolution, which can result in incorrect total porosity estimation. This is especially true 
for granular materials, such as soils with small pore spaces between particles. In this work we 
demonstrate a different, yet very simple methodology for microCT adapted to overcome these 
limitations by using only volumetric measurements of the samples, and not segmentation of 
pore spaces or density calibrations. This method allows accurate bulk density determination for 
soil clods and cores. The method is faster than tradition methods, and it allows for additional 
analyses, such as surface area, macro-porosity, connected pore network and macro-particle 
shape analysis. The method is tested and directly compared for the same samples to the 
traditional waxing Archimedes method, with good correlation. The microCT scans of waxed 
samples also indicate sources of possible error in the waxing Archimedes method by visualising 
trapped air and wax penetration into open pore spaces. The method is then applied to cores 
and local bulk density measurements, and their variability down the cores is demonstrated, 
which can be very useful in complex soil profiles. The method is robust in varying resolution 
and image blur as it makes use only of volumetric measurements of the entire sample, not 
image grey-value calibration or segmentation of pore spaces.
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soil profile. In order to do this individual 
clods have to be collected down the profiles 
at different positions, which is labour- 
intensive and time-consuming. The core 
method helps to solve this problem by 
inserting cylindrical rings at intervals 
down a soil profile (Blake & Hartge 1986). 
However, the size of the rings limits the 
resolution of the bulk density measurement 
down the profile, and inserting the rings 
becomes difficult in hard gravelly soil and 
tends to disturb the soil in the process 
(Hirmas & Furquim 2006).

Previous studies that used X-ray CT 
for the bulk density measurement of soils 
used grey value calibrations by measuring 
the attenuation of X-rays as they penetrate 
the soil (Petrovic et al 1982; Anderson et al 
1988; Jenssen & Heyerdahl 1988; Timm et 
al 2005). In one case, Crestana et al (1986) 
built a soil mini-scanner to calculate the 
different X-ray attenuation coefficients of 
soil in order to calculate bulk density in 
the field. The abundance of large stones or 
heavy elements, as encountered for exam-
ple by Clarke et al (2016), would cause arte-
facts influencing the attenuation, resulting 
in an apparent significantly increased and 
inflated bulk density (Petrovic et al 1982). 
These previous studies using medical CT 
scanners took place before laboratory-
based high-resolution microCT systems 
became broadly available. In recent years, 
laboratory-based X-ray microCT has 
become more accessible through the estab-
lishment of multi-user facilities (Du Plessis 
et al 2016). As a result, a growing number 
of researchers in the earth and pedology 
sciences have made use of the technology 
to perform non-destructive analysis on var-
ious geological materials, including rocks, 
drill cores and soils (Cnudde & Boone 2013; 
Ketcham & Carlson 2001; Ketcham 2005; 
Taina et al 2008). In the thorough review 
by Cnudde and Boone (2013), it was high-
lighted that numerous different analysis 
types can be performed on a single sample, 
including porosity, permeability and parti-
cle size. This procedure typically involves 
image analysis adapted to every sample 
type and analysis requirement.

In general, density measurement by CT 
and microCT involves the use of known 
reference standards and calibration of 
grey values, and has been applied to soils 
with some success (Petrovic et al 1982; 
Anderson et al 1988; Crestana et al 1986). 
This has also been successfully applied to 
other material types, and works well for 
plastics (Du Plessis et al 2013), biological 

materials such as maize (Guelpa et al 2016) 
and fruit (Arendse et al 2016). However, 
soils are very heterogeneous and the chem-
istry may vary significantly, affecting such 
grey value methods as mentioned above.

Therefore, in this study we demonstrate 
a new method which does not depend 
heavily on image segmentation or on grey-
value calibrations. The method involves 
determining the total volume of the sample 
from a basic thresholding procedure 
from the microCT data, and subsequent 
weighing of the same sample. The method 
is independent of the sample chemistry 
and requires only a good microCT scan 
to accurately determine the location of 
the edge of the sample. The results of the 
new method are directly compared for 
the same samples to the more traditional 
Archimedes method. The same method is 
applied to full, undisturbed soil cores to 
illustrate its potential practical application. 
Additional to this, the method is modified 
to allow calculation of the local changes in 
bulk density down undisturbed soil cores at 
higher resolution than is currently possible 
by traditional methods. The work illus-
trates the additional data that is available 
from the microCT datasets, which includes 
the macro-porosity, pore size, shape and 
surface area as illustrated by Peyton et al 
(1992) and Shin et al (2013).

Materials and Methods

sample collection
Samples collected for this study consist 
of three different soil types, namely clay 
soil, sandy soil and an organic-matter-rich 
(OMR) soil, all collected from different 
locations in the Western Cape Province 
of South Africa. The clay soil originated 
from a kandic horizon of an alfisol located 
on the Welgevallen experimental farm at 
Stellenbosch University. The sandy soil 
was collected from an ochric epipedon of 
an entisol, located approximately 20 km 
west of Stellenbosch. The OMR soil 
originated from an umbric epipedon of an 
alfisol located in the Jonkershoek Nature 
Reserve in the Jonkershoek Valley close to 
Stellenbosch.

Sampling consisted of collecting clods 
and cores. Clods were collected for the clay 
soil, but no coring of this soil was possible, 
as it was too dry and hard for a corer to 
penetrate. The clod sizes selected in this 
study were 130 mm, 85 mm and 35 mm. 
Core samples were taken from the sandy 

and OMR soils, and in this case no clods 
could be collected, due to the apedal nature 
of these soils. Three standard PVC pipes 
were used to extract vertical core samples 
(one of sandy soil and two of OMR soil). 
To assist in penetrating the soil when ham-
mering the pipe into the ground, the edge 
of each pipe was sharpened (Peyton et al 
1992). Sealing the cores with tape at the top 
and bottom after extraction helped to pre-
vent any soil loss during transport, which 
is similar to the method used by Peyton et 
al (1992). The outer diameter of the PVC 
pipes was 40 mm in the case of the sandy 
soil, and 50 mm for the high OMR soil. 
Lengths of the PVC cores varied as follows, 
with a pipe thickness of 2.5 mm:

 ■ Sandy soil core 480 mm
 ■ OMR soil 1 230 mm
 ■ OMR soil 2 480 mm.

Microct
In previous studies investigating bulk 
density measurements with X-ray CT the 
emphasis was on measuring the X-ray 
attenuation of the soil and relating that to 
density (Petrovic et al 1982; Anderson et al 
1988; Jenssen & Heyerdahl 1988; Crestana 
et al 1986). In this study a typical labora-
tory microCT is used to not only image, 
but also measure the volume of the sample. 
Scan procedures and setup guidelines are 
discussed in more detail in Du Plessis et al 
(2017), but are briefly summarised here for 
soil clods and cores.

For highest magnification, the number 
of images recorded is between 2 000 and 
3 000 as the sample rotates through a full 
360 degrees. The different X-ray attenua-
tion coefficients of the material result in 
different brightness values in the X-ray 
images. These X-ray images are used to 
reconstruct a 3D model of the data, which 
can be used to accurately measure the total 
volume of the sample or of selected inter-
nal features. All the microCT scans were 
performed at the CT Scanner Facility at 
Stellenbosch University with a GE Phoenix 
v|tome|x L240 system and data processing 
in Volume Graphics VGStudioMax 3.0 
(Du Plessis et al 2016). The field-moist 
and wax-coated oven-dry clay soil clods 
were scanned at 200 kV and 140 µA at 100, 
50 and 25 µm resolution. The sandy soil 
core was scanned at 150 kV and 100 µA 
with 50 µm resolution, and lastly the two 
high OMR soils were scanned at 100 kV 
and 200 µA with 50 µm resolution. The 
clods were scanned at higher voltage to 
ensure no artifacts were present due to 
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unexpected dense particles and due to the 
complex shape of the samples. The cores 
were scanned at lower voltages to enhance 
the contrast, especially for low density 
organic matter. Cores were scanned in sec-
tions to allow the highest possible resolu-
tion using multi-scan procedures described 
in Du Plessis et al (2017).

data processing
The three clod and three core samples 
collected for the experiments were first 
microCT-scanned in their field-moist 
condition before any additional, potentially 
destructive analyses were performed. Next, 
the dry density of each soil clod was deter-
mined using the Archimedes displacement 
method as described by Blake and Hartage 
(1986). These results were compared to 
the results calculated from the microCT 
method, as described below, to validate the 

repeatability of this method. This valida-
tion was performed with dried samples 
(dry density). The three representative clod 
samples were oven-dried at 102°C for 24 
hours. The weight of internal water for each 
was determined by measuring the mass dif-
ference before and after drying. The sample 
weight was determined both in air and in 
water with a lab scale to measure how much 
water each sample displaced, to calculate the 
volume. The data processing from microCT 
scans of clods was performed using Volume 
Graphics VGStudio Max 3.0. A basic thresh-
old segmentation with an advanced surface 
determination was used, as described in a 
different study on mineral volumetric quan-
tification in Le Roux et al (2015). This allows 
an accurate determination of the volume of 
the clod sample.

Similar to the procedure for clod samples, 
each core sample was microCT-scanned 

prior to drying, to prevent any possible 
structural changes to the soil in the drying 
process, as done by Peyton et al (1992). The 
core samples were weighed before and after 
drying to measure the moisture content 
in each core. Similar to the clod samples 
a surface determination was performed to 
calculate the volume of the soil in each core 
from microCT data. In this case the volume 
of the PVC pipe surrounding the soil was 
removed by selecting the pipe and creating 
a region of interest, with a region-growing 
tool. After the soil was digitally extracted 
from the pipe, an advanced surface deter-
mination was performed for an accurate 
volume measurement.

results and discussion

bulk density of clod samples
Three clods of different sizes of the clay-rich 
kandic horizon were selected for direct com-
parison between microCT and Archimedes 
dry density measurements. Since the tra-
ditional Archimedes clod method requires 
application of wax, the clods were scanned 
prior to waxing for the microCT-based 
density determination. They were addition-
ally scanned after waxing in this study to 
highlight sources of potential errors in the 
Archimedes method. The three clods are 
shown in Figure 1, together with a R5 coin 
(diameter 26 mm) for scale.

MicroCT scans of these clods were con-
ducted at the maximum possible resolution 
for each clod, resulting in typical slice 

Figure 1  Three clod samples after the application of the wax coating, with a R5 coin for scale 
(26 mm diameter)

Figure 2  MicroCT slice images of the three clod samples scanned at the maximum resolution possible for the clod size: (A) 100 micron, (B) 50 micron 
and (C) 25 micron; the microCT data is used to calculate the total volume of the clod in order to compare it with the Archimedes displacement 
method; as the resolution improves, more details are visible inside the clod

A B C

6 mm10 mm15 mm
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images, as shown in Figure 2 at 100 µm, 
50 µm and 25 µm resolution, respectively. 
Resolution limitations are due to sample 
size, with higher resolutions being pos-
sible as sample size decreases. The higher 
resolution scans provided more detail 
of both internal and external features, 
improving the accuracy of volume meas-
urements of porosity as smaller pore spaces 
were detected.

To calculate the clod volume from the 
microCT data a simple segmentation is 
performed by removing the air surrounding 
the clod and calculating the total volume of 
the clod including the internal pore spaces. 
This is done using the segmented region 
of interest and using the volume-analyser 
tool. The measured volume is based on 
image analysis, but is not dependent on 
the ability to visualise pore spaces and is 
therefore robust to image blur or different 
scan resolutions. Dividing the dry weight of 
the clod by the microCT-measured volume 
provides a simple calculation of the dry 
density of the clod sample. These results 
are compared with the results calculated 
by the Archimedes displacement principle 
(Blake & Hartge 1986) on the exact same 
samples, subsequent to microCT scans, 
with results presented in Table 1. The dry 
density is calculated for microCT and 
Archimedes as follows:

Dry density (Archimedes)

ρb = 
(Mko)

(Mo – Mw)
ρw

 – 
(Mo – Mkl)

ρa
 – 

y
ρw

 (1)

Where
 ρb =  bulk density of the soil (g/cm3)
 ρw =  density of water at the temperature 

of water at the time of measure-
ment in °C

 ρa =  density of wax (g/cm3)
 Mko =  oven-dried weight of soil (g)
 Mkl =  mass of soil before oven-drying (g)

 Mo =  mass of wax-covered soil in air (g)
 Mw =  mass of wax-covered soil in water (g) 

and
 y = mass of string in water.

Dry density (microCT)

ρ  = 
Mko

VCTOD (2)

Where
 ρb = bulk density of the soil (g/ cm3)
 Mko = oven-dried weight of soil (g) and
 VCTOD =  microCT-calculated volume of 

soil (cm3).

Additionally the bulk density of each clod 
sample was calculated using the field-moist 
weight of each clod and the volume calcu-
lated from the field-moist microCT scans 
of each clod sample (Table 1).

Bulk density (microCT)

ρ  = 
Mo

VCTFM (3)

Where
 ρb = bulk density of the soil (g/cm3)
 Mo = field-moist weight of soil (g) and 
 VCTFM =  microCT-calculated volume of 

soil (cm3).

Table 1 indicates that the dry density 
calculation from the Archimedes and 
microCT methods compare well, with 
dry density results within less than 
0.044 g. cm– 3. The largest difference of 
0.044 g. cm–3 is found for sample C, which 
is the smallest clod. All three clods were 
also analysed by microCT after waxing (as 
shown in Figure 3), and it was observed 
that there were areas where open cavities 
were filled with wax, and areas where air 
bubbles were trapped between the wax and 
the clod surface. The wax penetration into 
the sample would provide a smaller wax 
displacement than expected, causing an 

increase in the total calculated volume of 
the clod, thereby decreasing the calculated 
dry density in Equation 1. In both samples 
A and B, the difference in measured dry 
density is very small, only 0.002 g. cm–3. In 
these samples, small areas of wax infiltra-
tion were observed; however, the contribu-
tion to the overall change in volume was 
expected to be small due to the low ratio of 
wax-to-clod material.

The microCT dry density of sample 
C is lower by 0.044 g. cm–3 compared to 
the value calculated from the Archimedes 
method. This difference can be explained 
by the presence of air bubbles trapped 
between the clod surface and wax (see 
Figure 3). This results in an increased 
calculated wax volume, reducing the total 
volume of the clod, thereby increasing the 
calculated bulk density by Archimedes in 
Equation 1. Due to the larger wax-to-clod 
ratio of the smaller sample these small 

Table 1  Results of dry density calculation comparison between Archimedes displacement and 
microCT methods at resolutions typically used for clod samples of these sizes with 
additional bulk density calculation from microCT data

sample
clod size  

mm

Scan 
resolution  

µm

archimedes Microct Microct

dry density
(oven-dry)

g.cm-3

dry density
(oven-dry)

g.cm-3

bulk density
(field-moist)

g.cm-3

A 130 100 1.882 1.884 1.908

B 85 50 1.880 1.888 1.912

C 35 25 1.788 1.762 1.785

A

20 mm

B

C
10 mm

9.5 mm

Figure 3  MicroCT slice images of the same 
clods before and after waxing, 
indicating two ways the wax coating 
can influence the Archimedes bulk 
density measurement of the clod 
samples: (1) wax penetrates internal 
pores open to the surface – this is 
visible in clods A and B, (2) air bubbles 
are trapped between the surface 
of the clod and the wax, which 
are visible in clod C; the blue line 
indicates the microCT-derived edge 
used to calculate bulk density directly
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changes in volume calculation can be 
expected to have a more noticeable influ-
ence on the bulk density calculation. In this 
case the microCT analysis provides a more 
accurate calculation of the volume and dry 
density of the sample.

With these results, the conclusion is 
that it is possible to accurately calculate the 
density of soil samples from microCT scan 
data. Additionally the bulk density of these 
samples were calculated form the microCT 
data of the clods (Table 1), scanned and 
weighed before the samples were dried.

Since microCT is deemed more 
accurate, it may be used for ground-truth 
studies using large numbers of bulk density 
measurements via the Archimedes method. 
It could be used in combination or entirely 
replace the traditional method, especially 
for fragile clods which may be disturbed 
by waxing, or when time is important (the 
clod method is more time-consuming, as 
it requires overnight drying of the wax, 
whereas the CT method needs only one 
hour in total per sample).

In addition, the microCT data provides 
the opportunity to extract more details 
from each clod sample, including the 
surface area, macro-porosity, connected 
pore network and macro particle shape 
(Figure 4). The surface area is an additional 
result calculated during the initial volume-
calculation step mentioned above, and 
provides an indication of the soil texture. 
To determine the internal porosity, all 
the internal air is selected and the “foam 
structure” module is used to provide 
data for every separate pore space – i.e. 
volume, surface area, diameter, sphericity. 
Macro-pores are analysed with typically 
a minimum diameter of 3 voxels – i.e. for 
a 25 µm scan, the smallest-diameter pore 
space that can be measured is 75 µm in 
diameter. These results in turn can be used 
to calculate the overall contribution of 
differently sized pores to the total porosity 
of the sample. Figure 4 indicates that the 
highest contribution to the total porosity of 
clods A, B and C are pores with diameters 
of 1 mm, 0.4 mm, and 0.4 mm, respectively. 

The total porosity of each sample is as fol-
lows: A 2.97%, B 4.87% and C 8.36%. These 
values are only accurate for macro-porosity, 
as micro-porosity is typically missed in 
the segmentation process and depends on 
the sample and the resolution of the scan. 
Therefore, the higher the resolution and 
smaller the sample, the more accurate 
the porosity measurement is, but there is 
a possible loss of representability as the 
samples become too small. Therefore, 
as a guide, clods should be scanned at a 
fixed resolution for direct comparison of 
macro-porosity.

bulk density of core samples
The microCT-based bulk density deter-
mination was also applied to undisturbed 
soil core samples. The ability to provide 
local bulk density along the core, and 
visually assess the reasons for variations, 
adds a new dimension to soil bulk density 
measurements. In this demonstration of 
the method, three cores were selected: two 
organic-matter-rich (OMR) soils, and one 
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Figure 4  Illustration of which pore size has the largest contribution to the total porosity of the clod samples; the total porosity for each clod is: 
A 2.97%, B 4.87% and C 8.36%
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sandy soil. After the cores were extracted 
in the field as indicated above, the com-
plete core was scanned at highest possible 
resolution without any further sample 
preparation. The images in Figures 5–7 
provide an overview of the three cores and 
illustrate the changes in internal features of 
each of the cores down the profile.

Figure 5 shows OMR Soil 1; this soil 
has a more sandy texture with some larger, 
coarser grains visible. Cracks are present 
at the top of the core with some larger 
voids visible down the profile, while some 
textural layering/sorting is also observed. 
The non-horizontal layering in this sample 
is possibly due to previous soil collapse.

OMR Soil 2 (Figure 6) has the highest 
organic matter (6.32% carbon) content, and 

more gravel with higher density, compared 
to the surrounding material, is observed. 
There is no obvious layering and the mate-
rial seems to be more evenly distributed in 
the core.

The observations made of the sandy soil 
core (Figure 7) are noticeably different than 
for the OMR soils. The biggest part of the 
soil comprises fine-grained particles with 
larger low density particles randomly dis-
tributed in the core. Pore spaces are small, 
and fine horizontal cracks are visible down 
the core profile.

The total bulk density of each field-moist 
core was calculated from the microCT-
derived volume. In this case the soil was 
segmented from the tube in a relatively 
simple manner. First, the air surrounding 

the core is removed by selecting it with a 
region-growing tool identifying it as a region 
of interest (ROI). This air ROI is inverted 
identifying the plastic core and internal 
soil as a separate ROI. This core and soil 
ROI are extracted into its own volume. The 
region-growing tool is applied again only on 
the PVC pipe in this case, inverting the PVC 
ROI identifying the soil as its own ROI. The 
soil-only ROI is used to calculate the volume 
of the soil inside the core. The total weight of 
the field-moist soil is calculated by subtract-
ing the weight of the tube (weighed before 
sample collection) from the mass of the tube 
and soil. The resulting total bulk density is 
calculated according to Equation 3, as before.

In addition, local bulk density down 
the soil profile could be determined for 
each core. In order to do this the density of 
each grey value in the scan volume has to 
be calibrated. To do this a scan calibration 
is employed for every core as follows: the 
calculated bulk density (from above) and 
the average grey value of the soil core are 
plotted against the density of air at 22°C 
(1.225 × 10–3 g/ cm3) and the average grey 
value of the air surrounding the core. The 
equation from the linear fit between the 
two points can be used to calculate the 
relative density of specific grey values in 
the dataset (Figure 8).

The core was virtually divided into simi-
larly sized regions of interest spaced equally 
down the core in the microCT dataset. 
The average grey value for each region was 
measured and the average bulk density of 
each of these regions calculated from the 
equation derived from the plot, as illustrated 
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Figure 5  OMR Soil 1 – 2D microCT slice images 
of the high OM Soil Core 2:  (A) side 
slice image of the core zoomed-out 
overview, (B) zoomed-in image of 
large stones in the core
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Figure 6  OMR Soil 2 – 2D microCT slice images 
of the high OM Soil Core 2: (A) side 
slice image of the core zoomed-out 
overview, (B) zoomed-in image of 
large stones in the core

Figure 7  Sandy Soil – 2D microCT slice images 
of the Sandy Soil Core: (A) side 
slice image of the core zoomed-out 
overview, and (B) zoomed-in image 
of large stones in the core

A

65 mm

B

10 mm

Bulk density calibration

Bu
lk

 d
en

si
ty

 (g
/c

m
3 )

Grey value

Bulk density 
of core

Density of air

y = mx + c

Figure 8  Illustration of the linear plot used to calculate the density of the grey values of the soil cores
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in Figure 8. The results of the analysis are 
plotted against distance down the core to 
visualise the change in bulk density down 
the core (Figure 9). The results help to 
visualise the changes in bulk density moving 
down the soil core, as well as illustrate the 
difference in average bulk density of the 
core when plotted on the same graph. The 
standard deviation along the profile gives an 
indication of the homogeneity of the bulk 
density value, as shown in Table 2.

Table 2 Bulk density of core samples

core bd 
down profile

total bd 
core

g.cm–3
std

Sandy soil core 1.932 0.2901

OMR core 1 1.689 0.0709

OMR core 2 1.177 0.1155

Local extremes can be investigated in the 
microCT dataset, as demonstrated for 
high- and low-density local features in two 
of the cores shown in Figure 9. At a depth 
of around 200 mm in OMR Core 2 there 
is a positive increase in bulk density: from 
the 2D slice image in Figure 10 it is visible 
that a brighter high-density stone is present 
in this region causing the spike in bulk 
density. In the case of the Sandy Soil Core a 
negative change in bulk density is observed 
at around 250 mm depth. From the 2D 

image in Figure 10 it can be identified that 
there is a large pore space in that region.

In practice this method can be used in 
combination with the disk method, and can 
provide useful additional information, espe-
cially for complex soil profiles. The ability to 
visualise and quantify bulk density changes 
along a profile, quantify the homogeneity 
of the profile and attribute local changes to 
specific types of internal features, is sure to 
add value to soil characterisation studies.

conclusion
This work provides a new methodology for 
measuring bulk density of soil clods and 

undisturbed soil cores using laboratory 
microCT. It makes use of a simple volume 
determination from microCT data of 
clods or cores, which is not dependent on 
image resolution, as is often encountered 
with microCT image analysis. Additional 
qualitative and quantitative information on 
soil structure, including macro-porosity, 
is available, making the method a valuable 
addition to soil studies. It was demon-
strated that the method can eliminate 
some problems with existing methods, 
such as trapped air between clod and 
wax, and wax penetration affecting the 
Archimedes measurement. For both clods 
and cores, total bulk density was calculated 
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for three typical samples. For cores, a local 
bulk density along the core profile was 
demonstrated, homogeneity quantified by 
standard deviation of bulk density along 
the profile and local extremes investigated 
and attributed to an unexpected rock (high 
local density) and a large pore space (low 
local density). The simplicity of the method 
demonstrates its valuable visual aspect, and 
the relatively easy and growing accessibility 
of microCT laboratory facilities allows this 
method to be used in various soil charac-
terisation studies.
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introduction
As the main components which support 
the vertical loads of bridges, reinforced 
concrete piers are exposed to the potential 
risk of ship collisions, and strong lateral 
impacts could potentially result in signifi-
cant losses (Larsen 1993; Tongyu & Wu 
2003; Zhibin & Qizhi 2007). Due to the 
known superiority (Huanxin et al 2011) 
of stainless steel reinforcements from the 
perspective of strength, ductility, corro-
sion resistance, maintenance costs, and so 
on, the main development trend has been 
to replace ordinary steel bars with stain-
less steel bars in marine environments in 
order to resolve durability problems.

In recent years, researchers in China 
and throughout the world have carried 
out various studies regarding the effects 
of impact loading on reinforced concrete 
structures. Thilakarathna et al (2010) 
did numerical research on the impact 
resistance of reinforced concrete axial 
loading columns under lateral impact 
loads, and put forward a method suitable 
for evaluating the impact resistance of 
columns under the most common impact 
mode. Remennikov and Kaewunruen 
(2006) also conducted tests on the impact 
resistance properties of reinforced concrete 
columns, and confirmed that the impact 
resistance of reinforced concrete columns 
was related to the impact velocity and 
specimen size. Jianguo et al (2016) studied 

the dynamic responses and mechanical 
properties of reinforced concrete structures 
under strong impact loads, and analysed 
the shortcomings of the research studies 
regarding the dynamic characteristics, 
penetration mechanism, and numerical 
methods of reinforced concrete under 
strong impact loads. Haibin et al (2009) 
studied the failure mode of reinforced 
concrete columns under impact loads, 
and obtained a formula for calculating the 
dynamic responses of two single degree-
of-freedom models (bending deformation 
and direct shear deformation) of reinforced 
concrete columns undergoing the effects 
of impact loading. Nan et al (2010) studied 
the mechanical properties of reinforced 
concrete columns undergoing the effects 
of impact loading. The calculation results 
showed that the load durations and peak 
values were important factors which deter-
mined the failure mode of the structural 
members. Li and Cong (2013) carried 
out damage assessments and protection 
technology research for reinforced concrete 
columns undergoing the effects of impact 
loading. The research results indicated 
that the damages were related to the mass 
and speed of the impacting objects. Fan 
and Yuan (2012) examined the dynamic 
responses of bridge structures undergoing 
the effects of ship impacts through an 
impact spectrum analysis, which proved 
the correctness of the impact spectrum 

a research study of the 
impact testing of stainless 
steel reinforced concrete 
piers with different 
reinforcement ratios
X Zhou, R Zhang, G Zhang, R Xiong

In this study, a domestically advanced super-high heavy-hammer impact test machine system 
was used to perform horizontal impact tests on five 1/5 reduced scale models of stainless 
steel reinforced concrete piers with different ratios of longitudinal reinforcements. The impact 
velocity and force of the ship model, displacement of the specimen measurement point, 
reinforcement strain, cracks, and ultrasonic velocity data during the impact process were 
collected and analysed. The results showed that, under these test conditions, the increase of 
reinforcement ratio can improve the lateral impact resistance of reinforced concrete piers to a 
certain extent.
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analysis method. Consolazio and Cowan 
(2003) compared and analysed the influ-
ences of pier shapes and sizes on the 
impact force and pier deformation. Sha and 
Hao (2012; 2013) obtained the influential 
effects of the weights and impact veloci-
ties of ships on the impact force through 
testing and numerical simulation. Junjie 
and Cheng (2007) analysed pier damage 
status under impact force using a finite 
element model. The results showed that 
the peak value of the ship-pier impact force 
was significantly reduced in the concrete 
damages. Linfeng and Wenliang (2013), and 
Hongxuan (2008) examined a calculation 
method for the impact forces of piers.

Studies regarding the effects of reinforce-
ment ratios on reinforced concrete members 
have also achieved many results. For exam-
ple, Tiejun et al (2014) examined the influ-
ences of reinforcement ratios on the elastic-
ity modulus of reinforced concrete members 
through experimental testing processes. 
Haipeng et al (2010) performed an experi-
mental study on the seismic behaviour of 
recycled concrete columns, and showed 
that the bearing capacity, stiffness and 
energy dissipation capacity of the recycled 
concrete columns were all improved with 
increases in the reinforcement ratios. Yu et 
al (2011) demonstrated through the lateral 
testing of concrete columns that increases 
in the ratios of longitudinal reinforcements 
could improve the lateral bearing capacities 
of frame columns. Li et al (2013) studied 
the dynamic responses and failure modes 
of reinforced concrete columns under 
the effects of impact loading. The results 
showed that increases in the ratios of longi-
tudinal reinforcements and stirrups could 
effectively improve the impact resistance 
of reinforced concrete columns. Many of 
the previous studies confirmed that stain-
less steel materials display good practical 
performance. The results of the studies on 
the corrosion resistance of stainless steel 
reinforced concrete (Schnell & Bergmann 
2007; Hartt et al 2006; Bertolini & Pedeferri 
2002) have shown that the corrosion resis-
tance of stainless steel reinforced concrete 
was much higher than that of ordinary 
reinforced concrete. The results of the tests 
performed by Yousef et al (2013) and Zhou 
(2008) indicated that stainless steel had bet-
ter energy dissipation properties, resistance 
to fatigue damages, and ductility. Currently 
research results regarding the impact 
mechanical properties of stainless steel piers 
undergoing different reinforcement rates are 
rarely reported.

In this study, a domestically advanced 
super-high heavy-hammer impact test 
machine system was used to perform 
impact tests on stainless steel reinforced 
concrete piers under different reinforce-
ment ratios. The influences of the different 
ratios of longitudinal reinforcements on 
the impact resistance of stainless steel 
reinforced concrete piers undergoing the 
effects of horizontal impact loading were 
also investigated in this study.

overview of the 
eXPeriMental testing Process

specimen design
The specimen for this study’s experimental 
test was a reduced scale model of a pier 
which had been designed and fabricated 
to a 1:5 proportion. It was based on the 
principle of similarity (Min 2014) using the 
reinforced concrete piers of actual projects 
as prototypes. By the second theorem of 
similarity, the main mechanical properties 
of the pier model can be expressed as:

F (P, W, I, f, σ, E) = 0 (1)

Where P, W, l, f, I, σ, E are impact, the 
modulus of bending at the cross section, 
length of bridge pier, central deflection, 
cross-sectional moment of inertia, stress 
and modulus of elasticity respectively.

Therefore, the corresponding π function 
can be set as follows:

π = Pα1 Wα2 lα3 f α4 Iα5 σα6 Eα7 (2)

Where α1 – α7 is the power of the corre-
sponding physical quantity.

According to the basic dimension of 
force and length, the corresponding dimen-
sion relation matrix is as follows:

⎛

⎜
⎝

  P W l f I σ E
 L 0 3 1 1 4 –2 –2
 F 1 0 0 0 0 1 1

⎛

⎜
⎝

According to the dimensional analysis, it is 
concluded that:

[L]: 3α2 + α3 + α4 + 4α5 – 2α6 – 2α7 = 0 (3)

[F]: α1 + α6 + α7 = 0 (4)

Taking α1, α3 as the basic unknown quan-
tity, we can conclude that:

α1 = –(α6 + α7) (5)

α3 = –3α2 – α4 – 4α5 + 2α6 + 2α7 (6)

Then the π function is:

π  = ⎛⎜
⎝
W 
l3 

⎛
⎜
⎝

α2

 ⎛⎜
⎝

f 
l 

⎛
⎜
⎝

α4

 ⎛⎜
⎝

I 
l4 

⎛
⎜
⎝

α5

 ⎛⎜
⎝
σl2 
P

⎛
⎜
⎝

α6

 ⎛⎜
⎝
El2 
P

⎛
⎜
⎝

α7 

= (π1)α2 (π2)α4 (π3)α5 (π4)α6 (π5)α7 (7)

Where  π1 = W 
l3 

, π2 = f 
l 
, π3 = I 

l4 
, π4 = σl2 

P  
, 

π5 = El2 
P

The following similarity conditions are 
determined according to the third theorem 
of similarity:

Sw 

SL
3
 = 1, 

Sf 

SL

 = 1, 
SI 

SL
4
 = 1, 

Sσ SL
2

SP

 = 1,  

SE SL
2

SP

 = 1 (8)

Where S is the similarity constant, i.e. the 
ratio of the model parameters to the actual 
pier parameters.

As a result, the similarity constants of 
this test are as follows:

 ■ Geometric dimensions: SL = 1:5
 ■ Material physical constants and stresses: 

SE = Sσ = 1
 ■ Concentrated load: SP  = SL

2 = 1:25 (9)
 ■ The modulus of bending at the cross 

section: SW  = SL
3 = 1:125

 ■ Central deflection: Sf  = SL = 1:5
 ■ Cross-sectional moment of inertia: 

SI  = SL
4 = 1:625

In total, five designed models of stainless 
steel reinforced concrete cylinder piers with 
different ratios of longitudinal reinforce-
ments were completed. The design param-
eters are shown in Table 1. All the columns 
were made from a single concrete batch. 
The C40 concrete used in this test was 
provided by a large commercial concrete 
company with consistent production quality. 
In the production of the test piece, 12 cubes 
(150 mm × 150 mm × 150 mm) were made 
of the same batch of concrete and cured 
according to the specification standard. The 
mechanical properties of the concrete were 
measured with a pressure-testing machine, 
and the average value is shown in Table 2. 
A certain length was intercepted from the 
same batch of steel bar materials, and the 
corresponding material parameters were 
measured on the universal testing machine, 
as shown in Table 3.
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The pier model had a column height 
of 2 200 mm, and a sectional diameter of 
340 mm. The bridge pier model concrete 
was the same as the actual bridge pier 
for C40 concrete, and the longitudinal 
reinforcement was S2304 duplex stain-
less steel (UGIGRIP1.4362), which was 
obtained from the UGITECH Co (France). 
The stirrup used I-grade ordinary steel 
bars (HPB300) with diameters of 8 mm. 
The ratio of stirrup reinforcement is the 
same as that of the actual pier, 1.55%. The 

longitudinal reinforcements which were 
used in the pier models adopted symmetri-
cal reinforcements along the direction of 
the circular sections, in line with welding 
construction procedures. In this study, 
the S10-12 pier model was selected as an 
example, and the main pier reinforcement 
is detailed in Figure 1. The bottom of the 
pier model was fixed with a high-strength 
bolt, and 250 KN vertical axial pressure 
was applied to the roof of the specimen. 

The axial compression ratio was the same 
as that of the actual pier 0.15. The axial 
pressure was provided using a jack with a 
sliding connection to the reaction frame, as 
shown in Figure 2.

test device
The loading device in this study’s testing 
process was a multi-functional super-high 
heavy-hammer impact test machine sys-
tem, as shown in Figure 3. The hammer 

Table 1 Design parameters of the model

specimen 
number

number of longitudinal 
tendons

longitudinal reinforcement 
diameter (mm)

stirrup type of concrete
longitudinal 

reinforcement ratio

S10-12 10 12 Φ8/50 cm C40 1.25%

S6-20 6 20 Φ8/50 cm C40 2.08%

S10-16 10 16 Φ8/50 cm C40 2.21%

S8-20 8 20 Φ8/50 cm C40 2.77%

S10-20 10 20 Φ8/50 cm C40 3.46%

Note: S represents the stainless steel (S2304)

Table 2 Mechanical properties of the concrete

standard value 
of compressive 
strength (MPa)

Modulus of 
elasticity  

(MPa)

C40 41.69 3.25 × 104

Table 3 Material properties of the reinforcement

rebar category
Yield strength 

(MPa)
tensile strength 

(MPa)
Modulus of 

elasticity (MPa)

Longitudinal reinforcement (S2304) 748 866 1.93 × 105

Stirrup (HPB300) 300 420 2.10 × 105
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Figure 1 Reinforcement drawing of S10-12 (mm) Figure 2 Restraint device for S10-12
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drop drove the horizontally placed ship 
model, causing it to horizontally impact 
with the pier specimen along a fixed track 
through wire rope. The impact energy for 
the ship model test was provided by chang-
ing the counter weight and lifting height 
of the drop-hammer, as well as the mass 
of the ship model. The designed counter 
weight for the drop-hammer and the ship 
(impact body) weight were 196 kg and 
1 200 kg, respectively.

In this study’s experimental testing, a 
data acquisition instrument obtained from 
the National Instruments Corporation 
was used to acquire the data of the velo-
city, impact force, strain, displacement 
and damage. The main measurement 

Vertical structural element

Laser displacement sensor

Drop weight

Rail

Axial force loading device

Pulley

Instrumented hammer

Load cell

Test truck

Rail Steel wire

m1

m2

h

Figure 3  Multi-functional super-high heavy-hammer impact test machine system: (a) drop-hammer tester, (b) horizontal impact system, 
(c) impact-hammer head, (d) laser velocity measurement system, (e) test model

(a) (b) 

(c) 

(d) 

(e) 
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instruments which were used in this test 
included a laser velocity measurement 
system, crack-width measuring instrument, 
non-metal ultrasonic detector, and high-
speed camera. Origin8.5 software was also 
utilised for processing the acquired data.

arrangement of the 
measurement points
The impact point of the pier model was 
arranged at a location which was 1 140 mm 
from the roof of the model. Figures 4 and 
5 detail the distribution and numbering of 
the measurement points for the strain of 
the reinforcement and concrete, and the 
displacement of the pier model. A laser 
velocity measurement system was used at a 
location close to the impact point in order 
to acquire the impact velocity of the ship 
model. Also, two pressure sensors were 
installed at the impact hammer head posi-
tion of the ship model for the purpose of 
measuring the impact force.

test procedure
After lifting the drop-hammer to heights 
of 2, 4, 6 and 8 m, respectively, the drop-
hammer released in order to drive the 
ship model to impact into the pier model. 
During each of the impacts, measurements 
and records of the impact velocity of the 
ship model, impact force, displacement 
of the measurement points, strain of the 
reinforcement and concrete at the meas-
urement points, ultrasonic damages to 
the concrete, and crack development were 
recorded.

test results and analYsis
In this research study, a comparative analy-
sis of the impact time history curve, peak 
value of impact force, as well as the peak 
value of the roof displacement, peak value 
of the reinforcement strain at the measure-
ment point, and damage status of the five 
pier models under the effects of different 
impact velocities, were completed in 
detail. Furthermore, an examination of the 
impact force and dynamic responses of the 
pier models with different reinforcement 
ratios under the effects of the same impact 
energy was conducted.

impact force, displacement and 
strain response characteristics
A summary of all of the test results showed 
that the reinforcement ratio had little 
influence on the variation trends of the 
impact force and dynamic responses of Figure 5 Distribution of measurement points for displacement (mm)
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the pier model during impact. The impact 
process was analysed by taking the impact 
force, column roof displacement, and time 
history curve of the #3 reinforcement of 
specimen S6-20, at a drop-hammer height 
of 8 m, as detailed in Figure 6. Figure 6 
shows that the ship model started to come 
in contact with the pier model at the time 
of 0.737 seconds. The impact force, dis-
placement and strain responded at almost 
the same time. The impact force first expe-
rienced a pulse peak, and then vibrated. 

The vibration peak value gradually 
decreased and tended to be zero. Finally, 
the impact force was totally unloaded, and 
the impact process was very short (about 
0.00582 seconds). The displacement and 
strain did not stop when the impact was 
completed, and after a short delay (the 
difference between the peak reaching time 
of the impact force, and the peak reaching 
time of the displacement and strain, was 
0.03110 seconds) they reached peak values 
at the same time, and then tended to be 

horizontal. The deformation recovered 
with a certain residual deformation. The 
peak duration was approximately 0.09563 
seconds, and the ascending phase of the 
peak value was observed to be steeper than 
the descending phase.

The displacement and strain history 
curves were relatively simple, that is, rising 
from the origin to the peak, then decreas-
ing and becoming stable, the impact time 
history curve was slightly different. The 
influence of the reinforcement ratios on 
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the impact force is discussed further on in 
this study. The time history curves of the 
impact forces of the five specimens under a 
drop-hammer height of 8 m were selected 
for comparison purposes, as shown in 
Figure 7.

As can be seen in Figure 7, the rein-
forcement ratios had only small effects on 
the durations of impact forces. The S10-12 
specimen had the minimum reinforce-
ment ratio, and the duration of the impact 
force was observed to be only slightly 

increased, with an obviously small peak 
value of the impact force. These findings 
indicated that the column had low rigidity, 
with large plastic deformation during the 
impact process. The time to reach the peak 
value of the impact force was observed 
to be reduced with the increases in the 
reinforcement ratios, which indicated that 
the increases in the reinforcement ratios 
improved the rigidity of columns, and 
reduced the impact times. When the time 
history curve of the impact force rises 

and reaches the peak, different degrees of 
oscillation appear, especially the oscillation 
degree of specimen S10-12 is weak, which 
is because the stiffness of S10-12 specimen 
is insufficient, the damage of S10-12 is 
large, and the impact energy consumption 
is larger. The time history curves of S10-16 
and S8-20 were different from those of 
other specimens, indicating that the pres-
sure sensors on the impact hammer were 
not stable after the impact, and had little 
influence on the test results.

Figure 8 Velocity-impact force fitting curve: (a) S10-12, (b) S6-20, (c) S10-16, (d) S8-20, (e) S10-20
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reinforcement ratio-impact 
force response analysis
For each impact, the height of the drop 
weight was recorded, the speed of the boat 
model hitting the specimen was measured 
and recorded with the laser velocimetry 
system, and the peak impact force meas-
ured by the pressure sensor was recorded, 
as shown in Table 4.

In this study, a fitting process was 
conducted on the peak values of the impact 
forces during each impact, with the impact 
velocities of the five specimens. It was 
found that the linear fitting was good, and 
the results are shown in Figure 8.

As can be seen in Figure 8, the peak 
values of impact forces increased with the 
growth of the impact velocities, and they 
showed an approximately positive linear 
correlation. The different reinforcement 
ratios were found to have no major influ-
ence on the linear correlations between 
the peak values of impact forces and the 
impact velocities. After four cumulative 
impacts, each impact increased the damage 
to the test piece, reduced the stiffness of 
the test piece, and the impact force changed 
accordingly, that is, the cumulative dam-
age of the test piece was different, and the 
impact force growth rate was different. 
Therefore, the slope of the velocity-impact 
force fitting curve indirectly reflected the 
cumulative damage to the test piece, and the 
cumulative damage to the test piece with 
different reinforcement ratios was different 
(the same as the displacement and strain). 
The slope of the velocity-impact force fitting 
curves (ranked as per the increases in the 

reinforcement ratios) were sequentially 0.53, 
0.69, 0.69, 0.368 and 0.56, which indicated 
that the reinforcement ratios had no major 
influence on the growth speeds of the peak 
values of the impact forces.

In order to analyse the influence of the 
reinforcement ratios on the peak values 
of impact forces under the same velocity, 
the average velocities (1.14 m/s, 2.09 m/s, 
2.68 m/s and 3.37 m/s) of the specimens 
were used as comparison. The relationship 
between the peak values of impact forces 
and the reinforcement ratios is shown in 
Figure 9.

The peak values of the impact forces 
were shown to increase with increases in 
the reinforcement ratios under the same 
impact velocity, as detailed in Figure 9. 
When the reinforcement ratio was 
increased from 1.25% to 2.21%, the peak 
value of the impact force was increased 
by 34.70% on average, which indicated 
a large amplitude of increase. When the 
reinforcement ratio was increased from 
2.21% to 3.46%, the peak value of the 
impact force was increased by 19.44% 
on average, which indicated a smaller 
amplitude of increase. The turning 

Table 4 Test results of the impact forces

sample 
number

drop  
height

impact velocity (m/s) impact 
force

(n)

sample 
number

drop  
height

impact velocity (m/s)
impact 

force (n)average value 
(measured value)

average value 
(measured value)

S10-12

2 m 1.14 (1.30) 69 744.76

S8-20

2 m 1.14 (1.16) 89 182.21

4 m 2.09 (1.88) 107 139.83 4 m 2.09 (2.12) 154 903.54

6 m 2.68 (2.79) 195 909.62 6 m 2.68 (2.44) 208 480.62

8 m 3.37 (3.72) 222 660.27 8 m 3.37 (3.30) 268 708.08

S6-20

2 m 1.14 (1.17) 94 575.73

S10-20

2 m 1.14 (0.87) 120 802.68

4 m 2.09 (2.12) 151 208.9 4 m 2.09 (2.19) 189 659.68

6 m 2.68 (2.71) 217 656.41 6 m 2.68 (2.71) 241 561.85

8 m 3.37 (3.28) 279 084.21 8 m 3.37 (3.18) 285 244.04

S10-16

2 m 1.14 (1.22) 83 325.49

4 m 2.09 (2.12) 191 926.35

6 m 2.68 (2.75) 235 400.86

8 m 3.37 (3.35) 269 865.94
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point at which the peak value of the 
impact forces increased with the increase 
of the reinforcement ratios occurred 
at approximately 2.21%. This was an 
advancement of approximately 0.3% when 
compared with the maximum impact 
turning point for ordinary steel reinforced 
concrete structures, with increases in 
the reinforcement ratios as described by 

Mi et al (2017). It was determined in this 
study that the reinforcement ratios had a 
relatively larger influence on the impact 
forces when the reinforcement ratio was 
large. This is due to the fact that the 
concrete cracks and the reinforcement 
played the main roles after multiple 
impacts, resulting in the reinforcement 
ratios having more obvious influences on 

the impact forces. These results confirmed 
that, under the conditions of this study’s 
testing process, the increases in the 
reinforcement ratios improved the rigidity 
of the specimens to a large extent, and 
increased the impact force. Furthermore, 
the influences on the rigidity of the 
specimens after multiple impacts were 
found to be more significant.

Figure 10 Velocity-displacement fitting curve: (a) S10-12, (b) S6-20, (c) S10-16, (d) S8-20, (e) S10-20
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reinforcement ratio-displacement 
response analysis
For each impact, the height of the drop-
hammer was recorded, the speed of the boat 
model hitting the specimen was measured 
and recorded with the laser velocimetry 
system, and the maximum displacement 
measured by the pull rod displacement 
meter was recorded, as shown in Table 5

A fitting process was conducted on the 
peak values of the roof displacements of 
each impact and the impact velocities of 
the five specimens. It was determined that 
the linear fitting was good, with results as 
shown in Figure 10.

As can be seen in Figure 10, the 
displacement peak values increased with 
the growth of the impact velocities, and 
displayed an approximately positive linear 
correlation. The reinforcement ratios were 
determined to have no major influence on 
the linear correlations between the replace-
ment peak values and the impact velocities. 
The slopes of the velocity-displacement 
fitting curves (ranked as per the growth of 
the reinforcement ratios) were sequentially 
0.53, 0.74, 0.61, 0.60 and 0.53, with the 
exception of the S10-12 specimen with a 
smaller reinforcement ratio, in which the 
growth speed of the displacement peak 
value was observed to decrease with the 
growth of the reinforcement ratios.

In accordance with the linear relation-
ship of the velocity-displacement, the 
average speeds (1.14 m/s, 2.09 m/s, 2.68 m/s 
and 3.37 m/s) of the specimens under the 
designed drop-hammer height were taken 
as the comparison speeds. The relationship 

between the displacement peak values 
and the reinforcement ratios is shown in 
Figure 11.

As detailed in Figure 11, the peak values 
of the roof displacements decreased with 
the increases in the reinforcement ratios 
under the same impact velocity. When the 
reinforcement ratio increased from 1.25% 
to 2.21%, the peak value of the displace-
ment decreased by 20.13% on average, 
which indicated a larger amplitude of 
decrease. However, when the reinforcement 
ratio increased from 2.21% to 3.46%, the 
peak value of the displacement decreased 

by 14.32% on average, which indicated a 
relatively smaller amplitude of decrease. 
The turning point in which the displace-
ment peak value increased with the rein-
forcement ratio was approximately 2.21%. 
This suggested that the influences of the 
reinforcement ratios on the displacement 
peak values were obvious under the same 
impact velocities.

reinforcement ratio-strain 
response analysis
For each impact, the height of the drop-
hammer was recorded, the velocity of 

Table 5 Roof displacement test results

sample 
number

drop  
height

impact velocity (m/s)
displacement

(mm)
sample 
number

drop  
height

impact velocity (m/s)
displacement 

(mm)average value 
(measured value)

average value 
(measured value)

S10-12

2 m 1.14 (1.30) 7.77

S8-20

2 m 1.14 (1.16) 4.14

4 m 2.09 (1.88) 10.88 4 m 2.09 (2.12) 9.03

6 m 2.68 (2.79) 16.75 6 m 2.68 (2.44) 12.12

8 m 3.37 (3.72) 20.22 8 m 3.37 (3.30) 16.81

S6-20

2 m 1.14 (1.17) 5.12

S10-20

2 m 1.14 (0.87) 2.41

4 m 2.09 (2.12) 10.11 4 m 2.09 (2.19) 8.71

6 m 2.68 (2.71) 15.49 6 m 2.68 (2.71) 11.69

8 m 3.37 (3.28) 20.40 8 m 3.37 (3.18) 14.71

S10-16

2 m 1.14 (1.22) 4.25

4 m 2.09 (2.12) 9.35

6 m 2.68 (2.75) 12.86

8 m 3.37 (3.35) 17.32
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Figure 11 Reinforcement ratio-displacement curve
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the boat model hitting the specimen was 
measured and recorded with the laser 
velocimetry system, and the peak value of 
the steel bar strain measured by the steel 
bar strain gauge was recorded, as shown in 
Table 6.

A fitting process was conducted on the 
#3 reinforcement strains of each impact and 
impact velocities of the five specimens, and 

it was determined that the linear fitting was 
good. The results are shown in Figure 12.

Figure 12 illustrates that the peak values 
of the strain increased with the growth 
of the impact velocities, displaying an 
approximately positive linear correlation. It 
was observed that the different ratios of the 
reinforcements had no significant influence 
on the linear correlations between the peak 

values of the strain and the impact veloci-
ties. The average increase rates (ranked 
as per the increases in the reinforcement 
ratios) of the peak values of the strain were 
0.61, 0.52, 0.60, 0.48 and 0.41 in sequence. 
Also, the growth rates of the strain peak 
values of the reinforcements decreased 
with the increases in the reinforcement 
ratios overall.

Figure 12 Velocity-strain fitting curve: (a) S10-12, (b) S6-20, (c) S10-16, (d) S8-20, (e) S10-20
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In this research study, in accordance 
with the linear relationship of the velo city 
and strain, the average speeds of the five 
specimens (1.14 m/s, 2.09 m/s, 2.68 m/s 
and 3.37 m/s, respectively) at the designed 
drop-hammer height were taken as the 
comparison speeds. The relationship 
between the strain peak values and the 
reinforcement ratios was as shown in 
Figure 13.

As can be seen in Figure 13, the strain 
peak values decreased with the increases 
in the reinforcement ratios under the 
same impact velocity overall. When the 
reinforcement ratio was increased from 
1.25% to 2.21%, the peak value of the strain 
was reduced by 39.63% on average, which 
indicated a larger amplitude of decrease. 
However, when the reinforcement ratio 
increased from 2.21% to 3.46%, the peak 
value of the strain was decreased by 
27.40%, which indicated a relatively smaller 
amplitude of decrease. The turning point 
in which the strain peak values increased 
with the increases in the reinforcement 
ratios occurred at approximately 2.21%. 
For example, when the reinforcement ratio 
was increased from 2.08% and 2.21%, the 
variations of strain fluctuated. This was 
determined to possibly be due to the differ-
ent reinforcement methods.

damage detection and analysis
In this study it was observed that the initial 
crack of each specimen occurred at the 
bottom area of the impacted surface. The 
crack developed towards the middle area 

from the bottom of the impacted surface 
with the increased impact velocity. Then, 
the back area of the impact point also 
began to undergo cracking. It was observed 
that, with the continuous increases in the 
impact velocity, the cracks at the back of 
the impacted area developed towards the 
middle-upper area, and the increases in 
the reinforcement ratios had only a smaller 
influence on the crack development mode. 
Then, when the impact velocity reached a 
certain degree, larger cracks occurred at 
the bottom section of the front impacted 

surface (approximately 150 mm from 
the bottom), which became the fixed 
main crack. It was found that part of the 
concrete at the bottom of the impacted 
back area was crushed, and a small part 
of the concrete at the impact point in 
the middle of the front impacted surface 
was also crushed, but without obvious 
cracks. At this point, a long and thin crack 
occurred in the middle of the back area of 
the impacted section. The failure mode of 
the specimen at the last impact is shown in 
Table 7.

Table 6 #3 strain test results

sample 
number

drop height

impact velocity (m/s)

#3 strain
sample 
number

drop height

impact velocity (m/s)

#3 strainaverage value 
(measured value)

average value 
(measured value)

S10-12

2 m 1.95 (2.10) 0.00152

S8-20

2 m 1.95 (1.89) 0.00063

4 m 2.76 (2.68) 0.00190 4 m 2.76 (2.81) 0.00126

6 m 3.39 (3.44) 0.00281 6 m 3.39 (3.32) 0.00166

8 m 3.91 (3.83) 0.00340 8 m 3.91 (3.98) 0.00230

S6-20

2 m 1.95 (1.95) 0.00054

S10-20

2 m 1.95 (1.89) 0.00026

4 m 2.76 (2.82) 0.00126 4 m 2.76 (2.84) 0.00093

6 m 3.39 (3.45) 0.00166 6 m 3.39 (3.45) 0.00126

8 m 3.91 (3.99) 0.00205 8 m 3.91 (3.99) 0.00155

S10-16

2 m 1.95 (1.90) 0.00072

4 m 2.76 (2.80) 0.00151

6 m 3.39 (3.43) 0.00210

8 m 3.91 (3.97) 0.00240
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Figure 13 Reinforcement ratio-strain curve
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Table 7 Width of the main crack

sample number front bottom frontal middle back bottom back middle

S10-12

    

S6-20

    

S10-16

    

S8-20

    

S10-20
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Through the analysis conducted in this 
study, a certain regularity in the width 
and length of the main cracks was found, 
and such regularity could be regarded as 
the basis by which to evaluate the damage 
degrees of the specimens. Therefore, the 
measurements of the widths and lengths 
of the main crack of each specimen under 
each impact event were taken, as shown in 
Table 8.

Table 8 reveals that the widths and 
lengths of the main cracks of the speci-
mens decreased with increases in the rein-
forcement ratios under the same impact 
velocities. These findings confirmed that 

the reinforcements played the main roles 
after the tension failures of the concrete 
had occurred, and the increases in the 
reinforcement ratios effectively improved 
the impact resistance performances of 
the piers.

In accordance with conclusions detailed 
by Yubin et al (2014), the ultrasonic velo-
city was found to have a high sensitivity 
to the detections of the impact damages. 
Therefore, 20 measurement points were 
chosen from the middle and bottom sec-
tions of the specimens, along the height 
direction. Then an ultrasonic test instru-
ment was used to measure the sound 

velocity of an ultrasonic wave penetrating 
through the concrete at each measurement 
point along the diameter direction. The 
average value of the 20 measurement points 
was obtained in order to assess the overall 
damage status of the specimens, as shown 
in Table 9.

Table 9 illustrates that the average 
ultrasonic velocity at the measurement 
points decreased after each impact event. 
It can be seen that the specimen had dif-
ferent degrees of damage after each impact. 
This indicated that the variations in the 
ultrasonic velocity reflected the damage 
degrees of the concrete to a certain degree. 
The total decreases in the ultrasonic 
velocity after four impact events were 
used to assess the damage of each of the 
specimens. Therefore, under the condi-
tions of this study’s testing process, it was 
concluded that the concrete damage was 
decreased by 12.81% on average when the 
reinforcement ratio was increased from 
1.25% to 3.46%. These findings confirmed 
that the increases in the reinforcement 
ratios reduced the concrete damage to a 
certain extent.

conclusions
During this study’s examination of the 
impact forces and dynamic responses of 
pier models with different reinforcement 
ratios under the same impact energy, the 
following main conclusions were reached:

 ■ Under the same impact energy effect, 
the time history curve of the impact 
force, time history curve of the roof 
displacement, and time history curve 
of the reinforcement at the bottom of 
the front impact surface with different 
reinforcement ratios, displayed consist-
ent variation tendencies.

 ■ The peak value of the impact force 
showed an almost linear positive cor-
relation with the impact velocity. For 
example, when the reinforcement ratio 

Table 8 Widths and lengths of the main cracks

sample 
number

longitudinal 
reinforcement 

ratio

2 m 4 m 6 m 8 m

width
(mm)

length 
(mm)

width
(mm)

length 
(mm)

width
(mm)

length 
(mm)

width
(mm)

length
(mm)

S10-12 1.25% 0.12 427 0.252 512 0.315 534 0.421 565

S6-20 2.08% 0.1 320 0.14 342 0.21 484 0.29 534

S10-16 2.21% 0.12 299 0.18 321 0.20 485 0.24 521

S8-20 2.77% 0 0 0.04 214 0.06 432 0.09 489

S10-20 3.46% 0 0 0.02 198 0.05 386 0.08 451

Table 9 Changes in the ultrasonic velocity in the concrete

sample 
number

drop 
height

average velocity (km/s)
decrease

(%)

total 
reduction 

(km/s)before the impact after the impact

S10-12

2 m 4.235 4.183 –1.23

–0.146
4 m 4.183 4.162 –0.50

6 m 4.162 4.161 –0.02

8 m 4.161 4.089 –1.73

S6-20

2 m 4.276 4.273 –0.07

–0.143
4 m 4.273 4.243 –0.70

6 m 4.243 4.201 –0.99

8 m 4.201 4.133 –1.62

S10-16

2 m 4.189 4.162 –0.64

–0.119
4 m 4.162 4.126 –0.86

6 m 4.126 4.100 –0.63

8 m 4.100 4.070 –0.73

S8-20

2 m 4.176 4.172 –0.10

–0.132
4 m 4.172 4.138 –0.81

6 m 4.138 4.047 –2.20

8 m 4.047 4.044 –0.07

S10-20

2 m 4.209 4.209 0

–0.127
4 m 4.209 4.163 –1.09

6 m 4.163 4.118 –1.08

8 m 4.118 4.082 –0.87
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was increased from 1.25% to 2.21%, 
the peak value of the impact force was 
increased by 34.70% on average, which 
indicated a larger amplitude of increase. 
However, when the reinforcement ratio 
was increased from 2.21% to 3.46%, 
the peak value of the impact force was 
increased by 19.44% on average, which 
indicated a relatively smaller amplitude 
of increase. It was determined that 
the turning point in which the peak 
values of impact forces increased with 
the increases in the reinforcement 
ratios was approximately 2.21%, which 
was an advancement of approximately 
0.3% when compared with ordinary 
steel bars.

 ■ The peak value of the roof displacement 
displayed an almost linear positive cor-
relation with the impact velocity. For 
example, when the reinforcement ratio 
was increased from 1.25% to 2.21%, 
the peak value of the displacement was 
decreased by 20.13% on average, which 
indicated a larger amplitude of decrease. 
However, when the reinforcement ratio 
was increased from 2.21% to 3.46%, 
the peak value of the displacement was 
decreased by 14.32% on average, which 
indicated a relatively gentle amplitude 
of decrease. It was determined that the 
turning point in which the displacement 
peak values increased with the increases 
in the reinforcement ratios occurred at 
approximately 2.21%.

 ■ The strain of the reinforcement at the 
bottom of the front impact surface 
showed an almost linear positive cor-
relation with the impact velocity. When 
the reinforcement ratio was increased 
from 1.25% to 2.21%, the peak value 
of the strain was decreased by 39.63% 
on average, which indicated a larger 
amplitude of decrease. However, when 
the reinforcement ratio was increased 
from 2.21% to 3.46%, the peak value of 
the strain was decreased by 27.40% on 
average, which indicated a relatively 
gentle amplitude of decrease. In this 
study, it was observed that the turning 
point in which the peak values of the 
strain increased with the increases in 
the reinforcement ratios occurred at 
approximately 2.21%.

 ■ Larger cracks occurred at the bottom of 
the impact surfaces, and were approxi-
mately 150 mm from the bottom. The 
widths and lengths of main cracks 
decreased with the increases in the rein-
forcement ratios. The ultrasonic velocity 

was shown to effectively reflect the con-
crete damage status, and higher vari-
ations in the sound velocity indicated 
more extensive damage. The concrete 
damage decreased with the increases 
in the reinforcement ratios. When the 
reinforcement ratios increased from 
1.25% to 3.46%, the damage was found 
to decrease by 12.81% on average.

To sum up, the reinforcement ratio of 
stainless steel pier increases to a certain 
extent to reduce the lateral displacement, 
steel strain and damage of the pier under 
lateral impact load, that is, to improve the 
impact resistance of the pier. Especially 
after concrete cracking, the effect is more 
obvious. On the basis of replacing com-
mon steel bar with stainless steel bar to 
solve the problem of bridge pier corrosion, 
in order to prevent impact accident, the 
reinforcement ratio of the bridge pier 
should be increased in a certain range of 
reinforcement ratios, especially at the bot-
tom of pier.
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introduction
Segregation is the separation of the con-
stituents of a fresh concrete or mortar. 
When segregation occurs in concrete, there 
is a concentration of coarse aggregates 
in some areas and fine aggregates in oth-
ers. Segregation results in non-uniform 
concrete with non-uniform distributions 
of engineering properties like strength, 
stiffness and time-dependent deformation 
with respect to substandard durability 
and structural performance (Panesar & 
Shindman 2012), which are likely to con-
tribute to higher maintenance costs and/or 
a shorter life expectancy.

Segregation may occur due to a con-
crete’s mix or its handling. For example, 
water quantity is known to influence the 
separation between mortar and aggregate 
(Li & Kwan 2013). To counter this risk of 
impacting long-term concrete strength, 
water-reducing admixtures are often 
used to minimise the quantity of mixing 
water required to produce concrete of a 
certain workability. Unfortunately these 
admixtures (plasticisers and fluidis-
ers, among others) may cause excessive 
bleeding or segregation (Uysal et al 2012; 
Hattori 1979). The problem occurs in 
regular concretes and those with highly 
cohesive concrete mixtures (Ghafoori & 
Diawara 2010; Job & Harilal 2014), such 

as those containing limestone filler. The 
problem is also a common risk in self-
consolidating concrete (SCC) (Khayat & 
Guizani 1997; Bauchkar & Chore 2014; 
Vakhshouri & Nejadi 2016).

Limestone filler is frequently used in 
SCC technology as a means to minimise 
segregation (Grzeszczyk & Podkowa 
2004). The air content influences con-
crete bleeding, as well as segregation. 
Larger volumes of air decrease viscosity 
and influence the volume of paste avail-
able to improve the flow (Beaupre 1994; 
Benaicha et al 2015). Furthermore, SCC, 
which has gained worldwide popular-
ity since its first introduction in 1990 
(Okamura & Ouchi 2003), is character-
ised by its ability to spread in place under 
its own weight without the need of exter-
nally applied compaction energy. The idea 
is that SCC is inherently better able to 
achieve reinforcement bar coverage and 
reduce honeycombing without the risk 
of vibrator-induced segregation. Thus, 
SCC can significantly improve the long-
term performance of in-situ concrete [as 
extensively discussed elsewhere, e.g. Xie 
et al (2002)]. With SCC, the segregation 
risk stems from its generally high fluidity; 
typically, an SCC mix has a water-cement 
ratio of about 0.4. The segregation gener-
ally occurs during placement (Khayat & 

characterising the segregation 
of self-consolidating concrete 
using ultrasonic pulse velocity
G Abdelouahab, B Abdelhalim, D F Laefer

Segregation is the unintentional separation of the fresh components of concrete or mortar, 
which can have negative impacts on the mechanical, transport and durability properties of 
the cured product. The problem is acute in self-consolidating concrete (SCC), because of its 
high fluidity level. To help evaluate segregation, this paper investigates the potential of using 
ultrasonic pulse velocity (UPV) as a means to identify and characterise segregation in traditional 
and SCC mixes. Fourteen different concrete mixes were tested using standard techniques 
(sieve and column) in comparison with the UPV-based test proposed herein. Six of the 14 
concrete mixtures were stable, as indicated by having sieve segregation indices lower than 
15% and segregation resistances (f ) higher than 95%. These six stable samples displayed UPV 
segregation index values (fu) approaching 100%. The remaining samples were found to be 
unstable concretes with sieve segregation index values higher than 15% and resistance index 
values lower than 65%. These concretes could also be clearly identified as unstable by a UPV 
segregation index lower than 80%. The UPV method provides a clean, quick and easy non-
destructive alternative for testing segregation of both fresh and hardened concrete.
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Feys 2010), and the resulting heterogene-
ities may compromise strength, deforma-
tion, and durability in those areas.

Segregation tests are usually performed 
on samples of fresh concrete or at the 
beginning of hardening (Okamura & 
Ouchi 2003; Shindoh & Matsuoka 2003; 
Rakesh 2015). A current test for this is the 
sieve stability test, which measures the 
portion of the fresh SCC sample passing 
through a 5 mm sieve. If the SCC has a 
poor resistance to segregation, it can eas-
ily pass through the sieve. Therefore, the 
sieved portion indicates the SCC stability 
 – likelihood to segregate (De Schutter 
2005). Another segregation test widely 
used with SCC is the column stability test 
(ASTM International 2017), in which the 
difference between the percentages by 
weight of coarse aggregate in the bottom 
and top sections are considered (Ambroise 
et al 1999; Rols et al 1999). In contrast, the 
column stability test involves the analysis 
of samples from the top and bottom parts 
of the column, to determine the propor-
tion of the coarse aggregate (Cussigh et al 
2003). This apparatus has been employed 
for over 35 years (Sidky et al 1981), evalu-
ated in several European countries, and 
considered sufficiently sensitive to the 
variations of SCC design for widespread 
adoption. Finally, the penetration test, in 
which a cylinder of pre-specified dimen-
sions is allowed to penetrate a fresh 
SCC sample, is another commonly used 
method. The penetration depth indicates 
a SCC’s stability level (De Schutter 2005). 
These tests allow estimating concrete seg-
regation in the material’s fresh state.

There are also non-destructive testing 
(NDT) approaches for hardened concrete 
(e.g. Kumavat et al 2014; Mesbah et al 
2011; Silva & Brito 2013). Of particular 
relevance is the work by Breul et al (2008) 
who used image analysis to estimate con-
crete segregation on-site. As part of that 
work, experiments on SCC and crushed 
particle concrete were conducted in 
16 cm diameter columns. Measurements 
were compared with results acquired on 
the same columns using a video-counting 
method. Concerning the segregation 
characterisation, image analysis seems 
well adapted and provides a fast map-
ping of the structure by interpolation. 
Gamma densitometry has also been 
used to evaluate segregation in SCC 
mixes (Schwhdenmann 2005; Li et 
al 2011; Kundu 2014). As many NDT 
methods have found application in the 

construction industry, intense research in 
this field has led to improved NDT equip-
ment, which has made data collection 
quicker and easier. With proper analysis 
of these NDT results more is possible 
beyond simple quality checks, including 
possible prediction of important material 
parameters (Sanish & Manu 2012). While 
effective, deployment issues remain that 
preclude rapid, widespread usage of these 
NDT techniques.

As a work-around to those challenges, 
the ultrasonic pulse velocity (UPV) 
method was introduced for both field 
and laboratory work and is the most 
widely used NDT test for the inspection 
and evaluation of concrete structures 
today. UPV is mainly deployed for the 
determination of the dynamic modulus of 
elasticity and Poisson’s ratio (Huet 1982). 
Using UPV, Naik and Malhotra (1991), 
and Malhotra and Carino (1991) dem-
onstrated that the relationship between 
compressive strength and pulse velocity 
was non-linear. They concluded that sev-
eral parameters can interfere, including 
the composition of the concrete and its 
moisture content. While there are exist-
ing standards that propose correlations to 
overcome these difficulties (e.g. RILEM 
1973; ASTM International 2009; British 
Standards Institute 2004), heterogene-
ity creates dispersions of the pulsations 
(Xiong et al 2011), which complicates 
matters, as these dispersions are caused 
by indirect factors such as the origin of 
the concrete mixture and the problems 
of casting in-situ (e.g. over-vibration, 
or placement from too high a height). 
However, early work in applying UPV to 
concrete, such as the work by Zülfü et al 
(2008) on the correlation between ultra-
sonic velocity and compressive strength, 
by Abdelhalim and Abdelouahab (2011) 
on the estimation of a concrete’s porosity, 
by Kumavat et al (2014) on general condi-
tion assessment, and by Abdelouahab and 
Abdelhalim (2016) on the segregation of 
ordinary concrete, show the potential 
of the technique, but do not assess its 
robustness when applied to a variety of 
SCC mixes, which is the focus of the new 
research presented herein.

Specifically, the aforementioned initial 
efforts indicated UPV as a promising 
technology for studying concrete segrega-
tion, a topic to which UPV has not been 
regularly employed. The opportunity to 
use it arises from the heterogeneity in 
concrete pulse dispersions (Silva & Brito 

2013; Kundu 2014) that can be caused by 
indirect factors, such as the origin of the 
aggregates, the mixture’s ingredients, and 
problems of consolidation (vibration) dur-
ing concrete placement. The work herein 
proposes that concrete density variation 
through the height of an element can 
be determined by UPV, noting that the 
elastic modulus can be influenced by the 
large aggregates in concrete versus only 
the small aggregates in the mortar. Thus, 
the objective of this experimental study 
is to analyse correlations between vari-
ous segregation indices and UPV outputs 
in SCC mixes to assess the viability of 
UPV for on-site segregation evaluation. 
Ultimately, this work aims to propose a 
rapid, non-destructive method of charac-
terising segregation in fresh SCC mixes.

research significance and 
eXPeriMental Procedure
This paper presents comparative experi-
mental work on 14 different self-compact-
ing concrete samples using two standard 
techniques (sieve and column) in com-
parison to the herein proposed UPV-based 
test using a testing procedure introduced 
by Abdelouahab and Abdelhalim (2016). 
Correlations were performed with respect 
to various segregation indices to test 
whether the UPV method is efficient and 
reliable compared to traditional methods. 
The UPV was used to determine differ-
ences between the samples’ top and bottom 
sections as cast. The study also concerns 
the exploration of correlations between the 
different parameters studied amongst self-
compacting concrete samples.

To understand the potential applica-
bility and reliability of UPV to identify 
segregation problems in SCC mixes, an 
experimental programme was devised. 
The scope of that work involved the fol-
lowing: sieve stability tests, as described 
by EFNARC (2005), column stability tests 
(e.g. Cussigh et al 2003; British Standards 
Institute 1986; Sonebi 2005; Rooney & 
Bartos 2001), and UPV testing (newly 
developed). All are described below.

sieve stability test as per 
en 12350-11 (en 2010)
Principle: The test aims to investigate the 
resistance of an SCC mix to segregation 
by allowing a 10 L sample to undergo 
static segregation for 15 minutes (in a 
bucket). Then the top layer of the sample 
(4.8 kg ± 0.2) is poured into a 5 mm 
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sieve. Some mortar then passes through 
the sieve. An index π (the mass percent-
age of the sample passing through the 
sieve) is determined using Equation 1 
and expressed in terms of the nearest 1% 
(AFGC 2000). The amount of material 
passing through the sieve indicates the 
propensity towards segregation.

π = 
Mcs

Mc
 ∙ 100 (1)

Where:
 Mcs =  mass of concrete collected 

through the 5 mm sieve opening 
size

 Mc =  initial mass of the top layer.

column stability test
Principle: In this test, fresh concrete 
is placed in a tube (cross-section = 
100 × 100 mm, height = 500 mm). 
Concrete is then taken from the top 
(A = 100. 100. 100 mm) and bottom 
(B = 100. 100. 100 mm) parts of the 
column. After being washed through a 
sieve, samples are analysed to determine 
the proportion of coarse aggregate. Only 
aggregates greater than 5 mm in size are 
analysed. An index f is determined as per 
Equation 2 to an accuracy of ±1%.

f = 
Mα

A

Mα
B

 ∙ 100 (2)

Where:
 Mα

A =  coarse aggregate mass in the top 
part (retained on 5 mm sieve 
 opening size)

 Mα
B =  coarse aggregate mass in the 

 bottom part (retained on 5 mm 
sieve opening size).

Proceedings ultrasonic test
Principle: Based on the techniques of 
segregation characterisation used in the 
column stability test (British Standards 
Institute 1986), UPV can be used for 
material in its fresh state or at the begin-
ning of hardening (Hamidian et al 2012) 
to determine an ultrasonic segregation 
index fu and to establish correlations 
between the last index, the sieve seg-
regation index π, and the segregation 
resistance f. The ultrasonic coefficient of 
segregation resistance will be proposed as 
per Equation 3 to an accuracy of ±1%.

 
fu = 

VA

VB
 ∙ 100 (3)

Where:
 VA =  VfA – VeA : Propagation velocity ratio 

in the top section (A) between the 
filled mould and the empty mould

 VB =  VfB – VeB : Propagation velocity ratio 
in the bottom section (B) between 
the filled mould and the empty 
mould, respectively (Figure 1).

 Vf =  is the propagation velocity in a zone 
of the filled mould

 Ve =  is the propagation velocity in a zone 
of the empty mould.

The pulse velocity is known to be affected 
significantly by the type and amount 
of aggregate (Bullock & Whitehurst 
1959; Jones 1962; Popovics et al 1990). 

In general, the pulse velocity of cement 
paste is lower than that of aggregate. 
According to several studies (e.g. Bullock 
& Whitehurst 1959; Kaplan 1959; Jones 
1962), at the same strength level concretes 
with higher aggregate content give higher 
pulse velocities.

The samples were tested using ultra-
sound for determination of the velocities 
of the longitudinal ultrasonic waves. UPV 
tests were conducted for each sample 
using a portable ultrasound model E58 
and pulses with a 54 kHz frequency 
(Figure 2).

An average of three readings per 
sample was taken, as reported herein. The 
actual testing procedures are described 

A

B

3.94 in
(100 mm)

3.94 in
(100 mm)

19.68 in
(500 mm)

i i

Cut i-i

3.94 in
(100 mm)

3.94 in
(100 mm)

VA

VB

Direct transmission

(b)

(a)

Figure 1  Measurement procedure: segregation resistance by ultrasound pulse velocity: 
(a) velocity propagation on Parts A and B, (b) tube steel moulds
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in ISO1920-7 (ISO 2004). The principle 
of the test is that the pulse of the lon-
gitudinal vibrations is produced by an 
electro-acoustical transducer (transmit-
ter). After traversing a known path length 
in the concrete, the pulse vibrations were 
converted into electrical signals by a sec-
ond transducer “receiver” (IAEA 2002). 
Electronic timing circuits enable the 
transit time of the pulse to be measured 
and, thus, the velocity of the pulse to 
be calculated. This involved developing 
a series of mixes (as will subsequently 
be described) and applying two com-
mon tests (sieve and column), as well 
as the proposed UPV method. For each 
sample, a segregation index f was gener-
ated according to the three procedures. 
The UPV test method and the column 
test method measured both the segrega-
tion and plastic sedimentation; plastic 
sedimentation is affected by segregation, 
bleeding and setting time. In contrast, 
the sieve stability method only measured 
segregation.

Materials
The experimental materials were sourced 
locally in Algeria, including an ordinary 
Portland cement (CEM II-A, 42.50), a 
limestone filler (a 0/80 μm) to modify the 
viscosity, and a polycarboxylate type based 
superplasticiser. The crushed fine aggre-
gates had a maximum grain size of 5 mm, 
a fineness modulus of 2.56, and a specific 
gravity of 2.53. The coarse aggregates had 
a maximum size of 15 mm and a specific 
gravity of 2.67. The chemical composition 
of the local Portland cement and mineral 
admixtures are given in Table 1 (the values 
are from manufacturers), along with a few 
performance characteristics of various 
components. The particle size distributions 
of the limestone filler, fine aggregate and 
coarse aggregate are shown in Figures 3 
and 4.

Mixture proportions
This work aims to assess the applicability of 
ultrasonic velocity measurements to various 
SCC mixtures to determine segregation. As 
such, the concrete formulations were based 
on methods described by Okamura and 
Ouchi (2003) and Bensebti (2008). In the 
research herein, the proportion of coarse 
aggregate was fixed at 50% with sand as 40% 
of the total volume of the mixture (cement, 
sand, filler and water). Ideally, the volume 
of the SCC paste should allow the concrete 
to flow, while minimising the cost of the 

(b)(a)

Figure 2  The UPV equipment used: (a) ultrasonic device, (b) transducers which used 54 kHz

Table 1 Physical and chemical properties of the materials used

 factor cement* limestone filler* superplasticiser*

CaCO3 (%) – 98.00 –

CaO (%) 55–65 56.03 –

SiO2 (%) 22–28 0.04 –

AL2O3 (%) 5–6 0.08 –

Fe2O3 (%) 3–3.6 0.02 –

MgO (%) 1–2 0.17 –

K2O (%) 0.3–0.6 0.02 –

NaO2 (%) 0.1–0.16 0.05 –

SO3 (%) 1.8–2.5 0.0021 –

CaOL (%) 0.8–1.8 – –

cl- 0–0.01 0.0033 < 1

Loss on ignition (%) – 43 –

Density (kg/l) 3.15 2.7 1.2

Blaine (cm2/g) 3 300–4 000 – –

pH – 9 8.2

Beginning of setting time (mn) ≥ 60 – –

End of setting time (mn) 150–250 – –

– Items not measured * Values are from manufacturers
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Figure 3  Particle size distribution of limestone of filler (permission for re-use granted by 
Entreprise Nationale des Granulats, Unité El Khroub)
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raw materials. The compositions of the 14 
mixtures tested are presented in Table 2. 
In all of the mixes, the binder quantity was 
held constant, and the ratios of the other 
constituents were varied: filler (0% to 20%), 

superplasticiser (1.7% to 2%) and water (32% 
to 48%). The 14 mixes represented two 
groups of material: a set of unstable mixes 
(C1-C8) likely to segregate (with sieve seg-
regation index values higher than 15% and 

resistance index values lower than 65%) and 
a set of stable mixes (C9-C14) unlikely to 
segregate. Within each group, the percent-
age of filler to binder was changed starting 
with 0% and eventually reaching 20%.

Table 2 Mix proportions

concrete

Proportions in kg/m3

gravel 
(5–15 mm)

sand 
(0–5 mm)

cement 
(c)

fillers 
(f)

water 
(w)

super-
plasticiser 

(sp)

a* = f/b  
(%)

b* = sP/b 
(%)

d* = w/b 
(%)

C01 775 736 495 0.0 237.8 9.91 0.00 2.00 48

C02 775 736 477 24 235.2 9.71 4.76 1.94 47

C03 775 736 460 46 232.5 9.50 9.09 1.88 46

C04 775 736 457 55 230.2 9.49 10.71 1.86 45

C05 775 736 454 64 227.8 9.48 12.28 1.83 44

C06 775 736 452 72 225.3 9.47 13.79 1.81 43

C07 775 736 450 81 222.8 9.46 15.25 1.78 42

C08 775 736 429 107 219.8 9.11 20.00 1.70 41

C09 775 736 618 0.0 198.0 12.35 0.00 2.00 32

C10 775 736 577 29 200.0 11.76 4.76 1.94 33

C11 775 736 550 55 200.0 11.37 9.09 1.88 33

C12 775 736 528 84 196.0 11.06 13.79 1.81 32

C13 775 736 509 102 195.0 10.75 16.67 1.76 32

C14 775 736 488 122 195.0 10.36 20.00 1.70 33

* [B; binder, (a=F/B); limestone filler-to-binder ratio, (b=Sp/B); superplasticiser-to-binder ratio, (d=W/B); water-to-binder ratio] 
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testing procedure
Firstly, a perforated plate sieve with 
square holes of 5 mm, a frame diameter 
of 300 mm, and a height of 40 mm were 
used for testing (ISO 2004). The test 
column used to evaluate the segregation 
resistance was a steel mould measuring 
500 mm in height and 100 × 100 mm 
in cross-section. This mould was also 
used for the UPV test, where transduc-
ers were attached to the outside of the 
steel column, which were coupled to the 
surface through a suitable medium (e.g. 
grease), at each of the two ends (Figure 1) 
(Kumavat et al 2014). These procedures 
were applied to the mixtures listed in 
Table 2. The temperature during mixing 
and testing ranged from 18°C to 22°C.

The experimental work conducted 
on the 14 mixes in Table 2 involved the 
following:

 ■ Sieving method using Equation 1
 ■ Column method using Equation 2
 ■ Ultrasonic velocities method proposed 

using Equation 3

Characterisation of fresh concretes 
SCC mixes require validation through 
all three of these tests (for “ordinary” 
concrete only one is required). A spread 
ranging between 640 mm and 720 mm, an 
H2/H1 ratio higher than 0.80 for the “L” 
box, and a sieve segregation index π rang-
ing between 0 and 15% are all necessary. 
Additionally, the tests should be conducted 
in-situ, as well as in the laboratory.

Characterisation of segregation
At the end of mixing, tests are immediately 
conducted to assess resistance to segrega-
tion. This was done firstly by the sieve 
segregation test, secondarily by UPV meas-
urement and, finally, by the column test.

For the column test, several segrega-
tion characterisation techniques have 
been reported in the literature (Kumavat 
et al 2014; Lowke et al 2003). In this 
case, the fresh concrete was placed in 
a tube (cross-section 100 × 100 mm, 
height 500 mm). The concrete was taken 
from the top (A = 100 × 100 × 100 mm) 
and bottom (B = 100 × 100 × 100 mm) 
parts of the column. After being washed 
through a sieve, the samples were ana-
lysed to determine the proportion of 
coarse materials within the aggregate. 
Segregation resistance f was expressed as 
the ratio between the coarse aggregate 
mass in the top part and the coarse 
aggregate mass in the bottom part where:

 ■ f > 0.95 corresponds to a good segrega-
tion resistance

 ■ f < 0.90 corresponds to a tendency 
towards segregation.

In the tests herein, tube forms were also 
used to determine a similar coefficient 
based on UPV ( fu). 

Ultrasonic velocity measurements
The ultrasonic coefficient of segrega-
tion resistance proposed will be as per 
Equation 3. In the temperature range from 
22°C ± 2°C and one hour after casting, 
the measurement consisted of determin-
ing the propagation time of sound waves 
through the fresh concrete at the upper 
(A) and lower (B) parts of the samples 
(Figure 1a, b). For this, a pair of transduc-
ers was used (Figure 2b), one serving as a 
source (emitter) and the other as a receiv-
er. Guided by EN 12504-4 (EN 2010), 
direct transmission mode was conducted 

after casting. The process used a sensor 
and a nominal frequency transmitter of 
54 kHz (Figure 2a), both standard in the 
industry. This nominal frequency limited 
the depth of propagation and the mini-
mum thickness of concrete that could be 
probed.

eXPeriMental results 
and discussion
The data on the slump flow test are given 
in Figure 5. Slump flow test results differed 
slightly from the allowable range; specifi-
cally, EFNARC (2005) suggested a slump 
flow value ranging from 600–750 mm for 
a concrete to be an SCC. At more than 750 
mm, the concrete might segregate, and at 
less than 600 mm, the concrete might have 
insufficient flow to pass though highly 
congested reinforcement. All the concretes 
studied herein had a slump flow higher 
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than 600 mm. Thus, these concretes pre-
sent an acceptable fluidity with no blockage 
risk, and conducting L-box tests to check 
the passing ability of the SCC was not nec-
essary. However, when the sieve stability is 
between 15% and 30% (Figure 6), the stabil-
ity is considered critical, and the specific 
testing of segregation is necessary (RILEM 
1973; ASTM International 2009; Sonebi 
2005; AFGC 2000). The tests of self-com-
pacting practised do not have any obvious 
relationship between them (Figure 6); they 
are not redundant, but complementary to 
one another and highlight different aspects 
of self-compacting. So practising only the 
on-site slump test is not indicative of an 
SCC (Mouret et al 2003). Daczko (2002) 
compared some mixtures with the same 
fluidity and obtained different levels of 
stability.

The amalgamated results for each 
of the three samples for the 14 mixes 
are presented for the UPV testing 
(Table 3), the column testing (Table 4), 
and the sieve testing (Table 5). Results 
of the ultrasonic segregation index are 
expressed as the ultrasonic velocity ratio 
of the upper part A to that of the lower 
part B. Tables 3–5 clearly show a division 
between the unstable and stable mixes 
(C1–C8 vs C9–C14). The results of the 
UPV test can be used to assess the segre-
gation resistance and to control the qual-
ity of concrete products, as will be further 
discussed in the section below.

discussion
As described in the results, the tests were 
only done on fresh mixes. As was noted, 
the first eight concrete mixes (C1–C8) 
were unstable, while the subsequent six 
mixes (C9–C14) were stable (60 mm > Sf 
< 75 mm, π < 15% and f < 95% following 
this fu < 98%). Each of the three testing 
methods confirmed the characterisation.

The UPV remained almost constant 
in the case of the stable mixes (C9–C14) 
(Table 3). For these concretes, the 
average standard deviation σ was 6.01 
m/s, with a minimum of 0.7 m/s and a 
maximum of 17 m/s. For the unstable 
concretes (C1–C8), the average standard 
deviation σ was 215.0 m/s, and ranged 
from a minimum of 157.7 m/s to a maxi-
mum of 285.7 m/s.

Similarly, the column test (Table 4) 
demonstrated that the coarse aggregate 
mass remained almost constant in the 
stable cases (C9–C14). For these con-
cretes, the average standard deviation σ 

Table 3 Ultrasonic testing results

Mixture
in m/s

side a side b σ*

C1 2 198 2 421 157.7

C2 2 229 2 515 202.2

C3 2 183 2 533 247.5

C4 2 232 2 520 203.6

C5 2 239 2 493 179.6

C6 2 165 2 514 246.8

C7 2 166 2 444 196.6

C8 2 132 2 536 285.7

C9 2 560 2 565 3.5

C10 2 567 2 580 9.2

C11 2 591 2 597 4.2

C12 2 560 2 561 0.7

C13 2 559 2 561 1.4

C14 2 533 2 557 17.0

* σ = the average standard deviation

Table 4 Column testing results

Mixture

in kg

top 
part a

top 
part b

σ

C1 0.46 0.78 0.23

C2 0.51 0.80 0.21

C3 0.43 0.80 0.26

C4 0.40 0.75 0.25

C5 0.44 0.95 0.36

C6 0.55 0.96 0.29

C7 0.49 0.86 0.26

C8 0.40 0.84 0.31

C9 0.71 0.74 0.02

C10 0.79 0.83 0.03

C11 0.75 0.79 0.03

C12 0.85 0.89 0.03

C13 0.71 0.73 0.02

C14 0.71 0.74 0.02

Table 5 Summary of test results: ultrasonic, column and sieve coefficients

concrete

uPv coefficient column coefficient sieve coefficient

fu = va/vb 
(%)

f = a/b 
(%)

π
(%)

C1 90.80 ± 3.5 58.30 ± 0.1 24.08

C2 90.70 ± 0.4 64.30 ± 4.3 16.49

C3 88.20 ± 1.8 53.60 ± 5.1 16.84

C4 88.60 ± 0.8 52.00 ± 4.2 16.12

C5 89.50 ± 0.0 46.10 ± 4.6 16.08

C6 87.20 ± 1.2 58.50 ± 3.8 16.91

C7 87.20 ± 2.3 57.40 ± 1.8 16.23

C8 84.10 ± 0.3 47.70 ± 2.8 23.53

C9 99.80 ± 0.0 95.30 ± 0.7 06.60

C10 99.50 ± 0.3 95.20 ± 0.2 06.35

C11 99.80 ± 0.2 95.10 ± 0.5 03.30

C12 99.90 ± 0.2 95.10 ± 2.2 08.90

C13 99.90 ± 0.1 96.40 ± 1.6 04.67

C14 99.00 ± 0.6 95.30 ± 2.5 11.45
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was 0.025 kg and ranged only from 
0.02 kg to 0.03 kg. For the unstable 
concretes (C1–C8), the average standard 
deviation σ was an order of magnitude 
higher at 0.27 kg and ranged from 0.21 kg 
to 0.36 kg.

In the sieve test, results (Table 5) for 
C9–C14 were stable with sieve segrega-
tion indices lower than 15% and resis-
tance stability indices higher than 95%. 
Furthermore, the coefficients of segrega-
tion resistance remained almost constant 
in the stable cases (C9–C14). Each of the 
mixes C1–C8 was shown to be unstable, 
with a sieve segregation index exceeding 
15%. The average standard deviation σ 
was 18.28%, with a minimum of 16.08% 
and a maximum of 24.08%. For the stable 
concretes (C9–C14), the average standard 
deviation σ  was 7.22% and ranged from 
3.3% to 11.45%.

In the case of the stable mixes 
(C9–C14) the variation between their 
values did not exceed 0.9% for UPV 
[(C13 = 99.90) – (C14 = 99.00)], 1.30% 
for the column test [(C13 = 96.40) – 
(C11 = 95.10)] and 8.15% for the sieve test 
[(C14 = 11.45) – (C11 = 3.30)], respec-
tively. Based on the stability test results, 
samples C9–C14 can be considered highly 
satisfactory compared to other concretes, 
with respect to their stability. Notably, 
the stable mixes C9–C14 presented an 
ultrasonic index of segregation approach-
ing 100% (Table 5).

Figure 7 presents the variations of the 
water-to-binder ratio (W/B) versus the 
segregation level obtained for the three 
segregation tests for all mixes. In general, 
the increase in W/B led to a decrease 
of the UPV and column values and an 
increase of the sieve stability ratio across 
all 14 mixes. When the W/B was around 
0.33, the stability risk was clearly evident 
( fu > 098, f > 095 and π < 0.15), and 
increased when the W/B ratio exceeded 
0.41 ( fu < 098, f < 0.95 and π > 0.15). The 
W/B is the most significant parameter 
influencing the rheological properties 
of concretes. The relationship obtained 
between W/B and the different stability 
parameters used, show that this ratio 
influences them differently (Figure 7). 
Additionally, these relationships may not 
all be proportional.

The effect of W/B on the viscosity on 
the sieve segregation of mixtures is more 
dominant than other studied parameters. 
The W/B affects viscosity exponentially, 
as indicated by Libre et al (2010). The 
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effect of the water quantity is also illus-
trated in Figure 8.

Segregation appeared in all three 
tests with W/B ratios higher than 0.32. 
A decrease of this ratio by 19.51% (from 
a W/B of 41 to 33) caused a decrease 
in the indicators of the segregation π 
(sieve) of 51.33% and an increase of f 
and fu to 99.79% and 17.71%, respectively 
for the concretes with 20% fillers (C8, 
C14). Figure 9 shows the evolution of 
the three indicators of segregation ( fu, π 
and f ), with the filler/binder (F/B) ratio 
similar in both cases. The ultrasonic 
coefficient fu was less sensitive to the 
variation of the fines quantity in the 
concrete than the sieve coefficient π 
and column coefficient f, especially for 
unstable concretes. The variations were 
respectively, 6.6% [(C2, fu = 90.70) – (C8, 
fu = 84.10)], 7.04% [(C2, π = 16.49) – (C8, 
π = 23.53)], and 16.60% [(C2, f = 64.30) 
– (C8, f = 47.70)] for a 15.24% variation 
of the F/B ratio [(C2, F/B = 4.76) – (C8, 
F/B = 20)]. This is because UPVs were 
determined through the concrete (mor-
tar and gravel), whereas the resistance 
segregation index f related only to 
gravel. The pulse velocity was affected 
significantly by the F/B ratio (consider-
ing the two concrete groups: unstable 
and stable). The pulse velocity of the 
binder pulse was lower than that of the 
aggregate, but the consistency of paste 
affected the velocity more than the 
aggregates when the concrete was stable.

In Figure 10, for the stable mixes the 
standard deviation (SD) of each segrega-
tion test was plotted against the average 
results. For the column resistance test, 
at segregation ratios above 95% (the pro-
posed limit for non-segregating mixes), 
the average SD was 1.4% (Figure 10a). 
For the UPV column resistance test, at 
segregation ratios above 99% (the pro-
posed limit for non-segregating mixes), 
the average standard deviation was 0.28% 
(Figure 10b). In general, for all tests SDs 
were higher in the concrete where segre-
gation was present.

The stable concretes (C9–C14) were 
those having a sieve segregation index 
lower than 15%, (Figures 11 and 12). All 
of these concretes displayed an ultrasonic 
index fu in excess of 98%. For these mixes, 
when the difference of aggregate content 
in the column ( f ) did not vary by more 
than 5%, the segregation ultrasonic index 
fu did not change by more than 2%. These 
results demonstrate the efficacy of using 
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the ultrasonic pulse velocity method 
for segregation characterisation in fresh 
concrete. Therefore, it is necessary to 
suggest that the sieve stability index (π) 
should be reduced to 12%, while keeping 
the column segregation resistance index 
( f ) at 95%, and proposing the addition of 

the UPV segregation resistance index ( fu) 
at 99%, as per Figure 13.

conclusions
In this experimental study, a non-
destructive method was used to diagnose 

the homogeneity of the concrete in terms 
of segregation. Considering the two 
concrete groups, unstable and stable, a 
decrease in the W/B ratio led to distinc-
tive increases in the segregation indices 
fu, f and π. The ultrasonic segregation 
index fu was found to be less sensitive to 
the variation of the fines ratio than the 
segregation resistance index f. This was 
especially true for unstable mixes. The 
proportion of water was a major factor 
in segregation for SCC, as expected. The 
effect of the F/B ratio showed similar 
results. This was because the UPVs were 
determined through the cement paste and 
granular skeleton (the pulse velocity of 
binder was lower than that of aggregate), 
whereas the f index concerns gravel 
mass only.

The stable concretes (those having a 
sieve segregation index lower than 15%) 
all displayed resistance index f values 
higher than 95% and ultrasonic index fu 
values higher than 99%. In this study, the 
stable concretes (C9–C14) were highly 
identifiable regardless of the measuring 
methods and the water proportions used, 
but identification was especially easy with 
the UPV test results, which remained 
almost constant. The results found by 
UPV, and those found by traditional 
sieve and column tests were similar. As 
such, the usability of non-destructive test 
methods for evaluation of segregation of 
concrete was proven. This study showed 
the possibility to characterise concrete 
segregation with a clean, rapid, and easy-
to-use non-destructive method at an 
acceptable precision and level.

Future work should focus on more 
precise analyses of how the weight, nature 
of the gravel (the effect of geometry on the 
gravel segregation) and shape of the test 
piece (edge effect), as well as the frequency 
of the ultrasonic transducers, impact the 
outputs. Additional work is also needed 
to compare segregation measurements on 
fresh SCC with real in-situ segregation.
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introduction and 
bacKground
The role of technology in the economy has 
resulted in engineering education becom-
ing an important area of research. Both 
universities and employers have a desire 
to develop engineering graduates and 
diplomates possessing the competencies 
required by employers for a competitive 
and technology-driven global environment 
(Klein-Gardner & Walker 2011; Singer 
et al 2012; Besterfield-Sacre et al 2014). 
Government values the role of engineer-
ing professionals who contribute to the 
social, economic and human upliftment 
of South Africa (The Presidency of South 
Africa 2010; Taylor 2015). A study by 
the Engineering Council of South Africa 
(ECSA 2010) indicates that there is a 
severe shortage of engineering profes-
sionals (engineers, technologists and 
technicians) per capita of the population 
in South Africa, in comparison with other 
developed countries (Lawless 2007). There 
are approximately 1.4 technicians for every 

engineer in South Africa (Du Toit & Roodt 
2008; Wolff 2017). Du Toit and Roodt 
(2008) go on to state that, for developed 
countries, the ideal ratio would be four 
technicians to two technologists for every 
one engineer, and that both ECSA and the 
Engineering Association of South Africa 
(ECSA & EASA 1995) deem this ratio to 
be four technicians per one technologist 
and one engineer. A lack of civil engineer-
ing graduates and diplomates have been 
equated as a contributing reason for 
ongoing poor service delivery at municipal 
level (Lawless 2007; Du Toit & Roodt 2008; 
Lawless 2011; Watermeyer & Pillay 2012). 
It is, therefore, not surprising to find that 
the civil engineering technician is amongst 
the occupations highest in demand in 
South Africa (Department of Higher 
Education and Training 2016).

Increasing the output of civil engineer-
ing graduates and diplomates who possess 
the contemporary sets of knowledge, skills 
and attitudes to respond to the modern-day 
workplace and a competitive economic 

eastern cape employers’ 
views on the strengths 
and weaknesses of civil 
engineering diplomates 
entering the workplace
F Gerber, K J Mammen

Employer perceptions in the Eastern Cape Province of South Africa have been reviewed to 
determine whether universities within the province produce civil engineering diplomates 
who meet industry’s expectations. A questionnaire, which contained 30 questions (closed and 
open-ended), was designed to allow employers to assess the strengths and weaknesses of the 
students’ academic training. These were distributed to a purposive sample of 546 employers 
using a web-based survey approach. Sixty-five percent of the targeted population who opened 
the invitations populated the questionnaire. The survey yielded an overall response rate of 28% 
(based on invitations sent). The data gathered was statistically analysed. The results indicate 
that employers deem the competencies of diplomates to be “neither high nor low”, when 
employers are considered as a single, comprehensive cohort. Within employer representative 
subgroups statistically significant differences were, however, observed. Of the competencies 
assessed, “individual and teamwork ability” received the highest and “engineering design 
ability” the lowest rating. Overall, the results indicate that employers within the Eastern Cape 
Province are reasonably satisfied with the competencies of newly qualified diplomates, but 
point to the need for the strengthening of “engineering design ability”, “professional and 
technical communication ability” and “problem-solving ability” competencies within the 
diploma programme curriculum.



Journal of the South african institution of civil engineering Volume 61 Number 1 March 2019 39

environment is, therefore, an important 
educational objective in South Africa 
(Lawless 2007; Lawless 2011; Watermeyer 
& Pillay 2012; Taylor 2015, Naicker 2017). 
Engineering faculties in South Africa, 
while striving to increase their output, are 
being placed under increased scrutiny from 
industry to determine whether their gradu-
ates and diplomates have the range and 
level of competencies required in the work-
place. Studies conducted by the Council for 
the Built Environment (CBE 2014) and the 
online survey study by the South African 
Institution of Civil Engineering (SAICE 
2016) reflect the desire to better under-
stand the perceived gap between graduate 
and diplomate competencies and the 
expectations of industry. The findings of 
the CBE study were that graduates were not 
“work ready” and that they lacked the skills 
and attributes required by employers. The 
report also recommended that additional 
research be conducted to establish the 
“competence situation” within the specific 
context of the industry (CBE 2014). The 
SAICE survey, in turn, sought the views of 
industry regarding the quality of the pro-
grammes offered by the various engineer-
ing departments at both universities and 
universities of technology, as well as the 
extent of employment offered to graduates 
and diplomates from the respective institu-
tions. SAICE’s 2017 president, Sundran 
Naicker, deduced that the survey findings 
indicated that tertiary level graduates and 
diplomates from certain institutions were 
considered to be better qualified than 
their counterparts from other institutions 
(Naicker 2017).

south african regulatory 
framework and its implications 
for engineering education
The Higher Education Act of 1997 
assigns overall responsibility for quality 
assurance in higher education to the 
Council on Higher Education (CHE), 
through its permanent sub-committee, 
the Higher Education Quality Committee 
(HEQC). Criteria 18 and 19 of the HEQC’s 
Handbook on Programme Accreditation 
Criteria specify, amongst others, that 
surveys, reviews and impact studies on the 
effectiveness of all programmes need to be 
conducted, and that the results need to be 
used to improve the programmes’ design 
and delivery (CHE 2012). In 2006, the CHE 
and HEQC entered into a Memorandum 
of Understanding (MoU) with ECSA, 
whereby ECSA was delegated to undertake 

the quality assurance functions of the 
HEQC with regard to the undergraduate 
engineering programmes. ECSA, therefore, 
has the statutory responsibility of accredit-
ing the engineering programmes offered at 
undergraduate level and conducts regular 
accreditation evaluation visits to institu-
tions that offer engineering programmes. 
One of the reasons for this, as cited in the 
ECSA policy on accreditation inspections, 
is to establish “… whether the Diplomates 
and Graduates from the respective pro-
grammes are ready for employment …” 
(ECSA 2013: 5).

Accreditation criteria consider the 
structure, learning outcomes, educational 
process, resourcing and sustainability of 
the programme to determine if the qual-
ity of the programme is adequate. This 
means, inter alia, that both the programme 
and the work performed by the students 
must meet the specified ECSA Exit Level 
Outcomes (ELOs) applicable for that 
programme. ECSA has developed quality 
assurance documents that contain stan-
dards, criteria, policies and procedures that 
the education provider must comply with 
in order to secure accreditation (ECSA 
2013). These quality assurance documents 
include a Higher Education Qualifications 
Sub-Framework (HEQSF)-compliant 
Diploma qualification in engineering 
(ECSA 2016). It is, therefore, clear that the 
HEQC and ECSA, in fulfilling their func-
tions as accreditation bodies, require the 
curriculum and outcomes of engineering 
undergraduate programmes to be suitably 
aligned to the competency requirements 
and expectations of employers. The impor-
tance of accreditation, as an independent 
quality assurance process, cannot be 
underestimated. It is, after all, there to 
assure the public of the quality of these 
programmes (ECSA 2013: 5), even though 
some of the engineering programmes only 
achieve full accreditation after multiple 
ECSA visits, this being as a result of defi-
ciencies not being adequately addressed. 
In some instances programme deficiencies 
are only resolved once the professional 
body notifies the institution of its intention 
to withdraw programme accreditation. 
It is, therefore, questionable whether the 
awarding of accreditation for a programme 
is, indeed, sufficient for employers to be 
assured that graduates and diplomates 
are both ready for the workplace and suf-
ficiently equipped to continue with their 
learning within the profession. Ballim et al 
(2014) point out that both the curriculum 

and the teaching and learning process at a 
university could be compromised if meet-
ing the requirements of an external instru-
ment, such as accreditation, becomes the 
primary focus of teaching. ECSA’s accredi-
tation policy states that universities have 
an obligation to “assess the impact of the 
programme and to show how the results 
are used to improve the programme” 
(ECSA 2014: 8). There is, however, no 
stipulation in the ECSA document as to 
how the impact of the programme must be 
assessed. Whilst employer representatives 
give direct input on the programme dur-
ing the accreditation process, universities 
often fail to provide evidence on the impact 
of their programmes, despite this being 
ECSA and HEQC requirements (CHE 2012; 
ECSA 2014). Providing information on the 
impact of these programmes is particularly 
important to historically disadvantaged 
institutions, as it is mostly programmes 
from these institutions that are criticised 
for the poor quality of tuition (Cape Higher 
Education Consortium (CHEC 2013)), 
resulting in the perception that graduates 
and diplomates from these institutions are 
the least preferred candidates when seeking 
employment in industry (Naicker 2017).

The aim of this study was to gather and 
assess the perceptions of civil engineering 
employer representatives on the competen-
cies of civil engineering diplomates enter-
ing the workplace from the two universities 
in the Eastern Cape Province which offer 
the Diploma in Civil Engineering. Employer 
studies are considered useful instruments 
that can contribute to understanding the 
links between learning, competencies 
and job requirements. This paper makes 
a contribution to the body of knowledge 
on engineering education, given the 
limited research that has been conducted 
on employers’ perceptions regarding the 
readiness of civil engineering diplomates 
entering the workplace The empirical data 
collected and the results will assist univer-
sities and employers to develop diplomates 
who possess the competencies required for 
a competitive and technologically driven 
global environment. These results will 
enhance universities’ awareness of public 
expectations for higher education diplo-
mates to be more directly prepared for the 
workplace.

literature review
Employer surveys have been widely 
used by universities as part of the 
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quality assurance processes to identify 
and address possible deficits within their 
educational programmes (Allahverdi & 
Aldowaisan 2015; Elrod et al 2015; Gwyn 
& Gupta 2015). Other international studies 
which explored how well graduate compe-
tencies and industry needs were aligned 
included both publications and articles, 
as was reported by Neilsen (2000) in 
Australia, Besterfield-Sacre et al (2014) in 
the United States, Ridgman and Liu (2014) 
in the United Kingdom and China, Peng et 
al (2016) in China, and Vadivu et al (2016) 
in India.

Walther and Radcliffe (2007: 42) state 
that “… competence can be conceptualised 
as an iceberg where the skill and knowledge 
domain form the tip, visible above the 
waterline, and traits, self-conception and 
motives make up the base.” They argue that 
universities concentrate on the parts of 
the competency iceberg that are above the 
waterline, whilst companies tend to focus 
on the parts of the competency iceberg 
below the waterline. Panels of experts tend 
to define graduate attributes for engineer-
ing programmes as broad aspirational 
goals that only point in a general direc-
tion, whereas industry, in contrast, has a 
more detailed competency profile for each 
particular position in the organisation. 
This study draws from Holland’s theory of 
vocational behaviour, which suggests that 
each environment, whether it be a work 
environment or an academic discipline, 
has a distinctive pattern of competencies, 
values, attitudes, interests, and self-percep-
tions. The importance of understanding 
what the competencies are that are valued 
in the workplace is highlighted in the stud-
ies undertaken by Riordan and Goodman 
(2007), Passow (2012), and Passow and 
Passow (2017).

Additional research conducted in South 
Africa, and which overlaps with this study, 
includes that of Griesel and Parker (2009) 
who undertook a baseline study of South 
African graduates from the perspective 
of the employer. Their findings indicated, 
amongst others, that there was a real need 
to address the disparity between employer 
expectations and higher education out-
comes. Ngetich and Moll (2013) focused 
on the relationship between industry and 
newly graduated engineers, and examined 
the effectiveness and efficiency of graduates 
in the workplace. Hauschildt and Brown 
(2013), in their study, described a compe-
tence diagnostics project that focused on 
assessing the competence of students who 

had completed their vocational engineer-
ing qualifications. Kraak and Du Toit (see 
CHEC 2013) conducted a study on behalf 
of the Cape Higher Education Consortium 
in order to determine the levels of “gradu-
ate employment and unemployment” as 
well as identify the different pathways from 
higher education into the world of work 
(CHEC 2013).

All of the above studies point to an 
increased public expectation for higher 
education graduates and diplomates to 
be better prepared for the world of work. 
Employer studies are, therefore, useful 
instruments which can contribute to 
understanding the links between learn-
ing, competencies and job requirements 
(Teichler & Höhle 2013). This study was 
initiated in an attempt to explore these 
links. An overview of these studies indi-
cates that employer surveys have been 
widely used as part of the quality assurance 
process at universities in order to identify 
and address possible deficits within their 
educational programmes, and to determine 
how well graduate competencies and the 
needs of industry are aligned. In terms 
of competencies, universities concentrate 
on the skill and knowledge domain, while 
companies tend to focus on traits, self-
conception and motives. South African 
studies on employers’ perspectives indi-
cated, amongst others, that there is a real 
need to understand and address the gaps 

between employer expectations and higher 
education outcomes, so that graduates and 
diplomates are more effective and efficient 
when they enter the workplace.

MethodologY
This section discusses the methods and 
techniques used to collect and analyse the 
data for the study, i.e. the sample popula-
tion, data collection procedures and data 
analysis instruments.

sampling
Purposive sampling was adopted to elicit 
responses from members of the three 
Eastern Cape branches of SAICE, as well 
as members from the two branches of 
the Institute of Municipal Engineering of 
Southern Africa (IMESA) in the Eastern 
Cape Province. The selection was based 
on the experience and professional profile 
information as contained in the branch 
member databases of SAICE and IMESA, 
respectively. A total of 546 employer repre-
sentatives were selected for the sample.

instrument
A descriptive and evaluative question-
naire was developed as the data collection 
instrument. The questionnaire was cre-
ated using Survey Monkey (http://www. 
surveymonkey.com). The instrument 
had a total of 30 questions, consisting of 

Table 1 Summary of invitations and responses to survey questionnaire

Number of mail invitations sent 546

Number of mail invitations that were opened 234

Percentage of mail invitations that were opened 42.86%

Number of mail invitations that were not opened 301

Percentage of mail invitations that were not opened 55.13%

Number of mail invitations that bounced 10

Percentage of mail invitations that bounced 1.83%

Number of respondents who chose to opt out of the survey 1

Percentage of respondents who chose to opt out of the survey 0.18%

Number of respondents who partially completed the survey 27

Percentage of respondents who partially completed survey 4.95%

Number of respondents who fully completed the survey 124

Percentage of respondents who fully completed the survey 22.71%

Number of respondents who completed the survey, either partially or fully 151

Percentage of respondents who completed the survey, either partially or fully
(based on the total number of invitations that were sent)

27.66%

Percentage of respondents who completed the survey, either partially or fully
(based on the total number of invitations that were opened)

64.53%

http://www.surveymonkey.com
http://www.surveymonkey.com
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multiple choice, Likert scale and open-
ended questions. It included questions on 
the regional/geographical location of the 
respondent, the type and size of organisa-
tion, academic qualifications, professional 
status, field(s) of specialisation, job designa-
tion, gender, age, years of experience and 
race. The invitation, which was sent to the 
participants, included both an information 
page and a link to the online survey. The 
respondents were asked to rate the compe-
tencies of civil engineering diplomates, who 
had qualified from Eastern Cape tertiary 
institutions, when entering the workplace.

Piloting
A pilot study was conducted with five 
experienced employer representatives. 
Following the completion of the question-
naires, a face to face discussion was con-
ducted with the pilot study participants to 
obtain verbal feedback. The data collected 
was used to enhance the face and construct 
the validity of the questionnaire.

data collection
The questionnaire was distributed to 
the sample (n = 546) through email 
messages, with a web-based link to the 

questionnaire. The email message also 
contained a detailed information sheet that 
explained the purpose of the survey, ethical 
considerations and a request for consent 
to willingly participate in the survey. The 
respondents were provided with the oppor-
tunity to opt out of the survey, either at the 
start or during the survey.

response rate
A total of 151 responses were received 
which resulted in a response rate of 27.66%. 
A follow-up reminder was sent to everyone 
who had not yet responded within the 
stipulated return date and this was fol-
lowed by a final reminder thereafter. The 
results indicated that 64.53% of those 
who opened the mail message went on to 
populate the questionnaire (fully or par-
tially), although some opted out. The high 
number of unopened emails can possibly 
be attributed to the firewalls and filters 
that many organisations have, given that 
such firewalls can identify messages sent 
in bulk as spam mail. As pointed out by a 
participant in the sample group, such spam 
mail is often not seen by recipients, as they 
do not always open their spam mail.

data analysis
The data was analysed for descriptive 
statistics using the software Statistical 
Package for the Social Sciences (SPSS) 
Version 20. The results of the closed-ended 
questions were presented using descrip-
tive statistics such as frequency tables and 
charts which were plotted using SPSS and 
Microsoft Excel. Comparisons of Likert 
scale variables were cross-tabulated and 
the categorical data sets were analysed in 
terms of the Shapiro-Wilk normality test, 
followed by Mann-Whitney, Kruskal-Wallis 
statistical tests and the Dunn-Bonferroni 
post hoc test of pairwise comparisons. 
Open-ended questions were reported in 
descriptive statements. A summary of 
selected results is given below.

results
Table 1 shows the distribution of both the 
invitations and the responses received. Of 
the 151 responses received, 124 were com-
plete and 27 partly completed.

The overall response rate of 27.66% is 
deemed satisfactory, given that a response 
rate of between 10% and 20% of the popula-
tion in descriptive research is considered 
to be reasonable (Gay et al 2011). Archer 
(2008) pointed out that, if the primary 

Figure 1  Number of civil engineering diplomates from University 1 employed by respondents’ 
organisation (n = 104; university identities were shown in the question)
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Figure 2  Number of civil engineering diplomates from University 2 employed by respondents’ 
organisation (n = 106; university identities were shown in the question)
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goal of the survey was to measure quality, 
then low response rates may yield just as 
meaningful results if a reasonable breadth 
and range of the population sample was 
reached, as was the case in this study.

employment of civil 
engineering diplomates
It was deemed useful to establish, firstly, 
how many civil engineering diplomates 
from each of the two universities in the 
Eastern Cape had been employed by the 

respondents in the last five years. The 
results of the number and distribution of 
employment provided by the respondents 
are shown in Figures 1 and 2.

The average number of diplomates 
employed by the respondents from universi-
ties 1 and 2 were 4.98 and 5.01, respectively. 
This indicates that the respondents had an 
almost equal recruitment rate of diplomates 
from the two universities that offer civil 
engineering diplomas during the five-year 
period (2012–2016) in the Eastern Cape.

rating of graduate competencies
The question that was posed to partici-
pants for this section was: “On average, 
how would you rate the competency 
of diplomates from universities within 
the Eastern Cape (i.e. diplomates from 
University 1 and University 2) in the 
following areas?” The respondents were 
required to rate each of the following 
competencies:

 ■ Ability to apply scientific and engineer-
ing knowledge

 ■ Ability to conduct/investigate well-
defined problems

 ■ Ability to use appropriate engineering 
methods, skills, tools and Information 
Technology

 ■ Engineering design ability
 ■ Independent learning ability
 ■ Individual and teamwork ability
 ■ Problem-solving ability
 ■ Professional and technical communica-

tion ability
 ■ Show an understanding of the impact 

that engineering activities can have on 
society

 ■ Understanding of and alignment with 
engineering professionalism

 ■ Understanding of workplace practices.
The above competencies are similar to 
those contained in the ECSA Qualification 
Standard (ECSA 2016). However, and for 
practical reasons, abbreviated wording was 
used given that the full ECSA descriptions 
are quite lengthy. The respondents had 
to make a choice on the competency of 
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Figure 3  Employer ratings on the competencies displayed by civil engineering diplomates (n = 111)

Table 2 Descriptive statistics for competency ratings (n = 111)

competency description Mean s.d.

skewness Kurtosis shapiro-wilk

value
standard 

error
statistic

standard 
error

statistic df sig

Problem-solving ability 3.027 0.868 –0.053 0.229 –0.059 0.455 .888 111 .000

Ability to apply scientific and engineering knowledge 3.063 0.845 –0.489 0.229 0.327 0.455 .858 111 .000

Engineering design ability 2.874 0.843 –0.126 0.229 0.036 0.455 .878 111 .000

Ability to conduct, investigate well-defined problems 3.045 0.802 –0.082 0.229 0.232 0.455 .868 111 .000

Ability to use appropriate engineering methods, skills, 
tools & IT

3.135 0.757 –0.487 0.229 0.384 0.455 .835 111 .000

Professional and technical communication ability 2.937 0.845 –0.339 0.229 –0.607 0.455 .854 111 .000

Show understanding of impact of engineering 
activities on society

3.144 0.784 –0.376 0.229 0.283 0.455 .853 111 .000

Individual and teamwork ability 3.360 0.748 –0.702 0.229 0.590 0.455 .817 111 .000

Independent learning ability 3.099 0.904 –0.274 0.229 –0.176 0.455 .889 111 .000

Understanding of and alignment with engineering 
professionalism

3.063 0.845 –0.213 0.229 0.015 0.455 .878 111 .000

Understanding of workplace practices 3.045 0.846 –0.086 0.229 –0.256 0.455 .882 111 .000

S.D. = Standard Deviation
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diplomates based on the following rating 
scale: “very low”, “low”, “neither high nor 
low”, “high” and “very high”. In order to 
assess the importance of the competencies 
(on the basis of the responses), the ratings 
were treated as a five-point ordinal Likert 
scale, with a linear allocation of values (1, 2, 
3, 4, 5) given to the rating increments from 
“very low” to “very high”. It is acknowledged 
that it cannot be stated for certain that the 
interval between “very low” and “low” is 
equivalent to the interval between “low” 
and “neither high nor low”. The practice to 
treat ordinal data as though it were interval 
level data, and conduct statistical tests that 
are appropriate for interval level data, is 
not uncommon in research in the social 
sciences, and may be permissible if the sta-
tistical analytical procedure that one is con-
sidering, as well as the substantive meaning 
and the interpretability of the statistics one 
is computing, is based on informed, sound 
judgement (Virginia Tech n.d.; Griesel & 
Parker 2009; Nic & Rarr 2013).

The results were analysed using a two-
prong approach consisting of an analysis 
based on the overall cohort response, as 
well as an analysis based on subgroup 
responses. The respective results obtained 
are indicated below.

graduate competency ratings 
based on overall response
The mean ratings of respondents on the 
competency of civil engineering diplomates 
are presented in Figure 3.

The overall mean of eleven ratings was 
3.07. The “individual and teamwork ability” 
competency had the highest rating at 3.36. 
The competencies of “show understanding 
of the impact that engineering activities 
can have on society” and “ability to use 
appropriate engineering methods, skills, 
tools and Information Technology” were 
the competencies with the second and third 
highest ratings. The “engineering design 
ability” competency received the lowest rat-
ing at 2.87, followed by the competencies of 
“professional and technical communication 
ability” and “problem-solving ability”. The 
top and bottom ratings broadly concur with 
the findings of Nielsen (2000), and Griesel 
and Parker (2009), who also reported low 
competency ratings for newly qualified 
graduates and diplomates in the areas of 
communication, understanding workplace 
practices and problem-solving abilities.

Statistical testing was performed to 
establish whether the distribution of the 
data met the statistical requirements of 

normality. Establishing whether the data 
meets the criteria for normality is neces-
sary to ensure that the appropriate statisti-
cal testing method is used when analysing 

the data further. Table 2 shows the results 
of skewness, kurtosis and the Shapiro-Wilk 
normality test, which are three statistical 
methods to assess normality. Skewness 
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Figure 4  Rating distribution for the competency “individual and teamwork ability”
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Figure 5  Rating distribution for the competency “engineering design ability”
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relates to the symmetry of the distribution 
(or lack thereof), while kurtosis indicates 
the pointiness (degree of peakedness) of the 
distribution. In a perfectly normal distribu-
tion the values for skewness and kurtosis 
would be zero. If the statistic for skewness 
and kurtosis is not zero a z-score can be 
calculated as follows:

 Z Skewness = 
Skewness-0

Standard Error Skewness  

 Z Kurtosis = 
Kurtosis-0

SE Kurtosis

A z-scores greater than 1.96 or less than 
–1.96 is significant at p < 0.05, which means 
that the distribution of such data meets the 
criteria of normality. The z-scores calculated 
indicate that some, but not all of the data 
sets considered met the criteria of normality.

In addition to skewness and kurtosis, 
the data sets were subjected to the Shapiro-
Wilk normality test. This test compares the 
scores in the sample to a normally distrib-
uted set of scores with the same mean and 
standard deviation. The null hypothesis for 
this test is that the “sample distribution is 
normal” with the test significant if p < 0.05. 
The Shapiro-Wilk test results, as shown in 
Table 2, have p values below 0.05 for all the 
data sets. This signifies a rejection of the 
null hypothesis, which implies that none of 
the data sets should be treated as normally 
distributed and non-parametric statistical 
testing should be applied in the analysis of 
the data.

Figure 4 shows the distribution of rat-
ings for the “individual and teamwork abil-
ity” competency, which is the competency 
with the highest mean.

Figure 5 shows the distribution of rat-
ings for the “engineering design ability” 
competency, which is the competency with 
the lowest mean.

diplomate competency ratings 
based on subgroup responses
The respondents were divided into sub-
groups, consisting of various categories 
which were drawn from the demographics 
collected in the questionnaire, in order 
to establish whether there were any sig-
nificant differences in the ratings within a 
particular group. The compilation of these 
subgroups was based on regional location, 
organisation type, organisation size, aca-
demic qualifications, professional status, 
field(s) of specialisation, job designation, 
gender, age, race and years of experience.

Non-parametric statistics were used for 
the analysis of the data sets. The results 
were further analysed to establish whether 
there were significant differences in the 
responses provided in terms of the respec-
tive subgroups, which included regional 
location of the respondent, the type of 
organisation, the size of their organisation, 
their academic qualifications, professional 
status, field(s) of specialisation, job des-
ignation, gender, age, years of experience, 
and race.

Non-parametric statistics, which do not 
assume normality in the distribution of 
the data, were used to compare the ordinal 
variables (competencies) with the categorical 
variables (subgroups). Where the categori-
cal variable consisted of two independent 
groups, e.g. “gender” (female and male) and 
“race” (black and white), the Mann-Whitney 

test was used, and  instances where the cate-
gorical variable consisted of three or more 
independent groups, the Kruskal-Wallis test 
was used. Both tests make use of ranked 
data. A significance level of 5% was used 
in all hypothesis tests, which meant that if 
p < 0.05, the null hypothesis that “there are 
no differences between the distributions 
of competencies among the subgroup”, 
was rejected.

Figure 6 shows the results for the 
Mann-Whitney test, together with the 
distribution of the data for the compe-
tency “problem-solving ability” within the 
subgroup “race”. The p value (asymptotic 
significance) for the example shown is 
less than 0.05, which means that the null 
hypothesis is rejected.

Figure 7 shows the results for the 
Kruskal-Wallis test for the competency 
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Figure 6  Rating distribution for the competency “problem solving ability” within the subgroup 
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“understanding of workplace practices” 
within the subgroup “organisation type”. 
The test summary results are supple-
mented with a box-and-whisker diagram, 
with the median displayed as the solid 
horizontal line, the box depicting the 
spread and skewness of the data, the 
lines extending vertically from the boxes 
indicating the variability outside the upper 
and lower quartiles, and the outliers shown 
as individual points (the small circles). In 
the example shown in Figure 7, the p value 
(asymptotic significance) is 0.005, which is 
less than the significance level of p < 0.05 
set for the hypothesis test, which means 
that the null hypothesis that “there are 
no differences between the distributions 

Table 3  Dunn-Bonferroni test of pairwise comparisons for the competency “understanding of 
workplace practices” within the subgroup “organisation type”

sample 1–sample 2
test 

statistic
standard 

error

standard 
test 

statistic
sig adj siga

Consulting–Construction 11.963 13.894 .861 .389 1.000

Consulting–Parastatal –17.249 11.878 –1.452 .146 .879

Consulting–Gov/semi gov –26.741 7.857 –3.404 .001 .004

Construction–Parastatal –5.286 17.654 –.299 .765 1.000

Construction–Gov/semi gov –14.778 15.242 –.970 .332 1.000

Parastatal–Gov/semi gov 9.492 13.430 .707 .480 1.000

Each row tests the null hypothesis that the Sample 1 and Sample 2 distributions are the same.
Asymptotic significances (2-sided tests) are displayed. The significance level is .05.
a Significance values have been adjusted by the Bonferroni correction for multiple tests.

Table 4  Subgroups with significant/not significant differences in distribution of competency ratings (n = 111)
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Region

Algoa (a)

n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s.Amathole (b)

Transkei (c)

Gender
Female (a)

n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s.
Male (b)

Position

Director (a)

n.s. n.s.
a/e
b/e
c/e

n.s. n.s. n.s.
a/c
b/c
b/e

n.s. n.s. n.s. n.s.

Senior manager (b)

Manager (c)

Group leader (d)

Technician (e)

Mentor (f)

Age

29–39 yrs (a)

n.s. n.s.
a/b
a/c

a/d n.s. n.s. n.s. n.s. n.s. n.s. a/d
40–49 yrs (b)

50–59 yrs (c)

60 yrs + (d)

Experience

9 yrs or less (a)

a/d
b/d

n.s.
a/c
a/d
a/e

b/c
b/d
b/e

n.s. n.s. n.s. n.s.

a/e
b/d
b/e
c/e

n.s.
a/d
a/e

10–19 yrs (b)

20–29 yrs (c)

30–39 yrs (d)

40 yrs + (e)

Organisation 

Construction (a)

b/c b/c n.s. b/c n.s. n.s. c/d a/b n.s. b/c b/c
Consulting (b)

Gov/semi gov (c)

Parastatal (d)

Race
Black (a)

a/b a/b a/b a/b n.s. a/b a/b n.s. a/b a/b a/b
White (b)

n.s. = not significant
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of competencies among the subgroup”, is 
rejected.

Significance in the Kruskal-Wallis 
omnibus test only indicates that at least 
two of the tested parameters are statisti-
cally different, but does not specify exactly 
where these differences are. Multiple 
comparison tests were performed to assess 
whether the distribution of competency 
ratings differed with statistical significance 
within the subgroups.

Table 3 shows the post hoc test results 
from analysing the data described in 

Figure 7. This indicates that the statistical 
difference within the specific subgroup was 
located in the Consulting-Government/
semi-government pairings, as a result of 
the p value being below 0.05.

The darkly shaded cells in Table 4 
indicate the categories within a subgroup 
for which the distribution of competency 
ratings differ with statistical significance. 
Of the eleven competency descriptions 
that were tested, the highest number of 
significant differences were found to be 
within the subgroups “organisation type” 

and “race”. There were no significant 
differences in the distribution of compe-
tency ratings for the subgroups “regions 
(geographical location of respondents)” 
and “gender”.

In terms of individual competencies, 
respondent ratings for the competency 
“ability to use appropriate engineering 
methods, skills, tools and IT” showed no 
significant differences across any of the 
seven subgroups. The competencies “engi-
neering design ability”, “ability to conduct/
investigate well-defined problems” and 

Table 5 Ranked mean ratings across and within subgroups (n = 111)

subgroup and
subgroup category
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Age: 60 yrs + 17 2.65 2.82 2.65 2.53 3.00 2.59 2.88 3.06 2.76 2.65 2.59 2.74

Age: 50–59 yrs 17 2.82 2.82 2.65 2.88 3.12 2.94 3.06 3.29 2.94 3.00 3.00 2.96

Age: 40–49 yrs 22 3.05 3.00 2.64 3.00 3.27 2.77 3.23 3.27 3.14 3.09 2.91 3.03

Age: 29–39 yrs 55 3.20 3.24 3.11 3.27 3.13 3.11 3.22 3.51 3.24 3.20 3.25 3.25

Experience: 40 yrs + 10 2.60 2.70 2.40 2.40 2.80 2.50 2.70 2.90 2.50 2.60 2.50 2.60

Experience: 30–39 yrs 16 2.50 2.75 2.63 2.75 3.00 2.69 2.94 3.25 2.75 2.75 2.75 2.80

Experience: 20–29 yrs 20 3.15 2.90 2.75 2.85 3.30 3.00 3.35 3.25 3.25 3.05 2.95 3.07

Experience: 9 yrs or less 18 3.28 3.17 3.28 3.06 3.17 3.00 3.11 3.56 3.17 3.11 3.39 3.21

Experience: 10–19 yrs 47 3.15 3.28 2.96 3.36 3.17 3.06 3.23 3.47 3.26 3.26 3.17 3.21

Gender: Male 98 3.02 3.07 2.87 3.03 3.15 2.92 3.14 3.36 3.07 3.06 3.01 3.06

Gender: Female 13 3.08 3.00 2.92 3.15 3.00 3.08 3.15 3.38 3.31 3.08 3.31 3.13

Organisation: Consulting 81 2.85 2.93 2.79 2.89 3.06 2.81 3.09 3.26 2.99 2.95 2.88 2.95

Organisation: Parastatal 7 3.17 3.33 3.00 3.17 3.00 3.00 2.67 3.50 3.00 3.00 3.50 3.12

Organisation: Construction 5 3.40 3.00 3.00 3.60 3.40 3.40 3.40 4.20 3.20 3.20 3.20 3.36

Organisation: Gov/semi gov 18 3.67 3.67 3.22 3.61 3.44 3.33 3.56 3.56 3.61 3.56 3.61 3.53

Position: Senior manager 25 2.72 2.88 2.64 2.72 2.96 2.64 2.80 3.04 2.92 2.80 2.72 2.80

Position: Mentor 2 3.00 3.00 2.50 3.00 3.50 3.50 3.00 3.50 2.00 2.50 2.50 2.91

Position: Director 19 3.00 3.00 2.68 2.95 3.05 2.95 3.00 3.32 2.95 3.00 2.95 2.99

Position: Group leader 18 2.94 3.17 3.11 3.06 3.06 2.78 3.06 3.50 3.06 3.11 3.17 3.09

Position: Manager 34 3.15 3.03 2.82 3.24 3.21 3.12 3.44 3.50 3.26 3.21 3.24 3.20

Position: Technician 13 3.46 3.46 3.46 3.31 3.46 3.15 3.38 3.46 3.46 3.31 3.23 3.38

Race: White 60 2.67 2.78 2.60 2.77 3.02 2.67 3.02 3.23 2.88 2.82 2.70 2.83

Race: Black 51 3.45 3.39 3.20 3.37 3.27 3.25 3.29 3.51 3.35 3.35 3.45 3.35

Region: Transkei 12 2.67 2.67 2.58 2.83 2.75 2.58 3.00 3.17 2.92 3.17 2.92 2.84

Region: Algoa 47 2.98 3.06 2.83 3.04 3.21 2.89 3.17 3.53 3.13 3.02 3.00 3.08

Region: Amathole 52 3.15 3.15 2.98 3.10 3.15 3.06 3.15 3.25 3.12 3.08 3.12 3.12
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“understanding of workplace practices” had 
the highest number of significant differ-
ences across the subgroups.

The data was also analysed in terms of 
the ranked mean competency ratings for 
each subgroup. Table 5 shows the ranked 
mean values for all subgroup categories 
across the range of competencies. Colour 
coding, with dark red on the lower end 
and dark green on the upper end, was 
added to the table to accentuate the dif-
ferences within subgroups and across 
subgroup categories.

Table 6 shows the same data as in 
Table 5 but with the data re-arranged and 
ranked in terms of the mean competency 
ratings across all the subgroup categories.

The spread in the overall mean ratings 
range between 2.60 and 3.53. Graduate 
ratings for the subgroup category “respon-
dents with 40+ years of experience” yielded 
the lowest competency rating score, while 
the subgroup category of respondents 
“Government/semi government” rated 
diplomate competencies the highest. Lower 
ratings were given by older respondents, 

those holding senior positions and those 
who belonged to the white population 
group. Small differences were observed 
in the ratings within the respondent sub-
groups for “gender” and “regions”.

The results from Tables 5 and 6 are more 
comprehensible if the data is visually repre-
sented in the form of radar and bar charts. 
Figure 8 represents a bar chart to illustrate 
the distribution of ratings across the gender 
subgroup, while Figure 9 is a spider chart 
showing the ratings for the subgroup based 
on the respondents’ experience.

Table 6 Ranked mean ratings across all subgroup categories (n = 111)

subgroup and
subgroup category
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Experience: 40 yrs + 10 2.60 2.70 2.40 2.40 2.80 2.50 2.70 2.90 2.50 2.60 2.50 2.60

Age: 60 yrs + 17 2.65 2.82 2.65 2.53 3.00 2.59 2.88 3.06 2.76 2.65 2.59 2.74

Experience: 30–39 yrs 16 2.50 2.75 2.63 2.75 3.00 2.69 2.94 3.25 2.75 2.75 2.75 2.80

Position: Senior manager 25 2.72 2.88 2.64 2.72 2.96 2.64 2.80 3.04 2.92 2.80 2.72 2.80

Race: White 60 2.67 2.78 2.60 2.77 3.02 2.67 3.02 3.23 2.88 2.82 2.70 2.83

Region: Transkei 12 2.67 2.67 2.58 2.83 2.75 2.58 3.00 3.17 2.92 3.17 2.92 2.84

Position: Mentor 2 3.00 3.00 2.50 3.00 3.50 3.50 3.00 3.50 2.00 2.50 2.50 2.91

Organisation: Consulting 81 2.85 2.93 2.79 2.89 3.06 2.81 3.09 3.26 2.99 2.95 2.88 2.95

Age: 50–59 yrs 17 2.82 2.82 2.65 2.88 3.12 2.94 3.06 3.29 2.94 3.00 3.00 2.96

Position: Director 19 3.00 3.00 2.68 2.95 3.05 2.95 3.00 3.32 2.95 3.00 2.95 2.99

Age: 40–49 yrs 22 3.05 3.00 2.64 3.00 3.27 2.77 3.23 3.27 3.14 3.09 2.91 3.03

Gender: Male 98 3.02 3.07 2.87 3.03 3.15 2.92 3.14 3.36 3.07 3.06 3.01 3.06

Experience: 20–29 yrs 20 3.15 2.90 2.75 2.85 3.30 3.00 3.35 3.25 3.25 3.05 2.95 3.07

Region: Algoa 47 2.98 3.06 2.83 3.04 3.21 2.89 3.17 3.53 3.13 3.02 3.00 3.08

Position: Group leader 18 2.94 3.17 3.11 3.06 3.06 2.78 3.06 3.50 3.06 3.11 3.17 3.09

Region: Amathole 52 3.15 3.15 2.98 3.10 3.15 3.06 3.15 3.25 3.12 3.08 3.12 3.12

Organisation: Parastatal 7 3.17 3.33 3.00 3.17 3.00 3.00 2.67 3.50 3.00 3.00 3.50 3.12

Gender: Female 13 3.08 3.00 2.92 3.15 3.00 3.08 3.15 3.38 3.31 3.08 3.31 3.13

Position: Manager 34 3.15 3.03 2.82 3.24 3.21 3.12 3.44 3.50 3.26 3.21 3.24 3.20

Experience: 9 yrs or less 18 3.28 3.17 3.28 3.06 3.17 3.00 3.11 3.56 3.17 3.11 3.39 3.21

Experience: 10–19 yrs 47 3.15 3.28 2.96 3.36 3.17 3.06 3.23 3.47 3.26 3.26 3.17 3.21

Age: 29–39 yrs 55 3.20 3.24 3.11 3.27 3.13 3.11 3.22 3.51 3.24 3.20 3.25 3.25

Race: Black 51 3.45 3.39 3.20 3.37 3.27 3.25 3.29 3.51 3.35 3.35 3.45 3.35

Organisation: Construction 5 3.40 3.00 3.00 3.60 3.40 3.40 3.40 4.20 3.20 3.20 3.20 3.36

Position: Technician 13 3.46 3.46 3.46 3.31 3.46 3.15 3.38 3.46 3.46 3.31 3.23 3.38

Organisation: Gov/semi gov 18 3.67 3.67 3.22 3.61 3.44 3.33 3.56 3.56 3.61 3.56 3.61 3.53
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Qualitative comments from 
respondents on competency ratings
The respondents were invited to add 
comments while answering the questions. 
A number of respondents indicated 
that it was difficult to generalise, as 
the competencies of diplomates varied 
on an individual basis. Three of the 
respondents described this phenomenon 
as follows:

Difficult to answer as this depends highly 
on the individual.

It is difficult to put people in a box and 
they are very different.

Take note that company culture plays a 
big role on the expressiveness of the young 
graduates and gender.

The value of preparing a student for what 
is expected in the workplace before he/
she actually diplomates, appears to have a 
positive impact on respondent ratings. As 
one respondent stated: “The incumbents 
are in most cases students who have been in 
the employ of the company and have thus 
been trained and coaxed in these attributes, 
hence the good scores.”

Some respondents commented on 
the inability of diplomates to solve basic 
problems and the need to re-train them. 
The following, somewhat lengthy comment 
from one respondent summarises it:

“I think the areas covered are fine; however, 
the level of skill in these areas are generally 
very low. All the graduates we employed 
had to be trained from “ground level”. 
They generally say things like, “I think 
we did something like that at school,” but 
they have very poor knowledge and design 
knowledge, even with basic calculations 
like channel flow, simply supported beams, 
how to specify a pump, etc, which. they 
cannot do. We first train them to use 
AutoCAD and use them for drawings until 
they understand how things fit together. 
We then slowly start training them in basic 
design and report writing. We found that 
we cannot give them a basic problem and 
leave them to design it.”

discussion
A survey questionnaire was structured 
to gain insight on employer perceptions 
on the competencies of civil engineering 
diplomates, who qualified from universities 
within the Eastern Cape. The questionnaire 
focused on the views of employer repre-
sentatives from the Eastern Cape Province, 
and considered the profile of individual 
respondents and the type of organisations 
they represented. Ratings were collected 
for eleven descriptive competencies, and 
respondent results evaluated as a collective 
and in terms of subgroup cohorts.

For the respondents, as a collective, the 
quantitative results of this study indicate a 

mean overall diplomate competency rating 
of 3.07 (on a scale between 1.00 and 5.00), 
with the spread for the eleven competency 
ratings ranging between 2.87 and 3.36. 
The narrow range within which the com-
petency is located points to the competen-
cies deemed to be strengths as being “not 
very strong”, and the competencies viewed 
as weaknesses “not being very weak”. The 
three highest ranked competencies were 
“individual and teamwork ability”, “show 
understanding of impact that engineering 
activities can have on society” and “ability 
to use appropriate engineering methods, 
skills, tools and IT”. The “individual and 
teamwork ability (M = 3.36)” competency 
has a rating well above the rest of the 
other assessed competencies and its 
consistent high rating across all subgroups 
points to a general satisfaction amongst all 
types of employers with the ability of dip-
lomates to function meaningfully, both as 
individuals, and in team activities, when 
making their transition from university 
to the workplace. All the competencies, 
except for the highest-ranked, and two 
bottom-ranked competencies, yielded 
rating scores marginally above the scale 
midpoint of 3.00, which represents a com-
petency level of “neither high nor low”. 
It can, therefore, be deduced that, from 
an overall sector perspective, diplomates 
only just meet the minimum expectation 
levels of employers for the majority of the 
competency descriptors.

Ra
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3

2

1

0

Individual and teamwork ability
Problem-solving ability
Ability to apply scientific and engineering knowledge
Engineering design ability
Ability to conduct and investigate well-defined problems
Ability to use appropriate engineering methods, skills, tools and IT

Professional and technical communication ability
Show understanding for impact that engineering activities can have on society
Independent learning ability
Understanding of and alignment with engineering professionalism
Understanding of workplace practices

Male respondents (n = 98) Female respondents (n = 13)

Ratings: 5 = Very high, 4 = High,  
3 = Neither high nor low, 2 = Low, 1 = Very low

Figure 8  Diplomate competencies ratings per subgroup based on respondents’ gender (n = 111)
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The employers, as a collective, rated 
“engineering design ability” (M = 2.87), 
“professional and technical communication 
ability” (M = 2.93) and “problem-solving 
ability” (M = 3.03) as the weakest diplomate 
competencies. Within the consulting sec-
tor, a category within the subgroup “organ-
isation type”, the rating for the same three 
competencies were even lower (M = 2.79, 
M = 2.81 and M = 2.85). The qualitative 
comments from the respondents affirmed 
the findings of the quantitative part of the 
survey on what the competency weak-
nesses of the diplomates were. Comments 
from respondents also highlighted the 
diplomates’ inability to apply their theo-
retical knowledge when solving real-world 
problems, poor technical writing ability 
and a lack of technical skills in approaching 
and undertaking design tasks.

An analysis was also done to establish 
how sectoral views on mean competency 
ratings differed across categorical sub-
groups. Categories within the subgroup 

“gender” showed the least difference (ΔM = 
0.07) while the highest difference occurred 
within the subgroup “experience” (ΔM 
= 0.61). Substantial differences were also 
observed for categories within the sub-
groups “position” (ΔM = 0.47), “age” (ΔM = 
0.51), “race” (ΔM = 0.52) and “organisation 
type” (ΔM = 0.58). The ratings appear 
to indicate that older, more experienced 
respondents from the white population 
group are less satisfied with diplomate 
competencies than both younger and black 
respondents. The results also show that 
respondents from the consulting sector 
rate diplomate competencies substantially 
lower than respondents from government, 
semi-government and municipalities. The 
diversity in employer responses across the 
subgroup “organisational type” confirms 
Holland’s theory on vocational behaviour 
that there are distinct self-perceptions 
and patterns regarding what competen-
cies are valued and needed in each 
work environment.

The findings of this study also point to 
the need for providers offering the Civil 
Engineering Diploma programme in the 
Eastern Cape to structure the curriculum 
towards improving the development of 
diplomate competencies in communica-
tion skills, computer skills and critical 
thinking ability.

conclusion
Higher education institutions need to be 
receptive to the views of industry and 
should devise measures to engage, both 
actively and constructively, with employers 
on the quality of their graduates and dip-
lomates. Employer studies and surveys are 
instruments that can be used to strengthen 
the interface between higher education and 
the world of work. The collection of quan-
titative and qualitative information enables 
education providers, offering vocationally 
orientated programmes such as the Civil 
Engineering Diploma qualification, a better 
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insight into industry’s views. This informa-
tion is helpful when identifying the nature 
and extent of competency gaps that may 
exist, or may be perceived to exist. It is sug-
gested that engineering departments col-
laborate with employers across the sector 
in order to establish, articulate and priori-
tise competencies, and that sufficient atten-
tion be given to regional and provincial 
competency needs. Whilst some employers 
may have unrealistic expectations of what 
diplomates can do immediately after 
completion of their studies, understanding 
the forms of “knowing” that industry value, 
is useful, if not essential, for curriculum 
review. Such information is also necessary 
to ensure that pedagogic approaches and 
assessment practices are aligned with the 
outcomes of the programme. Prioritisation 
as to what and how teaching takes place is 
critical, as time limitations make it impos-
sible for the curriculum to expose and 
prepare students to the magnitude of the 
real world of work variables. It is suggested 
that the gap between the world of work 
and the classroom can best be bridged if 
teaching simulates engineering practice, a 
view that is corroborated by the findings of 
Passow and Passow (2017), following their 
worldwide investigation on the intersection 
of the concepts of competence, engineer-
ing, practice and importance.

This study indicates that problem-
solving remains at the core of engineering 
practice, and that employers value diplo-
mates who have a thorough understanding 
of engineering fundamentals, conceptual 
principles and procedural approaches. 
Teaching methods need to develop 
student ability to grasp the ‘what’ and 
‘how’ of problems. It is suggested that 
problem-based and project-based teaching 
strategies be used for selected subjects 
in the curriculum, as a method to bridge 
the knowledge-practice-environment gap. 
This is a similar view to that expressed by 
Ballim et al (2014).

This study also highlights how impor-
tant soft skills, and in particular com-
munication skills, are in the workplace. 
This points to the need for a competency 
such as communication skills to be inte-
grated within multiple technical subjects. 
Assessing this competence at multiple 
levels in the curriculum will ensure that 
this competence is developed beyond the 
singular, low-level learning area where this 
competence is currently being taught.

Lastly, studies such as this may be 
useful to determine what the competency 

emphasis is amongst employers at both a 
regional and provincial level, in addition 
to what is prescribed at a national level. 
Assessing the responsiveness of a pro-
gramme by seeking the views of employers 
remains an important part of the quality 
assurance process. The baseline informa-
tion, as was collected through this study 
amongst civil engineering employers in the 
Eastern Cape, can be useful when review-
ing academic programmes, such as the 
Civil Engineering Diploma programme.
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introduction
The word-wide-web and numerous pub-
lications offer virtually unlimited scope 
for obtaining information on engineering 
matters. Engineers, having to work in a 
world of increasing complexity, find it 
almost impossible to access, analyse and 
study vast amounts of complex informa-
tion. This situation is exacerbated by a 
shortage of experienced engineers (Elliott 
2017; Lawless 2005; Department of 
Higher Education and Training 2014). A 
dichotomy, therefore, exists between the 
knowledge sources and the demands for 
knowledge by practising civil engineers. In 
order to address this dichotomy, extensive 
research was carried out to find ways of 
addressing this problem (Verbeek 2018). 
Resulting from this research, knowledge 
restructuring is done. The applications of 
restructuring knowledge are discussed in 
this paper, whilst the theoretical aspects 
are discussed in Verbeek and Bothma 
(2018). The restructuring is done by adopt-
ing knowledge theories and repackaging 
knowledge into ontologies. Ontologies rep-
resent categories of concepts, their proper-
ties, the values of the properties, events 
and their causes and effects, processes and 
time (Gašević et al 2009). Concept maps 
are used to represent and analyse knowl-
edge. The restructuring of knowledge 
is done by using what is called a “logic 
base” to represent a model to guide and 

integrate various knowledge restructur-
ing processes. The goals of restructuring 
knowledge are to make knowledge explicit, 
to analyse and enhance knowledge, to 
structure knowledge into ontologies and 
to facilitate linkage and interoperability of 
knowledge structures with other ontolo-
gies on the world-wide-web. In this paper, 
applications of the logic base are discussed 
by first considering a very brief overview 
of the theory of the restructuring process 
and then to look at a few examples.

The application of the logic base is 
based on a civil engineering environment, 
but may also apply to other engineer-
ing fields. The point of departure of the 
restructuring discussed in this paper is to 
consider any matter or case that is placed 
in focus by the engineer to deal with. The 
architecture and operation of the logic base 
are described in the sections to follow.

the architecture of 
the logic base
The knowledge base integrates, in a single 
model, the processes relating to knowledge 
theories, knowledge acquisition, concept 
maps, relationship analysis and reporting. 
The complete architecture of the logic base 
is shown in Figure 1 and is referred to in 
subsequent sections.

Figure 1 shows that the logic base has 
three modules (or functional units), namely, 

the application of 
restructuring of knowledge 
in civil engineering
T Verbeek, T J D Bothma

In this paper, it is shown how knowledge theories and knowledge acquisition techniques are 
integrated by contextualisation to lead to the drawing of concept maps that can be used in civil 
engineering design, and to analyse and record specific experience. The concept maps form part 
of concept-based ontologies that are analysed to identify problems and constraints. Solutions 
to these problems and constraints create new knowledge and can be reported and linked to the 
world-wide-web. This linkage is made possible by utilising the Top-Level-Ontologies or Upper-
Level-Ontologies to link to existing or new ontologies on the world-wide-web. The logic base 
acts as a procedure to lead and integrate all the above-mentioned aspects into three modules. 
These modules of the logic base are described and simple examples are given of how the 
logic base functions. The logic base is a technique to bring knowledge closer to the practising 
engineer, and facilitates thinking processes that will greatly assist in systematising knowledge, 
the analysis thereof and making it accessible on the word-wide-web.
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modules A, B and C, being the input, analy-
sis and output modules respectively.

Module A (the input module) is divided 
into four sub-modules, namely, Module 
A1 that covers the theories of knowledge, 
Module A2 that deals with knowledge 
acquisition, Module A3 that discusses 
contextualisation, and Module A4 that 
covers concept maps. Each sub-module is 
discussed in the sections to follow.

Module a

Module a1: Knowledge theories
This first module of the logic base contains 
fundamental theories of knowledge on 
which the logic base is built. These theories 
show the thinking required to enable the 
restructuring of knowledge. In Table 1, a 
summary is given of these theories.

In summary, knowledge is founded 
on the theories of cognition. It is also 
necessary to understand what knowledge 
is, how knowledge can be classified and 
how knowledge is made explicit. Sense-
making provides the necessary tools 
for handling complex situations and 
identifying knowledge and relationships. 
These theories assist in widening the 
user’s approach to enhance knowledge 
and to convert tacit knowledge (that 
functions in the unconscious domain in a 
person’s mind) to explicit knowledge (that 
is systematically organised or arranged, 
i.e. coded to be easily communicated and 
shared) so that knowledge can be reused. 
Knowledge acquisition is dealt with in the 
following sub-module.

Module a2: Knowledge acquisition
The term knowledge acquisition, as used in 
this paper, represents “internal” processes 
in the human mind. It does not necessarily 
mean to acquire knowledge from external 
sources. The user reflects on other cases, 
looks at the evidence and own experiences. 
In this way, a user can relate more effec-
tively to the case in hand and find solutions 
to problems and challenges. A selection of 
knowledge acquisition techniques is shown 
in Table 2.

The knowledge acquisition techniques 
in Table 2 can be summarised as follows:

 ■ Comparisons are made of the matter 
or case in hand with previous cases or 
actions (prior knowledge). The similari-
ties invoke previous reasoning processes, 
and inferences are drawn. These pro-
cesses add to a person’s knowledge.

Figure 1  The architecture of the logic base
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Table 1 Summary of knowledge theories

Knowledge theory brief summary of main points

Theory of cognition (Kellogg 2002; 
Sternberg 1999)

Involves mental processes and representations. Humans 
have a natural tendency to categorise concepts. 

Theory relating to knowledge hierarchy 
(Pomerol & Brézillon 2001; Wallace 2007)

A distinction is made between data, information and 
knowledge. Information is contextualised data. Knowledge 
is when reasoning is done and the information is made 
ready for taking decisions and actions.

Theories of types of knowledge  
(Gašević et al 2009; Zack 1999)

The following are different types of knowledge:
 ■ Procedural knowledge (how to do something)
 ■ Declarative knowledge (details of concepts or objects)
 ■ Meta-knowledge (knowledge about knowledge)
 ■ Heuristic knowledge (rules of thumb, guiding problem-

solving)
 ■ Structural knowledge (mental knowledge and the 

organisation thereof)
 ■ Inexact and uncertain knowledge
 ■ Common-sense knowledge (knowledge that cannot 

easily be put into precise theories)
 ■ Ontological knowledge (provides meaning to various 

kinds of categories)

Theory of knowledge conversion 
(Nonaka 1994; Nonaka & Tacheuchi 1995; 
Pomerol & Brézillon 2001; Polyani 1958)

Tacit knowledge resides in the individual and functions 
in the unconscious domain. Explicit knowledge is 
knowledge that is communicated (or coded) for purposes 
of sharing. Knowledge can be converted through the 
processes shown in brackets.

 ■ Tacit to explicit (Externalisation)
 ■ Tacit to tacit (Socialisation)
 ■ Explicit to tacit (Internalisation.)
 ■ Explicit to explicit (Combination)

Theory of knowledge creation, metaphor 
and reuse (Harsh 2009; Nonaka 1994; 
Sfard 1998)

As knowledge conversion increases, so do knowledge 
reuse and knowledge creation. Metaphor combines a 
group of concepts into a single word and helps to make 
knowledge explicit. 

Theory of redundancy of information
(Nonaka & Takeuchi 1995)

Conscious, intended overlap of information across 
organisational or discipline boundaries.

Sense-making theories (Browning & 
Boudès 2005; Kurz & Snowden 2003; 
Snowden 2013)

Model for sense-making. Domains defined as the known, 
knowable complicated, complex and chaotic domains. 
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 ■ Rationalisation takes place where a per-
son examines, explores and integrates 
information to come to a belief.

The above techniques guide the user to 
identify, dissect, review and sort knowledge 
(referred to as “knowledge units”) to enable 
contextualisation of knowledge at hand. 
It contributes to the search of solutions to 
problems and constraints.

A systems approach is fundamental to 
the handling of cases to be studied, and 
also for the restructuring of knowledge 
(Blanchard & Blyler 2016; Haines 1998). The 
theories of knowledge and of knowledge 
acquisition are part of a system approach 
and need to be placed in that context. These 
are dealt with in the following section.

Module a3: contextualisation
Knowledge acquisition deals with the way 
people think and how they understand 
the cases/matters under consideration. 
However, the foregoing needs to be ration-
alised and put into practice by doing the 
following:

 ■ Examine a case and identify as many 
uncertainties as possible.

 ■ Identify the significant external influ-
ences on the system under consideration.

 ■ Identify the various phases (past, cur-
rent and future, as well as development 
phases, such as conceptual, feasibility, 
detailed design, implementation, opera-
tions and retirement phases).

 ■ Identify the main issues to explore.

The above process provides context 
to the case in hand and is termed 
contextualisation.

The processing of knowledge is depicted 
by the knowledge processing framework in 
Figure 2.

Once the contextualisation is done, the 
next step in the restructuring of knowledge 
is the drawing of concept maps. This is 
shown in the following section.

Module a4: concept maps
Concept maps are graphical representa-
tions of cognitive processes in the human 
mind (Borst 1997). The concepts are 
drawn in boxes and connected with 
lines or arrows, indicating some kind of 

Table 2 Knowledge acquisition techniques

Knowledge acquisition 
techniques

summary description application

Case-based reasoning  
(Aamodt & Plaza 1994)

Knowledge from previous cases are retrieved and selectively applied 
to new cases (e.g. in the field of law, case histories are of utmost 
importance).

Essential for not re-inventing solutions and to 
extrapolate knowledge gained in previous cases to 
apply to the case in hand.

Evidence-based management 
(Rousseau 2006)

Outcomes of previous actions are evaluated and used in new designs 
(e.g. in the medical field this is applied to prescribe treatments, based 
on responses of patients on previous treatments).

This is a useful knowledge-building technique and 
action-based learning technique.

Experiential learning  
(Kolb et al 2001)

New inferences are drawn from reflections on observations of past 
experiences.

Cause and effect relationships can be evaluated to 
assess applicability to the case in hand. 

Reflective learning  
(Boyd & Fales 1983)

Used to internally examine, explore and develop thinking, triggered 
by experience. Keeping journals is a useful way to retain and record 
knowledge and experience within context.

Uncovering of problems and constraints through 
the knowledge that resides in the tacit domain and 
can become known through the thinking process.

Critical thinking (Kuhn 1999; 
Kurfiss 1988; Norris 1985)

Rationally deciding what to do or to believe. It answers questions 
for which information may not be available. It explores, questions, 
hypothesises and integrates available information.

An analysis is done to arrive at rational conclusions.

Knowledge spill-over  
(Carlino 2001)

It involves an exchange of ideas among individuals and crossing 
boundaries into other fields. Exaptation (alternative applications to 
original intention) helps to overcome challenges.

This expands knowledge and applications to other 
fields.

 ■ Identify attributes
 ■ Identify relationships
 ■ Identify and analyse contradictions 

and constraints
 ■ Apply problem-solving techniques

 ■ Formulate concepts
 ■ Draw concept maps
 ■ Structure into ontologies

Contextualise
 ■ Identify
 ■ Dissect

 ■ Review
 ■ Sort

 ■ Establish clear purpose
 ■ Identify uncertainties
 ■ Identify significant influences
 ■ Organisational integration
 ■ Project phases
 ■ Identify main issues to explore

Knowledge theories
 ■ Knowledge definition
 ■ Cognition
 ■ Knowledge hierarchy
 ■ Types of knowledge
 ■ Tacit and explicit knowledge
 ■ Knowledge creation
 ■ Knowledge conversion
 ■ Metaphor
 ■ Redundancy of knowledge
 ■ Sense-making

Knowledge acquisition
 ■ Case-based reasoning
 ■ Evidence-based
 ■ Experiential
 ■ Reflective
 ■ Critical thinking
 ■ Knowledge over-spill/exaptation

Case under 
consideration

Figure 2  The knowledge processing framework
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relationship between them. There is a hier-
archy in the concepts, denoted by various 
ontological levels which will be shown in 
further sections.

Once a concept map has been drawn, 
the relationships between the concepts are 
analysed by the application of problem-
solving techniques (Gruber 1993; Novak 
and Caňas 2008; Verbeek 2018).

A concept map is illustrated in Figure 3.
The concepts are denoted by A, B, C 

and D in Figure 3. These concepts could be 
the following:

 ■ Concept A: The formwork for the bridge 
deck must be checked and signed off.

 ■ Concept C: The rebar in the bridge deck 
must be checked and ready.

 ■ Concept B: The trucks that transport 
the ready-mixed concrete must be ready 
(including all the logistics).

 ■ Concept D: The process of concreting 
the bridge deck.

The relationships indicate that both the 
rebar and the trucks that transport the 
ready-mixed concrete (and the associated 
logistics) must be in place to do and com-
plete a concrete pour.

The relationships between the various 
concepts can be analysed to get to a full 
understanding of the system’s operation. 
This is discussed in subsequent sections.

Module a4: ontologies
The linking of knowledge (i.e. the outputs 
from the logic base) to the world-wide-
web, necessitates arranging the knowledge 
into ontological structures. Ontologies are 
similar to taxonomies where entities are 
classified according to strict hierarchical 

protocols (Cebrian-Tarrason & Vidal 2008; 
Noy & McGuinness 2001). Ontologies 
have a wider content and additional 
characteristics to those of taxonomies 
(Verbeek 2018).

the basic ontological structure
In research conducted (Verbeek 2018), it 
was found that the typical topics found in 
the reporting of a variety of case studies 
regarding engineering issues are the most 
appropriate basis for defining ontologies. 
The following topics are typically found in 
case studies involving engineering issues 
and are derived from the format found in 
a large number of case studies (Delatte 
2009; Jones 1998; Jones 2001; LePartner & 
Johnson 1982).

 ■ Introduction and scope
 ■ Design
 ■ Construction/manufacturing
 ■ Operations and maintenance
 ■ Setting and context/narrative/role play-

ers and relationships/real examples
 ■ Sequence of events and causal path
 ■ Investigation, problems, constraints and 

issues
 ■ Interpret actions, solutions and actions 

taken
 ■ Technical, legal and ethical lessons 

learned
 ■ Educational aspects, extrapolation and 

replication
 ■ References
 ■ Influencing domain (which includes 

variables such as time, pace and 
resource capacity).

Various levels of ontologies are defined as 
follows:

top-level ontology (tlo)
This is the foundational ontology and 
is also linkable to other ontologies on a 
world-wide-web. (This linkage might have 
to be via the introduction of several links 
to suit the external ontology.) The TLO is 
made up of concepts derived from the typi-
cal topics found in case studies. The topics 
of case studies represent a logical grouping 
of concepts and cover most reported case 
studies in industry. Furthermore, when 
considering the approach to engineering 
matters, these can be restructured by cat-
egorisation in one or many TLO concepts.

The concept map for the Top-Level-
Ontology (TLO) is shown in Figure 4.

high-level ontologies (hlo)
For every concept in the TLO, a breakdown 
of concepts can be done and these are 
grouped into different HLOs. This break-
down of concepts in the HLOs provides a 
series of concepts put together to support 
various aspects in a civil engineering envi-
ronment. An example of an HLO is shown 
in Figure 5.

upper-level ontologies (ulo)
The ULO is an ontology made up of selected 
concepts from the HLOs and is used for 
customisation to meet user requirements. 
A ULO has exactly the same hierarchical 
status as the constituent HLOs. It should be 
noted that the concepts in this HLO may be 
defined to suit the user requirements and 
could be rather flexible. It is only with the 
Top-Level Ontology (TLO) that one would 
prefer to keep the concepts the same to 
enable easier linkage to a web environment.

case-specific ontology (cso)
The CSO is defined by a user and has 
its own selection of concepts. A unique 
concept map can be drawn to represent 
a specific case study or any specific civil 
engineering matter under consideration. 
An example could be when considering 
earthworks construction. When such a 
specific case is analysed, it is the easiest 
to first draw a CSO to represent the case 
(doing earthworks). By then referring to the 
HLOs or the appropriate ULO, the gaps 
between the CSO and the HLO (or ULO) 
can be identified. The HLOs can act as 
checklists to ensure complete treatment. It 
is important to link the CSO to the appro-
priate HLOs from where they link to the 
TLO, and therefore also to the world-wide-
web. An example of a simple CSO relating 
to earthworks is shown in Figure 6.

 ■ A and B have only connectors 
away from them; therefore 
this is called an entry point.

 ■ The connectors may be 
arrows or merely lines, 
showing that there is a 
connection.

 ■ Two lines or arrows come 
together at D, called a 
collector point.

 ■ “ “ denotes that both C 
and B must be present for D 
to exist if cause and effect 
relationships are present.

 ■ Relationships AC, CD or BD 
could be cause-and-effect 
relationships or could be 
any of many other kinds of 
relationships. Their purpose is 
to enhance understanding of 
a case, situation or system.
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Figure 3  Example of a concept map
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technical ontology (to)
Engineering cases often have a discipline-
analytical content and concept statements 
contain discipline-specific content.

Relationships between technical 
parameters or concepts are studied and 
these “technical” relationships are mostly 
computational of nature. However, in civil 
engineering, relationships are not necessar-
ily computational. A technical ontology is 
designed to cater for the quantitative and 
qualitative requirements. The ontology 
has two parts, namely a TO that links to 
the CSO and to a Functional Analysis (FA) 
component. A TO contains qualitative con-
cepts that link to a specific FA. There could 
therefore be several TOs, each linking to a 
particular FA. The TOs then link to a CSO. 
All the parameters that may be involved 
in achieving a specific goal or function are 
taken into account and analysed in the FA 
(Mann 2009; Scheinkopf 1999; Suh 2001).

functional analysis (fa)
An FA entails listing of all the parameters 
that may contribute to particular func-
tions. First of all, the Main Useful Function 

(MUF) or ultimate goal of the system 
must be defined. In order to achieve the 
MUF, sub-requirements (or specifica-
tions) termed the Upper-Level Functional 
Requirements (ULFR), must be satisfied. To 
satisfy a ULFR, there could be a large num-
ber of parameters that contribute to the 
end result of the ULFR. The Lower-Level 
Functional Requirements (LLFRs) are all 
the contributing parameters that cumulate 
to determine the value of the ULFR. The 
LLFRs can be qualitatively or quantitatively 
interrelated. In quantitative relationships, 
the LLFRs are variables in equations of 
which the ULFR is the dependent variable. 
The FA accommodates the parameters 
(which are also concepts) to enable analy-
sis. This is best illustrated by way of an 
example in Table 3 where a functional 
analysis matrix and an example are shown.

The ULFRs are shown in the columns, 
and the rows of the matrix show the LLFRs. 
In the example there are two ULFRs, 
namely discharge volume and the limita-
tion on the width of the canal. The main 
contributory parameters are the LLFRs, 
Manning’s roughness coefficient “n-value” 

(LLFR1). The second is the ratio between 
the area and the wetted perimeter, con-
stituting LLFR2. The third is the slope of 
the canal, LLFR3. The matrix shows which 
LLFRs participate to yield the desired 
ULFR. There are mathematical/empirical 
relationships that would determine the 
value of the attributes. In order to satisfy 
the MUF, both the ULFRs must be met. 
The potential impact of the area develop-
ment plan is not listed in the table, but it 
will have to appear in the TO where there 
could be a specific concept, named “Future 
developments”. In the HLOs, time, space 
and capacity have to be superimposed 
in all the analyses and will be captured 
in the influencing domain in the TLO. 
This “future development” concept has a 
direct relationship with the ULFRs and its 
LLFRs. (The slope, roughness and infiltra-
tion can all be influenced by aspects of 
the future developments.) In this way, a 
systematic analysis can be done to arrive 
at the problems, constraints and outputs 
from the analysis. The FA serves as an 
excellent source of knowledge and record 
of experience.
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and design 
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■ Configuration
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■ Design drawings
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Figure 5  High-Level Ontology (HLO) concept map
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The overall structure of ontologies is 
shown in Figure 7. The figure shows where 
each level of ontology fits into the total frame-
work. On the right-hand side of Figure 7, the 
linkage to external ontologies is shown. It also 
illustrates how one can start an ontology in 
a hierarchical way with the natural sciences, 
followed by engineering, civil engineering 
and then discipline-specific ontologies such 
as structures, geotechnical, roads, transporta-
tion, water resources, hydrology and other 
civil engineering disciplines.

The purpose of the ontologies is to cre-
ate a functional structure (restructuring 
of knowledge from original word-descrip-
tions to concept maps and ontologies) for 
analysis and reporting. The next module 
is the analysis module, Module B, which is 
discussed in the following section.

Module b – analYsis
In this analysis module, knowledge crea-
tion takes place through the application of 
problem-solving techniques. A selection of 
appropriate problem-solving techniques are 
summarised in Table 4.

Summarising from Table 4, various 
problem-solving techniques can be classi-
fied as follows (Verbeek 2018):

Table 3 Functional Analysis Matrix

Main useful function (Muf) (this links to the to)

llfr
(generic matrix)

upper-level functional requirements (ulfrs)

requirement 1 
ulfr1

requirement 2
ulfr2

lower-level functional 
requirements (llfr)

containing elements, attributes and values

LLFR1 Attribute 1 Attribute 1

LLFR2 Attribute 2 Attribute 2

LLFR3 Attribute 3 Attribute 3

example: open channel flow

Main useful function (Muf): cater for discharge of flood 
water through a residential development

lower-level functional 
requirements (llfr)

Parameters, attributes and values

upper-level functional 
requirement

ulfr 1

upper-level functional 
requirement

ulfr 2

discharge volume (Manning) 
(ulfr) of a certain amount

constraints on the available 
space (width of the canal)

LLFR1 Manning’s n-value

LLFR2 Area-wetted-perimeter ratio Canal width

LLFR3 Slope of canal Slope of canal 
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Generation/
discovery of 
new thoughts

Trigger-word technique, 
brainstorming, synectics 
morphological analysis.

Synthesis and 
analysis

Attributes are identified and 
analysed.

Methodical 
parametric 
studies

RCA, FMECA, FAST, HOT, 
TRIZ and TOC, as defined in 
Table 4.

The second module, Module B, represents 
the analysis part where relationships are 
studied, and contradictions and constraints 
are identified. A useful way to study rela-
tionships is to compile a Concept Matrix 
(CM) to identify all the possible relation-
ships. The effects of all the concepts on one 
another and the effects of factors in the 
influencing domain on each relationship 

can be studied. All the concepts are listed 
in a spreadsheet. Pairing the concepts in 
each row and column with one another, 
ensures that all the possible relationships 
are noted and considered. When a prob-
lematic relationship is discovered, that rela-
tionship can be given a particular reference 
number to a description and analysis of the 
problem. All the outcomes of the previous 
modules are reported in Module C.

Module c – outPut Module
In this module, the outcomes of the pre-
ceding sections are reported and discussed.

The reporting format in Module C is as 
indicated in Table 5.

Table 5 shows that the various ontology 
levels are used to lead to the case knowl-
edge and vice versa.

example: structural beam
In order to illustrate the foregoing, con-
sider an example of the strength design of 
a simply supported steel beam, spanning 
between two supports, bolted into position. 
(Serviceability considerations can also be 
included.) Table 6 applies.

Module A1
The comments on the RHS column repre-
sent important issues that should all be 
determined and decided at the beginning of 
the project.

The next module considers knowledge 
acquisition.

Module A2
In this module, the various knowledge 
acquisition techniques are considered. 
Table 7 applies.

Table 4 Summary of selected problem-solving techniques

Problem-solving techniques description application

Trigger-word technique
(Gick & Holyoak 1980; Sarkar & 
Chakrabarti 2008)

Trigger ideas invoke thought processes. Thought processes are invoked and broadened.

Checklist technique
(Rossiter & Lilien 1994)

Many types of checklists, e.g., criteria, tasks,
coordination, trouble-shooting, discipline, procedural, 
communication, projects.

Checklists serve as reminders of what to consider; 
however, the actions to follow are of importance and 
knowledge is required to take action.

Morphological analysis (MA) (Ritchey 
2002; Zwicky 1949)

Problem structuring and non-quantifiable relationships to 
reduce sets of possible configurations. Study relationships.

This is a useful method to only consider the important 
relationships in an analysis. 

Attribute-seeking technique (AST)  
(Govindaraju & Mital 2008)

Evaluate each attribute of an object or system for meeting 
functional criteria.

The method goes into detail to look at the attributes. 
Assist in a systems approach.

Brainstorming technique (B-S) 
(Silverstein et al 2012)

Generation of numbers of ideas and evaluation (ranking) 
of these ideas.

This group method widens the field of ideas and assists 
with prioritisation.

Synectics
(Seligmann et al 2007)

More formalised type of brain storming. Use analogies and 
metaphor. Forms of metaphor used are a direct analogy, 
personal analogy and compressed conflict (creating 
contradicting words or analogies).

This method supports many ideas, and groups sets of 
ideas to render them explicit. Analogies are also very 
useful to create more understanding.

Analysis and synthesis (A&S) (Ritchey 
1991) 

Look for laws of mutual interaction.
This assists to establish clear cause-and-effect 
relationships. 

Root-cause analysis (RCA) (Rooney & 
Van den Heuvel 2004)

Structured evaluation to establish what, how and why a 
detrimental event happened. 

Essential method to focus on solutions to the correct or 
fundamental problems. Answers repeated questions of 
“Why?”

Failure-modes, effects and criticality 
analysis (FMECA) (Silverstein et al 
2012; Luthra 1991)

Used to review the effects of a probable failure of 
components and assemblies on system performance.

This method evaluates different scenarios or systems 
responses and consequences.

Functional analysis systems 
technique (F.A.S.T)
(Bartolomei & Miller 2001; Grönqvist 
et al 2006; Kardos 1993)

Functions and dependencies are identified and analysed.
This method answers the questions: “How?” “Why?” and 
“When?”

Hierarchy of objectives technique 
(H.O.T)
(Youker 1998; Hugo 1991) 

Related to F.A.S.T and used to analyse and communicate 
project objectives.

Also answers the “how” and “why” questions. It has a 
simple structure and is useful for communication. It is 
used to record and structure methods and experience. 
Often applied to constructability analysis.

TRIZ Technique
(Mann 2009; Gadd 2011)

Inventive problem-solving. Analysis methods used to 
identify contradictions and using standard inventive 
principles to solve contradictions.

An investigation technique that offers standard solutions 
and is used as a basis for the development of solutions 
of contradictions in relationships between concepts.

Theory of constrains (TOC) 
(Scheinkopf 1999)

The theory of constraints deals with systems analysis with 
the view of increasing throughput.

Systems are analysed to identify constraints in 
throughput and to resolve the root causes of constraints.
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The above knowledge acquisition 
techniques can be applied throughout 
the design process and are part of knowl-
edge enhancement. The next module 
consolidates the knowledge in hand by 
contextualisation.

Module A3
This contextualisation is done from the 
preceding knowledge theories and the 
knowledge acquisition techniques as 
described in the previous section. Table 8 
applies.

The above contextualisation shows the 
relationships between the knowledge theo-
ries and knowledge acquisition techniques 
and how contextualisation is done. The 
concept maps can now be drawn.

Module 4: Concept maps
From the contextualisation, the CSO 
(Case-Specific Ontology) map for the 
design of the steel beam can be drawn. 
A TO (Technical Ontology) can also be 
drawn to accommodate specific concepts 
related to the FA (Functional Analysis).

The main concepts are as follows (also 
see Figure 8):

 ■ MUF (Main Useful Function). Structural 
support (first concept).

 ■ Effective span. (This will depend on the 
chosen steel section, other connections 
to the beam, and the end conditions or 
fixation.)

 ■ Loading conditions. (This is specified by 
the owner. However, uncertainties are 
often encountered with loading condi-
tions that often change over time.)

 ■ Supports and fixation – including lat-
eral support. (These conditions need to 
be understood, including requirements 
for installation (constructability) and 
possible effects of fatigue due to cyclic 
loading.)

 ■ Beam type, dimensions and configura-
tion. (The floor clearances need to be 
taken into account.)

The concept map in Figure 8 reflects the 
main concepts for the design of the steel 

Table 5 Module C: Layout of reporting document

ontology
case facts and lessons 
learned – knowledge 
gained from the case

output protocolsnarrative/story
large concrete pours to 

be done at a bridge

tlo hlo cso

Design
Rules and legal 
requirements

Concrete delivery 
trucks

Unroadworthy delivery 
trucks delay concrete pour

Ensure all logistics are in place when doing a significant 
concrete pour.

Configuration Cranage position
Crane movement fouls with 
another building

Ensure crane position makes allowance for adjacent 
structures that may be erected during a project.

Table 6  Example of structural beam – knowledge theories

Knowledge theory comments

Theory of cognition
A beam in its final position is visualised and sketches are made to ensure that 
the position of the beam and its surroundings are clear.

Theory of knowledge 
hierarchy

Is what is known, data, information or knowledge.

Theories on types of 
knowledge 

What is known about the procedural, declarative, heuristic, common-sense, 
inexact, uncertain and ontological issues?

Theories of knowledge 
conversion

How are design philosophies structured, documented and communicated? 
Is there a central repository for documenting design details?

Theory of redundancy 
Is there any spill-over of information from other disciplines? For example, 
consider the requirements for supporting electrical cable racking to the 
beam.

Sense-making theories
Is everything that is needed to be known currently in the “known” domain? 
Are there complex issues that need to be handled?

Table 7 Example of structural beam – knowledge acquisition

Knowledge 
acquisition technique

comments

Case-based reasoning
Consider previous successful designs in relation to the current. What can be 
learned from the previous cases? 

Evidence-based

Evidence-based learnings could be that the grades of bolts are often 
incorrect, since historically all bolts on the site were grade 4.8 and not grade 
8.8 as may be specified. The design may have to rather use grade 4.8 bolts 
instead.

Experiential
Reflect on experience in beam design and loading conditions actually 
encountered on sites. Allow for appropriate conditions identified.

Reflective
Reflect on design methods and procedures, including available construction 
methods and constructability issues.

Critical thinking
Critical thinking is required during a design process to ensure that all factors 
are considered.

Knowledge spill-over/
exaptation

Ask the question if the beam is in fact necessary. Speak to the owners of the 
building or plant to see if all alternatives were considered.

Table 8 Example of structural beam – contextualisation

action comments

Establish clear purpose
The purpose of the beam – uses and requirements must be clear. In 
the concept map, it ties up with the TLO scope and user requirements. 
(Cognition)

Identify uncertainties
Are the loading conditions clear? What about possible future changes to 
plant and equipment? (Critical thinking, knowledge hierarchy)

Identify significant 
influences

Significant influences could be the intensity of corrosion in the location of 
the beam. Refer also to the issue about the grade of bolts. (Redundancy of 
information)

Organisational 
integration

Does the installation of the beam affect production? (Critical thinking, 
knowledge spill-over, experiential learning)

Project phases Is the beam a part of a future installation? (Uncertainties)

Identify main issues to 
explore

The main issues could be the loading conditions and the beam dimensions 
due to limitations in vertical space. (Experiential)
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beam. (This is for illustration purposes 
only. In practice, both ultimate and ser-
viceability limit states would have to be 
considered). The next part is the analysis 
part, Module B.

The concept map illustrates that both 
the span and the loading conditions are 
crucial performance characteristics or 
“demands” constituting the MUF (Main 
Useful Function) of the beam. The ques-
tion is: how can these demands or ULFRs 

(Upper-Level Functional Requirements) 
be met? The answer lies in the definition 
of the LLFRs (Lower-Level Functional 
Requirements) pertaining to each ULFR.

For the ULFR “Span”, the clear span 
between the supports is fixed in this example.

The ULFR for “Loading” is determined 
by the serviceability limits criteria repre-
sented by the stress conditions in the 
steel when loads are applied. The stress 
conditions in the beam will be determined 

by a number of parameters (LLFRs), as 
indicated in Table 9, the FAM.

The relationships between the ULFR and 
every LLFR can be calculated or determined 
from empirical relationships. The results of 
the calculations can be stored in calculation 
sheets as reference documents attached to 
the logic base. The relationships can also be 
studied by using a CM (Concept Matrix), as 
shown in Table 10.

Only six relationships, as denoted by 
the numbers in Table 10 (the X symbols 
denote complementary relationships that 
are already numbered) are possible and can 
be determined by equations or empirical 
relationships applicable to the discipline of 
structural engineering.

There are other factors that play impor-
tant roles in the LLFRs, such as the following:

 ■ Micro-climate conditions
 ■ Corrosion intensity and types
 ■ Availability of steel sections
 ■ Uncertainties concerning the loading 

conditions (this is often a rather prob-
lematic issue in industrial plants).

The above factors can influence the design. 
These factors are more of a qualitative 
nature and form concepts in the TO or the 
CSO, if appropriate.

Table 9 Example of a structural beam: Functional Analysis Matrix (FAM)

Main useful function (Muf) structural support

ulfr1 (upper-level 
functional requirement no 1)
functional requirement: load 
resistance (stress conditions)

ulfr2 (upper-level 
functional requirement no 2)

span of beam
(fixed span)

LLFR1 (Lower-Level 
Functional Requirement no 1)

Parameter Parameter

LLFR2 Load characteristics

LLFR3 Fixation details at the supports

LLFR4 Lateral support of top flange

LLFR5 Geometry of chosen steel section

LLFR6 Material properties of the steel

Technical 
Ontology (TO)

■ ULFRs
■ LLFRs

iteration

iteration

determines

determines influ
ence

s

Choice of 
beam type and 

dimensions / 
configuration

Functional 
requirement for 

structural support, 
Acceptable stress 

conditions

Effective span of 
steel beam

Loading 
conditions

Support and fixation 
conditions including 

lateral support

Figure 8  Case-specific concept map for design of a steel beam

determ
ines

determ
ines



Volume 61 Number 1 March 2019 Journal of the South african institution of civil engineering62

Module C: Output of the logic base
The outputs of the logic base are summa-
rised in Table 11.

Output protocols
An output protocol is defined as a sug-
gested rule for practitioners to follow. It 
emanates from the analysis of cases and is 
put forward as general rules to follow, not 
limited to only the case study under con-
sideration. The protocols should form part 
of the industry knowledge base for every 
practitioner to take careful note of.

example: Mechanically stabilised 
earth (Mse)
This descriptive study informs readers of 
the method of functioning of Mechanically 
Stabilised Earth (MSE) and describes the 
applications and advantage of this method 
(Smith 2013).

Module A: Synopsis/narrative
This method was invented in 1957 by Henri 
Vidal, a French architect and engineer, whilst 
playing with pine needles and beach sand 
(Smith 2013). The method involves stabilis-
ing an earth embankment by means of tie-
back strips inserted during the construction 
of an earth fill. Typically, flat metal strips are 
inserted perpendicularly to a vertical face of 
an earth fill. The metal strips are then tied 
to a facing material for the retention of earth 
on the vertical face of an embankment. This 
method of building stable-fill embankments 
has become popular and is used throughout 
the world. These fill embankments can be 
used successfully for the support of bridge 
decks. The sketch in Figure 9 illustrates a 
cross-section of the layout.

The layout shows how reinforcing strips 
are placed in a soil embankment during 
construction to reinforce the earth, thereby 
permitting a vertical face on the traffic side 
of the abutment. The Case-Specific Ontology 
(CSO) concept map is shown in Figure 10.

The CSO concept map in Figure 10 
shows the main concepts of construction 
of an embankment by using Mechanically 
Stabilised Earth (MSE). The next step is to 

map the CSO with the generic HLO. This 
is described in the paragraphs below.

Module B: Analysis
Note: Only some examples of HLOs are 
presented in this paper. For more compre-
hensive details, refer to Verbeek (2018). 

The first five paragraph headings below 
represent concepts belonging to HLOs.

Purpose
The purpose of this method is to create a 
stable embankment, on which infrastruc-
ture can be constructed.

 ■ Construction must be possible in poor 
founding conditions.

 ■ The structure (both the abutment and 
the bridge) must not be sensitive to 
settlements.

 ■ The construction duration must be as 
short as possible.

 ■ There must be a smooth transition 
between the earth approaches and the 
concrete deck.

Configuration
In this method, horizontal reinforcement 
is placed in an embankment fill. The 
reinforcement is placed in alternating 
layers of compacted soil and soil where 
reinforcement has been placed. The face(s) 
of the embankment are typically vertical, 
and cladding is positively connected to the 
horizontal reinforcement to provide an 
aesthetically pleasing façade.

Mechanism of operation
The horizontal reinforcement in the fill 
restrains lateral strain by friction between 
the soil and the reinforcing elements in the 

soil. The effect is the same as if a lateral 
restraining load is applied to the soil. As 
the vertical stress is increased, so do lateral 
stresses increase in direct proportion. The 
horizontal strain in the earth is restrained 
by the reinforcing elements.

Operational principles
In soil mechanics, the volumetric stress-
strain relationship is of importance (this 
is part of the TO). If a vertical stress is 
applied to a soil specimen, horizontal 
stresses increase in direct proportion (and 
vice versa). However, due to the behaviour 
of particulate media, such as compacted 
soil, a small lateral force or restraint would 
have a larger proportional effect on the 
vertical load-bearing capacity. (This is 
illustrated and can be calculated with refer-
ence to the Mohr-Coulomb failure criteria 
(Das & Sobhan 2014)).

Influencing domains
Geotechnical considerations

 ■ Geochemical environment
 ■ Construction quality control and 

assurance
 ■ Seismic events

Relationships and possible failure 
mechanisms (combining it with 
problem-solving techniques)
Relationships are stated and evaluated 
according to the TRIZ method (substance-
field relationships) (Mann 2009; Gadd 
2011). Comments are given on each 
relationship that can be reported in the 
output module.

 ■ Relationship: Embankment and subsoil. 
Potential failure of foundation soil and 

Table 10 Example of structural beam: Concept Matrix (CM)

loading span geometry fixation

Loading 1 2 3

Span X 4 5

Geometry X X 6

Fixation X X X

Table 11 Example of a structural beam: Module C output

ontology
case facts and lessons learned – 

knowledge gained from the 
case or actions taken

output protocolsnarrative/story design of a steel beam

tlo hlo cso

Design Analysis Loading conditions
Due to future needs, loading unsure and 
further clarification needed. 

Ensure that loading conditions are clarified 
at the onset of the design process.

Span of the beam This is a fixed entity.
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Figure 10  Case-Specific Ontology (CSO) concept map for mechanically stabilised earth (MSE) for bridge abutment
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potential settlement – both conditions 
can adversely affect the mechanically 
stabilised earth embankment.

 ■ Relationship: Soil and compaction 
equipment. It might not be possible 
to properly compact poor soil to the 
required specification.

 ■ Relationship: Metal or polymer strips 
and soil. Strips may slip due to insuffi-
cient friction between strips and poorly 
compacted soil.

 ■ Relationship: Metal or polymer strips 
and moisture in soil. The frictional 
resistance between the metal or poly-
mer strips and the soil can reduce due 
to a reduction of effective stress as a 
result of excess pore pressure (a phreatic 
surface may form in the fill). Moisture 
could also, through the transportation 
of ions, cause corrosion that could 
destroy the metal strips.

 ■ Relationship: The extensivity of the metal 
or polymer strips and the lateral strain 
in abutment fill. Extension of strips such 
that lateral forces cannot be mobilised.

 ■ Relationship: Metal or polymer strips 
and facing material connections. 
Possible failure of metal connections 
at the cladded face due to poor design/
manufacturing or due to corrosion on 
soil/air interface.

 ■ Relationship: Bridge foundation and soil 
embankment. Soil in MSE may settle and 
cause excessive settlement of bridge.

 ■ Relationship: Rainfall and embankment. 
Rain can dam up on the embankment 
and saturate the soil, weakening the soil 
structure as a result of excessive pore 
pressure (phreatic surface may form). 
Insufficient drainage of fill, as well as 
surroundings, can result in failure of the 
embankment.

The above set of relationships are deduced 
from the case study and are not directly 
reported in the script of the study.

Technical Ontology (TO)
The functioning of the metal strips relative 
to the soil can be expanded in a Technical 
Ontology (TO). For example, the shear 
resistance of the strips can be considered. 
There is a functional relationship between 
the soil properties and the vertical-effective 
stress and the shear that can develop 
between the soil at particular points 
along the strips. The relationships can be 
determined by laboratory testing. There 
are also other important relationships 
that may need further elaboration. These 
are conceptually shown in Table 12. Each 

FR (Functional Relationship) represents 
a concept statement that can be further 
expanded in a TO.

The FAM (Functional Analysis Matrix) 
can also be compiled to extend the analysis 
as shown in Table 12, in a slightly different 
format than previously. (The relationships 
are sequentially numbered.)

Each individual cell should have a 
reference number, as indicated in Table 12. 
Each relationship can be referenced, listed, 
described and analysed. For example, rela-
tionship 1 denotes the relationship between 
soil type and settlement. In this case, the 
clay content, type of clay, thickness of the 
clay, stress history and changes in stress 
conditions in the clay are important con-
siderations. The perceived important rela-
tionships are marked with bold numbers. 
These may need special attention by way 
of, for example, laboratory analysis of the 
interface of the reinforcing material with 
the compacted soil. A database with typical 
friction values may be of great assistance in 
this regard and can be linked to this item 
in the logic base (for example through the 
H.O.T. technique).

This case study is, in fact, a descrip-
tive study and does not present specific 
experience or convey knowledge other than 
introducing the technicalities of employing 
mechanically reinforced earth for use in 
bridge abutments.

Module C: Reporting
Reporting in the logic base is done as in 
Table 13.

conclusions
In this paper, it is shown how knowledge 
theories and knowledge acquisition 

techniques are integrated by contextualisa-
tion to lead to the drawing of concept 
maps that can be used in civil engineer-
ing design and to analyse and record 
specific experience. The concept maps 
form part of concept-based ontologies 
that are analysed to identify problems and 
constraints. Solutions to these problems 
and constraints create new knowledge 
and can be reported and linked to the 
world-wide-web. This linkage is made pos-
sible by utilising Top-Level-Ontologies or 
Upper-Level Ontologies to link to existing 
or new ontologies on the world-wide-web. 
The logic base acts as a procedure to lead 
and integrate all the above-mentioned 
aspects into three modules. These modules 
of the logic base were described and simple 
examples were given of how the logic base 
functions. The end result in Module C 
(output module) contains all the outcomes 
of the processes and can provide valuable 
knowledge. In essence, the original words 
and descriptions of a case or matter under 
consideration are restructured into ontolo-
gies, and analysis is done. This enhances 
knowledge and makes it, in a succinct way, 
more readily available for reuse.

The logic base is a technique to bring 
knowledge closer to the practising engineer 
and facilitates thinking processes that will 
greatly assist in systematising knowledge, 
the analysis thereof and making it acces-
sible on the word-wide-web.

references
Aamodt, A & Plaza, E 1994. Case-based reasoning: 

Foundational issues, methodological variations and 

system approaches. AI Communications, 7(1): 39–59.

Bartolomei, J E & Miller, T 2001. Functional Systems 

Analysis Technique (F.A.S.T.) as a group knowledge 

Table 12 Example mechanically stabilised earth: Functional Analysis Matrix (FAM)

attributes upper-level functional requirements (ulfrs)

llfr
tolerance to 
settlement

limiting 
lateral 

restraint

stable facing 
of retaining 

wall (vertical 
facing)

Soil type 1 2 3

Strips type 4 5 6

Friction between strips and soil 7 8 9

Extensiveness of strips 10 11 12

Foundation strength 13 14 15

Foundation settlement 16 17 18

Horizontal strain of embankment 19 20 21

Connections between strips and front facing 23 23 24



Journal of the South african institution of civil engineering Volume 61 Number 1 March 2019 65

elicitation method for model building. Proceedings, 

19th International Conference of the System 

Dynamics Society, Atlanta, GE. Available at: http://

www.systemdynamics.org/conferences/2001/

papers/Bartolomei_2.pdf [accessed on 14 August 

2017].

Blanchard, B S & Blyler, J E 2016. Systems Engineering 

Management, 5th ed. Hoboken, NJ: Wiley.

Borst, W N 1997. Construction of engineering ontologies 

for knowledge sharing and reuse. PhD Thesis, 

Enschede, the Netherlands: University of Twente.

Boyd, E M & Fales, A W 1983. Reflective learning: Key 

to learning from experience. Humanistic Psychology, 

23(2): 99–117.

Browning, L & Boudès, T 2005. The use of narrative 

to understand and respond to complexity: 

A comparative analysis of the Cynefin and 

Weickian models. Emergence: Complexity and 

Organization, 7(3–4): 32–39. Available at: http://

www.old.cognitive-edge.com/wp-content/

uploads/2005/01/51-Browning-Boudes-on-Weick-

and-Snowden.pdf [accessed on 14 August 2017].

Carlino, G A 2001. Knowledge spillovers: Cities’ role 

in the new economy. Business Review Quarterly, 

4: 17–24.

Cebrian-Tarrason, D & Vidal, R 2008. How an 

ontology can infer knowledge to be used in 

product conceptual design. In: Cascini, G (Ed.). 

Proceedings, IFIP 20th World Computer Congress, 

Computer-Aided Innovation (CAI), 7–10 September, 

Milan, Italy. Boston, MA: International Federation 

for Information Processing, pp 57–68.

Das, B M & Sobhan, K 2014. Principles of Geotechnical 

Engineering, 8th ed. Stamford, CT: Cengage 

Learning.

Delatte, N J 2009. Beyond Failure: Forensic Case 

Studies for Civil Engineers. Reston, FL: ASCE Press.

Department of Higher Education and Training 2014. 

National scarce skills list: Top 100 occupations in 

demand: Comments invited. Government Gazette 

37678, 23 May (Regulation Gazette No. 37678). 

Available at: http://www.gov.za/documents/

national-scarce-skills-list-top-100-occupations-

demand-comments-invited [accessed on 15 August 

2017].

Elliott, C 2017. Five sought-after engineering skill 

sets for 2017 and beyond. E&T Engineering and 

Technology. Available at: https://eandt.theiet.

org/content/articles/2017/01/five-sought-after-

engineering-skill-sets-for-2017-and-beyond/ 

[accessed on 3 January 2018].

Gadd, K 2011. TRIZ for Engineers – Enabling Inventive 

Problem Solving. Hoboken, NJ: Wiley.

Gašević, D, Djuric, D & Devedžić, V 2009. Model 

Driven Engineering and Ontology Development, 2nd 

ed. Dordrecht, Germany: Springer.

Gick, M L & Holyoak, K J 1980. Analogical problem 

solving. Cognitive Psychology, 12(3): 306–355.

Govindaraju, M & Mital, A 2008. Design and 

manufacture of usable consumer products. Part I. 

Review of the literature. Integrated Manufacturing 

Systems, 12(6): 430–448.

Grönqvist, M, Male, S & Kelly, J 2006. The Function 

Priority Matrix – Meeting the function of function 

analysis. Value Solutions©. Available at: http://

www.citeseerx.ist.psu.edu/viewdoc/download?do

i=10.1.1.514.1667&rep=rep1&type=pdf [accessed 

on 30 January 2011].

Gruber, T R 1993. A translation approach to portable 

ontology specifications. Knowledge Acquisition, 

5(2): 199–220.

Haines, S G 1998. The Manager’s Pocket Guide to 

Systems Thinking and Learning. Amherst, MA: 

HRD Press.

Harsh, O K 2009. Three-dimensional knowledge 

management and explicit knowledge reuse. Journal 

of Knowledge Management Practice, 10(2): 1–10.

Hugo, F 1991. Draft South African road constructability 

guide. South African Roads Board Research and 

Development Advisory Committee, Project Report 

PR 89/062/2. University of Stellenbosch.

Jones, D R H 1998. Failure Analysis Case Studies: 

A Sourcebook of Case Studies Selected from the 

Pages of Engineering Failure Analysis 1994–1996. 

Amsterdam: Elsevier.

Jones, D R H 2001. Failure Analysis Case Studies II: 

A Sourcebook of Case Studies Selected from the 

Table 13 Example of mechanically stabilised earth Module C: Output from logic base

ontology  
(tlo/hlo/cso)

case facts and lessons learned – knowledge gained from the case output protocols

1
User requirements (HLO for 
introduction and scope).

 ■ Rapid embankment construction.
 ■ Construction on a relatively weak foundation (foundation strength to be 

assessed vs loading and rate of loading).
 ■ Structure not very sensitive to settlements.
 ■ Smooth transition between approaches and concrete bridge. 

Design to accommodate 
reasonable tolerances for relative 
movement between soil and 
concrete structures.

2 Configuration (HLO for design).
 ■ Friction strips built into fill to retain vertical face.
 ■ Strips made of steel or polymers.

Complement natural material with 
steel or polymers for construction.

3 Governing laws (HLO for design)
Friction, consolidation settlement and collapse of soil, compatibility of soil, 
chemical resistance.

4
Principles of operation
(HLO for design)

 ■ Friction between strips and soil develop horizontal forces, resisting lateral 
movement.

 ■ Friction between steel/polymer strips to be assessed, and spacing 
between strips determined.

5 Events (HLO for sequence of events)

Possible failure mechanisms:
 ■ Weak compaction – low density.
 ■ Slip between strips and soil.
 ■ Loss of effective stress due to water ingress and the establishment of a 

phreatic surface.
 ■ Strips extensiveness too large to mobilise lateral forces.
 ■ Failure of connections of facing to strips.

6
Operations and maintenance (HLO 
for operations and maintenance)

Very little, if any, maintenance is required. Occasional inspections should be 
conducted.

7
System response and controls (HLO 
for system response and control)

Only drainage and settlement need to be monitored.

8
Influencing domains (list of 
possible influences)

Corrosion / chemical attack

9 Element/parameter analysis (FA) Refer to Table 12.

http://www.systemdynamics.org/conferences/2001/papers/Bartolomei_2.pdf
http://www.systemdynamics.org/conferences/2001/papers/Bartolomei_2.pdf
http://www.systemdynamics.org/conferences/2001/papers/Bartolomei_2.pdf
http://www.systemdynamics.org/conferences/2001/papers/Bartolomei_2.pdf
http://www.systemdynamics.org/conferences/2001/papers/Bartolomei_2.pdf
http://www.systemdynamics.org/conferences/2001/papers/Bartolomei_2.pdf
http://www.systemdynamics.org/conferences/2001/papers/Bartolomei_2.pdf
http://www.gov.za/documents/national-scarce-skills-list-top-100-occupations-demand-comments-invited
http://www.gov.za/documents/national-scarce-skills-list-top-100-occupations-demand-comments-invited
http://www.gov.za/documents/national-scarce-skills-list-top-100-occupations-demand-comments-invited
https://eandt.theiet.org/content/articles/2017/01/five-sought-after-engineering-skill-sets-for-2017-and-beyond/
https://eandt.theiet.org/content/articles/2017/01/five-sought-after-engineering-skill-sets-for-2017-and-beyond/
https://eandt.theiet.org/content/articles/2017/01/five-sought-after-engineering-skill-sets-for-2017-and-beyond/
http://www.citeseerx.ist.psu.edu/viewdoc/download?doi=10.1.1.514.1667&rep=rep1&type=pdf
http://www.citeseerx.ist.psu.edu/viewdoc/download?doi=10.1.1.514.1667&rep=rep1&type=pdf
http://www.citeseerx.ist.psu.edu/viewdoc/download?doi=10.1.1.514.1667&rep=rep1&type=pdf


Volume 61 Number 1 March 2019 Journal of the South african institution of civil engineering66

Pages of Engineering Failure Analysis 1997–1999. 

Amsterdam: Pergamon Press.

Kardos, G 1993. FAST for Systematic Design, revised 

version. Ottawa, Canada: Carleton University. 

(First presented at the International Conference 

on Engineering Design, August 1988, Budapest, 

Hungary.)

Kellogg, T R 2002. Cognitive Psychology, 2nd ed. 

London: SAGE.

Kolb, D A, Boyatzis, R E & Mainemelis, C 2001. 

Experiential learning theory: Previous research and 

new directions. Perspectives On Thinking, Learning, 

and Cognitive Styles, 1(8): 227–247.

Kuhn, D 1999. A developmental model of critical 

thinking. Educational Researcher, 28(2): 16–46.

Kurfiss, J G 1988. Critical thinking: Theory, research, 

practice, and possibilities. ASHE-ERIC Higher 

Education Report No. 2, Washington, DC: George 

Washington University.

Kurtz, C F & Snowden, D J 2003. The new dynamics 

of strategy: Sense-making in a complex and 

complicated world. IBM Systems Journal, 

42(3): 462–483.

Lawless, A 2005. Numbers & needs – Addressing 

imbalances in the civil engineering profession. 

Midrand: SAICE.

LePartner, B B & Johnson, S M 1982. Structural and 

Foundation Failures: A Casebook for Architects, 

Engineers and Lawyers. New York: McGraw-Hill.

Luthra, P 1991. FMECA: an integrated approach. 

Proceedings, IEEE Annual Reliability and 

Maintainability Symposium, 29–31 January, 

Orlando, FL, pp 235–241.

Mann, D L 2009. Matrix 2010: Re-updating the 

Contradiction Matrix. Clevedon, OH: IFR Press.

Nonaka, I 1994. A dynamic theory of organizational 

knowledge creation. Organization Science, 

5(1): 14–37.

Nonaka, I & Takeuchi, H 1995. The Knowledge-

Creating Company: How Japanese Companies Create 

the Dynamics of Innovation. New York: Oxford 

University Press.

Norris, S P 1985. Synthesis of research on critical 

thinking. Educational Leadership, 42(8): 40–45.

Novak, J D & Caňas, A J 2008. The theory underlying 

concept maps and how to construct and use 

them. Technical Report IHMC CmapTools 

2006-01 Rev 01-2008, Pensacola, FL: Florida 

Institute for Human and Machine Cognition. 

Available at: http://www.eprint.ihmc.us/5/2/

TheoryUnderlyingConceptMaps.pdf [accessed on 

16 July 2015].

Noy, N F & McGuinness, D L 2001. Ontology 

development 101: A guide to creating your first 

ontology. Stanford Knowledge Systems Laboratory 

Technical Report KSL-01-05 and Stanford Medical 

Informatics Technical Report SMI-2001-0880, 

Stanford, CA: Knowledge Systems Laboratory, 

Stanford University. Available at: http://liris.cnrs.fr/

amille/enseignements/Ecole_Centrale/What%20

is%20an%20ontology%20and%20why%20we%20

need%20it.htm [accessed on 15 August 2015].

Polanyi, M 1958. Personal Knowledge: Towards a Post-

critical Philosophy. London: Routledge.

Pomerol, J-Ch & Brézillon, P 2001. About some 

relationships between knowledge and context. 

Modeling and using Context (CONTEXT-01). 

Lecture Notes in Computer Science Series, Springer, 

pp 461–464.

Ritchey, T 1991. Analysis and synthesis: On scientific 

method – Based on a study by Bernhard Riemann. 

Systems Research and Behavioral Science, 8(4): 21–41.

Ritchey, T 2002. General morphological analysis. 

A general method for non-quantified modeling. 

(Adapted from the paper by Ritchey, T. Fritz Zwicky, 

Morphology and policy analysis.) Paper presented 

at the 16th EURO Conference on Operational 

Analysis, Brussels, 1998.

Rooney, J J & Van den Heuvel, L N V 2004. Root 

cause analysis for beginners. Quality Progress, 

37(7): 45–56.

Rossiter, J R & Lilien, G L 1994. New “brainstorming” 

principles. Australian Journal of Management, 

19(1): 1–13.

Rousseau, D M 2006. Is there such a thing as 

“evidence-based management”? Academy of 

Management Review, 31(2): 256–269.

Sarkar, P & Chakrabarti, B 2008. The effect of 

representation of triggers on design outcomes. 

Artificial Intelligence for Engineering Design, 

Analysis and Manufacturing, 22(2): 101–116.

Scheinkopf, L J 1999. Thinking for a change: Putting 

the TOC thinking processes to use. Boca Raton, FL: 

St Lucie Press.

Seligmann, R E, Sidorkin, A & Jacobs, M 2007. 

Reaching students through synectics: A creative 

solution. EDF 500, Educational Foundations and 

Curriculum Studies. Greeley, CO: University of 

Northern Colorado. Available at: http://www.

ellieseligmann.com/essays/synectics_seligmann.

pdf [accessed on 29 Jan 2011].

Sfard, A 1998. On two metaphors for learning and 

the dangers of choosing just one. Educational 

Researcher, 27(2): 4–13.

Silverstein, D, Samuel, P & DeCarlo, N 2012. The 

Innovator’s Toolkit: 50 Techniques for Predictable 

and Sustainable Organic Growth, 2nd ed. Hoboken, 

NJ: Wiley.

Smith, A 2013. MSE bridge abutments – a structural 

solution. Civil Engineering, 21(2): 45–47.

Snowden, D J 2013. Cynefin v 45° complete. Available 

at: http://www.cognitive-edge.com/blog/cynefin-

v45-complete [accessed on 4 September 2015].

Sternberg, R J (Ed.) 1999. The Nature of Cognition. 

Cambridge, MA: MIT Press.

Suh, N P 2001. Axiomatic Design Advances and 

Applications. New York: Oxford University Press.

Verbeek, T 2018. The design of a model for the 

acquisition, reuse and creation of knowledge in 

a civil engineering environment. D Phil Thesis. 

Available at: https://repository.up.ac.za/

handle/2263/64301.

Verbeek, T & Bothma T J D 2018. The structuring of 

knowledge for technology transfer. Submitted for 

publication to Journal of Technology Transfer.

Wallace, D P 2007. Knowledge Management: Historical 

and Cross-disciplinary Themes. Westport, CT: 

Libraries Unlimited.

Youker, R 1998. Defining the hierarchy of project 

objectives. Linking organizational strategy, 

programs and projects. Proceedings, 14th World 

Congress on Project Management, Ljubljana, 

Slovenia. Available at: http://www.maxwideman.

com/guests/hierarchy/example.htm [accessed on 

30 January 2011].

Zack, M H 1999. Managing codified knowledge. Sloan 

Management Review, 40(4): 45–58.

Zwicky, F 1949. Morphological astronomy. The 

Observatory, 68(845): 121–143.

http://www.eprint.ihmc.us/5/2/TheoryUnderlyingConceptMaps.pdf
http://www.eprint.ihmc.us/5/2/TheoryUnderlyingConceptMaps.pdf
http://liris.cnrs.fr/amille/enseignements/Ecole_Centrale/What%20is%20an%20ontology%20and%20why%20we%20need%20it.htm
http://liris.cnrs.fr/amille/enseignements/Ecole_Centrale/What%20is%20an%20ontology%20and%20why%20we%20need%20it.htm
http://liris.cnrs.fr/amille/enseignements/Ecole_Centrale/What%20is%20an%20ontology%20and%20why%20we%20need%20it.htm
http://liris.cnrs.fr/amille/enseignements/Ecole_Centrale/What%20is%20an%20ontology%20and%20why%20we%20need%20it.htm
http://www.ellieseligmann.com/essays/synectics_seligmann.pdf
http://www.ellieseligmann.com/essays/synectics_seligmann.pdf
http://www.ellieseligmann.com/essays/synectics_seligmann.pdf
http://www.cognitive-edge.com/blog/cynefin-v45-complete
http://www.cognitive-edge.com/blog/cynefin-v45-complete
https://repository.up.ac.za/handle/2263/64301
https://repository.up.ac.za/handle/2263/64301
http://www.maxwideman.com/guests/hierarchy/example.htm
http://www.maxwideman.com/guests/hierarchy/example.htm




Guidelines for the preparation of papers and technical notes
Authors should comply with the following guidelines when preparing papers for publication in the journal

The Journal of the South African Institution of Civil 
Engineering is published quarterly in March, June, 
September and December. Articles submitted for 
publication are reviewed by a panel of referees under 
the guidance of the SAICE Journal Editorial Panel. 
The journal publishes research papers covering all the 
disciplines of civil engineering (structural, geotechnical, 
railway, coastal/marine, water, construction, environ-
mental, municipal, transportation) and associated topics 
that are relevant to the civil engineering profession, and 
that preferably have particular relevance to civil engi-
neering in southern Africa and the African continent.

When preparing articles for publication, authors 
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with the guidelines as set out:

CLASSIFICATION OF ARTICLES 
CONSIDERED FOR PUBLICATION

 ■ Technical papers are well-researched, in-depth, 
fully referenced technical articles not exceeding 
6 000 words in length (excluding tables, illustra-
tions and the list of references). Related papers that 
deal with ‘softer sciences’ (e.g. education, social 
upliftment, etc) are accepted if they are of a techni-
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engineering profession. The latter type of paper will 
be subject not only to peer-review by civil engineers, 
but also to review by non-engineering specialists in 
the field covered by the paper.
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articles that do not exceed 2 000 words. A typical 
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 ■ Review papers are considered for publication as 
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tion that they are the original work of the author 
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while under consideration by the SAICE Journal 
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information that may be confidential or sensitive. 
Authors are also responsible for obtaining permis-
sion from copyright owners when reproducing mate-
rial that had been published elsewhere. Proof of such 
permission must be supplied.

SUBMISSION PROCEDURES 
AND REQUIRED FORMAT
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as PDF files (http://journal.saice.org.za). Individual 
file sizes may not exceed 10 MB. Should you experi-
ence problems uploading your paper, please contact 
the editor (verelene@saice.org.za).

 ■ Format: Manuscripts should be prepared in MS 
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column layout with 25 mm wide margins. Line 
numbers must be applied to the whole document. 
All pages should bear the authors’ names and be 
numbered at the bottom of the page. With the excep-
tion of tables and figures (see below) the document 
should be typed in Times New Roman 12 pt font. 
Contributions should be accompanied by an abstract 
of not more than 200 words.
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 ■ Figures, tables, photos and illustrations: These 
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 ■ Figures, tables, photos, illustrations and equa-
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 ■ Illustrations must be accompanied by appropriate 
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All illustrations should be referred to in the text.
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puter graphics. Hand-drafted figures will not be 
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than 9 pt is not acceptable.

 ■ Tables should be typed in Times New Roman 
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already given in the text, nor contain material 
that would be better presented graphically. 
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 ■ Mathematical expressions and presentation 
of symbols: 

 ■ Equations should be presented in a clear form 
which can easily be read by non-mathematicians. 
Each equation should appear on a separate line 
and should be numbered consecutively.

 ■ Symbols should preferably reflect those used in 
Microsoft Word Equation Editor or Mathtype, 

or should be typed using the Times New Roman 
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is applicable.

 ■ Metric measurement abbreviations/units should 
conform to international usage – the SI system of 
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 ■ Decimal commas may be used, but decimal 
points are preferred.

 ■ Symbols should preferably be defined in the text, 
but if this is not feasible, a list of notations may be 
provided for inclusion at the end of the paper.

 ■ Headings: Sections and paragraphs should not be 
numbered. The following hierarchy of headings 
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 HEADING OF MAIN SECTION
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 Heading of sub-subsection

 ■ References: References should follow the Harvard 
system. The format of text citations should be as 
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  References cited in the text should be listed in 
alphabetical order at the end of the paper. References 
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should be defined when they first appear in the text. 
Do not use full stops after abbreviations or acronyms.
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