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introduction

Pedology and pedological 
classification systems
Pedology is a branch of soil science 
which deals with the scientific study of 
soils, without a view to any particular 
application.

A number of pedological soil classifica-
tion systems have been established globally, 
which are used as a basis for soil maps. 
These include an international system 
and many national systems, as detailed by 
Fanourakis (2012).

The international system is the World 
Reference Base for Soil Classification 
(IUSS-WRB 1998; 2006; 2007; 2015). This 
system has been translated into a number 
of languages, including Arabic, German, 
Polish, Russian, Slovak, Spanish and 
Turkish (IUSS-WRB 2015). This system 
is available in Portable Document Format 
(pdf), as well as a Mobile Application (App) 
for Android, Apple and Windows mobile 
in English for certain countries or regions 
(FAO 2021). This App is currently not 
available for South Africa.

Three versions of the South African 
pedological classification system have 

been developed from 1977 to 2018 
(Fanourakis 2012).

The commonly used South African 
Classification System is the older version, 
titled “Soil Classification: A Binomial 
System for South Africa” (MacVicar et al 
1977). An overview of this classification is 
given by Fanourakis (2012). This system 
has been used as a basis for soil mapping in 
South Africa.

According to Calitz (2021), the older 
Binomial Classification System (after 
MacVicar et al 1977) and the latest Natural 
and Anthropogenic System (SCWG 2018) 
are the most useful with regard to the 
nature and behaviour of soils for geotech-
nical purposes.

Pedological databases
Various international, regional and national 
databases comprising pedological, climatic, 
topographical and other information have 
been developed, as detailed by Fanourakis 
(2012). The South African database, which 
is known as the Land Type Survey, was 
compiled by the Institute of Soil Climate 
and Water (LTSS 2021).

The soil data included in the Land Type 
Survey of South Africa (LTSS 2021) shows 

A mathematical model for 
determining engineering 
soil classifications from 
pedological data
G C Fanourakis

Various pedological soil classification systems exist worldwide, including an internationally 
accepted system and various national systems, many of which have been incorporated into 
databases that include maps. Various physical and chemical soil properties are used for 
classifying soils according to these pedological systems. This paper proposes an approach 
which may be used to determine the engineering properties of soils from the physical and 
chemical properties that are used to pedologically classify soils by systems, and, in particular, 
the South African Binomial System. These engineering properties include the USCS and 
AASHTO classification groups which may, in turn, be used as a means of rapidly determining the 
general suitability of areas for proposed development, particularly during the reconnaissance 
investigation stages of transportation route locations and township developments, with a 
resultant saving of time and money. The model was verified using data from the study area, as 
well as from an area located approximately 190 km from the study area. A total of 88% of the 
classification groups determined by the model, in the study area, were correct. Furthermore, 
only 6% of the classifications were incorrect by a maximum of two groups. The classifications 
determined for the soils outside the study area were all correct.
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maps based on the Binomial Classification 
System (after MacVicar et al 1977) and 
accompanying memoirs which contain, 
in decreasing detail, information on the 
soils, terrain, geology and climate. The 
soil information comprises soil profiles, as 
well as quantitative physical and chemical 
information of the soils with their repre-
sentative profiles (termed modal profiles). 
Comprehensive details on the data includ-
ed in the Land Type Survey are discussed 
in Fanourakis (2022).

From the above it is evident that a 
significant amount of pedological clas-
sification and mapping has been conducted 
worldwide. This data is used extensively 
and successfully primarily for the optimisa-
tion of the utilisation of agricultural land 
for crop production – so much so that 
pedology is often incorrectly regarded as 
part of agricultural science. It would be 
obviously beneficial if this data could bene-
fit the engineering profession as well.

objectives of this paper
This paper proposes a model to establish 
the engineering soil classifications, in 
particular the USCS and AASHTO, from 
pedological data.

A research area was identified and the 
soils in this area were classified according 
to the South African Binomial System. 
Samples were taken from the study area 
and tested for their grading, plasticity and 
chemical characteristics.

The grading results were used to 
establish a procedure for determining the 
engineering sized grading from the pedo-
logical grading sizes. This procedure was 
required as the methods, sieve sizes and 
soil separate boundaries used for pedologi-
cal purposes differ from those adopted for 
engineering in South Africa. In addition, 
the pedological soil separates are expressed 
as a percentage (by mass) of the fraction of 
the soil finer than 2 mm and not the entire 
soil, as done for engineering purposes.

The grading, plasticity and chemical 
properties were used to establish rela-
tionships that enable the determination 
of the plasticity characteristics for the 
pedological classification types included in 
the research.

Based on the findings of this research 
project, a mathematical model was 
developed to determine the engineering 
properties of a soil from the quantitative 
and qualitative pedological data. The inputs 
to this model are the physical and chemi-
cal properties of the soils of the various 

horizons as established for pedological pur-
poses and supplied, for example, as part of 
the modal profile data recorded in the Land 
Type memoirs or stored in the databank 
established by the Institute for Soil, Climate 
and Water (LTSS 2021). The engineering 
soil properties (output by the model) include 
grading and plasticity properties, and the 
USCS and AASHTO classification groups, 
which may be used in the initial planning of 
a wide range of soil engineering-related proj-
ects such as transportation route alignment 
and township development. The model is 
intended to supplement information at the 
reconnaissance phase of proposed projects 
by assisting in identifying relatively favour-
able or unfavourable soils.

The model was verified using data from 
the study area, as well as from an area 
located approximately 190 km from the 
study area.

reseArch Procedure

research approach
A study area was selected as the basis for 
collecting data, which, in turn, was appro-
priately analysed and was incorporated into 
the proposed model to determine engineer-
ing properties from pedological data.

research area
The area studied, which is located approxi-
mately 150 km northwest of the city of 
Rustenburg in South Africa and is approxi-
mately 4 200 km2 in extent, lies to the 
south of the confluence of the Crocodile 
and Marico Rivers. The area was selected 
for its diversity of soil types.

geology
According to the Council for Geoscience 
(1974) Geological Series Map 2426 
Thabazimbi, Scale 1:250 000, the study 
area may be generally divided into three 
regions of varying geology.

The western region is underlain 
predominantly by rocks of the Transvaal 
Supergroup, together with rocks of the 
Ventersdorp Supergroup and Bushveld 
Igneous Complex.

The central region is underlain by 
rocks of the Archaean Complex compris-
ing a granite basement with inliers of the 
Swaziland Supergroup.

The northern region is underlain by 
rocks of the Olifantshoek Supergroup 
(Waterberg Group) with Post-Waterberg 
diabase intrusions.

Tertiary and quaternary deposits are 
present throughout the study area, occur-
ring mainly in the central region.

the soils investigated in this project
A number of soil types occur in the area, 
differing from one another as a result 
of different parent materials and/or the 
different soil-forming processes to which 
they had been subjected. The research was 
confined to the dominant soil series which 
adequately cover the range of soil types 
occurring in the area. Although most of 
the soils were transported, there were some 
of residual origin.

Five soil forms were selected for the 
research. These are the Hutton, Shortlands, 
Valsrivier, Swartland and Arcadia forms, 
which are respectively shown in the 
typical photographs (with the associ-
ated horizon types) in Figures 1 to 5 in 
Fanourakis (2012).

The correlations of the soil series select-
ed with the World Reference Base (WRB) 
are included in Fanourakis (2012).

fieldwork
The soils at 63 randomly selected sites 
within the study area were classified 
according to the South African Binomial 
System (after MacVicar et al 1977), on the 
basis of observing the soil profile in the 
trial pits and the various horizon-based 
series differentiation criteria. Such criteria 
are detailed in Fanourakis (2012).

A total of 99 disturbed soil samples, 
taken from the horizons of these soil pro-
files, were tested to determine the physical 
and chemical properties that are used as 
criteria for pedological classification. As 
the physical and chemical properties of C 
horizons are not reflected in the pedologi-
cal classifications of profiles which contain 
C horizons, C horizons were not sampled. 
Details of the methods of analysis and 
results, as well as brief discussions on the 
significance of each property determined 
are given in the work of Fanourakis (1999).

In addition, the Atterberg Limits and 
linear shrinkage of each sample were deter-
mined in accordance with TMH1 (1986).

The series encountered in the study 
area, the percentage of the possible series 
considered, the number of soil profiles 
classified and the number of samples tested 
for the determination of their plasticity 
properties for the soils of each form are 
shown in Table 1. All the possible series of 
the five soil forms considered did not occur 
in the study area.
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AnAlYsis

determining engineering 
grading characteristics from 
pedological grading

Engineering grading characteristics
The grading characteristics used as criteria 
for the classification of a specific soil horizon 
for engineering purposes according to the 
USCS (USAEWES 1960) and the AASHTO 
systems (HRB 1945) include the following:

 Q Masses of the fractions finer than 
2.0 mm, 0.425 mm and 0.075 mm 
(by mass) (P2.0 mm, P0.425 mm and 
P0.075 mm), respectively.

 Q Alan Hazen’s Coefficient of Uniformity 
(Cu) (Taylor 1948) and the Coefficient of 
Curvature (Cc).

Grading data incorporated in 
the Land Type memoirs
Grading data, determined by the physical 
analysis of a soil horizon for series identifi-
cation purposes and presented in the format 
used in the Land Type memoirs cannot be 
used directly to classify a soil in accordance 
with either of the engineering classification 
systems above. This is due to the following:

 Q The method of particle-size analysis 
used by the Institute for Soil, Climate 
and Water to establish the grading 
data for inclusion in the Land Type 
memoirs is that described by Day 
(1965), with modifications discussed in 
Fanourakis (1999). This method differs 
from methods employed by laboratories 
performing grading analyses on soil 
samples for engineering classification 
purposes. These differences include the 
adoption of sedimentation principles 
(instead of sieve analysis) to determine 
the grading of the fraction finer than 
0.02 mm and 0.075 mm for pedological 
and engineering purposes, respectively. 
Furthermore, the pedological method 
prescribes procedures for the removal of 
organic matter (by oxidation with 30% 

H2O2) and destroying of carbonates 
(with 2 mol/l HCl).

 Q The pedological soil separate size 
limits do not correspond to those used 
to determine the engineering grading 
characteristics.

 Q The masses of the pedological soil 
separates are expressed as a percentage 
of the mass of the fraction finer than 
2.0 mm and not as a percentage of the 
mass of the total sample as is done for 
engineering purposes.

Method used for the determination 
of pedological grading data
The physical analyses of the soil samples 
included in this project to obtain those 
grading characteristics necessary for series 
identification in accordance with the South 
African Binomial Classification System 
(MacVicar et al 1977) were performed as 
described by Day (1965), with modifica-
tions as discussed in Fanourakis (1999).

To determine the particle-size distribu-
tion of the fraction finer than 0.053 mm, 
the hydrometer method was used in 
this project whilst the pipette method is 
employed by the Institute for Soil, Climate 
and Water (LTSS 2021). Since Day (1965) 
specifies both methods as alternatives, it 
seems reasonable to assume that the results 
obtained for this project would essentially 

be the same as would have been obtained 
by the Institute for Soil, Climate and Water 
on the same samples (LTSS 2021).

Procedure developed to estimate 
engineering grading characteristics 
from pedological data
A computer program to calculate values for 
the grading characteristics which are used 
for the classification of a soil for engineering 
purposes from pedological grading data as 
recorded in the Land Type memoirs was 
written in BASIC (Beginner’s All-purpose 
Symbolic Instruction Code) computer pro-
gramming language. A listing of the program, 
as well as the linear interpolation-based pro-
cedure followed, is given in Fanourakis (1999).

The methods used by commercial labo-
ratories for determining the engineering 
grading characteristics of a soil differ from 
the method used by laboratories to deter-
mine the grading characteristics of a soil 
for pedological purposes (Fanourakis 1999).

Hence, nine identical specimens of five 
soil types, representative of the range of 
soil types sampled, were submitted to nine 
commercial engineering soils laboratories 
for the determination of their engineering 
grading characteristics. The grading analy-
ses determined by the different laboratories 
and details on the test methods and dis-
persing agents used by each of the laborato-
ries are included in Fanourakis (1999).

Table 2 lists in parallel, for each soil 
type, the mean value of each grading 
characteristic (P2.0 mm, P0.425 mm, 
P0.075 mm) determined by the nine com-
mercial engineering laboratories, on the 
one hand, and the corresponding charac-
teristics estimated from pedological data 
using the program developed, on the other.

The paired values were compared and 
the null hypothesis assumed. The five per 
cent significance level was adopted.

Table 1 Percentage of series considered and number of profiles classified and tests conducted

soil form

details of this research

Percentage of 
series considered

number of profiles 
classified

number of plasticity 
tests conducted

Hutton 25 28 48

Shortlands 22 3 4

Valsrivier 42 11 23

Swartland 17 4 7

Arcadia 8 17 17

Table 2 Paired comparisons and corresponding t-test results

sample number

grading characteristic

P2.0 mm P0.425 mm P0.075 mm

Average 
of tests

estimated
Average 
of tests

estimated
Average 
of tests

estimated

BC3A 99.3 98.0 70.6 79.3 20.4 33.5

AA1A 98.5 99.0 72.1 66.0 37.8 46.0

DB2B 99.1 99.0 82.0 82.4 52.0 57.7

AC3 98.0 97.0 80.7 62.5 53.7 46.9

AC2 98.9 98.0 86.8 89.8 68.4 76.4

Level of significance (P) 16.6 % 62.4 % 16.6 %

Difference significant? No No No
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As a result of the fact that any significant 
departures from the null hypothesis in either 
of two directions (increase or decrease) were 
important, the two-tailed t-test was applied 
to the paired comparisons for each grad-
ing characteristic to establish the level of 
significance. If the null hypothesis is true, the 
critical t-value will follow a t-distribution with 
(n-1) degrees of freedom. The significance 
levels (P) which are the probabilities of differ-
ences of such magnitudes arising by chance, 
as determined by each of the two-tailed 
t-tests, are given in Table 2.

Referring to the levels of significance (P), 
it is evident that the difference between the 
paired values for each grading characteristic 
is not significant. The value of the lowest 
level of significance established (16.6%) 
resulted from the t-tests performed on 
paired values for the five soil types, in the 
case of the percentages (by mass) finer than 
2 mm and 0.075 mm. These values are, how-
ever, still 11.6% higher than the level of sig-
nificance (P) which would have justified the 
rejection of the null hypothesis. Hence, it 
was concluded for each of the three grading 
characteristics that the difference between 
the population means of each pair of values 
was not significant and that the data was 
consistent with the null hypothesis.

Nevertheless, the magnitude of the 
differences between the paired values 
would not have resulted in the allocation 
of a different engineering soil classification 
group symbol, regardless of whether the 
laboratory or computer-estimated values 
were used (provided that no plasticity was 
exhibited by the soil, and the allocation of a 
group symbol was dependent only on grad-
ing characteristics).

As the engineering grading character-
istics were estimated from the pedological 
grading characteristics at a statistically 
significant level, engineering grading 
characteristics for the remaining samples 
in the study area were not determined but 
were instead estimated from the pedologi-
cal grading characteristics. It also appeared 
reasonable to assume that the above proce-
dure is valid for determining engineering 
grading characteristics of other soil types 
and possibly any soil type from its pedo-
logical grading characteristics.

Regarding the Cu and Cc ‒ values of D10 
and D30 could only be established from grad-
ing data, determined by the commercial labo-
ratories, in the case of only one (BC3A) of the 
five soil types tested (in the case of the other 
four soil types, D10 and D30 were less than 
0.002 mm). Hence, on the basis of one sample, 

the degree of confidence with which Cu and 
Cc can be estimated from the pedological 
data could not be determined statistically. 
However, practically, the Cu and Cc values 
may be required for classification according 
to the USCS, in the case of only two (GW and 
SW) of the 15 possible groups comprising the 
system. These are not required for classifica-
tion according to the AASHTO system.

determining plasticity 
characteristics from the soil series
Fanourakis (2012) established relationships 
for determining the engineering plasticity 
characteristics ‒ namely liquid limit (LL), 
plasticity index (PI) and linear shrinkage 
(LS) ‒ of soils deriving from a range of 
pedological classes of the South African 
Binomial System (after MacVicar et al 1977) 
from their physical and chemical properties 
which are determined for pedological clas-
sification purposes. More specifically, in the 
case of each soil form considered, each of 
the plasticity properties (LL, PI and LS) was 
correlated with the amount of magnesium 
present in the clay-size portion of the frac-
tion of the sample finer than 0.425 mm.

For each soil group, Fisher’s 
Z-transformation technique was used to 
combine independent correlation coef-
ficients, which are significant at the five per 
cent probability level, in order to obtain an 
estimate of the average (pooled) correla-
tion coefficient. This procedure took into 
account each correlation coefficient and 
the corresponding number of sets of values 
on which it was based.

Significance tests were carried out for 
each relationship established using the 
Student’s t-distribution (Gosset 1908) to 
determine the probability that the correla-
tion coefficient could have arisen by chance 
in a sample of the size dealt with. All the 
relationships established for estimating the 
plasticity characteristics of the soils were 
highly significant (P < 1%). These relation-
ships are represented and discussed in 
detail in Fanourakis (2012).

The pooled correlation coefficients and 
corresponding levels of significance are 
summarised in Table 3. The grouping of 
the Shortlands, Valsrivier and Swartland 
soil forms is justified in Fanourakis (2012).

the mAthemAticAl model

components of the model

Structure of the model
A flow diagram illustrating the general 
structure of the model is shown in Figure 1.

Pedological input data
The pedological data, which is the input 
data, consists of the following:

Table 3  Pooled correlation coefficients and corresponding levels of significance for plasticity 
characteristics

soil form Pooled r
level of significance (P%)

minimum maximum mean

Hutton (Ferralsols and Arenosols)1 0.863 4.7E-11 5.3E-04 1.8E-04

Shortlands, Valsrivier and Swartland 
(Luvisols)1

0.866 3.7E-12 4.7E-09 2.2E-09

Arcadia (Vertisols)1 0.707 5.7E-02 5E-01 2.2E-01

1 General equivalent according to the WRB Classification System (IUSS-WRB 1998; 2006; 2007; 2015).

Pedological Data

Pedological grading 
and chemical 
characteristics

USCS 
classification 

group

AASHTO 
classification 

group

Pedological 
chemical 

characteristics

Pedological 
grading 

characteristics

Estimated 
engineering 

grading 
characteristics

Estimated plasticity 
characteristics

Engineering 
classification

Figure 1  Flow diagram illustrating the 
structure of the model
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 Q The soil form
 Q The quantitative grading characteristics 

of the soil sample as given for pedologi-
cal purposes

 Q The exchangeable magnesium (in me %), 
included in the quantitative chemical 
characteristics of the soil as given for 
pedological purposes.

Engineering soil properties output

Engineering grading characteristics
The engineering grading characteristics 
of the soil sample are estimated from the 
pedological grading characteristics.

Plasticity characteristics
In the case of each soil form, the LL, PI and 
LS are estimated using the highly signifi-
cant mathematical relationships obtained 
between these properties and the physical 
and chemical soil properties such as the per-
centage finer than 0.425 mm (P0.425 mm), 
the clay content (P0.002 mm) and the quan-
tity of the exchangeable magnesium cations 
(in me %) (Fanourakis 2012).

Fanourakis (2012) proposed that soils 
of the Hutton form with a clay content 
less than 12% are automatically designated 
as non-plastic. This 12% was the average 
clay content of 18 Hutton soils that were 
non-plastic and had clay contents ranging 
from 6% to 18%. In this paper it is proposed 
that the relationships pertaining to soils of 
the Hutton soil form should not be applied 
to soils with a clay content equal to or less 
than 18%, as these were not included in 
the establishment of the relationships. The 
estimation of plasticity characteristics from 
pedological data is discussed in detail in 
Fanourakis (2012).

These relationships to determine 
plasticity characteristics were applied using 
data which fell within the range on which 
the relevant relationships were established.

Engineering classification of soils
The soil is classified according to the two 
most commonly employed engineering soil 
classification systems, namely the USCS 
(USAEWES 1960) and the AASHTO sys-
tem (HRB 1945).

limitations of the model
This research entailed the investigation 
of soils occurring in a particular area. 
Not all the series encompassed by the 
forms investigated occur in the study area. 
Furthermore, the behaviour of soils of the 
series researched which have a chemical and 

Table 4 Actual and estimated classification group symbols for soils of the Hutton form

designation soil series
uscs

actual
uscs

estimated
AAshto

actual
AAshto

estimated

AC1A  Hu Shorrocks SC SC A-6 A-6

AC1B  Hu Shorrocks SC SC A-6 A-6

AC4A  Hu Makatini SC SC A-4 A-6

AC4B  Hu Makatini CL CL A-6 A-6

 BB1A Hu Portsmouth SM SM A-2-4 A-2-4

BB1B Hu Portsmouth SM SM A-2-4 A-2-4

BC1A Hu Shigalo SM SM A-2-4 A-2-4

BC1B Hu Shigalo SM SM A-4 A-4

BC2A Hu Portsmouth SM SM A-2-4 A-2-4

BC2B Hu Portsmouth SM SM A-4 A-4

BC3A Hu Portsmouth SM SM A-2-4 A-2-4

 BC3B Hu Portsmouth SM SM A-4 A-4

BD1A Hu Shigalo SM SM A-4 A-4

CB2A Hu Shorrocks SM-SC SC A-4 A-4

CB2B Hu Shorrocks SC SC A-6 A-6

CB3A Hu Vergenoeg SM SM A-4 A-4

CB3B Hu Vergenoeg SM SM A-4 A-4

CB4A Hu Shorrocks SM SM A-4 A-4

CB4B Hu Shorrocks SC SC A-6 A-6

CB5A Hu Portsmouth SM SM A-4 A-4

CB6B Hu Shorrocks CL CL A-6 A-6

CB7A Hu Mangano SM SM A-4 A-4

CB7B Hu Mangano SM SM A-2-4 A-2-4

CD1A Hu Doveton SM-SC SC A-4 A-4

CD1B Hu Doveton CL CL A-6 A-6

DA10A Hu Makatini CL CL A-4 A-6

DA11B Hu Shorrocks CL CL A-6 A-6

DA12A Hu Shigalo CL CL A-4 A-6

DA12B Hu Shigalo CL CL A-6 A-6

DA14B Hu Shorrocks CL CL A-6 A-6

DA17A Hu Msinga CL CL A-6 A-6

DA17B Hu Msinga CL CL A-6 A-6

DA19A Hu Msinga SM SM A-4 A-4

DA19B Hu Msinga SC SC A-6 A-6

DA20B Hu Msinga SC SC A-4 A-4

DA6A Hu Shorrocks SM SM A-4 A-4

DB2A Hu Makatini SC SC A-4 A-4

DB2B Hu Makatini CL CL A-6 A-6

DB6A Hu Doveton SC SC A-4 A-6

DB6B Hu Doveton CL CL A-6 A-6

DB8A Hu Shorrocks CL CL A-6 A-6

DB8B Hu Shorrocks SC SC A-6 A-6

DC1A Hu Makatini CL CL A-6 A-6

DC1B Hu Makatini CL CL A-6 A-7-6

DC2A Hu Msinga SM SM A-4 A-4

DC3A Hu Shorrocks SC SC A-4 A-4

DC3B Hu Shorrocks CL CL A-6 A-6

Note: Blue indicates two class differences.
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mineralogical composition differing from 
that of the soils included in the research is 
not known. Hence, the plasticity relation-
ships could not be applied in such cases.

verificAtion of the model

verification sources
The model was verified by being applied 
using pedological data to determine the 
engineering properties of soils in the 
study area.

In addition, the model was verified 
using data from a pedological and geo-
technical report pertaining to an area 
in Lephalale (formerly Ellisras), located 
approximately 190 km from the study area.

verification using data 
from the study area

Data used
The USCS and AASHTO classifications for 
each of the samples tested as part of this 
research project were determined by using:

 Q the estimated engineering grading 
characteristics and the plasticity results 
obtained from standard engineering 
laboratory tests, on those samples, and

 Q the engineering grading and plasticity 
characteristics by applying the model to 
the quantitative physical and chemical 
pedological data of the same samples.

One soil of the Hutton form and three of 
the Arcadia form were excluded, as they 
had physico-chemical properties outside the 
ranges pertaining to the relevant plastic rela-
tionships. The engineering soil classification 
group symbols mentioned above are shown in 
parallel, for the 95 soils of the different forms 
included in the study area, in Tables 4 to 6.

Results and discussion
Table 7 shows the a summary of soil form 
specific results of the accuracy of the 
estimated classification group symbols, 
according to the AASHTO and USCS sys-
tems, for the soils considered.

Considering the soils of all the series 
included in this research, a total of six of 
the 95 (6%) estimated USCS group symbols 
differed from actual symbols of the same 
soils by one group. No samples differed by 
more than one group. In cases where either 
the actual or estimated symbol was included 
in the other, this was considered not to 
be different. For example, the actual and 
estimated USCS symbols assigned to sample 
CB2A were SM-SC and SC, respectively.

Table 5  Actual and estimated classification group symbols for soils of the Shortlands, Valsrivier 
and Swartland forms

designation soil series
uscs

actual
uscs

estimated
AAshto

actual
AAshto

estimated

AA1A  Sd Kinross SC SC A-6 A-6

CC2A  Sd Ferry CL CL A-4 A-6

CC2B  Sd Ferry CL CL A-6 A-6

DA3B  Sd Kinross SC SC A-6 A-6

 CC1A Sw Reveillie CL CL A-4 A-6

CC1B Sw Reveillie CL CL A-6 A-6

CC5A Sw Skilderkrans CL CL A-7-6 A-7-6

CC5B Sw Skilderkrans CL CL A-6 A-7-6

CC6A Sw Skilderkrans CL CL A-7-6 A-6

CC6B Sw Skilderkrans CL CL A-6 A-6

DB5A Sw Skilderkrans CL CL A-6 A-6

 AA2A Va Waterval CL CL A-6 A-6

AA2B Va Waterval CH CL A-7-6 A-7-6

BB2A Va Sunnyside CL CL A-6 A-6

BB2B Va Sunnyside CL CL A-7-6 A-7-6

CC3A Va Marienthal CL CL A-4 A-6

CC3B Va Marienthal MH CH A-7-5 A-7-6

CC4B Va Valsrivier MH MH A-7-5 A-7-5

DA18A Va Waterval SC SC A-6 A-6

DA18B Va Waterval CL CL A-6 A-6

DA7A Va Waterval CL CL A-4 A-6

DA7B Va Waterval CL CL A-7-6 A-7-6

DA7B2 Va Waterval CL CL A-7-6 A-7-6

DA8A Va Waterval SC SC A-4 A-6

DA8B Va Waterval CL CL A-7-6 A-7-6

DA8B2 Va Waterval CL CL A-7-6 A-7-6

DB3A Va Marienthal CL CL A-7-6 A-7-6

DB3B Va Marienthal CH CH A-7-6 A-7-5

DB4A Va Lindley ML CL A-7-6 A-7-6

DB4B Va Lindley CL CL A-7-6 A-7-6

DC4A Va Lindley CL CL A-6 A-6

DC4B Va Lindley CL CL A-7-6 A-7-6

DD3A Va Lindley CL CL A-6 A-6

DD3B Va Lindley CH CH A-7-6 A-7-6

Note: Green indicates one class difference. Blue indicates two class differences.

Table 6 Actual and estimated classification group symbols for soils of the Arcadia form

designation soil series
uscs

actual
uscs

estimated
AAshto

actual
AAshto

estimated

AC3 Ar Arcadia SC SC A-7-5 A-7-5

CB1 Ar Arcadia CH CH A-7-6 A-7-6

CD2 Ar Arcadia CH CH A-7-6 A-7-6

DA13 Ar Arcadia CH MH A-7-6 A-7-5

DA15 Ar Arcadia SC SC A-7-5 A-7-5

DA2 Ar Arcadia CH CH A-7-6 A-7-6

DA4 Ar Arcadia SC SC A-7-5 A-7-5

DA5 Ar Arcadia SC SM A-2-7 A-2-7

 DA9 Ar Arcadia CH CH A-7-6 A-7-6

DB1 Ar Arcadia CH CH A-7-5 A-7-5

DB7 Ar Arcadia CH CH A-7-5 A-7-5

DB9 Ar Arcadia MH CH A-7-5 A-7-5

DD1 Ar Arcadia CH CH A-7-6 A-7-5

DD2 Ar Arcadia CH CH A-7-5 A-7-5

Note: Green indicates one class difference.
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In the case of the AASHTO classifica-
tion, the estimated and actual group sym-
bols of a total of 16 samples (17%) differed. 
Four of these differed by one class and 12 
differed by two classes. In this analysis, the 
classes of A-7-5 and A-7-6 were considered 
to be different classes (although they 
comprise the A-7 class). The four soils 
which differed by one class were such soils. 
None of the soils differed by more than two 
classes. Furthermore, nine of the 12 soils 
that differed by two classes had actual and 
estimated groups of A-4 and A-6, defined 

by a PI of 10 max or 11 min, respectively. 
A total of four soils differed in subclass 
within the A-7 class (A-7-5/A-7-6).

verification using soil data from 
areas outside the study area

Area considered
The validity of the model was also tested 
using soil data of the Lephalale area in 
the Limpopo Province which, according 
to the map of the pedology of southern 
Africa, after Harmse and Hattingh (1985), 

generally comprises similar soils to those 
researched but is located approximately 
190 km northwest of the study area.

Pedological and engineering data of 
the soils occurring along an approxi-
mately 38 km section of the Steenbokpan‒
Stockpoort Road (Road 175 which is 
situated in this area) were obtained from 
the Pedological Research Institute and the 
(former) Roads Department of the Transvaal 
Provincial Administration (TPA 1987), 
respectively. The location of this road in 
relation to Lephalale is shown in Figure 2.

Table 7 Summary of accuracy of classification group estimations according to soil forms

classification system

difference in group 
classification classes 

between actual 
and estimated

soil form

total (in row)hutton
(47 samples)

shortlands, 
valsrivier and 

swartland
(34 samples)

Arcadia
(14 samples)

USCS
None (correct) 47 31 11 89

1 Group 0 3 3 6

AASHTO

None (correct) 42 25 12 79

1 Group 0 2 2 4

2 Groups 5 7 0 12

Figure 2 The location of the Steenbokpan–Stockpoort Road in relation to Lephalale
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Data obtained
The pedological data acquired comprised 
six soil profiles which were recorded along-
side or very close to this section of the road 
as part of a pedological mapping exercise 
(conducted to a 1:50 000 scale), as well 
as the pedological physical and chemical 
data of the soils constituting these profiles 
(IPR 1989).

The engineering data comprised the 
pavement and gravel pit design sheets 
which were compiled using data gath-
ered as part of a detailed investigation 
conducted along this section of the road. 
The pavement design sheets, which were 
drafted using a standard form, included 
data on the colour, depth, grading, plastic-
ity, bearing strength (CBR) and AASHTO 
classification of the natural soils occurring 
on the road centreline at 200 m intervals. 
The gravel pit design sheets included data 
such as the material description, profile 
depth, grading characteristics, plasticity 
characteristics, AASHTO classification 
and bearing strength characteristics of the 
material occurring in nine trial pits exca-
vated in each proposed borrow area (TPA 
1987). The USCS classification groups were 
not given.

The area adjacent to this road is char-
acterised by red soils of the Hutton and 
Bainsvlei soil forms and yellow-brown soils 
of the Clovelly and Avalon forms. Soils 
of the Valsrivier, Swartland and Arcadia 
forms which were included in the research 
are generally located more than 2 km from 
the road.

Application of the model
The model was used to determine the 
AASHTO classification of the soils 
represented by the six profiles along the 
road route from the pedological data of 
these soils.

Of the soils comprising the six profiles, 
only the properties of the Hutton soils had 

been researched for the purposes of estab-
lishing the model. However, the Bainsvlei 
soil profile consists of a Hutton soil profile 
underlain by a soft plinthic (ferruginised) 
horizon. Furthermore, the Clovelly profile, 
like the Hutton profile, has an intact 
structure and clays present are mainly 
of the 1:1 kaolinitic type, but is yellow in 
colour and not red as in the case with the 
Hutton soil profile. The Avalon soil profile 
consists of a Clovelly soil profile which 
is underlain by a soft plinthic horizon. In 
other words, the Hutton, Bainsvlei, Clovelly 
and Avalon soil forms are all characterised 
by Apedal B horizons.

Therefore, although the properties 
of the soils of the Bainsvlei, Avalon and 
Clovelly forms were not investigated as part 
of the project on which the model is based, 
the section of the model applicable to the 
soils of the Hutton form was applied using 
pedological data of the Clovelly form soils 
and soils overlying the soft plinthic horizon 
of the Bainsvlei and Avalon forms to estab-
lish whether the engineering properties of 
these soils would be the same as those of a 
Hutton soil with an identical physical and 
chemical composition.

Discussion and results

Subgrade properties
The AASHTO classification groups 
determined for the horizons in each 
profile (estimated) using the model, on the 
one hand, and determined as part of the 
detailed centreline engineering survey at 
the appropriate chainages on the other, are 
given in Table 8.

With reference to Table 8, the profile 
depths according to the pedological and 
engineering profiles differ.

Nevertheless, as indicated in Table 8, 
the estimated and determined AASHTO 
classification group symbols are essentially 
the same at each chainage. Where, for 

example in the case of HK 6 and HK 19, 
two groups were given as the actual, these 
included the estimated group (A-2-4). 
Similarly, in the case of SP 4, where two 
groups were given as the estimated, these 
included the actual group.

Gravel pits
Thirteen potential borrow pits located 
along the road route were investigated as 
part of the detailed engineering survey. 
Nine test pits were excavated in each of 
the 13 potential borrow areas. The profiles 
in all of these borrow areas comprised 
calcrete or red and/or brown soil which 
is underlain by calcrete or ferricrete (TPA 
1987). In view of the fact that the pedologi-
cal test pits profiled were located such that 
the range of soils occurring in the area 
was represented by these profiles, none of 
the pedological test pits were specifically 
placed in any of the borrow pits. However, 
four of the six pedological test pits profiled 
alongside the road were situated within 
a distance of 0.6 km and 2.0 km from 
borrow pits.

The AASHTO classification groups 
in Table 9 were determined by applying 
the model to pedological data obtained 
from the four pedological profiles in the 
vicinity of the potential borrow areas, and 
the corresponding values were determined 
on samples from the test pits in the four 
potential borrow areas by conventional 
engineering test procedures.

A comparison of the data in Table 9 
revealed that the actual and estimated 
AASHTO classification groups, in the two 
parallel lists, were essentially the same. 
Where, for example in the case of HK 19 
and HK 5, two groups were given as the 
actual, these included the estimated group. 
Similarly, in the case of SP 4, where two 
groups were given as the estimated, these 
included the actual group. In any case, 
the minor differences could probably be 

Table 8 Estimated and actual AASHTO classification groups at various chainages along the Steenbokpan–Stockpoort Road

chainage  
(km)

Pedological 
profile

soil form and  
series

depth (mm) AAshto classification group

Pedological engineering estimated Actual

1.1 SP 26 Clovelly Gutu 0–500 0–650 A-2-4 A-2-4

2.6 SP 4 Hutton Portsmouth 0–1 300 0–700 A-2-4/A-2-6 A-2-4

4.2 HK 6 Hutton Moriah 0–1 850 0–800 A-2-4 A-2-4/A-3

11.2 HK 19 Bainsvlei Maanhaar 0–670 0–760 A-2-4 A-2-4/A-3

12.7 HK 5 Hutton Bontberg 0–1 100 0–670 A-2-4 A-2-4

16.4 HK 20 Avalon Windmeul 0–290 0–600 A-2-4 A-2-4
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attributed to the fact that the plasticity 
properties of the soils in the four pedologi-
cal profiles might have differed somewhat 
from those of the soils in the test pits since 
the pedological profiles and test pits were 
not identically located.

It is also important to note that, 
although the model was developed from 
test results of, amongst others, red soils of 
the Hutton form but not from test results 
of red soils of the Bainsvlei form or yellow-
brown soils of the Clovelly and Avalon 
forms (which were not included in the 
research), the mathematical model appears 
to be valid for these soils as well. This is 
probably because all the above-mentioned 
soil forms have Apedal B horizons.

However, it must be noted that, in the 
model, soils of the Hutton form with a clay 
content less than 18% are designated as non-
plastic. Therefore, since the soils in the area 
traversed by this road generally have a low 
clay content, the validity of the plasticity sec-
tion of the model could not be confirmed.

conclusions

the model developed 
and its verification
A mathematical model was successfully 
developed that enabled the determination 
of engineering grading and plasticity char-
acteristics, as well as classification (USCS 
and AASHTO) from pedological data. 
This model was verified using data from 
the study area, as well as data from an area 
located approximately 190 km from the 
study area.

verification using data 
from the study area
The engineering grading characteristics 
of soils from the study area were deter-
mined to a statistically significant degree 
of accuracy (using the five per cent level 
of significance).

The plasticity characteristics of soils 
from the study area were statistically 

significantly estimated from the physico-
chemical data of soils, for a range of 
pedological groups. All the relationships 
established for estimating the plasticity 
characteristics of the soils of the Hutton 
form (Ferralsols and Arenosols according 
to the WRB Soil Classification System), 
Arcadia form (Vertisols according to the 
WRB system) and Shortlands, Valsrivier 
and Swartland forms (Luvisols according 
to the WRB system) were highly significant 
(P < 1%) (Fanourakis 2012).

Regarding the estimated USCS and 
AASHTO classification group symbols of 
soils from the study area, of the 95 soils 
included in the project, in total, 12% of the 
estimated classification group symbols dif-
fered from the actual classification group 
symbols. Furthermore, only 6% of the clas-
sification groups differed by two groups. 
However, only in 2% of the soils (CC3B and 
DA13) did the estimated and actual clas-
sification group symbols, according to both 
the above engineering soil classification 
systems, differ. However, if the estimated 
PIs of CC3B and DA13 were 1% lower and 
1% higher, respectively, the estimated and 
actual USCS symbols would have been the 
same. From all the above results it can be 
concluded that the estimated engineering 
classification group symbols, determined 
by applying the model, provide a suf-
ficiently accurate indication of the probable 
engineering behaviour of these soils.

verification using data from 
outside the study area
The estimated AASHTO classification 
groups of soils of the Hutton, Bainsvlei, 
Clovelly and Avalon forms, which occur 
adjacent to a road located approximately 
190 km north of the study area, were 
determined using physical and chemical 
pedological data and the section of the 
model pertaining to the soils of the Hutton 
form. These estimated classification groups 
did not differ significantly from the actual 
classification groups which were deter-
mined from soils that had been sampled 

from the same locations or nearby as part 
of a detailed engineering survey.

Application of the model 
and further research
The findings of this research are valid 
for soils of the pedological classifications 
investigated and their particular physical, 
chemical and mineralogical proper-
ties only, since the research project was 
intended to serve as a pilot study. The 
indications are that additional similar 
studies covering soils of the pedological 
classifications researched but with different 
chemical properties, as well as soils with 
other pedological classifications with vary-
ing chemical properties, could undoubtedly 
lead to the extension of this work and 
improvement of its universality.

This model is intended to assist in the 
supplementing of information in the recon-
naissance stages of certain projects.

Finally, it is hoped that this research 
has succeeded in emphasising the inter-
relationships between pedogenesis and 
the engineering behaviour of soils, and in 
suggesting an approach for the interpreta-
tion of pedological data for engineering 
purposes.
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introduction

Pedological classification 
systems and databases
There are various definitions of pedology. 
Essentially, pedology is the study of soils as 
naturally occurring phenomena, including 
their formation, composition, classification 
and distribution.

A number of pedological soil classifica-
tion systems have been established and used 
as a basis for mapping soils. Such systems, 
which include an internationally accepted 
system and many national systems, are listed 
in Fanourakis (2012) and Fanourakis (2022).

The commonly used South African 
Pedological Soil Classification System 
is titled “Soil Classification: A Binomial 
System for South Africa” (MacVicar et al 
1977). An overview of this classification is 
given in Fanourakis (2012).

Pedological databases
Various international, regional and 
national databases comprising pedological, 
climatic, topographical and other informa-
tion have been developed, as detailed in 
Fanourakis (2012).

The South African database, which 
contains information for the entire country, 
is the Land Type Soil Survey (LTSS 2021).

The Land Type Survey has been incor-
porated into the SOTER (Soil and Terrain) 
world database, which includes maps and soil 

information (in a standard format), that has 
already been compiled for a number of coun-
tries. This includes the New Generation Soil 
Property Maps for Africa (ISRIC 2021).

Therefore, a significant amount of 
pedological classification and mapping 
has been conducted worldwide. Although 
this data is used primarily for agricultural 
purposes, such information, particularly 
that on soils and terrain, could be used for 
geotechnical engineering investigations.

the land type survey
The Land Type Survey, which was initi-
ated in 1972 and was completed in 2002 
(Patterson et al 2015), comprises a publicly 
available completed survey of the entire 
South Africa, which includes information 
on the soils, terrain, climate and geology. 
This survey was conducted by the Institute 
of Soil, Climate and Water (formerly the 
Soil and Irrigation Research Institute) of 
the Agricultural Research Council.

The soil data included in the Land Type 
Survey of South Africa (LTSS 2021) includes 
the pedological properties and pedological 
classification in accordance with the South 
African Binomial Classification System 
(after MacVicar et al 1977).

The data acquired in the course of the 
Land Type Survey is published in the form 
of maps (at a scale of 1:250 000), known 
as Land Type maps, and accompanying 
documents which are referred to as Land 

utilising land type data for 
geotechnical investigations
G C Fanourakis

In South Africa, a Land Type Survey (LTSS) has been conducted of the entire country. The information 
available from the LTSS is readily and inexpensively made available to the public (in the form of 
maps and accompanying memoirs). This survey includes information on the climate, terrain and 
soils. The soil information given includes qualitative data (such as pedological classifications, soil 
profiles and soil types), as well as quantitative physical and chemical properties of representative 
soils tested. Such information is used primarily for agricultural purposes. This paper proposes 
an approach for inferring information, of relevance in reconnaissance geotechnical engineering 
surveys, from Land Type data, to supplement geotechnical investigation data. The proposed 
procedure was verified using actual information from a geotechnical report. This investigation 
indicated that general engineering properties can be inferred from qualitative pedological data. In 
addition, statistically significant engineering properties (including the grading, Atterberg Limits and 
the USCS and AASHTO classifications) were determined from quantitative pedological data, in 86% 
of cases, for the soils considered. It is evident from this research that data from the Land Type survey 
data can be successfully used for geotechnical investigation purposes for certain developments 
(such as roads and townships) where the depth of interest is relatively shallow.
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Type memoirs. At the time of publication 
of this paper, the cost of a Land Type map 
on paper (on a topo-cadastral background) 
was R100.00 and on semi-transparent matt 
film (without a topo-cadastral background) 
was R350.00. The cost of memoirs, which 
are currently mainly available on CD (as 
opposed to a hardcopy book), was R75.00 
each. In addition, an optional CD containing 
an explanation of the contents of any par-
ticular map is available at a cost of R75.00.

objectives of this paper
Despite the different depths of soil which are 
of concern in pedology and in engineering, 
information gathered by pedologists is also 
of potential use to engineers. Translating the 
classification system on which pedological 
maps, such as the Land Type maps, are based 
into engineering terms, even if only for the 
uppermost 1.2 m of the soil profile, may be 
of significant value in engineering projects 
concerned with transportation links, canals, 
township development and the location of 
natural construction materials (Harmse & 
Hattingh 1985).

Paige-Green and Turner (2007) generally 
discussed how the information from the 
Land Type Survey could potentially assist, 

specifically, in road engineering surveys. 
Furthermore, Calitz (2021) developed a 
detailed Soils Effects Grouping (SEG) system 
to convert pedological information to infor-
mation useful in geotechnical assessments. 
The approach used by Calitz (2021) is differ-
ent to that discussed in this paper.

The primary objective of this paper is to 
demonstrate the extent to which Land Type 
data can be used in geotechnical investiga-
tions, particularly at the reconnaissance 
stages, which are undertaken at the planning 
stages of proposed developments, where the 
depth of interest is relatively shallow (e.g. for 
roads and township developments). The ter-
rain and soil information inferred from the 
LTSS would typically be used together with 
other information, such as geological maps, 
aerial photographs, topographical maps and 
technical reports (if available) to effectively 
plan detailed soil surveys. In this paper, this 
was illustrated by utilising the LTSS data 
pertaining to a particular road route to infer 
information or estimate properties applicable 
to the reconnaissance geotechnical investiga-
tion. The inferred information was then veri-
fied by being compared to the data from the 
actual engineering geotechnical investigation 
report that was compiled for the same road.

In achieving this objective, an overview 
of the information that is incorporated in 
the Land Type Survey is given.

the lAnd tYPe soil surveY

the identification of land types
Areas known as Land Types were identified 
and delineated on a 1:250 000 scale, such 
that each Land Type displayed a marked 
degree of uniformity with regard to terrain 
form, soil pattern and climate. The Land 
Types were initially delineated on 1:50 000 
quarter degree sheets, each comprising 
a 1:250 000 sheet, and then the bounda-
ries were transferred onto the relevant 
1:250 000 sheets (LTSS 2021).

the establishment of land 
type inventories
Approximately 7 070 Land Types were 
established, based on approximately 
400 000 soil observations, which translate 
to approximately one observation per 
300 ha (Patterson et al 2015).

A Land Type inventory was established 
for each delineated unit (Land Type). The 
Land Type inventories are included in the 

Figure 1 Example of a Land Type inventory – Ea26 (LTSS 2021)
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relevant memoirs. Each Land Type inven-
tory contains information on the terrain, 
pedology, climate and geology of that Land 
Type. An example of a Land Type inven-
tory is shown in Figure 1 (on page 13).

With reference to Figure 1, the follow-
ing information regarding soil and terrain 
is included in the inventory:

 Q The Land Type designation (shown in 
the blue rectangle), corresponding with 
that on the map unit (e.g. Ea26).

 Q The area of the Land Type unit (shown 
in the olive rectangle).

 Q A terrain type and terrain form sketch 
(profile sketch) in the red rectangle. 
This indicates the terrain type (e.g. A3) 
which is based on estimates of the slope 
and local relief, according to standard 
ranges, representative of the terrain 
characterising the Land Type. The sec-
tion (profile) which is representative of 
the terrain of the Land Type comprises 
(numbered) terrain units. A terrain 
unit is any part of the land surface 
with a homogeneous form and slope 
(LTSS 2021).

 Q Classification of the soils occupying 
the Land Type according to the South 
African Binomial Classification System 
(MacVicar et al 1977) (shown in the 
green rectangle).

 Q Clay content ranges for each soil horizon 
type (shown in the yellow rectangle).

 Q The textural class of each horizon 
(shown in the light blue rectangle).

 Q Depth range of soil/rock horizons of each 
soil form (shown in the purple rectangle).

 Q The depth limiting material in the case 
of each soil form (shown in the grey 
rectangle)

 Q The area of each of the terrain units that 
is occupied by the different soil series, 
as well as the area occupied by rock, is 
estimated in terms of percentages of the 
area of that unit, as well as in hectares 
(shown in the orange rectangle).

 Q The percentage and area (in hectares) of 
the Land Type occupied by each of the 
terrain units (numbers 1 to 5 in the terrain 
form sketch; red rectangle) as well as the 
slope and slope shape of each of the units, 
are shown in the magenta rectangle

 Q The geology of the Land Type unit 
(shown in the turquoise rectangle).

 Q The numbers of any modal profiles (see 
below) in that Land Type, shown in the 
brown rectangle.

similarities between land 
types and land systems of 
engineering regional surveys
Regional surveys carried out for engineering 
projects include the detailed mapping of 
selected areas which are representative of 
each land system. This entails the gather-
ing of general information regarding the 
climate, topography, vegetation, soil and rock 
comprising each selected area. Each repre-
sentative area consists of land facets such 
as crests, midslopes, footslopes and valley 

bottoms (Brink et al 1982). In addition, the 
soils in each land facet are sampled for test-
ing for the relevant properties. Using this soil 
data together with the information acquired 
on the terrain of the land system ‒ such as 
the approximate altitude range, approximate 
relief, gradient conditions, type of surface 
form and the extent of cut required in a 
particular project ‒ the suitability of the land 
system for the proposed development may be 
evaluated (Brink et al 1982).

The Land Types and terrain units of the 
Land Type Survey are comparable in infor-
mation gathered to the land systems and land 
facets, respectively, of the engineering terrain 
classification system (delineated during 
regional surveys). The Land Types and land 
systems are delineated at the same scale.

the in-depth analysis of 
modal soil profiles
A number of soil profiles, termed modal pro-
files, were identified in each area covered by 
a 1:250 000 Land Type sheet. The locations 
of these profiles, which are indicated on the 
relevant Land Type map, are such that the 
range of soils occurring on the Land Type 
sheet is represented by these profiles (LTSS 
2021). These modal profile numbers are also 
included in the Land Type inventories.

Approximately 2 500 modal profiles 
were described countrywide (Patterson et al 
2015). The soil occurring in the uppermost 
1.2 m of each modal profile is described 
according to pedological terminology and 

Figure 2 Example of a modal profile description (LTSS 2021)
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classified according to the South African 
Binomial System (MacVicar et al 1977). 
An example of a modal profile description 
(P137) is given in Figure 2 (LTSS 2021).

As is evident from Figure 2, substantial 
information is included in the profile 
description. This includes the pedologi-
cal classification, coordinates, elevation, 
climate zone, terrain unit type, slope, 
slope shape and details on the water 
table. In addition, each layer is described 
according to moisture, colour, consistency, 
structure and soil type. Although some 
of the standard terminology may differ 
from that of Jennings et al (1973), which 
is employed by the geotechnical fraternity, 
the engineering terminology can be 
inferred from the pedological terminology. 
Furthermore, unlike the Jennings et al 
(1973) method, where the origin is given 
for each layer, the pedological system 
states the parent and underlying materials 
for the entire profile.

Analytical data of modal 
profile horizons
Approximately 10 000 representative soil 
samples were taken from modal profiles for 
detailed analysis (Patterson et al 2015).

The quantitative physical and chemical 
properties, as well as the mineralogical 
composition of the soil comprising each 
horizon occurring in the uppermost 1.2 m 
of each modal profile, are given in the Land 
Type memoirs. A typical example of the 
physical, chemical and mineralogical data 
given for each soil of the modal profiles is 
shown in Figure 3 (LTSS 2021).

With reference to Figure 3, the follow-
ing data of particular relevance to this 
paper is included:

 Q The pedological classification.
 Q The depth range of each horizon (shown 

in the brown rectangle).

 Q The pedological size soil separates 
(shown in the red rectangle). The sand, 
silt and clay separates are expressed as 
a percentage of the mass of the fraction 
finer than 2 mm.

 Q The exchangeable magnesium cations, 
in milli-equivalents per kg (me% × 10) 
(shown in the green rectangle).

The pedological soil separate sizes, which 
differ from the MIT Engineering sizes are 
compared in Table 1.

A comprehensive discussion, including 
typical examples, on the information that 
can be obtained from the Land Type maps 
and their accompanying memoirs, as well 

Figure 3 Example of analytical data of soils of the modal profiles (LTSS 2021)

Table 1 Pedological and engineering soil separate sizes

soil separate Pedological sizes engineering sizes (mit)

Gravel > 2 mm > 2 mm

Coarse sand 2 mm to 0.5 mm 2 mm to 0.6 mm

Medium sand 0.5 mm to 0.2* mm 0.6 mm to 0.2 mm

Fine sand 0.2* mm to 0.02 mm 0.2 mm to 0.06 mm

Silt 0.02 mm to 0.002 mm 0.06 mm to 0.002 mm

Clay < 0.002 mm < 0.002 mm

*  The actual size used to separate the 0.2 mm size fraction in the analyses conducted for the Land 
Type survey is 0.212 mm.
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as reference to test methods, is included in 
each Land Type memoir.

methodologY for 
utilising lAnd tYPe dAtA 
for reconnAissAnce 
engineering surveYs

Approach
The extent to which Land Type data could 
be used for reconnaissance geotechnical 

investigations was illustrated by consider-
ing an area traversed by an existing road in 
the Standerton District in the Mpumalanga 
Province. An approximately 21 km portion 
of the 22.3 km route, which extends from 
Roberts Drift to Standerton (Road number 
P53/3), was considered.

The aim of this theoretical exercise was 
to assess the extent to which any of the 
data included in the reconnaissance report, 
compiled prior to the construction of this 
road, could have been determined from the 

Land Type data available for this area. In 
particular, emphasis was placed on the ter-
rain and soil data aspects. This was done in 
the following two stages:

Stage one ‒ comprised inferring terrain 
and soil information, which is relevant 
for geotechnical investigations, from the 
relevant Land Type inventories.

Stage two ‒ comprised determin-
ing quantitative engineering properties, 
including grading, plasticity and the USCS 
(USAEWES 1960) and the AASHTO system 

Figure 4 Locality of the Roberts Drift–Standerton Road in relation to the Land Types
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(HRB 1945) classification groups, from the 
quantitative analytical data of soils of the 
modal profiles, using the model discussed in 
Fanourakis (2022). This was carried out spe-
cifically for the soils previously researched 
(of the Arcadia, Hutton, Shortlands, 
Swartland and Valsrivier forms).

Although the model developed by 
Fanourakis (2022) was based on data of soils 
in an area located approximately 320 km 
northeast of the Standerton area, it was 
applied to the area traversed by the road, as 
the soils in both areas were expected to be 
similar (Harmse & Hattingh 1985).

The proposed approach was verified for 
accuracy by considering the Land Types 
traversed by an approximately 21 km sec-
tion of the Standerton–Roberts Drift Road 
and comparing the information inferred 
from the Land Type data to the actual 
properties from the geotechnical investiga-
tion report for the same road.

data used

Land Type data
Approximately 21 km of the road con-
sidered is located in the area covered by 
the 2628 East Rand Land Type map and 
accompanying memoir (LTSS 2021). The 
remaining 1.5 km portion on the Roberts 
Drift end of the road occurs in the area 
covered by the 2728 Frankfort Land Type 
map. The section of the road covered by 
the 2628 East Rand Land Type map was 
considered. Figure 4 shows the locality of 
the road considered in relation to the Land 
Types of the Standerton District, from the 
2628 East Rand Land Type map.

The section of road considered tra-
verses five Land Type units. With respect 
to possible Land Type boundary types on 
Land Type maps, solid black indicates a 
pedosystem boundary, which means that 
the climate on either side is the same but the 
terrain and/or soil differ on either side. Solid 
red lines denote a climate and a pedosystem 
boundary, which means that either climate, 
terrain and soil are different on either side, 
or climate and terrain are different on 
either side, or climate and soil are different 
on either side. Broken red lines indicate a 
climate boundary only (LTSS 2021). Table 2 
lists the different Land Types in relation to 
the road chainages. The respects (climate, 
terrain or soils) in which the Land Types 
differ are also listed in this table.

Referring to the Land Type inventories, 
included in the East Rand memoir (LTSS 
2021), four Land Type inventories apply 
along this route, namely, Ea17, Ea20, Ea24 
and Ea26 (see Figure 4). The Land Types 
Ea26b and Ea26c are characterised by the 
same soils, terrain and climate, but are 
separated by another Land Type and hence 
the lowercase letter following the Ea26 is 
used to indicate separated occurrences of 

the same Land Type. Furthermore, Land 
Type Ea24 comprises the same soils and 
terrain pattern as Land Type Ea26 but is 
characterised by a different climate.

Since climate was irrelevant to this 
exercise the data given in the Land Type 
inventory of unit Ea26 was assumed to 
apply to the area covered by Land Type 
Ea24 as well. The soil and terrain invento-
ries for the three Land Type units which the 
road traverses (Ea26, Ea20, Ea17) are given 
as Figures 1, A1 and A2, respectively (see 
Appendix for Figures A1 and A2).

A total of six Land Type modal pro-
files (P130, P136, P137, P138, P141 and 
P143) occurred in the units traversed 
by the road. However, P136 comprised 
soil of the Sterkspruit form that was not 
researched by Fanourakis (2012) and hence 
was excluded.

The soil form and series of the profile, 
depth of horizons and the pedological soil 
separates and exchangeable magnesium (in 
me %) for each horizon, for each profile, 
extracted from the analytical data given for 
these modal profiles, are given in Table 3. 
This is the information required by the 
model proposed by Fanourakis (2022) for 

Table 2  Differences between the various Land Types occurring along the Roberts Drift–
Standerton Road

chainage (km) land type difference from previous land type

1.5 – 3.4 Ea26b

3.4 – 10.0 Ea20g Change in climate, terrain and soils

10.0 – 16.0 Ea26c Change in climate, terrain and soils

16.0 – 17.0 Ea24a Change in climate only

17.0 – 22.3 (end) Ea17e Change in terrain and soils only

Table 3 Extracts of the modal profile analyses

modal 
profile

soil form 
and series

layer
depth 

range (mm)
sample 
number

Pedological soil separates Pedological chemical data

> 2 mm
< 2 mm exch mg/ 

100 g soil 
(me %)

cec*

(me %)
esP*

(%)cosa mesa fisa silt clay

P130
Valsrivier 
Lindley

A1 0–280 C2339 0 5 14 40 13 24 4.0 1.1 54.5

B2 280–640 C2340 1 4 9 25 11 50 10.5 1.1 136.4

B3 640–1 200+ C2341 10 4 10 27 11 47 11.1 2.0 90

P137
Swartland 
Nyoka

A1 0–380 C4079 4 6 21 40 7 23 2.7 11.2 1.8

B2 380–730 C4080 3 7 20 30 4 39 6.2 16.4 10.4

P138
Arcadia 
Arcadia

A1 0–600 C2558 0 4 7 18 14 52 16.1 44.0 5.5

A3 600–1 200+ C2559 1 8 10 26 20 35 17.5 31.5 6.0

P141
Rensburg 
Rensburg

A1 0–840 C2337 64 1 4 14 23 56 13.2 27.0 4.8

P143
Arcadia 
Arcadia

A1 0–340 C4084 17 9 7 22 13 50 15.6 34.1 2.3

A3 340–490 C4085 23 17 9 24 14 38 16.3 30.2 3.3

CoSa = coarse sand; MeSa = medium sand; FiSa = fine sand
*CEC = Cation Exchange Capacity; ESP = Exchangeable Sodium Percentage
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estimating grading, plasticity and engineer-
ing classifications from pedological data.

Geotechnical report for  
Roberts Drift–Standerton Road
The data used in this exercise included 
the reconnaissance report for this road 
(Van Gruting et al 1975). A total of 28 
soil profiles were described as part of the 
engineering investigation conducted (Van 
Gruting et al 1975). Disturbed soil samples 
were taken from a number of these profiles 
and tested for the determination of their 
engineering characteristics (mainly grad-
ing, plasticity and classifications). Two of 
these profiles were located within the first 
1.5 km of the road, which is covered by the 
Frankfort Land Type map, and hence were 
not considered in this exercise.

trAnslAtion of PedologicAl 
dAtA into engineering dAtA

stage one – general properties

Geology
In the three Land Type inventories (Ea26, 
Ea20 and Ea17) pertaining to the area cov-
ered by this road, the geology of these areas 
is given as “dolerite, sandstone, grit and 
shale of the Ecca Group, Karoo Sequence”. 
Incidentally, the Karoo Sequence is super-
seded by the Karoo Supergroup. According 
to the geological sheet covering this area 
(Council for Geoscience 1986), the dolerite 
occurs mainly between chainages 10 km 
and 11.5 km. The geological map also indi-
cates tertiary deposits between chainages 
11.5 km and 14 km.

Terrain
According to the three relevant Land Type 
inventories, more than 80 per cent of the land 
along the entire route is characterised by 
slopes of less than eight per cent (the terrain 
type commences with an “A”). The difference 
between the highest and lowest points in 
the landscape is greatest in Land Type Ea26 
(between chainages 1.5 km to 3.4 km and 
10 km to 17 km), being between 90 m to 
150 m (denoted by a local relief class “3” after 
the “A” in the terrain type. i.e. “A3”). The 
typical land pattern between these chainages 
comprises mainly (50%) of mid-slope units 
(with slopes of 3% to 15% and slope lengths of 
500 m to 1 000 m) and (30%) flat crests (with 
slopes of 0% to 5% and slope lengths of 400 m 
to 800 m). As dolerite occurs in the area, 
these crests may be dolerite dykes.

Table 4 General soil groups and occupancy of each Land Type

land type unit ea26 ea20 ea17

Chainage (km)
1.5–3.4 and

10–17
3.4–10

17–22.3 
(end)

Percentage 
of total Land 
Type area 
covered by 
various soil 
groups

Rock

Depth (mm)

Engineering soil type

% of crests
(Terrain Unit 1)

1.5 1.5 1.5

% of midslopes
(Terrain Unit 3)

3

% of footslopes
(Terrain Unit 4)

% of valley bottoms
(Terrain Unit 5)

Group 1

Depth (mm) 200–400 200–300 100–250

Engineering soil type clayey sand clayey sand clayey sand

% of crests 3 4.5 1.5

% of midslopes 6

% of footslopes

% of valley bottoms

Group 2

Depth (mm) 300–600 300–600 300–900

Engineering soil type clay
sandy clay; 

clay
clay

% of crests 4.5 9 12

% of midslopes 15 18 35

% of footslopes 3 2 9.7

% of valley bottoms 0.5

Group 3

Depth (mm) 250–1 200+ 200–1 200+ 150–1 200+

Engineering soil type
clayey sand; 
sandy clay

clayey sand; 
sandy clay

clayey sand; 
clay

% of crests 15 9 12

% of midslopes 20 18 7.5

% of footslopes 3.8 2.3 0.8

% of valley bottoms

Group 4

Depth (mm) 200–1 200 250–500

Engineering soil type
silty sand; 

clayey sand
sand; silty 

sand

% of crests 3

% of midslopes 10 6

% of footslopes 3.8 0.5

% of valley bottoms

Group 5

Depth (mm) 300–600 400–600 600–1 000

Engineering soil type
sandy clay; 

clay
clayey sand; 

clay
clay

% of crests

% of midslopes 7.5

% of footslopes 4.5 0.2 4.5

% of valley bottoms 3 4 3.5

Group 6

Depth (mm) 350–1 200 300–900 300–900

Engineering soil type
silty sand; 

clayey sand
clayey sand; 
sandy clay

clayey sand; 
sandy clay

% of crests 3 6

% of midslopes 5 9 3

% of footslopes

% of valley bottoms
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The typical land pattern along the 
remainder of the route (Land Types Ea20 
and Ea17) consists of less local relief 
(compared to Land Type Ea26), comprising 
gently undulating hills that are dominated 
(50% to 60%) by mid-slope units and 30% 
of crests.

Soils
According to the soil legend which is used 
on the Land Type maps, the Ea units com-
prise dark-coloured and/or red soils, usu-
ally clayey, which have a high base status 
(low degree of leaching). More than half 
of this Land Type is covered by soil forms 

with Vertic, Melanic and Red Structured 
diagnostic horizons (LTSS 2021).

The percentages of the various terrain 
units (e.g. crests and midslopes) which 
are occupied by the various soil forms 
according to the South African Binomial 
Classification System (MacVicar et al 1977) 
are given in each inventory (Figures 1, A1 
and A2).

From this data the area of each Land 
Type (expressed as a percentage) which is 
occupied by rock and various Soil Groups 
was determined. The seven possible Soil 
Groups were determined by the author, 
grouping soil forms which have comparable 
physical properties from an engineering 
perspective (for example colour and/or 
structure and soil type). The colour, struc-
ture and soil type are reflected in the char-
acteristics of the various diagnostic horizons 
which are discussed in the pedological clas-
sification handbook (MacVicar et al 1977).

The soil type (texture), according to 
the pedological textural triangle of the 
horizon on which series determination is 
based, is given for the soils of the forms 
comprising each Land Type in the relevant 
Land Type inventory. Using the informa-
tion on soil texture recorded in the Land 
Type inventory, a point was located in the 
pedological textural triangle (MacVicar et 
al 1977). The corresponding point was then 
located in the engineering textural triangle 
(Tschebotarioff 1951) which determined 
the engineering textural soil type.

Table 4 contains the occupancy of each 
group, horizon depths and engineering soil 
type (textural class) comprising each unit 
of each Land Type occurring along the 
Roberts Drift‒Standerton Road.

Figure 5 shows the proportion of the 
various groups, as a percentage, occupying 
the section of the road considered. These 
percentages consider the proportion of the 
road occurring in each of the three Land 
Type units. These percentages were calcu-
lated on the premise that the distribution 
of the various soils within each Land Type 
was uniform.

As is evident from Figure 5, the 
dominant Soil Groups 2 and 3 occupy 
approximately 33% and 31% of the route, 
respectively.

Furthermore, certain inferences, 
regarding engineering properties, can 
be made for each group, on the basis of 
physical characteristics and the soil types 
(textures), for example:

 Q Groups 1 and 6 may be prone to 
settlement.

land type unit ea26 ea20 ea17

Percentage 
of total Land 
Type area 
covered by 
various soil 
groups

Group 7

Depth (mm) >1200

Engineering soil type
sand; silty 

sand

% of crests

% of midslopes

% of footslopes

% of valley bottoms 0.7

Stream 
beds

Depth (mm)

Engineering soil type

% of crests

% of midslopes

% of footslopes

% of valley bottoms 1 1 1

Legend
Group 1 Intact soil overlying weathered rock (Glenrosa form)
Group 2 Fissured and slickensided dark alluvial soils (e.g. Arcadia form)
Group 3 Fissured non-red alluvial soils overlying  – weathered rock (e.g. Swartland and Mayo forms) 

– rock (Milkwood form) 
– unconsolidated material (e.g. Valsrivier form) 
– ferruginised material (Tabankulu form) 
– lighter-coloured fissured soil (Bonheim form)

Group 4 Intact soil overlying structured sandy soil (e.g. Escourt, Sterkpruit and Kroonstad forms)
Group 5 Dark fissured soil overlying a gleyed horizon (e.g. Rensburg and Willowbrook forms)
Group 6 Intact soil overlying ferruginised soil or ferricrete (e.g.Westleigh, Avalon and Wasbank forms)
Group 7 Recent sediments or stratified alluvium (e.g. Dundee form)

Rock (2.5%)Stream beds (1%)
Group 7 (0.3%) Group 1 (5%)

Group 6 (9%)

Group 5 (8%)

Group 4 
(9%)

Group 3 (31%)

Group 2 
(33%)

Figure 5 Percentage of road route occupied by various groups
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 Q Group 2 will be prone to expansiveness 
and possibly consolidation settlement.

 Q Group 3 may be prone to settlement and 
expansion.

 Q Groups 4 and 7 may be prone to settle-
ment or collapse settlement.

 Q Group 5 may be prone to expansion and 
settlement.

stage 2 – estimating quantitative 
engineering soil properties

Procedure
The engineering soil properties of each 
horizon were estimated by applying 
the mathematical model proposed in 
Fanourakis (2022), using the modal profile 
data included in Table 3 as input.

However, with regard to the component 
of the model that estimates engineering 
grading characteristics from pedological 
soil separates, there were two deviations 
from the model pertaining to the estima-
tion of the percentages (by mass of the total 
sample) passing 0.075 mm and 0.425 mm, 
referred to as P0.075 mm and P0.425 mm, 
respectively. These deviations were because 
the actual size used to separate the 0.2 mm 
size fraction in the analyses conducted 
for the Land Type survey was 0.212 mm, 
whereas in the pedological sieve analyses 
conducted by Fanourakis (1999) the sieve 
size was 0.25. This was appropriately 
accounted for in this paper.

The engineering soil properties were 
estimated by applying the mathematical 
model to the modal profile data pertaining 
to a given unit. A profile in the same unit 
described as part of the engineering inves-
tigation (Van Gruting et al 1975) which 
had physical properties (such as colour and 
structure) similar to those of the modal 
profile was then selected. The engineering 
profile selected had to be a profile from 
which samples were taken and for which 
the test results were available. The esti-
mated and actual engineering properties 
of the soils comprising the various modal 
profiles representing each of the three Land 
Types traversed by this road are respec-
tively given in Tables 5 to 7. The estimated 
and actual properties for the three units 
are discussed below.

Land Type Ea26 (chainages 1.5 km 
to 3.4 km and 10 km to 17 km)
Only one modal profile (P141) occurred in 
this unit. The soil comprising this profile 
was classified as a Rensburg which con-
sists of a Vertic A horizon underlain by a 

G horizon which is calcareous in its upper 
section (MacVicar et al 1977). Although 
soils of the Rensburg form were not 
researched in this project, the soils of the 
Vertic A horizon, which solely comprise 
the Arcadia form, were researched.

Eleven soil profiles were described 
between the above chainages during the 
reconnaissance survey (Van Gruting et al 
1975). Only one of seven profiles (pro-
file SP10), from which one or more samples 
were taken for testing, had physical charac-
teristics resembling those of the Rensburg 
soil form.

The estimated results of the Vertic A 
horizon of the modal profile were com-
pared to the actual results of sample 
number SR23 from soil profile SP10 (Van 
Gruting et al 1975). The estimated and 
actual engineering properties of the soils in 
Land Type Ea26 are given in Table 5.

Referring to Table 5, a paired t-test 
conducted on the grading and plasticity 
data of the mean of the estimated values 
and the actual values indicated that the 
difference between the two paired sets is 
not significant (P = 30%). However, despite 
this statistical outcome, which indicates that 
the outcome of significance of difference 
was not established, and not necessarily 
complete acceptance of the null hypothesis, 
it is evident that, practically, the estimated 
and actual grading characteristics of this 
horizon differ considerably. The difference 
between the estimated and actual plasticity 
characteristics appears to be due to the 
difference in the grading characteristics 
of these two soils, since the plasticity 
characteristics were determined from the 

grading characteristics and exchangeable 
magnesium of the soil using the appropriate 
regression equation from Fanourakis (2012). 
Hence, if the soil comprising the Vertic A 
horizon of the modal profile had similar 
grading characteristics to those of the 
Vertic A horizon in profile SP10, the same 
plasticity characteristics could probably be 
expected from both these soils. However, 
this could not be proved, as using the actual 
engineering grading with the chemical data 
(from modal profile P141) yielded values that 
were outside of the range on which the rela-
tionships in Fanourakis (2012) were based. It 
should be noted that the two soils compared 
were located approximately 29 km apart 
and changes in grading characteristics over 
this distance are obviously not unusual. 
Nevertheless, the soil type in the modal 
profile description of P141 indicates this 
soil to be a dry, black, very hard, blocky clay, 
which would render it unsuitable for found-
ing of a road or as a road building material. 
Finally, with reference to Table 4, this soil is 
characterised as Group 2, which confirms 
its unsuitability.

Land Type Ea20 (chainage 
3.4 km to 10 km)
A total of two modal profiles occurred 
in this unit (P130 and P137), as shown in 
Table 3. Modal profiles P130 and P137 
comprised soils of the Swartland and 
Valsrivier forms, respectively (LTSS 2021).

Eleven profiles were recorded between 
the above chainages as part of the engi-
neering reconnaissance survey conducted 
(Van Gruting et al 1975). These profiles 
comprised soils of the Swartland, Arcadia, 

Table 5 Estimated and actual engineering properties of the soils occurring in Land Type Ea26

engineering properties

Pedological data engineering data

modal Profile P141
rensburg 20

estimated properties
sample number c2337

engineering Profile sP 10
Actual properties
sample number

sr 23

P2.0 mm 36 100

P0.425 mm 35 97

P0.075 mm 32 64

P0.002 mm 21 14

GM 1.97 0.39

LL 62 40

PI 33 20

LS 16.1 10.5

USCS SC CL

AASHTO A-2-7 A-6
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Rensburg, Katspruit, Glenrosa and Mispah 
forms. This was determined by simply 
inspecting the physical characteristics of 
the horizons in each of the profiles. Only 
one of the profiles from which samples 
were taken for testing (SP13) had the physi-
cal characteristics of the Swartland form. 
Sample number SR29 was tested from this 
profile (Van Gruting et al 1975).

The plasticity estimation component of 
the model could not be applied using the 
modal profile data from profile P130 for the 
following reasons:

 Q The cation exchange capacities (CECs) of 
the soils comprising the three horizons 
in this profile ranged from 1.1 to 2 milli-
equivalents per 100 g soil. These were 
lower than those of the soils researched 

by Fanourakis (2012), which were 2.2 to 
4.4 milli-equivalents per 100 g soil.

 Q The exchangeable sodium percentages 
(ESPs) were in excess of 50% (ranging 
from 55% to 136%), whereas those of 
the soils researched, and on which the 
relationships in Fanourakis (2012) were 
based, were generally below 5%.

The mathematical model was then applied 
using the pedological data from profile 
P137. The estimated and actual engineering 
properties of the soils in Land Type Ea20 
are given in Table 6.

Referring to Table 6, a paired t-test con-
ducted on the grading and plasticity data of 
the mean of the estimated values and the 
actual values indicated that the difference 
between the two paired sets was not sig-
nificant (P = 78%). Hence the null hypoth-
esis was not rejected. Furthermore, the 
Atterberg Limits in the two sets compared 
were almost identical and the classification 
groups are identical.

Land Type Ea17 (chainage 17 km to end)
Two modal soil profiles occurred in this 
unit, P138 and P143 (LTSS 2021). Each 
of these profiles comprised two Vertic A 
horizons and are classified as Arcadia 
according to the South African Binomial 
Classification System (MacVicar et al 
1977). Five soil profiles were recorded 
between the above chainages during the 
reconnaissance surveys (Van Gruting et 
al 1975). Of these five profiles, profile 
SP17 comprised soil which had the physi-
cal characteristics of a Vertic A horizon. 
Sample number SR32, taken from this hori-
zon which appeared to have the physical 
properties of a Vertic A horizon, was tested 
to determine its engineering properties 
(Van Gruting et al 1975).

The model was applied to the four sets 
of pedological data pertaining to the two 
horizons of each of the two modal profiles 
to determine their engineering properties.

The estimated and actual engineering 
properties of the soils in Land Type Ea17 
are given in Table 7.

Referring to Table 7, a paired t-test 
conducted on the grading and plasticity 
data of the mean of the estimated values 
and the actual values indicated that the dif-
ference between the two paired sets is not 
significant (P = 95%). This non-rejection 
of the null hypothesis was despite the dif-
ference in clay content (40% and 7%) of the 
two groups compared. The actual reported 
clay content value of 7% (in the road report) 
is questionable, as this indicates an activity 

Table 6 Estimated and actual engineering properties of the soils occurring in Land Type Ea20

engineering 
properties

Pedological data
engineering 

data

modal Profile P137
swartland 41

estimated properties

mean of 
estimated 
properties

engineering 
Profile sP 13

Actual 
properties

sample number
sr 29

sample number 
c4079

sample number 
c4080

sample 
numbers

c4079 & c4080

P2.0 mm 96.0 97.0 97 100

P0.425 mm 86.1 86.5 86 98

P0.075 mm 51.9 58.0 55 60

P0.002 mm 22.8 37.8 30 16

GM 0.66 0.58 0.60 0.42

LL 30.1 38.6 34 33

PI 12.6 17.1 15 16

LS 6.5 9.2 7.9 8

USCS CL CL CL CL

AASHTO A-6 A-6 A-6 A-6

Table 7 Estimated and actual engineering properties of the soils occurring in Land Type Ea17

engineering 
properties

Pedological data
engineering 

data

modal Profile P138
Arcadia 40

estimated properties

modal Profile P143
Arcadia 40

estimated properties mean of 
estimated 
properties

engineering 
Profile sP 17

Actual 
properties

sample 
number

sr 32

sample 
number 
c2558

sample 
number 
c2559

sample 
number 
c4084

sample 
number 
c4085

P2.0 mm 100 99 83.0 77.0 90 99

P0.425 mm 94.4 89.1 74.5 62.9 80 95

P0.075 mm 80.1 69.6 61.9 49.4 65 74

P0.002 mm 54.7 35.0 41.1 28.7 40 7

GM 0.26 0.42 0.81 1.11 0.6 0.32

LL 64.6 60.4 63.4 61.3 62 64

PI 34.0 31.7 33.3 32.2 33 36

LS 16.6 15.8 16.4 16.0 16 14

USCS CH CH CH SC** CH CH

AASHTO A-7-5 A-7-6 A-7-5* A-7-6 A-7-6 A-7-6

* Borderline: If PI was 0.2 higher, classification would be A-7-6.
** Borderline: If P0.075 mm was 0.1 higher, classification would be CH.
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of clay in excess of five. Although such high 
activities of clay are possible (Skempton 
1953), the similar soils of the Arcadia form 
researched comprised activities of clay 
ranging from 0.47 to 1.95. Finally, in the 
two sets compared, the Atterberg Limits 
were almost identical, and the classification 
groups were identical.

general comparison of the 
road reconnaissance report 
to land type data
In the reconnaissance report the entire 
area was mapped as a single land pattern 
or unit, whereas according to the Land 
Type map the road is located across three 
different units. The section of the recon-
naissance report dealing with the soils 
along the proposed road briefly discusses 
the dominant alluvial soils and colluvial/
residual soils separately.

The alluvial soils have a sandy to clayey 
silt texture and are present over most of the 
area mapped. These soils extend to depths 
between 1.0 m and 4.0 m, and are thought 
to have been deposited in the past by the 
Vaal River. Mention is also made that 
certain zones which may contain expansive 
or heaving clays were identified during the 
aerial photographic interpretation (Van 
Gruting et al 1975).

The surface soils which are colluvial or 
residual are scattered throughout the area 
and are only associated with the plateaux 
and raised dolerite ridges. The colluvial 
soils, which extend to depths ranging 
from 0.1 m to in excess of 1.0 m and have 
a silty to sandy clay texture, are usually 
underlain by residual dolerite or shale along 
the side slopes of the ridges (Van Gruting 
et al 1975).

The discussion on the soils in the 
reconnaissance report essentially contains 
the same information as data given in the 
Land Type inventories of the Land Types 
traversed by the road.

The engineering soil properties estimat-
ed from the quantitative modal soil profile 
data were all statistically significant and 
compared favourably to those of the same 
soil types tested during the reconnaissance 
survey, in the case of 86% (six of the seven) 
sets of data. The differences in the grading 
characteristics of the soils compared may 
be attributed to the horizontal distances 
(ranging from 29 km to 5.6 km) between 
the modal profiles and the profiles to 
which they were compared.

No modal profiles were recorded in the 
dolerite areas. This is of great importance 

when establishing potential borrow areas. 
In addition, the probability that a modal 
profile will be located on a route which in 
future may be used for the construction 
of a road or in a potential borrow area is 
slight. In general, when investigating bor-
row pits, it is the pedocretes (such as pedo-
logical “C”-horizons, etc) or weathered rock 
which are of interest and warrant testing. 
In the pedological soil classification system 
none of the soil series are determined 
on the properties of the pedocretes or 
weathered rocks, and hence no indication 
of the physical and/or chemical composi-
tion of the pedocretes is given in the soil 
series. However, the pedological profile 
may indicate that pedocretes do occur in a 
particular area.

The geological data supplied in the 
Land Type inventories are merely tran-
scriptions of the standard geological survey 
data which appear on the geological maps 
(Council for Geoscience 1986) and are, 
therefore, brief. The geological data in the 
engineering reconnaissance report is given 
in detail, including a geological cross-
section of the route.

conclusions
Land Type data, together with the model 
developed, may be successfully used, ide-
ally by appropriately qualified registered 
geotechnical professionals, to plan recon-
naissance surveys. Soils of the same soil 
form with physical and chemical proper-
ties as the soils included in the research 
project, but which occurred outside the 
area in which the research was conducted, 
displayed statistically significant (P = 30% 
to P = 95%) estimated engineering proper-
ties (when compared to the actual proper-
ties). In 86% of the data sets the estimated 
properties were almost identical to the 
actual properties.

This case study highlighted the fact 
that data of engineering relevance deter-
mined using the Land Type memoirs and 
the mathematical model by Fanourakis 
(2022) may be used to obtain an indica-
tion of materials, drainage characteristics, 
subgrade conditions and potential problem 
soils occurring in an area or along a route. 
Such information would be of benefit, 
including during reconnaissance geotech-
nical surveys, and in planning and costing 
detailed investigations.

Since the information contained in 
the Land Type maps is (because of the 
small scale used) too general to enable 

the location of borrow material, it appears 
that the use of conventional aerial pho-
tographic interpretation techniques is a 
more effective method of locating potential 
borrow areas.
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Figure A.1 Land Type inventory of Ea20 (LTSS 2021)
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Figure A.2 Land Type inventory of Ea17 (LTSS 2021)
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nomenclAture

wind load
 q  random variable representing 

the wind loading
 qd design wind load
 qd:sans current SANS design wind load
 q̂d estimate of design wind load
 γw wind load partial safety factor

wind speed
 v wind speed
 v50  50-year characteristic value of 

the basic wind speed
 v50:updated  updated 50-year characteristic 

wind speed
 vd design wind speed
 v̂d estimate of design wind speed
 vsim simulated wind speed
 vw preconditioned wind speed
 w  wind speed preconditioning 

exponent

wind load modification factor
 c wind load modification factor
 ck  characteristic wind load modifi-

cation factor
 cd  design value of the wind load 

modification factor
 ci  a specific component of the load 

modification factor, e.g. pres-
sure coefficient

 cki  characteristic value of a specific 
component of the load modifi-
cation factor

 cprob  factor used to adjust the char-
acteristic value for different 
design lives

 cprob:asce  factor to adjust the characteris-
tic value to different design lives 
in ASCE

 cprob:sans  factor to adjust the characteris-
tic value to different design lives 
in SANS

Probability
 P probability
 p annual exceedance probability
 pt  target annual exceedance 

probability
 pt:vd

  annual exceedance probability 
of the design wind speed

 βt target reliability index
 c  FORM sensitivity factor of the 

wind load modification factor
 αv  FORM sensitivity factor of the 

wind speed
 Φ  standard cumulative normal 

distribution function
 θ  standard score, i.e. number of 

standard deviations away from 
the mean

 θt  standard score of the design 
value

incorporation of additional 
information into the 
south African wind 
load formulation
F P Bakker, N de Koker, C Viljoen

The South African wind loading standard SANS 10160-3:2019 recently adopted an improved 
map of characteristic basic wind speeds and increased the wind loading partial safety factor 
from 1.3 to 1.6. These changes represent an overhaul of the design wind loads throughout 
South Africa and were the result of several studies on the wind loading standard. Since these 
studies were conducted, substantially more wind speed data has been made available. This 
investigation aimed to use this data to assess the current design loads by estimating location-
specific design values that maintain the current reliability level of the standard. A statistical 
test was developed to assess whether the design values in SANS 10160-3:2019 could be 
supported by the new data. It was found that several updates could be considered. These were 
incorporated into a new recommended map of basic wind speeds that could be considered for 
inclusion in the next revision of SANS 10160-3.
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 θk:opt  optimal standard score of the 
characteristic value

wind speed statistics
 δvw  coefficient of variation of pre-

conditioned wind speeds
 δv2  coefficient of variation of 

squared wind speeds
 δv1.6  coefficient of variation of wind 

speeds raised by an exponent of 
1.6

 δv1.6  average coefficient of variation 
of wind speeds raised by an 
exponent of 1.6

 δ̂v1.6  estimate of mean coefficient of 
variation of wind speeds raised 
by an exponent of 1.6

 δv2:syn  average coefficient of variation of 
synoptic-squared wind speeds

 δv2:ts  average coefficient of variation 
of thunderstorm-squared wind 
speeds

 μvw  mean of the preconditioned 
wind speed

 μ̂v1.6  sample estimates of mean of 
wind speeds raised by an expo-
nent of 1.6

 μ̂v1.6:sim  sample mean of simulated wind 
speeds raised by an exponent of 
1.6

 σvw  standard deviation of the pre-
conditioned wind speed

 σ̂v1.6  sample estimates of standard 
deviation of wind speeds raised 
by an exponent of 1.6

 σ̂v1.6:sim  sample standard deviation of 
simulated wind speeds raised by 
an exponent of 1.6

 λ  skewness
 κ kurtosis
 Θ set of distribution parameters
 Θsim  simulated set of distribution 

parameters

other
 ρ air density
 l limit state
 r  random variable representing 

the structural resistance
 rd  design value of structural 

resistance
 g  random variable representing 

the permanent loading
 gd  design values of permanent 

loading
 n, M, m some number of
 f a function of
 ∆sans  relative difference between the 

predicted and the current SANS 
design wind load

 γ Euler’s gamma = 0.577…
 α* statistical significance level
 H0 null hypothesis
 r  proportion of simulated design 

values that are less than the 
current SANS design load

introduction
The current South African wind loading 
standard SANS 10160-3:2019 (SANS 2019b) 
is largely based on the Eurocode EN 1991-1-4 
(EN 2005), and uses Davenport (1982)’s 
wind loading chain to convert a representa-
tive wind speed v50 to a design wind load/
dynamic pressure as

qd:sans = 1
2

 ργwckv2
50 (1)

ck = 
m
Π
i=1

cki 

where ρ is the air density. The v50 value 
is the characteristic value of the basic 
wind speed, with an annual exceedance 
probability p = 0.02, representing wind 
speed measured at 10 metres above ground 
level in open country terrain with low 
vegetation. The load is tailored to site and 
structural conditions using ck, which is the 
product of other factors cki. These account 
for different aspects of the particular 
load, including the change in load due to 
height, topography and aerodynamics of 
the structure. To ensure that the calculated 
load meets the reliability requirements of 

the standard SANS 10160-1:2019 (SANS 
2019a), uncertainties are accounted for 
using the partial safety factor γw.

New wind speed data has recently been 
made available (Bakker & Viljoen 2019) and 
more research into applicable statistical 
techniques has been conducted (Bakker 
et al 2021; Bakker 2021), which present an 
opportunity to improve the representa-
tion of the South African wind climate in 
SANS 10160-3.

basic wind speed
In Equation 1 the wind climate is explic-
itly represented by the basic wind speed 
v50. Different v50 values are specified to 
account for regional differences in climate. 
In SANS 10160-3:2019, one of four values 
v50 ∈ {32, 36, 40, 44} m/s is specified for 
each district and metropolitan municipal-
ity (administrative divisions of a South 
African province) using a characteristic 
wind speed map (Figure 1) and table. SANS 
10160-3:2019 introduced this map, which 
represents a substantial improvement 
over previous maps. Before Figure 1 was 
adopted, the characteristic map was based 
on studies which only had access to sparse 
data (Milford 1985; 1987). A background 
on the various basic wind speed maps that 
have been used in South Africa since 1952 
is presented by Goliger et al (2017).

The current map originates from an 
analysis of gust wind speeds collected at 92 
weather stations throughout South Africa 
performed by Kruger (2011), who estimated 

Wind speed
32 m/s

44 m/s

36 m/s
40 m/s

Figure 1 Characteristic wind speed map in SANS 10160-3:2019
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the annual p  = 0.02 exceedance gust wind 
speeds using Peak-Over-Threshold (POT) 
and Gumbel analyses (Palutikof et al 
1999). The derivation of the current map is 
described by Kruger et al (2017).

Cook (1985) recommends at least 20 
years of data for reliable Gumbel results, 
but data used by Kruger (2011) was limited 
to the period between 1990 and 2008, with 
a longest series of only 16 years, which 
is why Kruger (2011) also performed the 
POT analysis. To be conservative, Kruger 
(2011) then adopted the maximum 75th 
percentile gust wind speed of the Gumbel 
and POT analysis.

In response to the shortage of data, an 
effort to increase the quantity of available 
quality data has been made (Bakker & 
Viljoen 2019). This yielded an extended 
dataset which includes over 3 500 annual 
gust maxima from 132 stations classified 
by dominant storm type and normalised 
to standardised conditions. This is more 
than a twofold increase in data compared 
to Kruger (2011)’s study. The location and 
dominating extreme wind speed mecha-
nism of each station are shown in Figure 2.

Bakker et al (2021) considered the 
extended dataset from Bakker and Viljoen 
(2019) in terms of model selection and found 
that a Gumbel analysis was preferred. The 
downside of using the Gumbel distribution 
is that its inflexibility relative to distribu-
tions with more parameters, such as the 
Generalised Extreme Value distribution, 
could introduce significant modelling 

bias. To reduce modelling bias without a 
significant increase in statistical uncertainty, 
Bakker et al (2021) recommended regional 
preconditioning of the wind speed (raising 
the wind speeds by an exponent w) before 
fitting the Gumbel distribution. Bakker et 
al (2021) developed a maximum likelihood-
based procedure to estimate this exponent 
and found that a value of w = 1.6 should 
lead to a reduction of modelling bias, given 
the extended South African dataset. This 
technique and the new data could be used 
to update the v50 values in SANS 10160-3, 
which should improve its representation of 
the extreme wind climate.

reliability performance
In Equation 1 the wind climate is also 
implicitly represented by the partial factor 
γw . The γw accounts for uncertainties in the 
load, a significant portion of which can be 
attributed to the wind climate (Ellingwood 
& Tekie 1999; Holický 2009; Botha et al 
2018b). A reliability assessment by Botha et 
al (2018a) led to the γw = 1.6 currently used 
in SANS 10160-1:2019 (SANS 2019a).

A reliability assessment aims to ensure 
that a structure designed according to the 
standard has an acceptably low lifetime 
probability of failure. This requirement can 
be considered for a wind loading standard 
using a limit state l of

l = r – g – q (2)

q = cv2

where r, g and q are random variables 
representing the structural resistance, 
permanent loading, and wind loading 
respectively. The wind loading can be 
decomposed into two separate random 
variables: the wind load modification factor 
c and the wind speed v.

An acceptable design is found by 
specifying a set of design values {rd, gd, 
qd} which ensure that the probability of 
a load exceeding the resistance P(l < 0) 
equals some target probability pt. This pt 
is associated with a specified target level of 
reliability and is typically referred to using 
the target reliability index βt = Φ–1(1 – pt), 
with Φ the standard cumulative normal 
distribution function. Because structures 
differ in performance, consequence of 
failure, and nature of failure, different βt 
values are specified for different reliability 
classes (Retief & Dunaiski 2009). Deviation 
from these βt values should be minimised 
throughout the scope of the standard.

If distributions of the random vari-
ables can be defined, then a set of optimal 
design values, at the most probable point 
of failure, can be found. An efficient way to 
achieve this is provided by the First Order 
Reliability Method (FORM) (Ang & Tang 
1984). This also provides sensitivity factors 
α which indicate the relative contribution 
of each component.

Botha et al (2018a) considered a single 
representative distribution of dynamic wind 
pressure (equivalent to v2) and a range of 
g, r and c distributions in their reliability 
assessment of SANS 10160-3. Unlike the 
probability distribution of r, g and c, which 
can reasonably be considered location 
independent, the distribution of v could 
differ by climatic region and thus vary by 
location (Ellingwood & Tekie 1999). This 
implies that using a single distribution of v 
to derive a single γw may lead to geographi-
cal variation in reliability performance. This 
may be acceptable if the region covered by 
the standard has a fairly homogeneous wind 
climate (Hong et al 2016), as is the case for 
many countries that use EN 1991-1-4.

Larger regions are likely to experience 
substantial variation in the wind climate 
and could see significant geographical 
variation in reliability performance if a 
single γw  is specified for the entire region. 
Therefore, standards that aim to cover 
diverse climatic regions, including the 
American ASCE 7-16 (ASCE 2017)) and 
Australian AS/NZS 1170.2 (AS/NZS 2011) 
standards, adapted the partial factor-based 
format of Equation 1.

Stations

Figure 2 Distribution and dominant climatic mechanism of stations used in this study

Extratropical 
cyclones

Mixed climate

Thunderstorms
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Instead, a high return period design 
wind speed vd that corresponds with the 
target reliability is specified, effectively 
setting γw = 1. This ensures that, as long as 
regionally representative statistics are used 
to estimate vd, the regional variation in the 
wind climate is accounted for in the design 
(Hong et al 2016). The strong wind climate 
throughout South Africa is diverse (Kruger 
et al 2010), and so an approach similar to 
ASCE 7-16 (ASCE 2017) and AS/NZS 1170.2 
(AS/NZS 2011) could be considered to yield 
more uniform reliability performance.

estimAtion of design 
wind sPeeds

direct consideration of 
design wind speeds
The use of a single partial factor across an 
area with some regions dominated by syn-
optic storms and others by tropical cyclones 
is inappropriate because the variability 
of wind speeds from tropical cyclones is 
typically higher than synoptic storms. This 
has been recognised in standards that need 
to cover both cyclone and synoptic storm 
regions; in the United States and Australia 
an “importance factor” / “cyclone factor” 
was used to increase design loads to account 
for the higher variability of tropical cyclones 
(Holmes 2018). In both standards this prac-
tice has been superseded and a design wind 
speed vd is used instead. The exceedance 
probability of this design wind speed pt:vd

 is 
specified to correspond to the target reliabil-
ity. This avoids the need to have different 
regional partial factors because the regional 
differences are reflected in vd.

ASCE 7-16 (ASCE 2017) and AS/NZS 
1170.2 (AS/NZS 2011) specify multiple 
vd values at a given location depending 
on the reliability class (risk categories in 
ASCE 7-16 (ASCE 2017) or importance 
levels in AS/NZS 1170.2 (AS/NZS 2011)) 
because the difference in variability 
between cyclonic and non-cyclonic winds 
is too large to reasonably allow conversion 
between pt:vd

 values using a single formula.
South Africa has a diverse wind cli-

mate, dominated by synoptic winds in the 
southwest and thunderstorm winds in the 
northeast (Kruger et al 2010). These dif-
ferent climatic mechanisms were found to 
have significantly (P-value <≈ 0.01) different 
coefficients of variation of v2 with means of 
δv2:syn = 0.24 and δv2:ts = 0.29 for synoptic 
and thunderstorm regions respectively 
(Botha 2016).

This trend was further investigated 
using the dataset compiled by Bakker and 
Viljoen (2019). The coefficient of variation 
δv2 of the 170 available series was esti-
mated, then inverse distance weighting was 
used to interpolate between stations, and 
δv2 was aggregated by municipality. This 
yielded a map of δv2 as shown in Figure 3. 
There is a clear increase in δv2 from south-
west to northeast that correlates with the 
dominant climatic mechanism (Figure 3), 
confirming the trend observed by Botha 
(2016) of synoptic-dominated regions 
having a lower δv2 and thunderstorm-
dominated regions a higher δv2.

Botha et al (2018a) aimed to perform a 
reliability assessment for the country as a 
whole and used δv2 = 0.31 to calibrate the 
partial factor γw = 1.6 for the entire country. 
While this δv2 was a reasonable choice for 
nationwide consideration, Figure 3 suggests 
it may have been overly conservative for 
synoptic regions in the southwest of the 
country. Therefore, direct consideration 
vd of values is proposed to obtain more 
regionally representative design loads. An 
advantage of directly considering vd instead 
of the characteristic values (p = 0.02) is that 
statistical techniques can be applied directly, 
and the full impact of the new information 
(Bakker & Viljoen 2019; Bakker et al 2021; 
Bakker 2021) can be realised.

The vd should be estimated for an 
exceedance probability pt:vd

 that will result 
in attainment of the target reliability. 
This pt:vd

 could be found by performing 

a reliability assessment using FORM and 
finding the pt:vd

 from the design point. 
SANS 10160-3:2019 is meant to apply to a 
wide range of design situations (Retief & 
Dunaiski 2009) and so multiple resistance 
distributions and wind to total load ratios 
would need to be considered, which would 
lead to ambiguity about which design 
point to use. Alternatively, because Botha 
et al (2018a) have already calibrated the 
reliability level of the standard, the pt:vd

 
currently provided by SANS 10160-3:2019 
could be calculated and used instead. This 
would avoid having to repeat the subjective 
decisions and calibration procedure done 
by Botha et al (2018a).

Asce exceedance probability
The pt:vd

 used by ASCE 7-16 (ASCE 2017) 
was back-calculated from provisions in 
ASCE 7-05 which used a similar format 
to SANS 10160-3:2019 (Cook et al 2011) 
with design wind loads also calculated 
using Equation 1. If it is assumed that the 
variability of the wind speed dominates the 
uncertainties accounted for by the partial 
factor γw, an alternative formulation using 
a design wind speed vd is:

qd = ckv2
d (3)

Combining this with Equation 1 means vd 
can be represented in terms of the previous 
provisions as:

v2
d = γwv2

50 (4)

Figure 3 Interpolated coefficient of variation of v2 throughout South Africa

Coefficient 
of variation
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ASCE 7-05 allowed adjustment of the char-
acteristic value to another annual exceed-
ance probability p using:

vk = cprobv50 (5)

where cprob is a factor used to adjust the 
characteristic value for different design 
lives, which in ASCE 7-05 is:

cprob:asce = [0.36 + 0.1 ln(12/p)] (6)

Combining this with Equation 4 gives:

√γw = 0.36 + 0.1 ln
⎫
⎪
⎭

12
pt:vd

⎫
⎪
⎭

 (7)

from which the pt:vd
 that matches the 

reliability of the wind speeds can be 
determined. For example, the ASCE 7-16 
(ASCE 2017) reference level of reliability 
(Risk Category II) with γw = 1.6 gives 
pt:vd

 = 1.4 × 10–3 (700-year return period). 
The similarities between ASCE 7-05 
and SANS 10160-3:2019 mean that the 
same procedure could be considered for 
South Africa.

In SANS 10160-3:2019 the adjustment 
of v50 to a different annual exceedance 
probability is done with:

cprob:sans = 
1 – 0.2 ln(– ln(1 – p))
1 – 0.2 ln(– ln(0.98))

0.5

 (8)

The relationship between pt and γw result-
ing from cprob is depicted in Figure 4, where 

a significant discrepancy between ASCE 
and SANS is evident. The partial factor in 
SANS 10160-1:2019 is also γw = 1.6, but 
cprob:sans implies an annual pt = 10–4, which 
is more conservative than ASCE by an 
order of magnitude.

The ASCE method of determining 
pt:vd

 assumes that v dominates the uncer-
tainty of the wind loading formulation. 
Prescribing all the uncertainty to v means 
that the variability of v dictates the design 
load qd . Therefore, if uncertainties in c are 
large and pt:vd

 is calculated neglecting these 
uncertainties, then the pt:vd

 obtained would 
be too far into the tail of the distribution, 
resulting in too much weight being given 
to the variability of v. Thus, qd would be 
overestimated in areas where the variation 
of v is high and underestimated in areas 
where the variation of v is low.

Research by Botha et al (2018b) found 
that uncertainties in other components 
of Davenport (1982)’s wind loading chain 
could be significant. These findings were 
incorporated into the Botha et al (2018a) 
calibration of SANS 10160-3; hence, 
neglecting uncertainties in c when back-
calculating the target reliability is not 
considered reasonable.

most probable exceedance 
probability
If uncertainties in c are considered, the 
design wind load can be represented as:

qd = cdv2
d (9)

which can be combined with Equation 1 
to give:

γw = ⎫
⎪
⎭

cd

ck

⎫
⎪
⎭

⎫
⎪
⎭

v2
d

v2
50

⎫
⎪
⎭
 (10)

Unlike the ASCE method, there are multiple 
possible vd values, with corresponding cd 
values, which together satisfy Equation 10.

Defining exceedance of the design load 
as failure means that:

l = γw – ⎫
⎪
⎭

c
ck

⎫
⎪
⎭

⎫
⎪
⎭

v2

v2
50

⎫
⎪
⎭
 (11)

represents an acceptable limit state, with c 
and v as random variables. Assuming {vd, cd} 
are at the design point, solving P(l < 0) using 
FORM provides both the probability βq 
that the wind load exceeds its design value 
and the most probable {vd, cd} solution. The 
exceedance probabilities of cd and vd are 
then defined by their sensitivity factors, for 
example pt:vd

 = 1 – Φ(αvβq).
The limit state can be formulated in 

terms of preconditioned wind speeds (as 
defined in the Introduction) vw as:

l = γw – ⎫
⎪
⎭
c
ck

⎫
⎪
⎭

⎫
⎪
⎭
vw

vw
50

⎫
⎪
⎭

2 ∕w

 (12)

Bakker et al (2021) investigated w using the 
extended dataset from Bakker and Viljoen 
(2019) and found that a w ≈ 1.6 fits the data 
significantly better than if the Gumbel dis-
tribution were applied to the wind speeds 
(w = 1) or dynamic wind pressures (w = 2).

Applying w = 1.6, and since in South 
Africa γw = 1.6,

l = 1.6 – ⎫
⎪
⎭
c
ck

⎫
⎪
⎭

⎫
⎪
⎭
v1.6

v50
1.6

⎫
⎪
⎭

2 ∕1.6

 (13)

The FORM P(l < 0) solution can then be 
found if the distributions of c and vw rela-
tive to their values in the standard c ∕ck and 
v1.6 ∕v50

1.6 are defined.

Distribution of v
A Gumbel distribution is often used to 
represent the distribution of wind speeds 
(Botha et al 2018a; Kruger 2011; Hong et 
al 2014; JCSS Model Code (JCSS 2001)). A 
generalisation of the Gumbel distribution 
to vw has a cumulative density function of:

1 –p =  exp –exp 

 

�
�

�

– 
(πvw – πμvw + γ√6σvw)

√6σvw �
�

�

 (14)

p t
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10–5

10–4

10–3

10–2

10–1

γw

2.01.81.61.41.00.8

SANS ASCE

Figure 4  Relationship between exceedance probability and partial factor, using the method 
described by Cook et al (2011)

1.2
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where γ = 0.577 … is Euler’s gamma. 
The μvw and σvw are the mean and 
standard deviation of the preconditioned 
wind speed vw. Equation 14 can also be 
represented as:

v = [μvw + θ(p)σvw]1 ∕w (15)

where θ is a standardisation function given 
as:

θ(p) = – 
√6
π

 [γ + ln(– ln(1 – p))] (16)

The vw ∕vw
50 would still be Gumbel distrib-

uted, with mean:

E
vw

vw
50

  = 
μνw

μνw + θ(0.02)σvw  
(17)

 

= 
1

1 + 2.59δvw

and standard deviation

STD
vw

vw
50

  = 
σνw

μνw + θ(0.02)σvw  
(18)

 

= 
δvw

1 + 2.59δvw

where δvw = σνw ∕μνw is the coefficient of 
variation of vw.

Botha et al (2018a) used a δv2 = 0.31 to 
represent the variation of v2. This annual 
coefficient of variation is equivalent to 
δv1.6 = 0.25. The distribution of v1.6 ∕v50

1.6 
can therefore be reasonably represented 
by a Gumbel distribution with mean 
E[vw ∕vw

50] = 0.6 and standard deviation  
STD[vw ∕vw

50] = 0.15 defined by Equations 17 
and 18.

Distribution of c
Botha et al (2018a) specified each c ∕ck 
component ci ∕cki as having a normal dis-
tribution, with mean E[ci ∕cki] and standard 
deviation STD[ci ∕cki]. Botha et al (2018a) 
was mainly concerned with estimating 
E[ci ∕cki] and STD[ci ∕cki] rather than the 
specific distribution of c ∕ck.

A log-normal distribution has also 
been used for ci ∕cki (JCSS 2001; Baravalle & 
KÖhler 2018; Hong et al 2016). The product 
of a series of log-normally distributed 
random variables also follows a log-normal 
distribution, with parameters defined by its 
component distributions. Therefore, if each 
ci ∕cki is assumed to be log-normally dis-
tributed with mean and standard deviation 
defined by Botha (2016), then these can be 
combined (Castillo et al 2005) to find the 
distribution of c ∕ck .

Botha et al (2018a) considered four 
different sets of ci ∕cki distributions, result-
ing in four probabilistic models. The first 
model (New-SANS) was the result of a 
detailed study into wind load uncertainties 
by Botha (2016), who found that uncertain-
ties in c ∕ck could be significantly higher 
than typically assumed.

Botha et al (2018a) was concerned that, 
given the significant increase in variability 
of c ∕ck, using only the New-SANS model 
in a reliability assessment may be too 
drastic. Instead, a Bayesian philosophy was 
employed, where the New-SANS model 
was taken as a prior and used to update 
three other existing c ∕ck models by Holický 
(2009), Milford (1985) and Gulvanessian 
and Holický (2005). The ci ∕cki components 
of each of Botha et al (2018a)’s four models 
(New-SANS and the three updated models) 
were assumed to be log-normally distrib-
uted and combined to give four log-normal 
c ∕ck distributions, with means E[c ∕ck] and 
standard deviations STD[c ∕ck] given in 
Table 1.

FORM results
Using the limit state function (Equation 13) 
and defined v1.6 ∕v1.6

50 and c ∕ck distributions, a 
FORM analysis was performed. The results 
for each of Botha et al (2018a)’s probabilis-
tic models are given in Table 1.

For all models these results imply that 
the wind load dominates the uncertainty 
of the overall formulation, with the annual 
exceedance probability of the design wind 
load βq between 78% and 96% of the annual 

reference target exceedance probability 
βt = 4.0. The high variability of c ∕ck in the 
New-SANS model means that, unlike the 
other three models, αc > αv indicates that c 
contributed more to the total uncertainty 
of the wind load than v. This directly con-
tradicts the ASCE method, where αc = 0 
was assumed.

The updated models all have a fairly 
consistent design point with an effective 
partial factor for other components of the 
design load cd ∕ck ≈ 1.2 and design wind 
speed annual exceedance probability 
pt:vd

 ≈ 2 × 10–3 (500-year return period). 
Given that Botha et al (2018a) did not 
advocate the direct use of the New-SANS 
model, the design point indicated by the 
updated models is accepted as repre-
sentative of the overall reliability currently 
offered by SANS 10160-3:2019.

optimal estimation procedure
If only the recordings from a particular 
site are used to estimate vd , then more 
representative values are obtained on aver-
age (low bias), although this introduces 
substantial statistical uncertainty (high 
variance) (Hong et al 2016). A lower vari-
ance alternative is to regionally aggregate 
the data (Hosking & Wallis 2005), although 
this risks higher bias.

Bakker (2021) considered this problem 
in terms of the bias variance trade-off 
(Friedman et al 2001). It was found that, 
by employing an optimal combination of 
site and regional statistics, a design value 
which better corresponds to pt:vd

 could be 
found. This optimal estimate v̂d is found 
using sample estimates of mean μ̂v1.6 and 
standard deviation σ̂ v1.6 from the n precon-
ditioned annual maximum wind speeds 
measured at a particular site, located in a 
region with an average coefficient of vari-
ation δv1.6, as:

v̂d = 
1 + θt δv1.6

1 + θk:opt δv1.6
 (μ̂v1.6 + θk:opt σ̂v1.6)

1 ∕1.6

 (19)

where

Table 1  Mean and standard deviation of combined lognormal c ∕ck distributions defined by Botha et al (2018a) and results of FORM analysis

model e[c ∕ck] std[c ∕ck] βq αv αc cd ∕ck pt:vd

New-SANS 0.7 0.28 3.11 0.68 0.73 1.59 16.7 × 10–3

Updated Milford 0.57 0.18 3.83 0.77 0.64 1.16 1.7 × 10–3

Updated Gulvanessian / Holický 0.67 0.19 3.61 0.80 0.60 1.18 2.0 × 10–3

Updated Holický 0.84 0.19 3.32 0.85 0.52 1.20 2.3 × 10–3
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θk:opt = 

δ2
v1.6(1 + θt δv1.6)(2λ – 4δv1.6) – 

4(δv1.6 – δv1.6)2nθt

δ2
v1.6(1 + θt δv1.6)(2δv1.6 λ – κ + 1) – 

4(δv1.6 – δv1.6)2n

 (20)

In this formulation θt = θ(pt:vd
) is the 

standard score (i.e. the number of 
standard deviations away from the 
mean) of the design value, and the λ and 
κ are the skewness and kurtosis of the 
Gumbel distribution, equal to 1.14 and 5.4 
respectively.

The δv1.6 can be estimated by weight-
ing the estimated coefficient of variation 
of each of the N series δ̂v1.6i by its sample 
size ni as suggested by Hosking and 
Wallis (2005):

δ̂v1.6 = 
∑N

i=1ni δ̂v1.6i

∑N
i=1ni

 (21) 

and if N is large enough (>≈ 20), then 
δv1.6 ≈ δ̂v1.6. Bakker (2021) recommended 
that thunderstorm and synoptic dominated 
areas be considered as separate regions 
with their own δv = 1.6. The 83 thunder-
storm series yield δv1.6 = 0.25 and the 87 
synoptic series yield δv1.6 = 0.18.

An estimate of the design wind speed 
v̂d can thus be found for a pt:vd

. This can be 
expressed as v̂d = f(pt:vd

, Θ) where f denotes 
that v̂d is a function of pt:vd

 and some other 
parameters Θ dependent on the available 
data. In sites with a single mechanism 
Θ = {μ̂v1.6, σ̂v1.6, n, δv1.6} and in sites with two 
mechanisms the parameters from both 
need to be considered Θ = {Θ1, Θ2}. The v̂d 
at sites with more than one mechanism can 
be found by accounting for multiple mech-
anisms, as recommended by Gomes and 
Vickery (1978), described in Appendix A.

The procedure outlined in this section 
provides a solution for the estimation of 
vd at weather stations throughout South 
Africa, but it is still unclear how to extend 
this information for the entire country and 
incorporate it into the standard.

uPdAting design wind 
loAds in sAns
The current wind loads in SANS 10160-
3:2019 are the culmination of a significant 
research effort that includes detailed 
surface roughness correction (Kruger et al 
2011), climatic classification (Kruger et al 
2010), statistical modelling (Kruger et al 
2013a), mapping considerations (Kruger et 
al 2013b; 2017), and expert engineering and 
climatological knowledge.

The estimation procedure outlined 
above with some interpolation procedure 
(Ye et al 2015) could be used to replace 
the current map, although much of the 
information contained in it would be lost. 
Alternatively, the current map could be 
used as a basis from which changes are 
recommended where new data (Bakker & 
Viljoen 2019) and statistical techniques 
(Bakker et al 2021; Bakker 2021) provide a 
strong enough indication that the current 
values are inappropriate. This approach 
will incorporate the new information and 
provide a solution to the extension of the 
design values throughout the country, 
while maximising the amount of expert 
knowledge retained.

comparison of estimated 
design loads to sAns
Using the pt:vd

 = 2 × 10–3 design fractile 
and the statistics from the available data 
Θ, vd can be estimated at each station 
using the optimal estimation proce-
dure described in the previous section 
v̂d = f(2 × 10–3, Θ). An estimated design 
load q̂d for each station can then be 
obtained using Equations 1 and 10:

q̂d  = 
1
2

ρ ⎫
⎪
⎭

cd

ck

⎫
⎪
⎭

⎫
⎪
⎭

v̂2
d

v2
50

⎫
⎪
⎭
ckv2

50 (22) 

= 
1
2

ρ1.2ckv̂2
d

This can be compared to the design 
wind load currently specified by 
SANS 10160-3:2019:

qd:sans  = 
1
2

ρ1.6ckv2
50 (23)

where v50 is found using the characteristic 
wind map in SANS 10160-3:2019 (Figure 1). 
The difference between the predicted q̂d 
and the current qd:sans design load can be 
assessed as:

∆sans  = 
q̂d – qd:sans

qd:sans
 (24) 

= 
1.2v̂2

d – 1.6v2
50

1.6v2
50

The distribution of ∆sans values from all 
the stations is summarised in Figure 5. 
This shows that SANS 10160-3:2019 is 
conservative overall, with the average 
∆sans = −10%, which could be attributed 
to the conservative measures taken by 
Kruger (2011) or the use of wind speed 
intervals in the map (Botha et al 2018b). 
There are q̂d values that differ significantly 
from qd:sans, suggesting that some could be 
reconsidered.

identification of stations with 
unacceptable design wind speeds
The accuracy of v̂d is dependent on the 
quantity and quality of the v data used. 
Therefore, updating qd:sans to closely match 
q̂d may not always result in the most appro-
priate design loads.

Large differences between qd:sans and 
q̂d present evidence that qd:sans should 
be changed, but stations with more data 
present stronger evidence because there 
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is higher confidence in these estimates. 
To determine at which stations there is 
enough evidence to reconsider qd:sans a 
statistical test was developed. This is based 
on the null hypothesis H0 that the current 
design value is correct:

H0: q̂d  – qd:sans = 0 (25) 

If the pt:vd
 = 2 × 10–3 design fractile is 

accepted, then this H0 is equivalent to:

H0: 1.2v̂2
d – 1.6v2

50 = 0 (26) 

A statistical test with this null hypothesis 
means sufficient evidence must be pre-
sented before modification of the current 
standard is considered.

This test is founded on the assumption 
that v1.6 is Gumbel-distributed and 
that μˆv1.6 and σˆv1.6 are fairly unbiased 
estimators of the mean and standard 
deviation (Bakker et al 2021; Bakker 
2021). To test H0, a set of simulated v̂d 
values is obtained through Monte Carlo 
simulation:
1. For a series of n representative wind 

speed v observations available at a 
station, it is assumed that v1.6 follows 
a Gumbel distribution with mean μ̂v1.6 
and standard deviation σ̂v1.6 equal to the 
sample estimates at the station.

2. Then n simulated wind speeds vsim are 
drawn from this Gumbel distribution.

3. The mean μ̂v1.6:sim and standard devia-
tion σ̂v1.6:sim of vsim are estimated.

4. The Θsim = {μ̂v1.6:sim, σ̂v1.6:sim, n, δv1.6} is 
thus available. For stations in a mixed 
climate, steps 1 to 3 are performed 
for each separate mechanism and 
Θsim = {Θsim:1, Θsim:2}.

5. A simulated v̂d is then v̂d:sim = f(pt:vd
, 

Θsim).
6. Steps 2 to 5 are repeated m times to 

obtain a set of m simulated v̂d:sim values.
The proportion r of simulated design val-
ues which would result in a load less than 
qd:sans is then calculated as:

r = 
1
m

m
∑
i=1 �

�
�1: if (1.2v2

d:sim < 1.6v2
50

0: otherwise �
�

�

 (27)

If m is large enough then a P-value can be 
found:

P-value = 1 – |2r – 1| (28)

A significance level α* can be selected and 
if P-value < α*, then H0 can be rejected, 
and a change of qd:sans at that station 

considered. The r value also indicates 
whether an increase r < α*∕ 2 or decrease 
r > 1 – α*∕ 2 in qd:sans should be considered.

To demonstrate application of the 
test, an example showing how r, v̂d, and 
v50 relate to the empirical distribution of 
v̂d:sim at the Worcester station is shown 
in Figure 6, where m = 10 000 was used. 
An r value of 0.995 was obtained, which 
means that the current design value can be 
rejected at a high significance level and that 
a decrease in the prescribed wind speed 
could be considered.

recommended changes 
to sAns 10160-3
Bakker and Viljoen (2019) described the 
quality control of the data. This involved 
visual inspection of each gust to remove 
erroneous measurements, surface rough-
ness correction, and accounting for 
the dynamic response of data recorded 
using a Dines anemometer. Bakker 
and Viljoen (2019) did not account for 
topographical features or obstructions 
around instruments, so some stations 
with poor exposure cannot be considered 
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Figure 7  Evidence for increasing or decreasing the current wind speeds in SANS 10160-3:2019; 
triangles are plotted at station locations
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representative of typical climatic condi-
tions. Of the 132 stations, 102 have data 
with acceptable exposure.

Figure 7 overlays the results of the 
hypothesis test developed in the previ-
ous section applied to each of these 102 
stations onto the current characteristic 
map. On this figure the shape and colour 
indicate whether an increase or decrease 
would be appropriate (red triangles vs 
blue inverted triangles) according to r, 
and the size of the symbol indicates the 
strength of the evidence against the cur-
rent value (P-value). This figure will be 
used to guide recommended changes to 
SANS 10160-3:2019.

Figure 7 shows that, while there are 
some isolated municipalities where an 
increase could be considered, notably the 
eThekwini (Durban) metropolitan munici-
pality, there is strong evidence to support 
the reduction of qd:sans throughout much 
of South Africa. This is especially clear 
in the southwest of the country where 
synoptic winds dominate the extreme 
wind climate, such as the western parts of 
the Western Cape and a stretch along the 
Eastern Cape coast. The indication of a 
decrease in these areas can be attributed 
to the lower coefficient of variation in 
these areas, which means that γw = 1.6 
was probably overly conservative in 
these regions.

For 150 of the 234 municipalities 
there are no usable weather stations, 
and so no wind speed data is currently 

available. These municipalities tend to 
be rural, with limited development, and 
thus the lack of data is not a major issue as 
SANS 10160-3:2019 aims to provide for the 
built environment.

To improve the standard, different 
qd:sans values which better represent the 
data could be recommended. The areas 
where change could be considered can be 
identified using Figure 7. To streamline the 
revision process and simplify implementa-
tion for practising engineers, it would be 
desirable if these changes can be made 
without significantly modifying the current 
format of the standard.

Specifying vd values per reliability class, 
as done in ASCE 7-16 (ASCE 2017) and AS/
NZS 1170.2 (AS/NZS 2011), would require 
a substantial modification to the format of 
SANS 10160-3:2019. Synoptic and thunder-
storm winds, which dominate South Africa, 
are more similar to each other than cyclonic 
winds (Holmes 2018). Therefore, adjusting 
the design value from the reference reliabili-
ty (annual βt = 4.0) (Retief & Dunaiski 2009) 
to other classes should not introduce sig-
nificant error and only the vd corresponding 
to βt = 4.0 will be considered. This means 
that modification to the standard could be 
implemented by making adjustments to the 
characteristic wind speed map (Figure 1).

new characteristic wind map
There are a number of valid approaches 
which could be used to update the char-
acteristic map, and therefore updating will 

be a somewhat subjective process. As a 
starting point, α* = 0.1 is used to inform 
a first round of updates. The current v50 
values are thus increased or decreased to 
an updated value v50:updated as:

v50:updated = 
-

v50 + 4: if r < 0.05
v50 – 4: if r > 0.95
v50:   otherwise.��

�

�
�

 (29)

It was found that 42 stations had a 
P-value < 0.1, indicating that at these loca-
tions there is reasonable justification to 
change the qd:sans. For the majority of these 
stations a decrease in qd:sans could be con-
sidered, with r > 0.95 at 37 stations.

Some municipalities have multiple 
stations. In this case, a change was only 
implemented if it could be supported at all 
the stations in the municipality. This was 
the case for Buffalo City (East London), 
eThekwini (Durban), and Saldanha Bay. 
If stations in a municipality contradicted 
each other, then the more conservative 
option was taken and only increasing v50 
was considered. This was the case for 
the City of Cape Town and Msunduzi 
(Pietermaritzburg) where the current v50 
values were maintained despite one sta-
tion indicating that a decrease could be 
appropriate.

The v50:updated values are shown in 
Figure 8 where municipalities with data 
are highlighted. Because the selection of 
α* = 0.1 is somewhat arbitrary, this updated 
map is only meant to serve as a foundation 
for further changes.

The Koingnaas station located in the 
Kamiesberg municipality indicates that 
a decrease could be considered at a 10% 
significance level, but here v50 = 32 m/s 
and could not be decreased without creat-
ing another v50 category. Since this is an 
isolated case, another category was not cre-
ated, and the current value was maintained 
at v50:updated = 32 m/s.

A noticeable difference between the 
updated map versus the current map is 
the reduction in municipalities with the 
highest v50 = 44 m/s wind speed category. 
There is only one station (Elliot) for which 
v50 = 44 m/s cannot be rejected at a 10% 
significance level. The data from this 
station still indicates that a decrease 
would not be unreasonable with r = 0.92. 
Therefore, without reasonable justification 
to maintain the v50 = 44 m/s category, it is 
recommended that it be eliminated.

Historical data, recorded using a 
Dines anemometer, is available for several 

Figure 8 Updated characteristic map (v50:updated); municipalities with data are highlighted

Wind speed
32 m/s

44 m/s

36 m/s
40 m/s



Volume 64 Number 1 March 2022 Journal of the South african institution of civil engineering34

stations. This data is of lower quality 
due to uncertainty in the accuracy of the 
correction applied by Bakker and Viljoen 
(2019). Inclusion of the Dines data results 
in less variation of v2

d:sim values which leads 
to lower P-values. Given these uncertainties 
in the quality of this data, it alone was 
not considered sufficient evidence to 
modify qd:sans. It was checked whether the 
more recent data, for which there is more 
certainty in the exposure and instrument 
response, could support a change 
independent of the Dines data. If it could 
not, as was the case at the Cape Town 
station, then changes were not made.

Kruger et al (2017) assigned the current 
v50 values to municipalities without data, 
using interpolation and his knowledge of 
climatology. Therefore, it is argued that the 
v50 values at these municipalities can be 
changed to create a smoother map where 
necessary. There are also some isolated 
municipalities where the v50:updated value 
is surrounded by stations which generally 
support a different v50:updated value. These 
irregularities were removed by adopting the 
more common v50:updated from surround-
ing stations.

The smoothing and elimination of 
v50 = 44 m/s in the updated map yielded 
a final recommended characteristic wind 
speed map, shown in Figure 9. The new 
map results in changes to 63 of the 234 
municipalities throughout the coun-
try (Figure 10), of which 54 involve a 
decrease in v50.

There are eight metropolitan munici-
palities in South Africa. These contain 
a large proportion of the population and 
built environment of the country, which 
means changes to SANS 10160-3:2019 in 
these areas are of higher consequence. 
The new map recommends changes for 
the eThekwini (Durban) and Buffalo City 
(East London) metropolitan municipali-
ties. In both eThekwini and Buffalo City 
a P-value < 0.1 was observed at two sta-
tions, which is considered to be sufficient 
evidence that the recommended changes 
for metropolitan municipalities could 
be adopted.

conclusions
The South African Weather Service has 
collected a large quantity of wind speed 
data which has been organised into a 
dataset appropriate for assessment of the 
South African wind loading standard. This 
data can be incorporated into the standard 

by directly considering the design values 
rather than characteristic values to utilise 
more information and better attain the 
target reliability.

This study does not aim to modify the 
reliability level of the standard. Thus, to 
avoid recalibration, the annual design wind 
speed exceedance probability currently 
provided by the standard could be used to 
estimate design wind speeds.

To find this exceedance probability, 
an approach used for the American ASCE 

standard was investigated. This was found 
to be inappropriate, as it made the assump-
tion that all wind loading uncertainties 
could be attributed to wind speeds, which 
does not match the assumptions used 
to derive the current loads in the South 
African standard.

Instead, the wind load uncertainty 
models used to calibrate the current stand-
ard were applied to calculate the exceed-
ance probability of a design wind speed 
and an effective partial factor for other 

Figure 9 New characteristic wind speed map, recommended for future update to SANS 10160-3
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components of the design load. Together 
these were used to estimate the design 
wind load using the available data and an 
optimal procedure that combines wind 
speed data collected at a specific site with 
regional averages.

Deviation of the estimated design 
values from the current design values 
provides evidence in favour of changing 
the current design values, although the 
strength of this evidence is dependent on 
the quantity and quality of the data used. 
To determine where there was sufficient 
evidence that the current design values 
were inappropriate, a statistical hypothesis 
test was developed.

This test indicated that changes to the 
current design values could be considered 
at a number of sites throughout the coun-
try. These changes were implemented in 
a new characteristic map of basic wind 
speed (Figure 9) that should lead to a better 
reflection of the South African climate in 
the standard.
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APPendix A
A series of annual maximum wind speeds 
may not be identically distributed, because 
the extreme wind environment could 
be a result of m different extreme wind 
mechanisms.
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The v fractile vjoint that results from the 
joint distribution of m mechanisms for a 
given exceedance probability p is unknown. 
This can be found if the extreme wind 
speed record can be segregated by mecha-
nism, i.e. an extreme from each mechanism 
extracted per block and the joint distribu-
tion considered, as recommended by 
Gomes and Vickery (1978).

The vjoint is equal to the fractile of each 
marginal distribution vi:

vjoint = v1(p1) = v2(p2) = … vm(pm) (A1)

Provided each mechanism is independent, 
p can be related to the exceedance prob-
ability of each independent mechanism 
pi as:

(1 – p) = (1 – p1)(1 – p2) … (1 – pm) (A2)

These m unknown pi values and the 
unknown vjoint constitute (m + 1) unknowns.

Equations A2 and A3 yield a system of 
(m + 1) equations. Therefore, provided each 
vi can be related to pi, the (m + 1) equations 
can be used to solve the (m + 1) unknowns. 
This solution will provide the vjoint for a 
given p, as is typically required.
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introduction
Waste disposal is a recognised global 
health problem and, with the human popu-
lation growing, the demands for safe waste 
disposal are increasing. Sewage sludge, 
which is the residue from a wastewater 
treatment plant, is one of the largest and 
particularly problematic contributors to the 
burden of waste disposal worldwide. The 
sludge is of a semi-solid nature produced as 
a by-product from treatment of municipal 
sewage and industrial wastewater. The 
global estimate is that between 70 and 105 
million tons of sewage sludge is produced 
annually (Grobelak et al 2019). Waste 
recycling in the construction industry is 
one of the best ways to provide new, safe 
and renewable resources that contribute to 
economic development and thus protect 
the environment.

Fleishman et al (2014) argue that 
South Africa is one of the countries facing 
difficulties in the disposal of wastewater 
sludge. Environmental and public health 
concerns of sewage sludge disposal have 

historically been centred around the 
presence of harmful pollutants such as 
pathogens (e.g. viruses, parasites and 
bacteria); organic contaminants (e.g. 
dioxins, surfactants and pharmaceuticals) 
and inorganic contaminants (e.g. metal 
trace elements) (National Research 
Council 2002; Lewis & Gattie 2002). 
There is clearly a need for much further 
assessment and analysis of alternative use 
possibilities to develop the evidence base 
that will improve sewage sludge disposal 
practices around the world.

In its turn, the concrete industry has 
long advocated for increased use of sup-
plementary cementitious materials (SCM) 
such as ground-granulated blast furnace 
slag and fly ash (FA) to replace a part of the 
Portland cement used in concrete and so 
reduce the general carbon dioxide footprint 
of concrete construction (Scrivener et al 
2017). Incinerated sewage sludge ash (ISSA) 
reportedly contains oxides such as Al2O3, 
CaO and SiO2 which are the primary 
compounds found in Portland cement (PC) 
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(Tenza-Abril et al 2015), which makes ISSA 
a potential SCM or pozzolanic material 
that can be used in cement-based materi-
als (Tay 1987; Gomes et al 2019; Payá 
et al 2019).

Previous studies (Monzó et al 1997; 
Tantawy et al 2012; Dyer et al 2011; Pavlik 
et al 2016) have shown evidence that ISSA 
exhibits a certain level of pozzolanic activ-
ity, as is the case with fly ash and silica 
fume. Pozzolans are materials that contain 
aluminous and siliceous material, which 
when finely divided react with calcium 
hydroxide Ca(OH)2 to form cementing 
compounds found in hardened cement 
paste (Massazza 1998). The use of these 
materials in concrete brings durability 
benefits while reducing the CO2 footprint 
of the binder and reducing the amounts of 
waste material sent to landfill (Scrivener 
et al 2017).

The decomposition of sewage sludge 
with increasing temperature occurs at dif-
ferent stages. The four principal stages are 
described below (Tantawy et al 2012):

 Q The loss of moisture and absorbed 
water at 50ºC ‒ 130ºC

 Q The emission of volatile organic matter 
at 200ºC ‒ 320ºC

 Q The combustion of organic content 
due to the varying boiling points of 
hydrocarbons in the sewage sludge at 
330ºC ‒ 390ºC

 Q The thermal decomposition of fixed 
carbon captured by inorganic matter, 
loss of structural water of the clay 
minerals in the sewage sludge and the 
elimination of carbonaceous matter in 
the sewage sludge at 400ºC ‒ 670ºC.

To ensure that all organic matter is fully 
decomposed before the material is used as 
an SCM in concrete, sewage sludge should 
therefore be incinerated at a minimum 
temperature of 700ºC.

Figure 1 shows a calcium, silica and 
alumina oxide ternary diagram of cementi-
tious materials commonly used in concrete. 
The chemical analysis of materials in 
this study was used to locate ISSA on the 
diagram. It can be seen that ISSA overlaps 
strongly with FA in terms of the CaO, SiO2 
and Al2O3 content.

Previous studies have shown that the 
partial replacement of PC by ISSA affects 
both the strength and workability of binder 
pastes (Pan et al 2003; Monzó et al 2003). 
Other studies have shown that using ISSA 
as an SCM in mortar extends the setting 
time and reduces the workability of the 
mortar (Vouk et al 2016; Naamane et al 

2016). The increased setting times hav been 
attributed to the high amounts of P2O5 and 
SO3 found in the ISSA (Vouk et al 2016; 
Naamane et al 2016).

Vouk et al (2016) investigated the effect 
of ISSA on the workability of cement 
mortar. The results showed that 10% 
replacement of cement by ISSA caused a 
19% reduction of the mortar workability. 
Similar results were obtained by Monzó et 
al (1996) who used ashes with three dif-
ferent fineness levels, at 15% replacement 
of PC. This reduction in workability of the 
cement mortar was attributed to the irreg-
ular morphology and the increased water 
absorption of ISSA. Vimonsatit et al (2015) 
point out that the significantly higher water 
demand of ISSA can be resolved by adding 
coal fly ash.

Naamane et al (2016) investigated 
the effect of sewage sludge incineration 
temperatures on the compressive strength 
of mortar produced by partially replacing 
cement with ISSA. They found that an 
incineration temperature of 800°C for a 
period of 2.5 hours yielded the highest 
compressive strength of the PC/ISSA mor-
tars after 90 days.

Vouk et al (2017) found that, at 72 days, 
mortars containing 90% PC and 10% ISSA 
had a compressive strength that was about 
7% lower than that of companion mortars 
made with 100% PC. In a study conducted 
by Cyr et al (2007), the effect of the cur-
ing time on the compressive strength of 

mortars containing ISSA at replacement 
levels of 25% and 50% was considered. It 
was found that the rate of compressive 
strength gain was lower at early ages, 
but accelerated after 28 days. Also, the 
compressive strength of mortar containing 
25% ISSA was higher than that of mortar 
containing 50% ISSA.

The study reported in this paper was 
aimed at evaluating the feasibility of ISSA 
from a wastewater treatment plant in the 
Gauteng area to be used as an SCM in 
cement-based materials for construction. 
In particular, the study was focused on 
the effects of the post-incineration cooling 
rate of ISSA on the workability and com-
pressive strength of mortars, when used at 
30% replacement of PC. Samples of sewage 
sludge were incinerated at 700oC, 800oC 
and 900oC and then cooled in the furnace 
or in air or by being quenched with water. 
The sewage sludge and the resulting ISSA 
materials were characterised for their 
physical and chemical characteristics. 
Paste and mortar samples made with ISSA 
and PC were assessed for their micro-
structural development during early 
hydration, as well as for workability in the 
plastic state and for compressive strength 
development up to 28 days. Pastes and 
mortars prepared with plain PC and with 
a 70/30 blend of PC and fly ash (FA) were 
used as reference materials for compari-
son of the overall performance of ISSA as 
a possible SCM.

SiO2

CaO AI O3

Silica 
fume

Fine limestone

Portland cement

Slag

Fly ash

ISSA Natural 
pozzolans

Metakaolin

Figure 1  Ternary diagram of silica, alumina and calcium oxides showing commonly used 
cementitious materials and the relative position of ISSA used in this study (adapted from 
Rakhimov et al 2015)
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mAteriAls And test methods

cementitious materials
In this study PC classified as CEM I, 52,5 N 
and FA from a local supplier were used to 
prepare paste and mortar samples. Sewage 
sludge with 95% solids and 5% water was 
collected from a wastewater treatment 
plant in Gauteng, after it had been dried 
in the sun for some time. The collected 
sewage sludge was further dried in an oven 
at 100ºC for 24 hours to produce dried 
sewage sludge (DSS). X-ray fluorescence 
(XRF) analysis was then conducted using a 
PANalytical Axios instrument on the DSS 
to determine its chemical composition, 
and the results are shown in Table 1. The 
loss on ignition (LOI) was determined 
by roasting the sample at 1 050oC until 
constant weight.

As a basis for comparison, the analyses 
of samples of PC and FA, similar to that 
used in this study and derived from the 
same sources, and determined by Ballim 
and Graham (2009), are also shown in 
Table 1. It is interesting to note that the 

DSS used in this study contained no meas-
urable SO3 which Vouk et al (2016) and 
Naamane et al (2016) noted as contributing 
to increased setting times of the ISSA 
materials that they studied. The high LOI 
of the DSS is common with organic materi-
als and is mainly caused by a loss of carbon 
and bound water.

Separate samples of DSS were then 
incinerated at 700ºC, 800ºC and 900ºC in a 
closed-lid furnace. The furnace was heated 
at an average rate of 17ºC/minute until 
700ºC and thereafter, for the 800ºC and 
900ºC samples, at an average rate of 4ºC/
minute. The furnace temperature was then 
held at the intended incineration tempera-
ture for four hours, after which the furnace 
heater was turned off. Three samples of 
DSS were prepared at each of the incinera-
tion temperatures and these were cooled 
as follows:

 Q One sample was left to cool inside the 
furnace.

 Q One sample was immediately removed 
from the furnace and left to cool in still 
laboratory air.

 Q One sample was immediately removed 
from the furnace and quenched by 

pouring the ash into a bucket of water 
at room temperature. This sample 
was then placed in a ventilated oven at 
100ºC to dry.

Figure 2 shows the measured heating and 
cooling rates of the samples left to cool in 
the furnace and in air. The temperature 
was monitored by placing a type K ther-
mocouple in the sample, connected to an 
external temperature recording unit. The 
cooling rate of the quenched sample was 
not measured as the temperature drop 
occurred too rapidly.

Table 2 shows the yield of ash for the 
different incineration temperatures, as a 
proportion of the mass of DSS incinerated, 
as well as the average cooling rates for the 
furnace and air samples, when cooled to 
50ºC. This table also indicates the iden-
tification codes for each of the nine ashes 
produced for this study.

The cooled samples of ISSA were then 
ground for 20 minutes in a pulveriser 
(0068I Fact East model). Particle size analy-
sis of the powdered materials was carried 
out using a laser diffraction-based Malvern 
Mastersizer (MS2000) to determine the 
particle size distribution of the PC, FA and 

Table 1  Chemical composition (in %) of PC, FA 
(Ballim & Graham 2009) and DSS

oxide Pc fA dss

CaO 64.00 4.20 3.88 

SiO2 22.90 55.10 21.42 

Al2O3 4.60 33.30 5.89 

Fe2O3 2.58 3.15 4.79 

MgO 1.60 1.20 1.12 

Na2O 0.12 0.00 0.22

P2O5 0.06 0.39 3.95

K2O 0.30 0.69 0.51

TiO2 0.46 1.67 0.44

Mn2O3 0.12 0.02 0.13

SO3 2.05 0.12 0.00

LOI 2.41 0.45 56.64

Table 2 Characteristics and identification of the nine ISSA samples produced for this study

incineration temperature (ºc)

700ºC 800ºC 900ºC

Average ash yield (% by mass) 47 44 41

cooling method furnace Air Quench furnace Air Quench furnace Air Quench

Average cooling rate (ºC/min) 1.7 3.7 – 1.6 4.3 – 1.4 4.7 –

Sample identification 7F 7A 7Q 8F 8A 8Q 9F 9A 9Q
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Figure 2  Measured heating and cooling curves for the samples cooled inside the furnace and in 
laboratory air
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ISSA. Figure 3 gives a visual sense of the 
transformation of the DSS after incinera-
tion and pulverisation.

Atomic absorption 
spectroscopy (AAs) analysis
Atomic absorption spectroscopy was used 
to analyse the elemental composition 
and concentration of DSS and ISSA to 
determine the compositional effects of the 
incineration, the incineration temperatures 
and cooling rates. A microwave digester 
was used to convert pulverised DSS and 
ground ISSA samples in an acid suspen-
sion, into a solution prior to the analysis.

Samples for analysis were prepared using 
1 g of each material suspended in a com-
bination of 3 mL hydrochloric acid (HCl) 
and 10 mL nitric acid (HNO3) standard 
solution. The samples were then digested for 
20 minutes and filtered using filter paper. 
Because of the high concentrations of HNO3 
and HCl, 2 mL of the digested and filtered 
mixture was diluted with water to produce 
a standard solution of 25 mL with a suit-
able concentration level to produce reliable 
results. The samples were then analysed 
using an Agilent 200 Series AAS analyser. 
Acetylene was used as fuel gas and air as the 
oxidant to detect each element after excita-
tion by hollow cathode lamps.

x-ray fluorescence (xrf) analysis
The DSS and ISSA materials were also 
characterised for their chemical composi-
tion using XRF analysis. Samples were ini-
tially ground to suitable maximum particle 
sizes and submitted to a local cement labo-
ratory for analysis as part of their routine 
testing programme.

scanning electron microscopy (sem)
A Jeol JSM 6400 scanning electron micro-
scope, equipped with energy dispersive 

spectroscopy (EDS) capacity, was used 
for microscopic examination of the ISSA 
samples. EDS allows a chemical element 
analysis of particular features of the 
sample being viewed in the SEM. The 
analysis was used to study the surface 
morphology of the ground ISSA, as well as 
the nature of hydration products after six 
hours and seven days of hydration of the 
binder pastes. These times were chosen to 
give a sense of the early and more mature 
stages of hydration. Because SEM analysis 
was intended to be largely qualitative, 
this part of the study considered only the 
ISSA samples that had been incinerated 
at 800oC.

characterisation tests
A Malvern Mastersizer (MS2000) was 
used to determine the particle size distri-
bution of PC, FA and ISSA. The analysis 
was conducted on dry powder samples. 
Also, the density of a ground ISSA 
sample was determined as 2 285 kg/ m3 
using a standard pycnometer method 
(ASTM 2000).

compressive strength and 
workability tests
Mortar samples were prepared to study the 
effect of ISSA on workability and compres-
sive strength at a PC replacement level of 
30%. To compare the effectiveness of ISSA, 
two reference mortars were prepared ‒ one 
containing 100% PC and one containing 
a 30/70 blend of FA and PC as binders. 
A local crushed andesite sand was used 
as aggregate for the mortar. A total of 11 
mortar mixes were therefore prepared ‒ 
one with 100% PC as binder, one with 30% 
FA as part of the binder, and nine with 30% 
ground ISSA as part of the binder, using 
all the ISSAs described in Table 2, with 
a water/binder ratio of 0.5. The mixture 

proportions of the mortars are shown in 
Table 3. The sand content was adjusted 
to account for the increase in volume of 
the FA and ISSA in replacing a part of the 
PC. The amounts of materials indicated in 
Table 3 were sufficient to produce the nine 
cube samples.

After mixing, the workability of each 
mortar was assessed using a standard flow 
table test (ASTM 2007). The mortar flow 
is expressed as a percentage increase in 
the diameter of the mortar sample over 
the original moulded diameter, after 25 
drops of the flow table. Thereafter, nine 
50 mm cube samples were prepared of 
each mortar mixture for compressive 
strength testing at 3, 7 and 28 days after 
casting (three samples per test age) to 
assess the rate and extent of strength 
development of the mortars over the 
first four weeks after mixing. The cube 
samples in their moulds were stored under 
plastic sheeting in the laboratory and were 
de-moulded the following day. They were 
then cured in water at 22 ± 2oC until the 
time of testing. Compressive strength 
tests were conducted on a Tinius-Olsen 
machine with a capacity of 600 kN, at a 
loading rate of 15 MPa/minute.

Figure 3  Change of form of DSS (a), after incineration (b) and after pulverising (c)

(a) (b) (c)

Table 3  Mixture proportions (in grams) of 
the mortars used for workability 
compressive strength testing

binder type Pc
70/30
Pc/fA

70/30
Pc/issA

Water 310 310 310

PC 620 434 434

Fly ash – 186 –

ISSA – – 186

Andesite sand 2089 2027 2025
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results And discussion

Particle size distribution
Figure 4 shows the particles size distribu-
tions of the PC, FA and ground ISSA used 
in this study. FA particles were in the range 
of 1.7 μm to 180 μm, while ISSA particles 
ranged from 1.7 μm to 180 μm, with a 
small cluster of particles in the size range 
180 μm to 1250 μm. It is thought that this 
is a cluster of particles that are harder and 
more difficult to grind and that, at this size 
range, is unlikely to contribute significantly 
to pozzolanic activity of the ISSA. The size 
distribution of the PC seems unusually 

large, as it ranges from 0.48 μm to 630 μm, 
when the maximum particle size for 
cement is typically 100 μm (Osbaeck 
& Johansen 1989). It is likely that some 
agglomeration of particles occurred during 
the analysis.

The results in Figure 4 were used to 
determine the median particle size, or D50 
value, for the three materials as follows:

 Q FA: D50 = 17.37 μm
 Q PC:  D50 = 24.60 μm
 Q ISSA:  D50 = 28.3 μm

The particle size distribution of the ISSA 
is skewed to the coarse side and is gener-
ally coarser than the FA. This may well 

influence the observable reactivity of the 
ISSA and further studies will be needed to 
consider the effects of fineness of grinding 
of ISSA. In other studies, on ISSA, the 
material was ground to maximum particle 
sizes that ranged from 600 μm to 100 μm 
(Halliday et al 2012; Garcés et al 2008; 
Coutand et al 2006).

Atomic absorption spectroscopy 
(AAs) – elemental analysis
Figure 5 shows the AAS results obtained 
from an elemental analysis of the DSS and 
the nine ISSA samples. The results show 
that DSS has a significant amount of the 

Figure 4  Particle size distributions of the PC, FA and ISSA
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chemical elements found in PC (Ca, Si, Al, 
Fe, Mg and Na). As expected, incineration 
had a significant effect in increasing the 
concentration of elements in the ISSA, since 
water and volatile materials are removed 
from the sample during heating. Similar 
results were noted in previous studies 
(Halliday et al 2012; Chen & Lin 2009; 
Coutand et al 2006), varying in relation to 
the composition of the DSS used. Also, the 
lowest concentrations were noted for the 
furnace-cooled samples, while the air-cooled 
and quenched samples showed similar 
concentration results. It is possible that this 
is the result of morphological changes that 
occur during cooling, as this may be influ-
enced by the cooling rate of the ash.

Potassium and phosphorus were also 
detected in small amounts in both the DSS 
and the ISSA samples. The potassium con-
centration was reduced as a result of incin-
eration, whereas the phosphorus content 
showed a slight increase after incineration.

In consideration of the toxicity and 
pollution potential of DSS and ISSA, AAS 
was also used to detect the presence of the 
following heavy metals: lead (Pb), chro-
mium (Cr), copper (Cu), nickel (Ni) zinc 
(Zn), cobalt (Co), Titanium (Ti), vanadium 
(V) and manganese (Mn). These results are 
shown in Figure 6.

While the concentrations of heavy met-
als in the samples are much smaller than 
those of the elements shown in Figure 5, 

they are large enough to warrant concern. 
Notable increases in concentrations of Ti 
and Mn were observed after incineration. 
The concentrations of Ni, V and Cr were 
largely unaffected by incineration.

After incineration, there were sig-
nificant reductions in Pb, Zn, Cu, and Co 
concentrations because these metals are 
volatilised as the temperature approaches 
their boiling points. The presence of heavy 
metals in DSS tends to limit its industrial 
application, and the possibility of binding 
or encapsulating the elements makes its use 
in concrete attractive. However, releasing 
some of the elemental content into the 
atmosphere presents a serious concern and 
points to the need for active removal of 
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these elements from the flue gasses during 
incineration to reduce the impact of such 
metals on the environment.

x-ray fluorescence – oxide 
compound analysis
The compositions of the ISSA samples used 
in this study were determined using XRF 
analysis and are compared to the reference 
PC and FA as determined by Ballim & 
Graham (2009) in Figure 7. The principal 
compounds in the ISSA samples were 
SiO2 (49.08% to 53.88%), CaO (6.89% to 
8.94%), Al2O3 (13.26% to 15.13%) and Fe2O3 
(10.19% to 11.38%). The CaO/SiO2 ratio of 
the ISSA materials ranges from 0.12 to 0.16, 
which is slightly higher than that of the FA 
(0.08), indicating that ISSA may be suitable 
for use amended as an SCM to partially 
replace PC. The significant presence of 
Al2O3, Fe2O3 and CaO can be linked to the 
use of ferric salts, aluminum and lime as 
flocculators in the secondary sludge con-
ditioning at wastewater treatment plants 
(Halliday et al 2012; Tantawy et al 2012), 
as well as the oxidation of some of the ele-
ments on exposure to air.

In general, incineration had a minor 
impact on the component composition 
of the DSS. The ISSA samples that were 
burned at 800oC and 900oC revealed the 
most significant, albeit modest, increases 
in chemical concentrations. However, no 
clear relation exists between the compound 
composition of ISSA materials and the 
incineration temperature or cooling rates 
used. It should also be noted that the 
DSS and all the ISSA materials contain a 
significant amount of P2O5 (phosphorus 
pentoxide), varying from 7.74% to 9.24%. 
This may be attributed to the domestic 
detergents either in the waste or those used 
at the wastewater treatment plant. Also, 
although not noted on Figure 7, LOI from 
the XRF analyses of the ISSA materials was 
in the range of 1.16% to 5.90%, increasing 
with decreasing incineration temperature 
of the original ashes, and this was noted for 
all the cooling methods.

morphology and 
composition of issA
Figures 8 to 10 show the morphology of 
ISSA incinerated at 800ºC and cooled in 
the furnace (Figure 8), in air (Figure 9) and 
quenched (Figure 10) after incineration. 
These figures also show the EDS trace 
analyses of the grains indicated. The 
results show that ISSA has an irregular 
morphology and size of grains with 

well-developed surfaces and a few traces of 
platy, rectangular or near-spherical grains. 
These results are similar to research find-
ings on ISSA in other parts of the world 
(Monzó et al 1996; Tantawy et al 2012; 
Naamane et al 2016). Fine particles were 
also observed in all ashes incinerated at 
different temperatures, and these often 
appear to adhere to the surfaces of larger 
particles (see particle C in Figure 8, parti-
cle A in Figure 9, and particles A and B in 

Figure 10). Some platy or more prismatic 
particles with well-defined edges were 
noted in the samples (see particle B in 
Figure 8 and particle C in Figure 9).

EDS traces of the particles shown on 
the SEM micrographs indicate high peaks 
of silicon (Si) as the main constituent of 
the particles assessed, with some por-
tions of the ISSA containing aluminum 
(Al), calcium (Ca), phosphorus (P) and 
iron (Fe). These results correlate with the 

C

B

A

Ca O Fe Al Si P               Ca                        Fe     Fe

Figure 8  Micrographs and EDS of ISSA incinerated at 800°C and furnace-cooled (8F – element 
identification indicated on top left EDS for clarity)
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Figure 9  Micrographs and EDS of ISSA incinerated at 800°C and air-cooled (8A – element 
identification indicated on top left EDS for clarity)
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Figure 10  Micrographs and EDS of ISSA incinerated at 800°C and quenched in water (8Q)
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composition of the ISSA noted with the 
AAS and XRF results.

Traces of diatomite (or diatomaceous 
earth) were also noted in the ISSA samples 
(indicated as particle C in Figure 10). This 
was confirmed by both the tubular shape of 
the particles as well as the EDS elemental 
analysis. Diatomite is a low-cost material 
with a variety of properties commonly used 
as an adsorbent in wastewater treatment 
plants (Zhang et al 2009). A closer view of 
a cylindrical diatomite particle is shown 
as particle 2 in Figure 10 D, and the EDS 
analysis indicates that it is largely com-
posed of silica.

Particle 1 in Figure 10 D illustrates 
the irregular morphology of ISSA, more 
characteristic of the quenched sample. 
Closer views of the morphology of the dif-
ferently cooled ISSA samples are shown in 
Figure 11. This figure shows that the rate of 
cooling affects the particle morphology of 
the ISSA, with faster cooling rates produc-
ing more particles with a darker shade of 
grey (denser) and that are generally smaller 
and more nodular, rather than platy or 
layered. Higher cooling rates produce more 
glassy or amorphous forms of silica, which 
encourage pozzolanic reactions in combi-
nation with PC. These results are similar to 
previous research findings by Monzó et al 
(2003), Tantawy et al (2012), Horiguchi et 
al (2011) and Naamane et al (2016).

microscopic assessment of 
hydrated Pc/issA pastes
Figure 12 shows selected micrographs 
of hydrating PC and PC/ISSA pastes. 
Hydration products deposited on the 
surfaces of particles were identified by 
their morphology and chemical composi-
tion based on EDS analysis. At six hours 
after mixing, the PC paste (Figure 12(a)) 
showed typical deposits of outer calcium-
silicate-hydrate (CSH), calcium hydroxide or 
Portlandite (CH) and needles of ettringite, 
attached to the PC grains. In the case of the 
ISSA pastes, a potassium gel deposit was 
observed in the 8F and 8A paste samples 
at six hours after mixing (see Figure 12(b)). 
This gel has a solid morphology and appears 
to have a retarding effect on hydration of the 
ISSA (Odler & Wonnemann 1983), as there 
was little evidence of hydration products 
on ISSA surfaces in these samples at this 
early stage of hydration. Importantly, the gel 
was not observed in the 8Q ISSA-blended 
cement paste and there was some evidence 
of fibrous hydration products on ISSA 
particles in the 8Q sample, which may be 

linked to early hydration of ISSA materials 
in the paste.

At seven days after mixing, there was 
little evidence of the potassium gel in any 
of the ISSA-blended pastes. All the samples 
showed some evidence of hydration prod-
ucts on the ISSA particles (see Figure 12(c)), 
but it was evident that the post-incineration 
cooling rate had an influence on the extent 
of hydration. The quenched ISSA sample 
generally showed a greater degree of hydra-
tion than the furnace-cooled or air-cooled 
ISSA samples.

workability of mortars 
containing issA
The results of workability measurements 
conducted on each of the mortars prepared 
are shown in Figure 13. While the 30% FA 

blend caused a slight decrease in the flow 
of the mortar, compared to that of the plain 
PC mortar, all the 30% ISSA blends result-
ed in a significant reduction of workability. 
This reduction ranged from 11 percentage 
points for the 9Q ISSA to 18 percent-
age points for the 7F ISSA. Again, these 
results are similar to that noted by other 
researchers (Vouk et al 2016; Naamane et 
al 2016; Pan et al 2003; Monzó et al 1996). 
Importantly, the quenched ISSA samples 
generally showed the smallest reduction 
in workability compared with that of the 
furnace-cooled and air-cooled samples.

The reduction in mortar workability is 
attributed mainly to the irregular morphol-
ogy of ISSA particles. However, the possible 
increased water absorption of the ISSA 
materials may also be a factor contributing 

(a) (b) (c)

Figure 11  Micrographs of ISSA incinerated at 800°C, then (a) furnace-cooled, (b) air-cooled and 
(c) quenched in water

Figure 12  Samples of SEM images of hydrating binder pastes: (a) PC paste at six hours, (b) paste 
with 30% 8F ISSA at six hours, (c) paste with 30% 8Q ISSA at seven days
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to this reduced workability. Vouk et al 
(2016) and Naamane et al (2016) report that 
an increased water absorption of the ISSA 
simultaneously resulted in longer setting 
times, and reduced the mortar workability 
due to the high amounts of phosphorus 
pentoxide (P2O5) and sulphur trioxide 
(SO3) found in the ISSA.

compressive strength test results
Figure 14 shows the compressive strength 
development of all mortar samples after 3, 
7 and 28 days, each result being the average 
of three cube strength tests. The results 
show that, at a PC replacement level of 30%:

 Q All the ISSA materials used as an SCM 
caused a reduction in the measured 
compressive strength at all ages up to 28 
days, relative to that of the mortar made 
with plain PC.

 Q For the mortars with ISSA materials 
incinerated at 700oC and at 800oC, the 
compressive strengths were significantly 
lower than that of the mortar with FA 
as SCM. However, the mortars with 
ISSA incinerated at 900oC showed 
compressive strengths that were similar 
to that of the FA mortar.

 Q The incineration temperature of the 
ISSA has a significant effect on mortar 
compressive strength. A higher cooling 
rate after incineration generally has a 
positive effect on compressive strength. 
For the ISSA materials incinerated at 
800oC and at 900oC, the quenched sam-
ples showed marginally higher strengths 
than the furnace-cooled and air-cooled 
materials. This increased performance of 
the quenched ISSA may be explained by 
the fact that rapid cooling of the ash sup-
presses the formation of crystalline silica, 
resulting in a higher proportion of amor-
phous silica which is more favourable for 
the pozzolanic reactions in an SCM.

 Q Table 4 shows an assessment of the 
rates of early strength development for 
the mortars assessed. It is clear that 
the ISSA materials have significantly 
reduced the rate of strength gain at 
three days, to a greater extent than that 
caused by the addition of FA. However, 
there is some acceleration in strength 
gain thereafter and, for the period 7 
to 28 days, the rate of strength gain is 
similar to that obtained with the PC/ FA 
mortar samples. Importantly, all the 
blended cement mortars showed lower 
rates of strength gain between 7 and 
28 days when compared with the plain 
PC mortar.

The mortar compressive strength 
results shown in Figure 14 support the 
observations made in the SEM study of the 
hydrated pastes (Figure 12) that the ISSA 
materials do show evidence of pozzolanic 
activity when used as an SCM with PC. For 
the ISSA incinerated at 900oC, the 28-day 
compressive strength performance was 
similar to that of the FA mortar.

Of course, a factor not accounted for in 
this analysis was the fineness of grinding 
of the ISSA. Halliday et al (2012) showed 
that coarser ISSA tends to contribute to 
the reduction in compressive strength. 
The particle size distributions shown in 
Figure 4 indicate that the ISSA used in this 
study was coarser than both the PC and 
the FA. It is therefore possible that higher 

levels of pozzolanicity may be realised with 
more finely ground ISSA.

Manjunatha (2017) found a lower 
pozzolanic activity for ISSA than for FA. 
However, the present study has shown that 
under suitable pyro-processing regimes, 
ISSA can show similar strength perfor-
mance as FA when used as an SCM. The 
differences in these findings may well be 
related to the chemical nature of the FA 
and the ISSA, as well as the physical pro-
cessing of the ISSA after cooling.

conclusions
This study was aimed at considering the 
possibility that incinerated sewage sludge 
ash could be used as a supplementary 
cementitious material in combination with 
Portland cement. The main conclusions to 
be drawn from the results are:

 Q The SEM assessment of paste samples, 
together with the mortar compressive 
strength results, indicates that the 
ISSA used in this study has pozzolanic 
capacity and may be used as an SCM in 
cement-based materials.

 Q DSS and ISSA consists mainly of Si, Ca, 
Al, Fe, Mg, Na and K, the important ele-
ments in cementitious and pozzolanic 
materials used in concrete. The concen-
trations of these elements increase with 
incineration and produces an ISSA with 
a chemical profile similar to that of FA 
in terms of oxide composition.

 Q Heavy elements that may also be toxic 
such as Zn, Pb, Cu, Ti, Cr, Mn, V and 
Ni are present as minor constituents. 
The amounts of these heavy elements 
are reduced by incineration and there 
may be environmental benefits to 
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Figure 14  Compressive strength test results of mortar samples after 3, 7 and 28 days of hydration

Table 4  Rates of early mortar strength gain 
relative to the 28-day strength of the 
binder combinations assessed

mortar 
binder 

type

3-day to 
28-day 

strength (%)

7-day to 
28-day 

strength (%)

PC 62.6 86.3

PC/FA 53.3 75.0

PC/7F 43.4 79.5

PC/7A 47.8 77.9

PC/7Q 43.2 77.1

PC/8F 46.6 79.2

PC/8A 44.2 75.4

PC/8Q 42.3 73.3

PC/9F 41.5 70.9

PC/9A 44.7 71.7

PC/9Q 49.7 72.2
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incorporating such elements in concrete 
rather than in land disposal systems. 
However, removal of these elements 
from the flue gasses is also important to 
avoid release into the atmosphere.

 Q Both the maximum temperature of 
incineration and the subsequent cooling 
rate of ISSA have a significant influ-
ence on the workability, hydration and 
strength development of pastes and 
mortars made with blends of PC and 
ISSA. In general, increasing the incin-
eration temperature of ISSA from 700oC 
to 900oC, together with rapid cooling 
by quenching in water, produced better 
early hydration, better workability and 
higher mortar strength when the ISSA 
is used as an SCM at 30% replacement 
of PC. The ISSA incinerated at 900oC 
and quenched in water produced 28-day 
mortar strengths that are similar to that 
obtained with mortars made with FA at 
the same replacement level.

 Q When used as a PC replacement in 
paste samples, the ISSA materials that 
were incinerated at 700oC and 800oC 
showed deposits of potassium gel after 
six hours of hydration that appear to 
inhibit early hydration of the ISSA. 
This gel was not evident at later ages of 
hydration. In the case of the ISSA incin-
erated at 900oC, the gel was not noted 
at any stage of assessment of hydration. 
This aspect of the hydration behaviour 
of ISSA requires further assessment 
to understand its implications for 
the use of these materials in cement 
and concrete.
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introduction
The pseudo-dynamic testing technique is a 
computer-controlled experimental method 
whereby the dynamic behaviour of the 
structure is mathematically calculated on 
a computer and the resultant displacement 
is statically applied to the physical test 
specimen of the structure at a common 
degree of freedom between the numerical 
model and the physical model using servo-
controlled actuators in an online procedure 
(Mosalam et al 1997). The pseudo-dynamic 
testing technique uses the same equipment 
as conventional quasi-static tests; however, 
the analysis is controlled by a closed-loop 

system comprising computer software 
that is integrated and runs in tandem with 
the quasi-static experiment. The method 
utilises well-established step-by-step time 
integration methods and utilises the same 
numerical approach generally undertaken 
in nonlinear structural dynamics; however, 
the structural restoring force is based on 
experimental feedback from load cells as 
opposed to an idealised material model 
(Wang et al 2006). The force obtained from 
the load cell, due to the calculated displace-
ment from the numerical model, is fed back 
into the computational model and used 
in successive iterations to determine the 

evaluation of the seismic 
response of a reinforced 
concrete footing with 
stub column to increasing 
peak ground acceleration 
using pseudo-dynamic 
experimentation
S M Hossell, C P Roth

The pseudo-dynamic experimentation technique was investigated to evaluate the damage 
occurring in a reinforced concrete footing with stub column due to the overall response of a 
linear elastic two-storey, two-bay moment-resisting steel frame structure that is subjected to 
an earthquake excitation with increasing peak ground acceleration. The implicit Newmark’s 
method with static condensation was utilised in the present study to solve the governing 
equation of motion of the multi-degree-of-freedom system. Five pseudo-dynamic experiments 
were performed by scaling the El Centro ground motion record, which occurred in California 
on 18 May 1940, to produce peak ground accelerations that ranged between 0.34 g and 2 g. 
All the laboratory experiments were undertaken under a constant axial load for the duration 
of the applied earthquake excitation, and utilised Rayleigh damping to model the energy loss 
within the overall structure. The pseudo-dynamic method provides a reliable method to relate 
damage suffered by the stub column due to the overall structure’s response to the applied 
earthquake excitation. The method enables the structural capacity and failure mechanisms 
of the reinforced concrete stub column to be observed in relation to the seismic demand. 
The hysteretic response of the stub columns and energy dissipation characteristics were 
determined, and it was shown that the yield strength of the longitudinal reinforcement within 
the stub column has a significant impact on the maximum shear capacity and damage incurred 
by the stub column. The damage is more pronounced with an increase in the number of cycles 
of vibration, particularly at displacements that exceed the yield strength of the reinforcement. 
An increase in the hysteretic energy dissipated by the reinforced concrete stub column results 
in a concomitant increase in the observed damage to the stub column in the form of concrete 
cracking, reinforcement yielding and spalling of the concrete.
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new displacement. Historically, reinforced 
concrete stub columns have been experi-
mentally tested using both quasi-static 
monotonic load tests and cyclic load tests 
to determine the performance of the struc-
ture; however, the experiments are not able 
to relate the progressive damage incurred 
to the reinforced concrete stub column 
for the duration of a realistic earthquake 
excitation (Mosalam et al 1998). Therefore, 
the pseudo-dynamic experimental method 
enables the cumulative damage to be 
related to earthquake intensity (Mosalam et 
al 1998; Takanashi et al 1975).

background
The performance of structures during 
an earthquake of given intensity dictates 
the extent of damage and loss of life that 
become associated with the earthquake 
event. Quantifying the level of damage 
within a structure that has occurred during 
an earthquake is traditionally undertaken 
post-earthquake using statistical methods. 
However, this method is not suitable in 
areas with moderate seismicity, as insuffi-
cient data is available to calibrate structural 
damage to an earthquake intensity param-
eter. Southern Africa is characterised as 
a region of moderate seismicity, and due 
to the limited network of accelerometers 
within South Africa, a detailed statisti-
cal analysis of the level of damage that 
could occur within structures during 
future earthquakes has been prevented 
(Brandt 2011).

Quantifying the level of damage 
incurred by a structure due to increasing 
earthquake intensity is a complex task. 
Typically, structural components are 
evaluated using quasi-static methods to 
determine the response due to increasing 
load and to determine the ultimate load-
carrying capacity of the member. However, 
the slow rate of the load applied onto 
the structure results in the inertia of the 
structure not being considered, resulting in 
the response of the structure being inde-
pendent of the applied earthquake loading. 
To relate earthquake intensity to damage, 
shake-table testing or pseudo-dynamic 
testing provides a more accurate damage 
correlation with earthquake intensity. 
Shake-table tests provide the most realistic 
means to evaluate damage at various 
intensities, as they account for the inertial 
effects and the time and frequency content 
of the ground motion. However, shake 
tables are very expensive and difficult to 
evaluate large-scale multi-storey structures 

for a range of earthquake intensities. 
Advancements in computer software, the 
increase in the resolution of the control 
systems and data acquisition systems, and 
the ability of pseudo-dynamic tests to 
incorporate the dynamic characteristics 
of a structure have made the method a 
feasible alternative to shake-table tests to 
evaluate the performance of a structure at 
various earthquake intensities. This could 
aid in the development of fragility curves 
and in determining the risk of damage at 
various earthquake intensities.

objective of the study
The primary objective of the study was to 
demonstrate the application of the pseudo-
dynamic experimental method to relate 
the resultant structural damage, hysteretic 
response and energy dissipation capacity 
of a reinforced concrete footing and stub 
column under a constant axial load that 
forms part of a two-bay two-storey moment-
resisting steel frame structure, to increasing 
peak ground acceleration (PGA). Figure 1 
shows the hypothetical structure that was 
considered in this research, and the position 
of the reinforced concrete footing and stub 
column under investigation. The feasibility 
of using the pseudo-dynamic method with 
Newmark’s implicit time-stepping numeri-
cal method with static condensation was 
investigated by analysing a single member 
of a structure that forms part of an overall 
structural system that remains linearly 
elastic for the duration of the experiment. 
The study also investigated the maximum 
peak ground acceleration that the member 

could encounter before failure, and there-
fore the experiments were undertaken at 
increasing amplitudes.

The footing shown in Figure 1 was 
assumed to be fixed against rotation, and 
the steel structure above was assumed 
to be connected to the footing and stub 
column by a pin joint. The effect is that the 
footing and stub column assembly provides 
an infinitely stiff vertical support to the 
steel structure, and a nonlinear spring form 
of horizontal support.

limitations of the study
The susceptibility of damage to a rein-
forced concrete footing and stub column 
during an earthquake is dependent on 
several factors that relate to the type of 
structure placed on the footing and stub 
column, the ground conditions, the bound-
ary conditions, and the type of earthquake 
excitation to which the structure is sub-
jected. The size of the reinforced concrete 
footing and stub column that could be 
evaluated and the magnitude of the applied 
axial load were limited by the capacity of 
the press frame that was available in the 
laboratory. The study focused on evaluat-
ing the pseudo-dynamic testing method 
using only the Newmark implicit numerical 
time integration method, and only the El 
Centro ground motion record was used in 
the analysis, with the peak ground accel-
eration of the earthquake excitation being 
the only variable. The reinforced concrete 
footing and stub column was subjected 
to a constant axial load for the duration 
of the earthquake record, and therefore 
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Figure 1 Conceptual model of the overall structure
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the response of the stub column due to a 
varying axial load was not investigated. 
Only a reinforced concrete footing and 
stub column of a single design that satisfied 
the minimum reinforcement requirements 
contained in SANS 10100-1:2000 (SANS 
2000) was considered in this research. The 
two-dimensional frame structure, which 
was placed on the footing and stub column, 
remained linearly elastic for the duration 
of the earthquake record, and energy loss 
within the overall frame structure was 
treated using Rayleigh damping with a 
damping ratio of 5%, as is typically used in 
design codes (SANS 2017; Chopra 2012). 
The capacity of structural members and 
their connections within the overall frame 
structure were not considered during the 
analysis, and therefore the formation of 
plastic hinges and the resulting loss of stiff-
ness within the overall structure were not 
considered when determining the response 
of the reinforced concrete footing and stub 
column to the applied earthquake load.

relevAnt literAture
Pseudo-dynamic testing originated 
approximately forty years ago as an alterna-
tive to shake-table testing, with Takanashi 
et al (1975) seen as one of the pioneers of 
the testing method (Kurt 2010). Pseudo-
dynamic testing is especially efficient 
when having to test structures that are 
too heavy or too large to be practically 
tested on available shake tables (Thewalt & 
Mahin 1987). Pioneering work in pseudo-
dynamic testing was done by Hakuno in 
1969 (as cited by Takanashi et al 1975) 
where he tested cantilever beams using an 
online system that comprised an analogue 
computer and an electromagnetic actuator. 
However, the results produced by the test 
were rather poor due to the limitations of 
the available hardware. Following on the 
work that was done on cantilever beams, 
Takanashi et al (1975) did substantial work 
in establishing the pseudo-dynamic tech-
nique by replacing the analogue computer 
with a more accurate digital computer. 
Modifications done by Takanashi et al 
(1975) enabled the procedure to not have 
to operate in real time, thus producing a 
method that could be subjected to slow 
loading and pausing. The first pseudo-
dynamic tests were restricted to planar test 
specimens that were subjected to a single 
horizontal component of base excitation 
(Takanashi et al 1975; Shing & Mahin 
1984; Takanashi & Nakashima 1987). 

However, the method can be easily adapted 
to analyse the three-dimensional response 
of structures with several components of 
base excitation (Thewalt & Mahin 1987). 
Multi-degree-of-freedom testing was done 
by Chang (2009) whereby he subjected a 
one-storey frame to bidirectional loading. 
Mosalam et al (1998) investigated the 
response of masonry infill frames using 
the pseudo-dynamic method and indicated 
that the pseudo-dynamic method provides 
an acceptable approximation of the dynam-
ic response of a structure that is subjected 
to earthquake excitation.

formulAtion of the 
Pseudo-dYnAmic method
The pseudo-dynamic method is formulated 
from the time-discretised equation of 
motion for each time step “i” as shown 
by Equation 1. During pseudo-dynamic 
experimentation, Equation 1 is solved using 
numerical methods in a stepwise procedure 
with the restoring force Fs = [Ks(t)]{u(t)}, 
measured directly from the test specimen 
using a load cell (Kurt 2010). Therefore, the 
value of [Ks(t)] is calculated from the meas-
ured value Fs force obtained from the load 
cell due to the displacement {u(t)} applied 
by the linear hydraulic actuator to the test 
specimen and calculated in the numerical 
model of the overall frame structure. The 
solution of the second order differential 
equation can be solved using either implicit 
or explicit numerical methods to solve the 
displacements at each time step.

[M]{ü(t)} + [C]{u̇(t)} + [K]{u(t)} + 

[Ks(t)]{u(t)} = {P} – [M]{I}üg(t) (1)

Where:
 [M]:  Lumped mass matrix of the 

frame structure including the 
mass of the reinforced con-
crete footing and stub column

 [C]:  Rayleigh damping matrix for 
the elastic part of the frame 
structure

 [K]:  Linear elastic stiffness matrix 
of the frames structure

 {ü(t)}, {u̇(t)}, Acceleration, velocity and
 {u(t)}:  displacement vector 

respectively
 [Ks(t)]:  Lateral non-linear spring stiff-

ness matrix of the reinforced 

concrete footing and stub 
column

 {I}:  Influence vector that accounts 
for the horizontal direction of 
the earthquake loading

 üg(t): Ground acceleration.

The preference in the past has traditionally 
been towards explicit numerical methods 
because of the disinclination to numeri-
cal iteration at each time step. However, 
advancements in computational power and 
the increase in the resolution of computers 
have made using implicit numerical meth-
ods more favourable due to the superior 
stability properties they provide (Mosalam 
et al 1997). Newmark’s implicit method has 
been widely adopted in finite element ana-
lysis software to solve nonlinear problems 
as it can be unconditionally stable for any 
time increment (Chopra 2012). Therefore, 
the selection of the time increment only 
influences the accuracy of the solution and 
not the stability.

exPerimentAl Procedure
Five pseudo-dynamic experiments were 
conducted on the reinforced concrete 
footings and stub columns at increasing 
peak ground accelerations (PGA) obtained 
by amplifying the El Centro earthquake 
to correlate damage with increasing peak 
ground acceleration. The PGA considered 
during this study comprised 0.34 g, 0.68 g, 
0.78 g, 1 g and 2 g. The testing procedure 
required the programming of the implicit 
Newmark numerical algorithm into the 
HBM Catman software (HBM 2016) 
using the Visual Basic scripting language, 
and the software was integrated with the 
hardware upon completion of the scripting. 
The displacement transducers and load 
cells were calibrated before testing, and 
the integration between the hardware and 
the software was tested to ensure that the 
servo-controller accurately interpreted the 
calculated displacement.

Each of the experiments started by 
initialising the actuators and ensuring 
the horizontal load on the stub column 
was equal to zero. The axial load was 
then applied to the stub column, and 
once the axial load reached 300 kN, the 
horizontal actuator was initialised on the 
servo-controller. The initial calculation 
within the software ensured that all the 
instruments were zeroed, and the static 
analysis was first performed to determine 
the initial load state of the structure before 

�����������������������������

Linear  
component

����� ��� �����

Non-linear  
component

Static  
load

Earthquake  
loading



Journal of the South african institution of civil engineering Volume 64 Number 1 March 2022 51

commencing the pseudo-dynamic analysis. 
Time-stepping and iteration commenced 
upon completion of the initial calcula-
tions whereby the amplified El Centro 
earthquake record was applied to the 
overall structure.

The initial horizontal stiffness of the 
reinforced concrete footing and stub 
column was required before the pseudo-
dynamic analysis could commence. The 
initial stiffness of the footing and stub 
column also enabled the elastic natural 
period of vibration of the structure to be 
determined, which was used to calcu-
late the damping matrix for the overall 
frame structure.

earthquake loading on the structure
The El Centro earthquake, S00E of the 
event at Imperial Valley, California, on 
18 May 1940, was selected as the input 
ground motion and is shown in Figure 2. 
The El Centro ground motion record 
represents a strong ground shaking 
and is commonly used for shake-table 
tests and pseudo-dynamic experiments 
(Mosalam et al 1998). For each of the 
pseudo-dynamic tests undertaken in this 
study, the peak ground acceleration was 
increased by scaling the amplitude of the 
El Centro earthquake.

test specimen
The reinforced concrete footing and stub 
column that were used in the research are 
shown in Figure 3. The reinforced concrete 
stub column only required minimal rein-
forcement to resist the applied gravity and 
wind loads that were used to design the 

structure. The characteristic design yield 
stress of 450 MPa and a Young’s Modulus 
of 200 GPa were used for the design of the 
reinforcement, and a characteristic com-
pressive strength of 30 MPa was used for 
the concrete.

Application of the pseudo-
dynamic method using 
newmark’s implicit method
Figure 4 shows the discretised numeri-
cal model used in the pseudo-dynamic 
analysis procedure in this research. The 

frame structure was discretised into 28 
degrees of freedom with the boundary 
conditions comprising two pin supports at 
the external columns, and with the internal 
stub column’s lateral degree of freedom 
idealised as a single degree of freedom 
consisting of a constant lumped mass that 
was supported laterally by a massless non-
linear spring of stiffness ks(t). The degree of 
freedom {us = u1} coupled the calculation 
cycle with the laboratory test specimen. 
The horizontal displacement {u1} was taken 
at the top of the stub column, as shown 
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in Figure 4, where the steel column of the 
frame structure connects to the footing 
and stub column using a base plate and 
holding-down bolts.

loading cycle – physical test setup
A conceptual model of the experimental 
test setup is shown in Figure 5. The test 
setup comprised two actuators and two 
load cells, with the vertical actuator being 
used to simulate the constant axial load 
applied by the structure on the stub col-
umn, which corresponds to the degree of 
freedom v25 shown in Figure 4. The hori-
zontal actuator was used to simulate the 
varying horizontal shear load on the stub 
column due to the applied earthquake exci-
tation that was calculated from the compu-
tational model of the frame structure.

The displacement us calculated in the 
computer model was applied directly to the 
stub column using the horizontal actuator 
with the corresponding force Fs measured 
using the horizontal load cell [LC1]. The 
horizontal force was subsequently fed back 
into the numerical model at which time the 
numerical model computation continued. 
Figure 6 shows the hardware and software 
that were used to integrate the calculation 
cycle with the loading cycle on the test 
specimen. Two control loops were used in 
the experimental tests, with the first con-
trol loop being used under force control to 
maintain the vertical axial load on the rein-
forced concrete stub column. The second 
control loop was used under displacement 
control to apply the horizontal displace-
ment calculated in the numerical model 
onto the reinforced concrete stub column 
at each iteration within each time step. A 
linear ramp function was used to apply the 
load incrementally and delay the rate of 
lateral load applied onto the stub column. 
The objective of the ramp function was 
to mitigate dynamic effects during the 
analysis due to large changes in calculated 
displacements between iterations.

Figure 6 also shows a third path that 
comprised additional instruments attached 
to the experimental test setup. Strain 
gauges were attached to two of the four 
longitudinal reinforcing bars. The strain 
gauges were applied at the base of the 
column where the maximum moment was 
expected. Four additional linear displace-
ment transducers were placed at equal 
increments over the length of the column 
with the aim to validate the results with 
the internal displacement transducer in the 
horizontal actuator.

calculation cycle numerical model
The nonlinear Newmark’s implicit method, 
using the average acceleration method, 
was used to perform the pseudo-dynamic 
experiments, and Figure 7 shows the pseudo-
dynamic algorithm used to run the analysis. 
The algorithm was adapted to incorporate 
static condensation to eliminate the rota-
tional free degrees of freedom with zero 

mass within the overall frame structure. The 
unknown displacements and forces within 
the structure using the initial state of the 
structure are solved at each time step:

i = 1, 2, 3 … n with t = i∆t

With n being the total number of time 
steps in the earthquake record, and t being 
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the time in seconds at any point within 
the analysis.

The average acceleration method 
produces an unconditionally stable solu-
tion, and therefore the selection of the 
time step only influenced the accuracy of 
the solution and not the stability of the 
solution. For each time step “i” within 
the earthquake record, iteration “ j” was 
required due to the implicit relationship 
between the restoring force matrix ( f*s) i 
and the unknown displacement of the 
structure at (u)i as shown in Step 15 in 
Figure 7. Therefore, the stiffness of the 
footing and stub column must be assumed 
before the calculation at each time step can 
be initialised. The selection of the initial 
lateral stiffness of the footing and stub 
column had to be considered carefully, 
because assuming a stiffness that was lower 
than the true elastic stiffness of the footing 
and stub column would produce premature 
damage to the stub column at the start of 
each time step (Pegan & Pinto 2000). Also, 
selecting a stiffness that is lower than the 
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elastic stiffness of the footing and stub col-
umn can also result in instability problems 
in the convergence of the solution.

Reinforced concrete is a highly non-
linear material, and with the application 
of the applied loading at the beginning of 

each time step, an initial out-of-balance 
residual force vector was produced. As 
a result, the structure was no longer in 

Figure 7 Pseudo-dynamic numerical model algorithm
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force or energy equilibrium. In general, 
the displacement applied to the structure 
results in a restoring force that differs 
from that of the restoring force calculated 
using the initially assumed stiffness of the 
structure. Because of this, the stiffness of 
the footing and stub column (ks) between 
the previous time step and the current 
time step needed to be updated at each 
iteration until convergence was reached, 
which was achieved once the infinity norm 
was reduced to below the prescribed stop 
criteria (r) shown in Figure 7. This needs 
to be done to ensure force and energy 
equilibrium at each time step. The HBM 
data acquisition system has a 16-bit digital-
to-analogue converter (DAC) and produced 
an output resolution of 0.003 mm for the 
horizontal actuator with a stroke length 
of 200 mm (shown previously in Figure 5) 
that was used to apply the load onto the 
specimen. Therefore, the stop criteria in 
the research, indicated by (r) in Figure 7 
was selected to be less than the resolution 
of the data acquisition system. Once the 
solution converged, and equilibrium within 
the structure was achieved, the next time 
step “i” could commence.

results of the Pseudo-
dYnAmic exPeriments
The hysteretic behaviour of each of the 
reinforced concrete stub columns is provid-
ed and the observed damage is discussed 
in terms of cracking, concrete spalling, 
reinforcement buckling, and fracturing for 
each of the pseudo-dynamic experiments.

hysteretic relations and 
crack patterns
The hysteretic results and force-versus-
time results for each of the experiments 
are shown in Figures 8 to 17, with the peak 
ground accelerations (PGA) ranging from 

0.34 g to 2 g. Only minimal cracking had 
occurred at a PGA of 0.34 g, with complete 
failure having occurred at a PGA of 2 g. 
Figures 18 and 19 show the damage to the 
reinforced concrete stub columns during 
the 0.78 g PGA test. The column continued 
to carry the axial load until the cross-
sectional area had reduced substantially, 
resulting in the axial capacity of the stub 
columns being exceeded. The structure 
subjected to the 0.78 g PGA test collapsed 
due to the formation of a plastic hinge and 
the loss of axial load carrying capacity. 
Figure 18 shows the buckled and fractured 
reinforcement due to excessive lateral 
deformation of the stub column during the 
0.78 g PGA test, and Figure 19 shows the 
formation of the plastic hinge at collapse of 
the stub column.

The results produced during the pseu-
do-dynamic experimentation were validat-
ed by replacing the physical test setup with 
bilinear hysteretic shear models to observe 
the expected damage over a range of PGAs. 
During the experiments, convergence was 

achieved for each time step for the duration 
of the applied earthquake record, and the 
damage observed to the footing during the 
experiment corresponded with hysteretic 
curves and the absorbed energy due to the 
plastic deformation and buckling of the 
reinforcement, concrete spalling and con-
crete crushing. The calibrated strain gauges 
attached to the reinforcement indicated the 
onset of reinforcement yielding that corre-
sponded to the flattening of the hysteretic 
curve. However, the strain gauges failed 
at larger deformations and were therefore 
not able to compare the calculated energy 
absorbed from the hysteretic curve with 
the results from the strain gauges. The 
displacements obtained from the external 
LVDTs were used to ensure that the dis-
placement applied by the servo controller 
was correct at each time step.

Table 1 summarises the results obtained 
during the pseudo-dynamic experi-
ments for the following critical points: 
the minimum cracking force (Fc) and 
cracking deformation (uc), the minimum 

Table 1 Results from pseudo-dynamic analysis at 5% damping and a natural period of vibration of 0.86 s

intensity
(mmi)

PgA (g)

cracking (1) Yielding (1) maximum

damage statefc
(kn)

uc
(mm)

fy
(kn)

uy
(mm)

fm
(kn)

um
(mm)

7.45 0.34 22.1 1.68 – – 48 5.72 Onset of cracking, still serviceable

8.29 0.68 40.5 2.48 67.4 6.85 70.3 36.3 Large cracks, extensive damage

8.45 0.78 45.8 2.75 74.6 7.21 74.6 62.7 Collapse

8.75 1 40.84 3.37 62.0 7.41 74 62.7 Collapse

9.59 2 (1.21(2)) 35.8 2.47 71.5 7.81 71.6 62.2 Collapse

(1) Minimum lateral force and displacement that result in cracking of the concrete and yielding of the reinforcement
(2) The maximum acceleration achieved by the structure before failure
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reinforcement yielding force (Fy) and defor-
mation (uy), and the maximum achieved 
force (Fm) and deformation (um). The fol-
lowing observations were made during the 
pseudo-dynamic experiments:

 Q With increasing deformation, the shear 
load-carrying capacity tends to a constant 
value with a subsequent reduction in the 
lateral stiffness of the footing and stub col-
umn, and therefore there is a maximum 
shear load that the structure is capable of 
transferring between the ground and the 
structure as deformation increases.

 Q The lateral capacity of the reinforced 
concrete stub column and subsequent 
damage are predominately controlled 
by the yield strength and ductility of the 
reinforcement.
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Figure 9 Force-versus-time graph for the 0.34 g experiment
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Figure 10 Hysteretic response under El Centro earthquake scaled to 0.68 g
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 Q An increase in the applied lateral 
deformation applied to the stub column 
results in cracking and yielding of the 
reinforcement, which in turn result in a 
reduction in the lateral stiffness of the 
stub column.

 Q The ductility of the reinforced con-
crete stub column is controlled by the 
tensile reinforcement and the shear 
reinforcement.

 Q Cracks occurred near the base of the 
column where the maximum moment 
was expected; however, the cracks 
did not always open at the interface 
between the base of the column and the 
top of the stub column.

 Q The number of cycles of vibration 
increases the damage to the reinforced 
concrete stub column, particularly when 
the load reverses after the reinforcement 
has yielded.

 Q Spalling of concrete occurs due to 
the buckling of reinforcement during 
load reversal from tensile loading to 
compression loading on either face of 
the concrete column in the direction 
of loading, thus resulting in a reduc-
tion in shear capacity with each cycle 
as indicated in Figure 12. This occurs 
due to the incompatibility between the 
brittle concrete material and the ductile 
reinforcement. Upon load reversal, 
the permanently elongated reinforce-
ment is first mobilised in compression 
before the crack that has formed in 
the concrete can close and mobilise in 
compression. To overcome this incom-
patibility, the reinforcement buckles, 
resulting in the spalling of the concrete. 
The spalling of the concrete concomi-
tantly results in a reduction in the gross 
cross-sectional area of the column, 
which in turn results in a decrease in 
the axial and shear capacity of the stub 
column.

 Q At high peak ground accelerations, the 
failure tends to that obtained during 
quasistatic tests with little to no con-
crete spalling and the failure governed 
by fracturing of the reinforcement and 
crushing of the concrete as shown in 
Figures 14 and 16. This results in little 
to no reduction in shear capacity prior 
to failure.

 Q The unloading stiffness from the back-
bone curve (the curve produced during 
quasistatic experiments) of the stub 
column is greater than the reloading 
stiffness into the backbone curve, which 
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Figure 12 Hysteretic response under El Centro earthquake scaled to 0.78 g
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Figure 13 Force-versus-time graph for the 0.78 g experiment
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indicates that the structure is absorbing 
energy and incurring damage.

 Q Before the reinforcement yields, the 
response under cyclic loading remains 
predominantly perfectly plastic without 
any significant permanent deformation.

 Q The loss of moment capacity due to the 
formation of a plastic hinge is governed 
by the repeated cycling of the stub 
column at a displacement less than the 
quasistatic loading failure displacement 
and greater than the yielding displace-
ment of the reinforcement.

 Q Increasing the amplitude of the El 
Centro ground motion record showed 
that there is a maximum PGA that can 
be sustained by the stub column before 
failure occurs. For example, the pseudo-
dynamic test that was undertaken by 
amplifying the El Centro ground motion 
record to a PGA of 2 g only managed 
to achieve a maximum PGA of 1.21 g 
before failure occurred.

energy-related results
The amount of energy imparted to the 
structure due to the earthquake is dis-
tributed between the kinetic energy (EM), 
damping energy (Ec), strain energy (EK) 
and hysteretic energy (EH). This section 
shows the distribution of energy within the 
structure for each of the pseudo-dynamic 
tests. Figure 20 shows the time history of 
the total energy imparted to the structure 
for the duration of each of the scaled 
earthquake ground motion records during 
the pseudo-dynamic experiments and is 
either shown for the entire duration of 
the earthquake record or until structural 
failure of the reinforced concrete stub col-
umn. The experiments conducted at 0.34 g 
and 0.68 g ran for the full duration of the 
earthquake record, whereas the 0.78 g, 
1 g and 2 g experiments all failed before 
completion of the earthquake record. 
The maximum energy imparted to the 
structure occurred during the experiment 
with a maximum peak ground accelera-
tion of 0.68 g, and the tests undertaken at 
larger peak ground accelerations showed 
a reduction in the total energy imparted 
to the structure before failure of the stub 
column occurred.

Figure 21 shows the total hysteretic 
energy absorbed as time progressed with the 
application of the scaled El Centro ground 
motion record for each of the pseudo-
dynamic tests. Table 2 shows the distribu-
tion of energy within the structure for each 
of the amplified ground motion records, 
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Figure 15 Force-versus-time graph for the 1 g experiment
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which is either recorded at the end of the 
earthquake record or at failure of the stub 
column. Table 2 also provides the amount 
of energy absorbed by the stub column as 
a percentage of the total energy imparted 
to the frame structure. The stub columns 
that showed more substantial observed 
damage during the experiments absorbed 
the largest quantity of energy. The 0.78 g 
ground motion record resulted in the most 
observed damage and absorbed the greatest 
quantity of energy as is seen in Figure 21. 
Even though the 1 g and 2 g ground motion 
records resulted in the failing of the struc-
ture, the amount of energy absorbed by the 
stub column is less than that absorbed by 
the 0.68 g and 0.78 g earthquake. Therefore, 
the hysteretic energy absorbed by the stub 
column gives a good indication of damage 
incurred by the stub column under repeated 
cyclic loading, but does not indicate struc-
tural failure at large deformations with few 
or no cycles of vibration.

(a) (b)

Figure 18 Resultant damage to the reinforced concrete stub column with (a) outward buckling of the reinforcement and (b) reinforcement fracturing

Figure 19 Plastic hinge formation at the base of the column at collapse

(a) (b)
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Figures 22 to 26 show the energy 
components for the frame structure for 
the entire duration of the ground motion 
record that were scaled to produce a 0.34 g 
and 0.68 g peak ground acceleration. The 
structure subjected to the 0.34 g peak 
ground acceleration resulted in damping 
absorbing all the energy imparted to the 
structure. The 0.68 g peak ground accelera-
tion resulted in the stub column absorbing 
hysteretic energy and therefore indicates a 
correlation between the number of cycles of 
vibration and the resultant damage in terms 
of observed concrete spalling, yielding and 
buckling of the reinforcement. The ductility 
provided by the reinforcement has a signifi-
cant influence on the quantity of energy that 
can be absorbed by the stub column before 
the failure displacement is exceeded.

The test at 0.34 g did not absorb a large 
amount of energy as the stub column did 
not undergo significant lateral deformation 
and the reinforcement did not yield. For the 
tests at peak ground accelerations of 0.68 g 
and 0.78 g, the stub columns underwent a 
larger number of cycles of vibration in the 
plastic region of the reinforcement, which 
consequently resulted in more damage to 
the stub column due to the spalling of the 
concrete cover. The spalling of the concrete 
cover occurred predominately due to the 
buckling of the permanently elongated 
reinforcement upon load reversal from ten-
sion to compression, and to a lesser extent 
due to compression capacity of the concrete 
being exceeded. The tests carried out at 1 g 
and 2 g had fewer or no cycles of vibration 
before the reinforcement fractured and visu-
ally did not experience the same amount of 
damage in terms of concrete crushing and 
spalling of the concrete cover than what was 
observed from the tests conducted at lower 
peak ground accelerations.

It is evident that most of the energy 
absorbed in the structure is due to Rayleigh 
damping, with only a small percentage 
of the overall energy absorbed by the 
reinforced concrete stub column. The 
hysteretic energy correlates well with the 
cumulative damage to the reinforced con-
crete stub column and the observed dam-
age experienced by the specimens during 
the pseudo-dynamic experiments.

conclusions
The pseudo-dynamic experimental method 
using Newmark’s implicit time-stepping 
method was presented. It is concluded that 
the method provides a viable approach to 

Table 2 Distribution of energy at the end of the ground motion record or at failure

PgA
(g)

total 
energy 

imparted 
(kj)

hysteretic
(EH)
(kj)

inertia
(EM)
(kj)

damping 
(EC)
(kj)

strain  
(EK)
(kj)

Percentage 
energy 

absorbed
(%)

0.34 77.3 0.02 0.0 77.0 0.3 0.03

0.68 298.8 9.1 0.0 289.4 0.3 3.1

0.78 259.9 13.2 5.3 182.4 59.0 5.1

1 169.6 4.2 1.1 56.3 108.0 2.5

2 (1.21)* 158.6 3.1 0.2 33.0 122.3 2.0

* The maximum acceleration achieved by the structure before failure
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correlate damage to a physical test model of 
a reinforced concrete footing and stub col-
umn, which forms part of an overall struc-
ture, with increasing earthquake intensity. 
The hysteretic curves produced from the 
pseudo-dynamic experiment were validated 
through the combination of strain gauges 
attached to the reinforcement, LVDTS and 
running the pseudo-dynamic algorithm 
using bilinear hysteretic numerical shear 
model to ensure that convergence to a solu-
tion was achieved. The damage observed 
during the pseudo-dynamic experiments 
also corresponded with the hysteretic 

results and strain energy absorbed during 
the applied earthquake. The use of the 
implicit Newmark’s method provided a sta-
ble and accurate algorithm to quantify the 
damage incurred to the reinforced concrete 
stub column due to the overall response 
of the structure that had been subjected 
to an applied seismic load. Convergence to 
a solution was achieved at each time step 
for the duration of the applied earthquake, 
thus ensuring energy and force equilib-
rium, further validating the method. The 
initial stiffness that is used within the 
implicit Newmark’s algorithm must be 

greater than the maximum achievable stiff-
ness of the specimen being tested to ensure 
the stability of the analysis and prevent the 
formation of premature damage.

By using the pseudo-dynamic method, 
the hysteretic response of the footing and 
stub columns could be related to earthquake 
intensity, and observations could be made on 
the extent of damage incurred by the stub 
column due to the applied earthquake load-
ing. The reinforced concrete stub column 
only dissipates a small percentage of the over-
all energy imparted to the structure in the 
form of hysteretic energy, with the remainder 
of the energy being dissipated due to damp-
ing within the frame structure, which con-
sists of a number of structural elements. The 
extent of damage to the reinforced concrete 
stub column is governed predominately by 
the yield strength of the reinforcement, with 
the rate of damage and hysteretic energy 
absorption increasing substantially once 
the reinforcement has yielded. The research 
showed that lower PGAs tend to result in 
the absorbed hysteretic energy and cyclic 
behaviour of the stub column governing 
the failure of the stub column, whereas at 
large PGAs the fracturing of the reinforce-
ment tends to dominate the failure of the 
structure. Therefore, using pseudo-dynamic 
experimentation on a number of structural 
members can be used to determine the risk 
of damage and failure of a structural member 
with increasing earthquake intensity.

recommendAtions for 
further work
Cognisance should be given to the fact that 
the analysis undertaken during this research 
only considered a single reinforced concrete 
stub column design that was analysed using 
a single earthquake ground motion record. 
Therefore, recommendation for future work 
would include the following:

 Q Analysing the structure by varying the 
longitudinal and shear reinforcement 
to determine the influence it has on the 
damage incurred by the stub column.

 Q Testing reinforced concrete stub col-
umns with closed seismic stirrups and 
comparing the capacity with the results 
produced using traditional stirrups.

 Q Performing pseudo-dynamic experi-
ments that account for both a varying 
shear and axial loading as could be 
experienced by foundations placed on 
the exterior of a building.

 Q Determining the influence that com-
pacted soil around the stub column 
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has on the response of the reinforced 
concrete stub column and the resultant 
damage, therefore incorporating soil-
structure interaction into the analysis.

 Q Performing pseudo-dynamic experi-
ments that enable the analysis of the 
reinforced concrete stub column under 
biaxial bending and shear.

 Q Performing pseudo-dynamic tests on 
reinforced concrete stub columns by 
accounting for non-linear behaviour 
within the overall structure and deter-
mining what influence the softening of 
the overall structure will have on the 
performance of the stub column.
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introduction
The number of registered motor vehicles 
has increased dramatically in China over 
the past two decades. Numbers have 
soared from about 9.6 million in 2003 to 
more than 327 million in 2018, an almost 
32-fold increase (National Bureau of 
Statistics of China 2019), which in turn 
resulted in a great number of road motor 
traffic crashes (Benlagha & Charfeddine 
2020). In 2018 a total of 244 937 road 
motor traffic crashes occurred, with 
258 532 injuries, 63 194 fatalities, and 
direct economic loss of 0.221 billion US 
dollars in China. A large proportion of 
these records were identified as occur-
ring along roads in mountainous areas 
(National Bureau of Statistics of China 
2019). Alarming statistics in China show 
that mountainous expressways are suscep-
tible to a high frequency of multi-vehicle 
crashes, as well as more severe conse-
quences (Zhang et al 2016; Meng 2017).

Unlike single-vehicle crashes resulting 
from loss of vehicle control associated 
with driver error or negligence like exces-
sive speed, alcohol usage and driving 
fatigue (Rusli et al 2017), it is extremely 
difficult to determine the causes of multi-
vehicle crashes, especially when occurring 

on mountainous expressways, due to the 
adverse traffic environment of the terrain, 
which includes tight curves, steep slopes, 
the existence of bridges and tunnels, and 
changing climatic conditions (Meng 2017; 
Wang & Prato 2019; Wang et al 2019a). 
The huge economic loss and serious social 
repercussions that are incurred by crashes 
involving multiple vehicles have attracted 
increasing attention worldwide from 
researchers and traffic managers (Wang 
& Prato 2019; Wang et al 2019a; Dong et 
al 2018; Rezapour et al 2019), especially 
for those occurring on mountainous 
expressways. Therefore, the potential 
risk factors associated with these crashes 
must be identified to better understand 
how they occur, and to suggest suitable 
countermeasures.

In recent years, considerable research 
efforts have focused on investigating the 
geometric characteristics of roadways that 
may contribute to the occurrence of MME 
crashes (Yu et al 2015). For example, Rusli 
et al (2018) examined MME crashes in 
Malaysia and found that the presence of 
minor junctions enhances the likelihood 
of MME crashes, while the existence of 
horizontal curves along a steep gradient, 
and the presence of a passing lane, increase 

what leads to severe 
multi-vehicle crashes on 
mountainous expressways 
in western china?
Y Wang, L Wang, L Sun

This paper investigates the occurrence and severity of collisions involving multiple vehicles on 
mountain expressways (MMEs) in Western China. A total of 1 521 crash samples occurring on 
one typical mountain expressway in Shaanxi, China, between 2012 and 2017, were analysed 
through a partially constrained generalised ordered logit to identify the significant risk factors 
contributing to the severity of such crashes. Elasticity analysis was performed to quantify the 
effects of each independent explanatory variable on the collision severity outcomes. Fourteen 
total explanatory variables were found to have a significant and pronounced influence on the 
likelihood of MME crashes. These include the type of collision, the at-fault driver’s age, driving 
while fatigued, cell phone use while driving, alcohol-impaired driving, speeding, risky following 
and dangerous overtaking behaviour, sharp curves in the roadway and slippery pavement 
conditions, seasons, day of the week, time of day, and adverse weather (rain/snow/fog). The 
impacts of the variables on the collision severity were also explored. Taken together, the 
findings may serve as a useful guide for developing legislation and technical countermeasures 
to ensure traffic safety on mountain expressways in Western China.
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the likelihood of such crashes (Rusli et al 
2018). Additionally, weather and traffic-
related factors, such as rainfall (Rusli et al 
2018), visibility (Yu et al 2015), pavement 
surface conditions (Ma et al 2016; Wang et 
al 2021b) and annual average daily traffic 
(Sameen & Pradhan 2017), influence the 
occurrence of MME crashes significantly. 
In Chongqing, China, the season, time of 
the crash, involvement of trucks, crash 
features, weather, and roadway conditions 
have been found to have obvious impacts 
on the levels of MME crashes (Meng 
2017). Driver factors are also frequently 
explored by researchers. Zhang et al 
(2016) investigated MME crash data from 
the Taigan Expressway in Jiangxi, China, 
finding that younger and older drivers, 
especially female drivers, contribute more 
to severe MME crashes (Meng 2017). Rusli 
et al (2018) showed that driver speeding 
significantly increased the injury sever-
ity in MME crashes. Wang et al (2019a) 
and Dong et al (2018) found that truck 
drivers’ age, seatbelt status, and speeding 
and risky following behaviour signifi-
cantly correlated with severe crashes on 
mountainous expressways.

According to China’s administrative 
division, China’s western region embraces 
the six provinces of Shaanxi (SX), Gansu 
(GS), Qinghai (QH), Sichuan (SC), Yunnan 
(YN) and Guizhou (GZ); the five autono-
mous regions of Guangxi (GX), Ningxia 
(NX), Inner Mongolia (IM), Xinjiang (XJ) 
and Tibet (TI); and the Chongqing (CQ) 
Municipality as the red-marked area in 
Figure 1 (excluding the South China Sea) ‒ 
a land area of 6.86 million square kilome-
tres, accounting for 70.6% of the country’s 
total land area. Much of the Western 
China territory (81.9%) is mountainous, 
and unfortunately few studies over the past 
several years have focused on a quantitative 
impact analysis of the various potential 
factors that contribute to MME crashes 
in this vast area (Wang et al 2021a) where 
at-fault driver behaviour, geometric design 
elements, and environmental conditions 
are unique from other areas.

Shaanxi Province (SX) ‒ located in 
the heart of China, straddling the Loess 
Plateau, Guanzhong Plains and Qinba 
Mountains from north to south, with 
complex topography and landscape ‒ has 
seen a representative number of MME 
crashes (Wang & Prato 2019; Wang et 
al 2019a; 2021b). Using reported multi-
vehicle crash data from one typical 
mountainous expressway in Shaanxi, 

China, over a recent six-year time frame, 
the primary purpose of this study was 
therefore to apply a generalised ordered 
logit model to quantify the potential risk 
factors associated with the severity of 
MME crashes, the severity of collisions 
resulting from these crashes, and the mar-
ginal effects of each explanatory factor on 
MME crash severity. It is anticipated that 
the findings presented here can be used 
to guide the development of legislations 
and technical countermeasures for traffic 
safety on mountainous expressways in 
Western China.

methodologY

data collection
A total of 1 705 police-reported multi-
vehicle crashes between 2012 and 2017, 
accounting for 63.01% of the total obser-
vations, were collected from the Xihan 
Expressway in Shaanxi (SX), China. 
This stretch of road (shown in Figure 2) 
is a four-lane 198.5 km segment of the 
G5 Jingkun Expressway from Laoyukou 
Toll Station (K1131+657) to Xiejiaying 
Interchange (K1330+204), with a speed 
limit of 60 ~ 80 km/h. Among the MME 
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Figure 1 The western region of China mainland

Figure 2 One typical mountainous expressway segment in Shaanxi Province, China
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crash records, 184 cases were deleted due 
to containing incomplete information, 
meaning that 1 521 cases were included in 
the final database.

A three-point ordinal scale was used to 
classify the MME crash severities measured 
by the most severely injured person(s), 
including: (a) property damages only (PDO), 
in which there were only damage to road 
facilities and vehicles or negligible personal 
injuries, (b) injury, in which there were 
personal injuries requiring hospitalisation, 
together with serious property damage, 
and (c) fatality, in which there were persons 
killed immediately or persons who died 
within 30 days as a result of the crash 
(Wang & Prato 2019; Wang et al 2019a).

The distribution of the crash severity 
levels was as follows: PDO (50.43%), injury 

(30.44%) and fatality (19.13%). Four types 
of collisions were considered for further 
analysis, namely, head-on, rear-end, side-
swipe, and angle.

Additionally, the crash database collected 
information related to at-fault driver demo-
graphic characteristics and driving behaviour, 
vehicle attributes, roadway conditions, and 
environmental influence, as shown in Table 1. 
The information correlated to the roadway 
geometric factors was determined by the 
original expressway design documents and 
updated through the latest Google Earth, 
and the rest was directly extracted from the 
original accident reports released by the local 
traffic management departments. Additional 
information included:

 Q At-fault driver factors: gender, age (e.g. 
< 30 years old, 30‒50 years old, and > 50 

years old), driving fatigue, impairment 
by alcohol, and cell phone usage

 Q Vehicle factors: truck involvement, 
speeding and risky following, and dan-
gerous overtaking

 Q Roadway factors: sharp curves (radius of 
horizontal curve < 2 000 m), steep slope 
(longitudinal gradient > 3%), and slip-
pery pavement due to weather.

 Q Environmental factors: seasons (e.g. 
spring: March to May, summer: June 
to August, autumn: September to 
November, and winter: December to 
February), day of the week (including 
working days = 0:00 Monday to 16:59 
Friday, weekends/holidays = 17:00 Friday 
to 24:00 Sunday, and public holidays 
including New Year, Chinese New Year, 
Qingming Festival, International Labour 

Table 1 Contributory variable description

variable code frequency % code frequency %

Crash feature

 Severity
1 = PDO
3 = Fatality

767
291

50.43
19.13

2 = Injury 463 30.44

Type of collision
1 = Head-on
3 = Sideswipe*

173
200

11.37
13.15

2 = Rear-end
4 = Angle

1040
108

68.38
7.10

Driver factor

Gender 0 = Female 141 9.27 1 = Male 1380 90.73

Age
1 = Young*

3 = Old
355
72

23.34
4.73

2 = Adult 1094 71.93

Driving while fatigued 0 = No 1403 92.24 1 = Yes 118 7.76

Cell phone use 0 = No 1441 94.74 1 = Yes 80 5.26

Alcohol use 0 = No 1438 94.54 1 = Yes 83 5.46

Vehicle factor

Truck involved 0 = No 991 65.15 1 = Yes 530 34.85

Speeding 0 = No 1383 90.93 1 = Yes 138 9.07 

Risky following 0 = No 1345 88.43 1 = Yes 176 11.57 

Dangerous overtaking 0 = No 1416 93.10 1 = Yes 105
6.90

Roadway factor

Sharp curve 0 = No 815 53.58 1 = Yes 706 46.42

Steep slope 0 = No 759 49.90 1 = Yes 762 50.10

Pavement condition 0 = Dry 1023 67.26 1 = Slippery 498 32.74

Environmental factors

Seasons
1 = Spring*

3 = Autumn
298
472

19.59
31.03

2 = Summer
4 = Winter

374
377

24.59
24.79

Day of week 0 = Working days 1032 67.85 1 = Weekends / holidays 489 32.15

Time of day
1 = 06:00–18:00*

3 = 24:00–06:00
823
354

54.11
23.27

2 = 18:00–24:00 344 22.62

Weather 0 = Clear 1223 80.41 1 = Adverse 298 19.59

*base
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Day, Duanwu Festival, Mid-Autumn 
Festival, and National Day), time of day 
(e,g, 6:00‒18:00, 18:00‒24:00, 24:00‒6:00), 
weather (including clear: sunny/cloudy, 
and adverse: rainy/snowy/foggy).

Analytical model
Since the crash severity data is typically 
ordinal, varying from a non-fatal to fatal 
level in nature, traditionally ordered (both 
probit and logit) probability models were 
employed in the literature to model the 
severity of traffic crashes (Zhang et al 2016; 
Dong et al 2018; Rezapour et al 2019; Wang 
et al 2021b; Kahn & Vachal 2020).

Let yi be the MME crash severity with 
three categories (PDO, injury and fatal), 
and xi be the potential variables affecting 
the MME crash severity. A latent variable 
yi

* can then be used to measure the MME 
crash severity through an ordered logit 
approach:

yi* = x’i β + εi (1)

 where xi = {1, xi1, xi2, …, xiN}T is a vector 
representing the values of crash i on the 
full set of N independent explanatory vari-
ables, β = {β0, β1, β2, …, βN}T is a vector of 
regression parameters to be estimated, and 
εi is a random error term with standard 
logistic distribution.

The relationship between the observed 
levels of the dependent injury severity 
yi and the latent injury risk yi

* can be 
expressed by introducing the thresholds α1 
and α2 as follows:

yi = 1 (PDO), if yi
* << α1 (2a)

yi = 2 (injury), if α1 < yi
* << α2 (2b)

yi = 3 (fatal),  if yi
* > α2 (2c)

Thus, the probability P of MME crash 
i having a severity level j can also be 
expressed as:

P(yi > j)  = g(x’i βj)  

= 
exp(αj – x’i βj)

1 + exp(αj – x’i βj)
, j = 1,2,3 (3)

where αj is a cut-off point for the jth cumu-
lative logit.

It should be noted that Equation 1 
should meet the parallel-lines assump-
tion, which requires that the estimated 
parameters remain the same for different 
severity levels (Wang et al 2019a). However, 
such an assumption is often violated, so a 

partially constrained generalised ordered 
logit (PCGOL) model, also known as the 
gamma parameterisation of partial propor-
tional odds model with logit function, was 
proposed, which allowed the parallel-lines 
assumption to be relaxed for one or a 
few dependent variables but retained the 
ordered nature for the majority of depen-
dent variables on a set of n independent 
explanatory variables (Peterson & Harrel 
1990) as:

P(yi > j)  = g(x’iβj)  

= exp[αj –(x’i βj + z’i γj)]

1 + exp[αj –(x’i βj + z’i γj)]
, j = 1,2,3 (4)

where βj is a vector of coefficients correlat-
ed with a subset xi of independent explana-
tory variables (see Table 1) for which the 
parallel-lines assumption is not violated, 
and γj is a vector of coefficients correlated 
with a subset zi of independent explana-
tory variables for which the parallel-lines 
assumption is violated.

The violation of the parallel-lines 
assumption was firstly checked for each 
independent variable and then the two 
parameter vectors βj and γj and cut-off 
thresholds αj were estimated via the 
maximum of the log likelihood function LL 
(Peterson & Harrel 1990). In the proposed 
model, each explanatory variable has one β 
coefficient and (k-2)γ coefficients, where k 
is 3 in the current research as the number 
of alternatives. There were (k-1)α coef-
ficients reflecting the cut-off points.

Equivalently, Equation 4 can be rewrit-
ten using the cumulative probability 
distribution as:

P(yi << j)  = 1 – g(x’i βj)  
= F(αj – x’i βj), j = 1,2,3 (5)

which can also be expressed in Equations 6a 
‒ 6c:

P(yi = 1) = F(α1 – x’i β1) (6a)

P(yi = 2) = F(α2 – x’i β2) – F(α1 – x’i β1) (6b)

P(yi = 3) = 1 – F(α2 – x’i β2) (6c)

elasticity analysis
Additionally, each independent variable 
(see Table 2) is transferred into a binary 
categorical explanatory variable in deter-
mining the partial proportional odds 
model; the elasticity cannot be measured 
since it is not differentiable, so the direct 

pseudo-elasticity analysis is conducted to 
quantify the marginal effect of independent 
variable n on the probability of severity 
level j for MME crash i. The percentage 
change in probability specific to severity 
level j for MME crash i was calculated 
when the nth binary variable xjin (n << N) 
was switched from 0 to 1 or vice versa 
(Wang & Prato 2019):

Exjin
P(yi>j) = 

P(yi > j)[given xjin = 1] – 
P(yi > j)[given xjin = 0]

P(yi > j)[given xjin = 0]
 (7)

The pseudo-elasticities were calculated for 
each severity level j and MME crash i, and 
consequently averaged for each MME crash 
severity j over all crash samples.

results And discussion

model estimation
The partial proportional odds model 
was estimated via a user-written gologit2 
procedure in Stata 15 statistical software 
(Peterson & Harrel 1990), when explana-
tory variables were progressively added to 
the model while testing the violation of the 
parallel-lines assumption using the 0.05 
level of significance. Such an interactive 
procedure was performed to find the best 
model until no further variable signifi-
cantly improved the fit of model. Finally, 
the best fit model is presented in Table 2.

Fourteen total explanatory variables, 
including type of collision, at-fault driver’s 
age, driving while fatigued, cell phone use 
while driving, alcohol-impaired driving, 
speeding, risky following and dangerous 
overtaking behaviour, sharp curves in the 
roadway and slippery pavement condi-
tions, seasons, day of the week, time of day 
and adverse weather, were all found to be 
significantly associated with MME crash 
severity. Four variables, namely at-fault 
driver’s speeding, overtaking behaviour, 
sharp curves, and time of day violated the 
proportional odds assumption (see Table 2). 
The marginal effects of each explanatory 
variable on the probability of MME crash 
severity level at 95% confidence level are 
presented in Table 3.

collision characteristics
The type of collision was classified into 
four categories: head-on, rear-end, side-
swipe and angle, with sideswipe as the ref-
erence category. Significant difference was 
observed between head-on and sideswipe 
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collisions, but not between rear-end and 
sideswipe collision, or between angle and 
sideswipe collision. The head-on collision 
type displayed a significant and positive 
coefficient (estimate = 1.259, p-value = 
0.002), indicating that at-fault drivers 
involved in a head-on collision are likely 
to sustain more severe crashes than those 

of a sideswipe collision, which is in good 
agreement with previous findings from 
Shaanxi, China (Chen & Zhang 2016). 
Specifically, a decrease of 5.3% in PDO 
collision and 1.1% in injury collision, and 
an increase of 6.4% in fatal collision were 
observed for MME crashes with head-on 
collision type.

driver factors
The at-fault driver’s age was divided into 
three levels ‒ less than 30 years, 30‒50 
years and more than 50 years, and the first 
level was selected as the reference age. 
There was a significant difference visible 
between more than 50 years and less than 
30 years, but not between 30‒50 years and 
less than 30 years. The at-fault driver’s age 
of more than 50 years was found to have 
significant and intensifying influence on 
the collision severity (estimate = 1.292, 
p-value = 0.001). This indicates that older 
at-fault drivers are more likely to sustain 
more severe crashes, which is consistent 
with previous findings (Zhang et al 2016; 
Wang et al 2019a). The at-fault driver’s 
age of more than 50 years decreases the 
probability of PDO and injury collisions by 
5.5% and 1.1%, respectively, but increases 
the probability of fatal collision by 6.6% 
(see Table 3). A possible explanation is 
that truck drivers are more easily fatigued 
while driving on monotonous mountain-
ous expressways for long hours, thus 
becoming progressively less sensitive to 
emergency conditions.

As expected, the influence of the 
at-fault driver’s driving while fatigued 
(est. = 3.836, p-value < 0.001), cell 
phone use while driving (est. = 2.988, 
p-value < 0.001), alcohol-impaired driving 
(est. = 3.173, p-value < 0.001), and risky 
following (est. = 2.171, p-value < 0.001) 
behaviour has a significantly positive corre-
lation with collision severity. Accordingly, 
it can be inferred that at-fault drivers who 
are engaged in these risky types of driving 
behaviour are more likely to sustain severe 
injuries in MME crashes. The marginal 
effects analysis also shows that these four 
risky driving behaviours significantly 
enhance the probability of fatal collision 
but reduce the probability of PDO and 
injury collisions in MME crashes, as shown 
in Table 3. As an example, at-fault driver’s 
behaviour while driving when fatigued 
increases the chance of fatal collision by 
19.6%, while reducing the chance of PDO 
collision by 16.3%, and injury collision by 
3.4%, respectively. Similar findings have 
previously been reported by numerous 
researchers (Wang & Prato 2019; Wang et 
al 2019a & 2019b; Chen & Zhang 2016). 
These results strongly suggest that strict 
laws and regulations should be enforced to 
prohibit risky driving behaviour, especially 
for inexperienced and elderly drivers while 
navigating sharp curves and steep downhill 
gradients under adverse weather conditions 

Table 2 Estimation results of the PCGOL model

explanatory variables est. s.e. explanatory variables est. s.e.

Beta Time of day 18:00-24:00 0.733** 0.229

Type of collision Head-on 1.259** 0.401  24:00-06:00 2.891*** 0.356

Age > 50 1.292** 0.403 Adverse weather 1.740*** 0.250

Driving while fatigued 3.836*** 0.395 Gamma

Cell phone use 2.988*** 0.489 Speeding 1.128* 0.524

Alcohol use 3.173*** 0.412 Overtaking –2.199** 0.679

Speeding 1.409** 0.425 Sharp curve –2.006*** 0.361

Risky following 2.171*** 0.295 Time of day 24:00–06:00 –1.934*** 0.425

Dangerous overtaking 2.660*** 0.516 Alpha

Sharp curve 3.396*** 0.286 α1 –5.756*** 0.568

Slippery pavement 1.826*** 0.238 α2 –9.425*** 0.757

Seasons Summer 1.808*** 0.321 Fit-of-goodness

 Winter 2.481*** 0.328 LL(0) –1 557.06

Weekends / holidays 0.929** 0.272 LL(β) –474.90

Pseudo R2 0.695

*p < 0.05; **p < 0.01; ***p < 0.001

Table 3 Marginal effects and standard errors of the PCGOL model

explanatory variable Pdo injury fatality

Type of collision Head-on –0.053** (0.017) –0.011* (0.005) 0.064** (0.020)

Age More than 50 –0.055** (0.017) –0.011* (0.006) 0.066** (0.021)

Driving while fatigued –0.163*** (0.012) –0.034* (0.013) 0.196*** (0.019)

Cell phone use –0.127*** (0.020) –0.026* (0.011) 0.153*** (0.025)

Alcohol use –0.135*** (0.017) –0.028* (0.012) 0.162*** (0.021)

Speeding –0.060** (0.018) –0.070** (0.025) 0.130*** (0.019)

Risky following –0.092*** (0.012) –0.019* (0.008) 0.111*** (0.016)

Dangerous overtaking –0.113*** (0.021) 0.089** (0.032) 0.024 (0.025)

Sharp curve –0.144*** (0.009) 0.073** (0.023) 0.071** (0.022)

Slippery pavement –0.077*** (0.010) –0.016* (0.006) 0.093*** (0.012)

Seasons Summer –0.077*** (0.013) –0.016* (0.007) 0.093*** (0.017)

 Winter –0.105*** (0.014) –0.022* (0.009) 0.127*** (0.017)

Weekends/holidays –0.039** (0.011) 0.031 (0.017) 0.009 (0.013)

Time 18:00–24:00 –0.031** (0.010) -0.006* (0.003) 0.038** (0.012)

 24:00–06:00 –0.123*** (0.014) 0.074*** (0.019) 0.049*** (0.014)

Adverse weather –0.074*** (0.012) -0.015** (0.005) 0.089*** (0.011)

* p < 0.05; ** p < 0.01; *** p < 0.001
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(i.e. slippery pavement, heavy rain or snow, 
and low visibility).

Additionally, at-fault drivers’ speeding 
behaviour is shown to have a significant 
and pronounced influence on MME crash 
severity but violates the proportional odds 
assumption. The first panel of coefficient 
(i.e. PDO versus injury + fatality) is 1.409 
(p-value = 0.001), and the second panel 
of coefficient (i.e. PDO + injury versus 
fatality) is 2.537; thus it can be concluded 
that at-fault drivers who engage in speed-
ing behaviour are likely to sustain more 
fatal collisions in MME crashes (Wang & 
Prato 2019; Wang et al 2019a; Theofilatos 
et al 2018). An increase of 13.0% in fatal 
collisions, and a decrease of 6.0% in PDO 
collisions and 7.0% in injury collisions were 
observed for MME crashes due to at-fault 
drivers’ speeding behaviour (see Table 3). 
Dangerous overtaking behaviour was also 
found to violate the proportional odds 
assumption, and the descending series of 
coefficients (2.660 versus 0.461) indicated 
that at-fault drivers were likely to sustain 
more injury collisions, which considerably 
altered the probabilities of certain crash 
severity (PDO: ‒11.3%; injury: 8.9%; fatal-
ity: 2.4%). This is consistent with previous 
reporting (Richter et al 2017). On the other 
hand, truck involvement was not found 
to show significant influence on MME 
crash severity, and a recent examination of 
a Greek crash sample also exhibited that 
an increased proportion of trucks do not 
result in more severe injuries (Theofilatos 
et al 2018).

roadway contributions
Regarding road factors, a sharp curve 
violates the proportional odds assumption 
and has a significant and positive impact 
on MME crash severity p-value < 0.001. 
Specifically, the decreasing trend of 
panels of coefficient (3.396 versus 0.390) 
shows that MME crashes occurring on 
sharp curves are more likely to result in 
injury collisions, which is consistent with 
its marginal effects (see Table 3). These 
results correspond well with many previ-
ous findings reported in literature (Meng 
2017; Rusli et al 2018; Wang & Prato 2019; 
Wang et al 2019a; Yu et al 2015; Chen & 
Zhang 2016). Steep slopes, however, were 
not found to have significantly correlated 
with fatality and injury probabilities in 
discordance with previous results (Wang 
et al 2019a; Yu et al 2015; Chen & Zhang 
2016). The possible reason may be that the 
later model structure does not consider 

the different mechanism between single-
vehicle and multi-vehicle crashes on moun-
tainous expressways. In addition, slippery 
pavement conditions have a significantly 
positive influence on crash severity (est. = 
1.826, p-value < 0.001), increasing the 
probability to 9.3% in fatal collisions, while 
decreasing the probability to 47.7% and 
1.6% in PDO and injury collisions, respec-
tively. Many previous reports in literature 
have also confirmed this result (Wang & 
Prato 2019; Ma et al 2016; Chen & Zhang 
2016).

environmental conditions
Season is naturally split into four catego-
ries: spring, summer, autumn and winter, 
and spring was selected as the reference 
category in this study. The modelling 
result revealed that there was a significant 
difference between summer and spring, as 
well as winter and spring, but not between 
autumn and spring. Particularly, both 
summer (est. = 1.808, p-value < 0.001) and 
winter (est. = 2.481, p-value < 0.001) were 
significantly and positively correlated with 
crash severity, indicating that an MME 
crash occurring on a summer or winter’s 
day is likely to be a more serious collision 
compared to that happening on a spring 
day. This considerably alters the prob-
abilities of certain crash severities (PDO: 
‒7.7% versus ‒10.5%; injury: ‒1.6% versus 
‒2.2%; fatality: 9.3% versus 12.7%), as shown 
in Table 3. The possible reason lies in the 
adverse effects of rainfall, fog and snowfall 
on at-fault driver’s peripheral vision and 
vehicle brake performance; however, most 
at-fault drivers comprehend the risk of 
driving under adverse weather conditions 
on summer or winter days, so they may 
drive carefully and thus the total number 
of crash occurrences could be reduced, 
but not the crash severity. This result con-
tradicts our previous finding from Taigan 
Expressway, a segment of G45 Daguang 
Expressway from Taihe to Ganzhou in 
Jiangxi, China (Zhang et al 2016).

Evidently, the period between midnight 
and six in the early morning is the most 
dangerous time for drivers due to sleepi-
ness or fatigue while driving (Zhang et 
al 2016; Meng 2017; Wang & Prato 2019; 
Wang et al 2019a; Chen & Zhang 2016) and 
violates the proportional odds assumption 
with a positive coefficient (est. = 2.891, 
p-value < 0.001). As the first panel of coef-
ficient (2.891) is larger than the second 
one (0.957), it can be inferred that MME 
crashes occurring during the period of 

midnight to 6:00 am are likely to result 
in more injury collisions, increasing the 
likelihood of injury and fatal collisions by 
7.4% and 4.9%, respectively, while decreas-
ing the probability of PDO collision by 
12.3%. This is mainly attributed to at-fault 
driver sleepiness or fatigue while driving, 
as well as darkness or low-light conditions. 
During this period, at-fault drivers often 
use alcohol, caffeine, or music to keep 
themselves awake, but these measures can 
significantly distract attention and impair 
driving performance (Ronen et al 2014). 
Thus, drivers should be educated against 
continuous driving while fatigued or sleepy. 
Specifically, it is recommended that the 
government should formulate strict rules 
and regulations to limit maximum nightly 
driving hours and minimum rest hours 
after continuous or accumulated driving, 
especially for those who engage in long-
distance commercial transport, and any 
offenders should be seriously punished.

Conversely, the period from 6:00 pm to 
midnight does not violate the proportional 
odds assumption and is significantly and 
positively correlated with crash severity 
(est. = 0.733, p-value = 0.001). Also, as illus-
trated in the results of marginal effects (see 
Table 3), a reduction of 3.1% in PDO colli-
sion and 0.6% in injury collision, as well as 
an increase of 3.8% in fatal collision, were 
observed in MME crashes associated with 
the period from 6:00 pm to midnight.

Finally, adverse weather conditions (est. 
= 1.740, p-value < 0.001) were illustrated 
to have a significantly positive association 
with collision severity, which indicated that 
MME crashes under adverse conditions 
(rain, snow or fog) are likely to cause severe 
collisions, increasing the chance of fatal 
collision by 8.9%, but reducing the possibil-
ity of PDO and injury collisions by 7.4% 
and 1.5%, respectively. Obviously, driving 
under adverse conditions may increase the 
risk of crashes due to the reduced sight 
distance, slippery pavement and limited 
vehicle manoeuvrability along horizontal 
and crest vertical curves on mountainous 
expressways. This finding is consistent 
with many previous reports (Zhang et al 
2016; Meng 2017; Rusli et al 2018: Wang & 
Prato 2019; Wang et al 2019a; Yu et al 2015; 
Chen & Zhang 2016).

conclusion
This research examined the influence of 
potential risk factors on MME crash sever-
ity, as well as the marginal effects of each 
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contributory factor, by combining 1 521 
multi-vehicle crash samples from one typi-
cal mountainous expressway in Shaanxi, 
China, and utilising a partially constrained 
generalised ordered logit model. The 
statistical results illustrate that fourteen 
independent contributory variables had a 
significant and intensifying influence on 
MME crash severity.

An extremely significant contribu-
tion lies in the findings about the at-fault 
driver’s risky driving behaviour on the 
fatality probability upon an MME crash 
occurrence. There appears to be an 
urgent need for enforcement measures to 
discourage such risky driving behaviour 
like driving while fatigued, cell phone use 
while driving, alcohol-impaired driving, 
speeding, and risky following, especially 
among those engaged in long-distance 
commercial transport tasks. Another very 
significant contribution lies in the findings 
about the effects of roadway geometric 
characteristics and environmental condi-
tions. The results also suggest that stricter 
police enforcement should be compelling at 
slippery and sharp curve segments during 
adverse weather and in winter.

This study is not without important 
methodological limitations, however. 
Firstly, the crash sample was only selected 
from one expressway segment in Shaanxi, 
China, and may not be representative 
of the overall traffic safety situation on 
mountainous expressways in the country 
as a whole. In addition, the original data 
may contain some missing, incomplete, or 
possibly incorrect points due to unreported 
crashes or injuries and errors involved in 
manual data entry. Secondly, a relatively 
small sample (1 705 observations) over a 
very long period of time (six years) can lead 
to unreliable and inaccurate estimations 
(Behnood & Mannering 2019), but the 
current study does not test the temporal 
stability of the estimated parameters over 
time. It is worth noting that more recent 
data should be collected for the model 
estimation in the near future, in which 
crash data can be divided over different 
time periods and then likelihood ratio 
tests will be used to explore whether 
temporal instability is an issue. Thirdly, the 
data contains a high level of unobserved 
heterogeneity, which may affect identify-
ing the exact contributing factors, so the 
models accounting for heterogeneity in 
data analysis merit further deep investiga-
tion. Finally, the coupling effect of multiple 
factors on the severity of MME crashes was 

not focused on in this study, such as the 
existence of tunnels and bridges (Sun et al 
2020), so one of the greatest future chal-
lenges is to unpack which combinations of 
factors produce the greatest risks (Boora et 
al 2018; Santos et al 2021), such as driver’s 
risk driving behaviour and sharp curves 
coincided, and traffic flow and weather 
conditions interacted, etc.

It is anticipated that the findings of this 
study will provide useful empirical knowl-
edge on the effects of several factors affect-
ing the injury severity of MME crashes. 
The proposed probabilistic approach assists 
by providing efficient countermeasures 
and technical programs for crash preven-
tion and safety performance improvement 
on mountainous expressways in Western 
China and other countries in the world.
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