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introduction
The authors have seen far too many timber 
trussed roofs where either web members or 
compression chords have buckled or even 
snapped. If one assumes pinned ends for 
the web member for buckling about the 
minor axis, the problem is fairly simple. 
The effective length is defined as the dis-
tance between the ends, or conservatively 
the distance between intersecting centre-
lines in a truss. The torsional stiffness of 
the chords will have a small influence on 
the effective length of the web if the length 
is assumed to be between lines of intersec-
tion. Where compression chords have 
buckled the problem becomes a bit more 
complex, as the loading is not constant 
over the full length and the member must 
be treated as a beam-column. Furthermore, 
the bracing system will, to a large extent, 
determine the buckled shape and hence the 
effective length. It is recognised that the 
torsional and bending stiffness of the web 
members will play a role, albeit a minor 
one, in the buckling of the compression 
chords. The authors felt it prudent, at this 
stage, to restrict this paper to the buckling 
of web members.

Determining the theoretical buckling 
strength of compression members is not 
new. Gere and Timoshenko (1997), devote a 
full chapter to the buckling of columns for 
various end conditions, out of straightness, 
eccentric loads and many other theories 
that explain why actual columns deviate 
from the ideal Euler equation. All the 
theories are based around columns that 

are of constant prismatic cross-section and 
constant mechanical properties throughout 
their length. These theories, together with 
the work done by Yura (1996), can be used 
for compression members that are braced 
by means of discrete flexible point braces, 
such as web members that are braced in 
the middle by means of runners that end at 
a braced bay. Salmon and Johnson (1990) 
give a detailed explanation and show how 
the stiffness of the flexible brace deter-
mines the buckling mode and strength. 
All the methods have as a maximum value 
the crushing strength of the material and 
a buckling equation where the modulus of 
elasticity plays a prominent part.

It is postulated that there are two pos-
sibilities for the seemingly lower buckling 
strength of web members:
1. Mean modulus of elasticity is a poor 

predictor of buckling strength where 
knots and other local changes in stiff-
ness are concerned.

2. The actual crushing strength of the 
timber is lower than the design values.

This paper will investigate both of these 
possibilities in order to achieve a safer 
approach to the design of timber compres-
sion members.

bucKling strength

sans 0163 – 
allowable stress design 1993
Originally, South African pine was Graded 
4, 6 and 8, but Knuffel (1983), after 
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There is an apparent increase in failure of timber truss web members or compression chords. This 
paper seeks to reassess buckling of the compression chords with specific focus on web members. 
There are two possibilities for the seemingly lower buckling strength of web members, namely 
that the mean modulus of elasticity is a poor predictor of buckling strength where knots and 
other local changes in stiffness are concerned, and secondly that the actual crushing strength of 
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order to achieve a safer approach to the design of timber compression members.
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in-mill testing to the National Standards 
Specifications SABS 563 (1978) and 
SABS 1245 (1978), found that Grades 4 
and 6 were not adequately separated and 
that Grade 8 did not have enough strength 
in tension. Knuffel (1984) proposed the 
present grading system of Grades 5, 7 and 
10, with allowable compression stresses 
for Grades 5, 7 and 10 timber of 7.6, 9.7 
and 11.0 MPa respectively for members 
with a slenderness ratio of Le/b = 6. The 
9.7 MPa compressive stress of Grade 7 
would have been obtained by dividing the 
characteristic value of 21.5 MPa by 2.22. 
It would appear from the information 
provided that the specimens were cut 
from the board in the position that was 
identified by the TRU (Timber Research 
Unit) grader as being the weakest portion 
of the board.

The next iteration of the permissible 
stress design code SABS 0163 (1993) 
contained a vast number of timber grades. 
The grade was based on the integer value 
of the permissible bending stress. This 
table was set up after numerous tests done 
by the National Timber Research Institute 
at the Council for Scientific and Industrial 
Research in Pretoria, South Africa. The 
values for the allowable compressive 
stress for the different slenderness ratios 
could be calculated, using the Perry-
Robertson equation. Table 1 shows the 
new grading system with the allowable 
compression stress and the modulus of 
elasticity.

The Perry-Robertson equation that was 
used is in the form:

fc1 =  
fy1 + (η + 1)

2
 – 

fy1 + (η + 1) × fe
2

2
 –

 
 fy1 × fe (1)

Where:
 fc1 = grade compressive stress
 fy1 =  grade compressive stress in short 

strut KL/b tending towards zero

 fe = 
π2 × E1

λ2

 E1 =  modulus of elasticity divided by 2.22
 λ = slenderness ratio (KL/r)
 η = eccentricity coefficient = 0.002 λ

It may be of interest to compare the 1970 
Standard Building Regulations (SBR) 
(SABS 1970) Grade A to that of the SABS 
1993 Grade 7, as the MOEs are similar (see 
Figure 1). For higher slenderness the curve 
is governed by the Euler buckling stress and 
the authors thought it prudent to reduce 

the Grade 7 MOE to match that of the 
SBR Grade A. The graph for the SBR grade 
stress is a curve fit and the actual SBR 
values are shown as red dots. Figure 1 for 
SABS has been set up with the MOE for the 
Grade 7 reduced to 9 000 MPa, as the MOE 
becomes important with bigger slenderness.

The ratio of SABS 0163 (1993) values 
was obtained by dividing the characteristic 
value by the load duration factor as well as 
the safety factor, i.e. characteristic strength 
divided by 2.22. The SABS (1993) grade 
stresses, as well as the SBR (SABS 1970) 
stresses, were given for long duration loads. 
SBR had an increase of 25% for loads of 
short duration, thereby negating the factor 
for overloading, whereas SABS 0163 (1993) 
had a sliding scale that took the proportion 
of the imposed load into account, and for 
short-duration loading this would automati-
cally be greater than one. It is possible that 
the way in which the compressive stress 
for slenderness tending towards zero was 
obtained or estimated in a very different 
way. No information could be found why the 
SBR Grade stress for compression members 
with slenderness tending to zero was so low. 
If one uses the short-clear specimen tests 
results by Otto and van Vuuren (1954) for 
120 specimens of Pinus Patula, the following 
can be obtained for specimens with defects:

Number of specimens:  120
Mean crushing stress:  40.9 MPa
Standard error of the mean:  0.71
Standard deviation:  7.74

Table 1 Grade stresses for the nine grades of timber that were available

grade

grade stress (MPa)

compression 
parallel KL/b < 10

compression parallel 
KL/b tending to 0, f 1y

Modulus of elasticity

4 6.4 7.02 6 000

5 7.4 8.09 7 800

6 8.5 9.31 8 500

7 9.4 10.29 9 600

8 9.9 10.82 10 500

10 10.8 11.79 12 000

12 12.7 14.30 14 250

14 14.2 15.90 16 000

16 15.6 18 000

Timber stresses in compression
SABS 0163-Gr 7 versus SBR 1962-Gr A
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Figure 1  Comparison between the grade stresses, Grade 7 timber of SABS 0163, and SBR Grade A; 
the red dots are the actual values given in SBR at slenderness intervals of 5
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Basic Stress = (mean – (1.98 × Std Dev)) 
× long duration loss in strength. These 
values were based on the lower 2.5% exclu-
sion limit. Duration of load effect = 0.56 
or (9/16).

Basic Stress  = (40.9 – 1.98 × 7.74) × 0.56  
= 14.32 MPa.

The factor for defects is 0.5, therefore 
allowable stress = 14.32 × 0.5 = 7.16 MPa.

This must be adjusted for density. 
The mean density of the small clears was 
498 kg/m3, with a lower 2.5% exclusion 
limit of 378 kg/m3. Assuming that this 
would be the lower limit on the timber 
density that was used, the allowable 
stress is reduced even further by the 
(378/498) = 0.76.

Allowable stress = 7.16 × 0.76 = 5.44 MPa.

Some of this may be speculation, as the 
source of the calculations could not be 
found, but it gives an indication of the 
reasoning that was used.

testing of grade 5 sa Pine 2000
The South African Lumber Miller’s 
Association sponsored research into the 
compressive strength of Grade 5 SA pine, 
as it became evident that the actual density 
of the timber was lower than that of the 
timber on which the SABS 0163 (1993) 
code had been based. Burdzik (2000) 
tested 50 specimens of South African 
Grade 5, 36 mm × 111 mm with lengths 
of 1 902 mm (see Table 2). The docu-
mented SABS 0163 (1993) mean modulus 
of elasticity, MOE for the South African 
Grade 5 timber, was given as 7 800 MPa. 
No characteristic or fifth percentile 
value was given in SABS 0163 (1993). The 
mean flexural modulus of elasticity of the 
Burdzik test specimens was 8 601 MPa, 
with a characteristic or fifth percentile 
MOE of 5 003 MPa (lower bound at 75% 
confidence index).

In Figure 2 the predicted allowable 
buckling strength based on actual MOE 
(blue dots) using the Perry-Robertson 
equation, and test values divided by 2.22 
(green dots), are compared with the SABS 
0163 (1993) equation, based on the sample 
fifth percentile MOE (red line). The red 
line is the unit strength line. All the tests 
for lengths longer than 750 mm were 
stopped before actual failure so that the 
specimens could be shortened and reused. 
The load that was applied was 90% of the 

Euler buckling strength, and an estimate of 
the buckling strength was made from the 
graphs that were obtained.

It is clear that the modulus of elastic-
ity is an inadequate predictor of the 
buckling strength of the timber struts, 
as the difference between the predicted 
buckling strength (blue dots), based on 
the MOE, and the test value (green dots) 
is  substantial. In his conclusion Burdzik 
(2000) advised that the compression 
strength should be based on the fifth per-
centile MOE and not on the mean MOE. 
This amendment was included in the 
original draft document of SANS 10163 
(2003).

testing of grade 5 struts 2015
In 2015, T-braced struts were tested in 
the timber laboratory at the University 
of Pretoria. The test results, when com-
pared to SANS 10163 (2003) predicted 
values, clearly indicated that the current 
design equation for determining the 
buckling strength of Grade 5 SA pine 
was inadequate if the mean modulus of 
elasticity was used. Fifty-one specimens, 
36 mm × 73 mm × 1 810 mm long, were 
chosen as representative of current Grade 5 
web material. Some of the specimens had 
knots, and in some cases finger joints as 
well. All were tested for bending stiffness, 
MOE, using static third-of-span loading 

Table 2  Results from the testing of Grade 5 SA Pine (Burdzik 2000)

Percentile Moe lower bound upper bound

5 5 476 5 003 5 954

50 8 601 8 292 8 910

SANS 0163
Theoretical versus test values
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Figure 2  Test buckling strength divided by 2.22 versus the allowable strength based on the 
Perry-Robertson equation, with actual modulus of elasticity as a predictor and the 
allowable strength based on the fifth percentile MOE (5 003 MPa) (red line)

Table 3  Modulus of elasticity (log-normal) distribution of the 2015 test specimens; note that the mean 
value is slightly lower than the SANS 10163 mean value of 7 800 MPa, whereas the 5% is higher 
than the 4 630 MPa that had been proposed for SANS 10163 Part 1 (2003)

Percent Moe (MPa) lower bound upper bound

5 5 176 4 860 5 513

50 7 929 7 610 8 260
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over a span of 1 740 m. The graph of the 
distribution of the modulus of elasticity is 
given in Figure 3 and the important values 
in Table 3.

In order to cover a wider spectrum 
of slenderness values, the 1.82 m long 
specimens were then cut to lengths as 
given in Table 4. In addition to this, twenty, 
750 mm long × 36 mm × 111 mm speci-
mens were spliced by means of nail plates 
to ascertain whether failure would occur at 
the nail plate (see Table 10). The localised 
stiffness at the nail plate is less than the 
stiffness of the timber. The timber was 
butted tightly before splicing to forestall 
local buckling of the plates.

The SANS 10163 (2003) equation was 
used to predict the buckling strength of 
each individual strut. The strength for 
members with slenderness tending towards 
zero, is fc = 18 MPa:

Cr = βb × Ag × fc (2)

Where:
 βb is the buckling factor
 
βb =  (1 + λ2n)

–1∕n with n = 1.8 and lambda

 λ = 
fc

λ2 × E1
0.05

Note that provision was made for a fifth per-
centile modulus of elasticity in the original 
draft document of SANS 10163 (2003).

The individual test results are given in 
Tables 5 to 10:

The values marked in red are stresses 
that do not make the strength based on 5% 
modulus of elasticity, MOE = 4 630 MPa.

Figure 4 compares the test values (red 
dots) divided by the predicted values, based 
on the actual lateral MOE (green line) of 
the compression members. The numbering 
should not be compared with the number-
ing in Tables 5–10.

From Figure 4 it is clear that the vast 
majority of the test specimens failed at a 

Log-normal probability plot of modulus of elasticity at a confidence index of 75%

Pe
rc

en
t

99

95

90

80

70
60
50
40
30

20

10

5

1

15
 0

00

10
 0

00

9 
00

0

8 
00

0

7 
00

0

6 
00

0

5 
00

0

Modulus of elasticity (MPa)

Mean MOE

5% MOE

Figure 3  Probability plot of MOE for the 51 specimens, 36 mm × 73 mm, measured over a length 
of 1.74 m

Table 4  Test lengths of the 2015 compression 
tests

no of 
specimens

cut length 
(mm)

Kl/b

10 1 800 50.00

8 1 600 44.44

10 1 500 41.67

10 1 400 38.89

13 1 300 36.11

Table 5 1 800 mm long 36 mm × 73 mm Grade 5 SA Pine specimens

specimen
Moe 

(MPa)
test Cu 

(kn)
Cr-based 

Emean

Cr-based 
E5%

Predicted 
Cr based 
on actual 
Moe (kn)

cause of 
failure

1 5 953 5.56 6.634 3.977 5.10

2 10 352 9.15 6.634 3.977 8.71

3 15 043 7.04 6.634 3.977 12.35 Finger joint

4 6 896 5.30 6.634 3.977 5.88

5 14 456 7.38 6.634 3.977 11.91 Knot

6 8 897 5.24 6.634 3.977 7.53 Knot

7 11 990 6.78 6.634 3.977 10.01 Knot

8 7 941 6.12 6.634 3.977 6.75

9 12 614 8.13 6.634 3.977 10.50

10 13 611 6.43 6.634 3.977 11.27 Finger joint

Table 6 1 600 mm long 36 mm × 73 mm Grade 5 SA Pine specimens

specimen
Moe 

(MPa)
test Cu 

(kn)
Cr- based 

Emean

Cr-based 
E5%

Predicted 
Cr based 
on actual 
Moe (kn)

cause of 
failure

1 13 538 7.66 8.325 5.017 13.88 Finger Joint

2 11 713 8.65 8.325 5.017 12.18 Finger Joint

3 7 790 5.90 8.325 5.017 8.31

4 9 397 10.21 8.325 5.017 9.93

5 7 315 7.44 8.325 5.017 7.83

6 9 818 10.01 8.325 5.017 10.35

7 7 921 7.97 8.325 5.017 8.45

8 9 574 6.78 8.325 5.017 10.11
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much lower strength than the strength 
predicted by the actual MOE.

A more interesting figure can be 
obtained if all the test values are placed 
on a graph where the curves for the design 
stresses are based on the mean and the 
fifth percentile value for a Grade 5 timber, 
namely, Emean = 7 800 MPa and proposed 

5% = 4 630 MPa. The comparison is shown 
in Figure 5. Not one of the test specimens 
had an MOE less than the proposed 
MOE5%. However 39 out of 51 of the test 
specimens had an MOE in excess of the 
MOEmean of SANS 10163 (2003).

Figure 5 shows that 4 out of 51 speci-
mens have a strength less than the strength 
based on a 5% modulus of elasticity, even 
though not a single strut had a lateral MOE 
less than the fifth percentile MOE. The 52 
specimens exclude the nail-plated speci-
mens. There are only 17 test specimens 
out of 61 (including the nail plate spliced 
tests) that had a strength greater than the 
strength based on the mean MOE, even 
though more than 75% of the specimens 
had an MOE greater than the mean MOE.

crushing strength

new sans 6122 (2017) 
test Method for compression
SANS 6122 (2017) contains the new 
proposed test methods for the testing 
of structural timber elements and is the 
revised document SABS STM 1122 (1993). 
One of the major revisions is for obtaining 

Table 7 1 500 mm long 36 mm × 73 mm Grade 5 SA Pine specimens

specimen
Moe 

(MPa)
test Cu 

(kn)
Cr-based 

Emean

Cr-based 
E5%

Predicted 
Cr based 
on actual 
Moe (kn)

cause of 
failure

1 9 498 7.23 9.412 5.693 11.32 Knot

2 15 127 4.60 9.412 5.693 17.09 Finger joint

3 8 724 8.81 9.412 5.693 10.46

4 10 090 7.55 9.412 5.693 11.96 Knot

5 9 844 10.92 9.412 5.693 11.70

6 12 828 8.40 9.412 5.693 14.84 Knot

7 5 441 5.93 9.412 5.693 6.66

8 8 152 5.63 9.412 5.693 9.81

9 11 695 9.34 9.412 5.693 13.67

10 6 749 8.83 9.412 5.693 8.20

Table 8 1 400 mm long 36 mm × 73 mm Grade 5 SA Pine specimens

specimen
Moe 

(MPa)
test Cu 

(kn)
Cr-based 

emean

Cr-based 
E5%

Predicted 
Cr based 
on actual 
Moe (kn)

cause of 
failure

1 8 059 7.80 10.713 6.513 11.04

2 9 888 8.26 10.713 6.513 13.31 Knot

3 8 104 10.63 10.713 6.513 11.10

4 12 528 8.30 10.713 6.513 16.38

5 8 042 6.78 10.713 6.513 11.02 Knot

6 5 415 9.57 10.713 6.513 7.58

7 9 669 6.66 10.713 6.513 13.05 Knot

8 8 112 8.87 10.713 6.513 11.11

9 10 174 7.12 10.713 6.513 13.66 Knot

10 8 179 7.03 10.713 6.513 11.20

Table 9 1 300 mm long 36 mm × 73 mm Grade 5 SA Pine specimens

specimen
Moe 

(MPa)
test Cu 

(kn)
Cr-based 

Emean

Cr-based 
e5%

Predicted 
Cr (kn)

cause of 
failure

1 5 766 7.61 12.282 7.518 9.27

2 8 091 10.92 12.282 7.518 12.70

3 8 050 6.95 12.282 7.518 12.64 Finger joint

4 8 307 10.28 12.282 7.518 13.00 Knot

5 9 679 9.18 12.282 7.518 14.90

6 7 452 8.93 12.282 7.518 11.78

7 6 817 7.19 12.282 7.518 10.85 Knot

8 11 828 8.95 12.282 7.518 17.68

9 8 091 9.35 12.282 7.518 12.70

10 12 184 15.21 12.282 7.518 18.12

11 11 254 15.20 12.282 7.518 16.96

12 7 691 11.28 12.282 7.518 12.12

13 6 237 7.81 12.282 7.518 9.98

Table 10  1 500 mm long 36 mm × 111 mm 
Grade 5 SA Pine specimens nail 
plate splice

sp
ec

im
en

 n
o

te
st

 c
u 

(k
n

)

cr
 b

as
ed

 
on

 e
m

ea
n

cr
 b

as
ed

 e
5%

ca
us

e 
of

 
fa

ilu
re

1 14.880 14.311 8.656 Knot in timber

2 14.628 14.311 8.656 Nail plate

3 17.820 14.311 8.656 Nail plate

4 17.028 14.311 8.656 Nail plate

5 11.796 14.311 8.656 Nail plate

6 18.096 14.311 8.656 Nail plate

7 11.184 14.311 8.656 Finger joint

8 16.152 14.311 8.656 Nail plate

9 16.368 14.311 8.656 Nail plate

10 15.756 14.311 8.656 Nail plate
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the compressive stress of struts that are 
laterally restrained at distances less or equal 
to ten times the thickness or depth. This 
value is then used to calculate the yield or 
crushing strength at a slenderness tending 
to zero. A tiled roof, with battens spaced 
at 320 mm and a bracing frame, would be 
expected to almost satisfy that condition. 
SABS STM 1122 (1993) specified that the 
weakest position in a board be identified 
and the test specimen cut at that position 
to a length of ten times the smaller dimen-
sion. The weakest position in a compression 
member would be identified either by using 
a Timber Research Unit grader or by visual 
grading. This was then tested in compres-
sion between two fixed steel plates. The new 
SANS 6122 (2017) test method (see Figure 6) 
has a much longer length over which it is 
tested, but lateral supports are still supplied 
at a distance of ten times either dimension.

Modified sabs 1122 test Method
Identifying the weakest portion of a 
compression member has proved to be 
problematic in many cases. Trial tests were 
done on a limited number of specimens 
to determine whether it was still feasible 
to use the old method, albeit modified to 
eliminate estimating where the weakest 
point in the board was to be found. The 
idea was to cut the long test specimens 
into short lengths of ten times the smaller 
dimension and to test each and every short 
piece. The weakest specimen from each 
long piece then defined the strength of 
the long piece. The idea was to compare 
the results to the results obtained from 
the SANS 6122 (2017) method with the 
modified SABS STM 1122 (1993) method. 
Thirty specimens of 36 mm × 73 mm × 
2 200 mm long, Grade 5 SA Pine were 
obtained. These were then divided into two 
samples of 15, each with a similar density 
profile. The similar density profiles were 
used, as density should be a fairly good 
predictor of compressive yield stress.
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new Method of testing 
according to sans 6122
Thirteen of the fifteen specimens were 
tested successfully in the long length, and 
the values shown in Table 11 were obtained.

Table 11  Individual crushing failure stresses 
of the long specimens

number stress (MPa)

1 20.32

2 25.55

3 21.87

4 23.97

5 18.32

6 22.57

7 17.35

8 40.75

9 40.55

10 32.69

11 40.98

12 25.55

13 16.31

The number of test specimens are limited 
and any statistical interpretation would 
not be significant. However, a rough 
approximation of the statistical results 
could be used to ascertain whether the 
new SANS 6122 (2017) test method is sig-
nificantly better than the modified SABS 
STM method. The percentage points of 
the t distribution were obtained from 
Bowker and Lieberman (1959). Table 12 
refers.

Modified sabs sbr 1122 
Method of testing
Each one of the specimens was cut into 
360 mm long lengths, leading to six 
specimens per original specimen. Each and 
every short specimen was tested in com-
pression, between two steel plates, and the 
lowest strength of the six was recorded as 
representing the original specimen’s crush-
ing strength. Tables 13 and 14 refer.

It would appear, at first glance, that the 
new method, Table 13, may lead to lower 
crushing strength values, but the limited 

number of tests may lead one to believe 
that which is not necessarily valid.

conclusions

buckling strength
It is evident that the mean modulus of 
elasticity is a poor predictor of the failure 
strength of slender compression members, 
as shown in Figure 4, where the vast 
majority of the test values fall below the 
predicted value. In many cases, because of 
defects, members snapped before reach-
ing anything close to a buckled strength. 
The idea of using a fifth percentile 
modulus of elasticity has been propagated 
by Burdzik since 2000 (Burdzik 2000). It 
is vital that the timber industry adopts a 
characteristic modulus of elasticity, i.e. a 
fifth percentile value, to ensure safe timber 
structures.

crushing strength
There may also be good reason to revisit 
the crushing strength of timber compres-
sion members. Based on limited tests of 

long specimens tested using the SANS 6122 
(2017) method, two out of 13 crushing 
strengths fell below the accepted yield 
stress. The yield value of 18 MPa for a 
Grade 5 SA pine compression member, 
where the slenderness tends towards zero, 
may not seem to be too far off the mark; 
however, a bigger sample may indicate that 
a larger test programme needs to be under-
taken. In our opinion, the bigger problem 
lies with defects having a large influence on 
the strength of members where the buck-
ling length is greater than ten times the 
smaller dimension. It may be necessary to 
adjust the yield strength to take cognisance 
of the damaging effect of knots and finger 
joints in the transitional zone between 
crushing and buckling.

There is a substantial part of the strength 
curve for compression members that has not 
recently been tested, especially for slender-
ness ratios between 15 and 30. It might be 
time to re-evaluate this portion of the graph, 
once testing has been done and/or the new 
SANS 6122 (2017) test method for determin-
ing the yield stress has been adopted and 
member strength tested in accordance with 
the SANS 6122 (2017) method.
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introduction
Heritage buildings are structures with 
proven exceptional and significant qualities 
that represent the country’s aesthetic cul-
ture and military history, politics or special 
events of the past. All countries around the 
world have these historical legacies that tell 
a unique story about their history. Heritage 
structures serve as true historical symbols 
and a resemblance of unique ancient 
architecture and culture (Gleize et al 2009; 
Sandbhor & Botre 2013; Hormes et al 2016). 
The selection of world heritage structures is 
based on their outstanding universal values, 
hence they are protected by the United 
Nations Educational, Scientific and Cultural 
Organisation (UNESCO). Examples of 
heritage structures around the world include 
the Colosseum in Rome, the Old Jerusalem 
City and its Walls, the Leaning Tower 
of Pisa in Italy, and St Mary’s Cathedral 
and St Michael’s Church at Hildesheim in 
Germany. In South Africa, heritage sites 
were protected by the National Monuments 
until recently when the Department of Arts 
and Culture (under the National Heritage 
Resources Act, No 25 of 1999) tasked 
the South African Heritage Resources 
Agency (SAHRA) with the identification 
and management of such sites. These sites 
include Robben Island, the South African 
Astronomical Observatory (SAAO) and the 

Castle of Good Hope (World Heritage Sites 
in South Africa 2018; SAHRA 2018c).

Looking at these structures today, 
centuries later, they are a reminder of 
a rich, distinguished and prosperous 
past – confirmation of the culture, history 
and accomplishments of their countries 
since their construction. Meli et al (2007) 
stated that historical buildings tend to 
last longer compared to most modern 
structures which show signs of defects 
after a few years. These special structures 
attract tourists to a country leading to 
economic growth. The travel and tourism 
industry has contributed greatly towards 
global Gross Domestic Product (GDP) 
and employment. For example, the South 
African figures in 2017 are: 2.9% direct and 
8.9% total contribution to GDP, while the 
direct and total contributions to employ-
ment are 4.5% and 9.5% respectively (World 
Travel and Tourism Council 2018).

Nonetheless, due to ageing, and various 
factors such as chemical and biological pro-
cesses, historical structures deteriorate with 
very visible signs of material failure. Some of 
the major factors include neglect and igno-
rance by humans. Additional factors are of 
a climatic and environmental nature, such 
as high humidity, high rainfall, temperature 
changes due to seasonal changes and drastic 
fluctuations in day and night temperatures, 

characterisation of heritage 
cementing materials for 
restoration purposes: a review
M E Loke, Kumar Pallav, R Haldenwang

Characterisation of heritage cementing materials has become a topic of great importance in 
the protection of culture and history for future generations. The original cementing material 
analysis helps to achieve compatible and long-term restoration of heritage buildings. The analysis 
is done for different purposes – research, compatibility assessment prior to restoration and/or 
documentation. There are several analytical techniques that many researchers use for analysing 
the composition of original cementing materials. However, until the present time, the choice of 
the analytical method depended solely on the researchers’ discretion and personal preference. 
The common methods include microscopic, wet chemical and x-ray analyses. The purpose of this 
paper is to review the technical literature pertaining to the characterisation (physical, chemical, 
mineralogical and mechanical) of original heritage cementing materials and its application in 
proposed restoration work. The knowledge of originally used materials and types of binder, 
aggregates and additives (in some cases) is considered a useful tool in the search of the compatible 
repair materials by the construction industry, especially in South Africa where the standard 
procedure for heritage cementing material characterisation has not been well documented.
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atmospheric moisture, exposure to soluble 
salts, air pollution, and biological attack by 
plants and animals (Lawrence et al 2004). 
If these heritage legacies are not properly 
restored, the economy suffers because of 
repeated repairs and loss of authenticity 
during restoration, resulting in a reduction 
in tourist attraction. It is therefore essential 
to ensure their continued existence and 
functionality, which are largely depen-
dent on proper maintenance and repair. 
Characterisation of the originally used 
cementing materials in heritage structures 
ensures proper restoration with materials 
that have similar properties, or at least as 
close to the original material as possible 
(Arıoglu & Acun 2006; Historic England 
2018a). As mentioned by Salvadori (1982) 
and Holmes and Wingate (1997), mortar 
plays an important role as it protects the 
masonry from weathering agents and binds 
the bricks or blocks together to give strength 
and stability to masonry. Analysing the 
mortar prior to restoration ensures the sta-
bility of the masonry structures, and there-
fore increases the lifespan of the historical 
buildings. The analysis is done by means 
of different methodological approaches to 
identify the physical, chemical, mineralogi-
cal and mechanical properties, as will be 
discussed in the next section.

This paper reviews the literature related 
to characterisation of heritage cement-
ing material components (binder and 
aggregates). This includes the challenges 
around the restoration of heritage cement-
ing materials in South Africa. It excludes 
the analysis of any construction materials 
other than cementing materials, and does 
not discuss the effects of construction/
restoration technologies on the compatible 
restoration of heritage buildings.

characterisation of heritage 
ceMenting Materials
Characterisation of historical mortars 
is a well-researched topic, dating as far 
back as the 1960s (Jedrzejewska 1960), 
and involves analysis and investigation on 
properties of hardened mortar and plaster 
collected from existing historical build-
ings. This process incorporates detailed 
experimental procedures for identification 
of the physical, chemical, mineralogical and 
mechanical properties of the plastering, 
rendering, bonding, bedding, laying and 
floor materials. However, Groot et al (2004), 
and Benedetti and Pelà (2012) highlighted 
the complexities around the experimental 

characterisation of the mechanical prop-
erties of mortars in existing masonry 
constructions. They stated that it requires 
the use of large sample quantities (to carry 
out standard testing on standard test speci-
mens). In most cases mechanical characteri-
sation becomes a challenge, as it is too risky 
for heritage authorities to allow extraction of 
large quantities of mortar from the joints of 
existing brickwork without causing distur-
bance to specimens and structures, hence 
the properties are very hard to acquire. 
Nonetheless, there are non-destructive test-
ing (NDT) methods available to acquire the 
mechanical properties necessary without 
the collection of samples, as discussed in 
this section.

Characterisation of heritage mortars 
provides an answer to the question: What 
cementing material (type of binder, aggre-
gates and additives) was originally used for 
the construction of the heritage building? 
The process assists with the design of 
replica materials, as shown in Figure 1. 
According to Hauková et al (2013), it is 
important to characterise not only histori-
cal building materials, but also modern 
materials, prior to restoration.

aesthetic characterisation
This involves the performance of tests 
to evaluate the ancient building’s mortar 
properties, such as visual appearance, 
colour, texture and surface finishing. This 
form of characterisation is performed by 
the naked eye, using a colour scale to define 
the colour of the mortar. In addition, some 
researchers use a stereo microscope to 
obtain detailed results on the material’s aes-
thetic properties. Analysing the colour and 
texture of the original material is done to 
avoid a mismatch and to preserve the beauty 
represented by a specific colour or texture. 
In most decorative mortars, such as on his-
torical sculptures and decorative plastering/
rendering, colour plays a significant role in 

authenticity. Hence, use of material similar 
to the original material is encouraged. It is, 
however, important to bear in mind the pos-
sibility of change to the original colour and 
to the general material properties that could 
have been caused by ageing and weathering 
over the years. To get a sense of the original, 
or as close as possible to the original, the 
analysis is usually made on the inner/unex-
posed part of the mortar.

Physical characterisation
The physical analysis investigates the poros-
ity properties of the mortars, such as open 
and total apparent density, frost resistance, 
water retention and particle size distribu-
tion. The physical properties of cementing 
materials assist in determining the aggre-
gate type used during construction, which 
plays an important role during restoration 
when striving to achieve compatibility. To 
determine the grain distribution, the mortar 
is passed through a set of sieves before and 
after being exposed to hydrochloric acid 
(HCl), and then the cumulative percentage 
of materials passing the sieves is calculated. 
Apostolopoulou et al (2017) highlight the 
need to consider the effect of weather-
ing and possible alterations on materials 
through the years, which could have an 
impact on the exact gradation curves of the 
original materials. They, however, conclude 
that the gradation curves of the restoration 
aggregates must be as close to the original as 
possible, regardless of the possible weather-
ing on the original materials.

Granulometry/sieve analysis
The granulometry of aggregates is consid-
ered a key factor in determining the quality 
of the mortar mix (Borges et al 2010). The 
pattern in which soil particles are distrib-
uted in a mortar, and their relative sizes, are 
the indicators of mortar engineering proper-
ties, which include the load capacity and 
mechanical resistance, mortar cohesion and 
hardness, hydraulic conductivity, shrinkage, 
compressibility and shear strength (Arizzi 
& Cultrone 2013; Cayme & Asor 2017). 
Despite this, it is to be noted that engineer-
ing behaviour of mortars cannot be based 
entirely on the gradation of aggregates, but 
also on other factors such as effective stress, 
stress history, mineral type, plasticity and 
geologic origins of aggregates, among others.

Mineralogical characterisation
This characterisation process is used to 
assess the degree of hydration and present 
quantities of minerals, such as calcium 

Figure 1  Mortar analysis procedure 
(Van Balen et al 1999)
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hydroxide (Ca(OH)2), calcite (CaCO3), 
quartz (SiO2), gypsum (CaSO42H2O), 
albite (NaAlSi3O8) and muscovite 
(KAl2(AlSi3O10)(FOH)2. These minerals 
play an important role in the way a mortar 
behaves and reacts with the surrounding 
environment. They are identified using a 
technique referred to as x-ray diffraction 
(XRD) analysis. This method clearly shows 
the crystalline phases that took place in 
the binder by determining the mineralogy 
of clays in the soil. Thermogravimetric 
analysis (TGA) is used to assess the degree 
of hydration in a mortar sample, while 
Fourier transform infrared spectrometry 
(FT-IR) gives the ratio between the CaCO3 
and SiO2 content. In addition to the 
above minerals, Lopez-Arce et al (2016) 
performed ion chromatography (IC) to 
identify both soluble anions and cations 
such as chlorides (Cl–) and sodium (Na+) 
in parts per million (ppm). Middendorf et 
al (2005a; 2005b) summarised the proce-
dure for carrying out both mineralogical 
characterisation (Figure 2) and chemical 
characterisation (Figure 3).

chemical characterisation
This stage identifies the chemical composi-
tion of the historical mortars. It is through 
the chemical characterisation that the type 
of binder used, and its quantity and the 
binder-to-aggregate ratio are identified. 

Schueremans et al (2011) determined the 
chemical composition of mortar samples 
using different methods, such as wet chemi-
cal analysis and x-ray fluorescence (XRF). 
According to Schueremans et al (2011), 
using XRF only gives the chemical composi-
tion of the mortar constituents. The wet 
chemical analysis, which is carried out by 
dissolving the binder in a solution of diluted 
hydrochloric acid (HCl), on the other hand, 
provides details of the chemical elements 
present in a sample. The oxides of chemical 
elements are quantified by use of absorption 
spectroscopy (AAS) or inductively coupled 
plasma optical emission spectroscopy 
(ICP-OES). The procedure for determin-
ing water soluble (Part II) and acid soluble 
chemical elements (Part I) in historical mor-
tars is summarised in Figures 3(a) and (b).

The oxide percentages are useful for 
calculation of the cementation index (CI), 
as indicated in Equation 1.

CI = 

(2.8 × %SiO2 + 1.1 × %AI2O3 +  
0.7 × %Fe2O3)

(%CaO + 1.4 × %MgO)
 (1)

Where:
 SiO2 = silicon oxide
 Al2O3 = aluminium oxide
 Fe2O3 = iron oxide
 CaO = calcium oxide
 MgO = magnesium oxide

According to Martínez et al (2013) and 
Brosnan (2014), the CI quantities as identi-
fied in Table 1 are an indication of lime and 
cement content in mortar samples.

Cayme and Asor (2017) carried out a 
simple and inexpensive complexometric 
titration test using ethylenediaminetetraace-
tic acid (EDTA) and potassium permanga-
nate (KMnO4) to quantify the amount of 
calcium in a mortar sample. According to 
Cayme and Asor (2017), it is important to 
quantify the amount of calcium, as it is a 
primary chemical element found in lime-
based mortars and is responsible for binding 
the stone and sand aggregates in a mortar.

Mechanical characterisation
The strength and stiffness properties of 
mortar in existing buildings are challenging 
to obtain, due to the limited quantity of 
samples obtainable from historical build-
ings. Therefore, Schueremans et al (2011) 
and Lawrence et al (2004) carried out 
non-destructive (NDT) surface tests using 
a pendulum Schmidt hammer and a scratch 
test respectively. The former provides 
information on mortar hardness, while the 
latter formulates a relationship between the 
scratch index and cement content. Benedetti 
and Pelà (2012) provided an example of 
obtaining mechanical properties using an 
in-situ penetrometer technique that is car-
ried out to measure the energy required to 

Sample Grinding

Grain size 
distribution

 Q XRD
 Q DSC/DTA/TG

Preliminary 
information

Aggregate

SEM + EDX/
WDX

 Q Binder
 Q Aggregate
 Q Secondary built 

phases
 Q Adhesion layers

 Q Binder
 Q Aggregate
 Q Secondary built 

phases
 Q Efflorescence

 Q Binder/aggregate 
ratio

 Q Aggregate/
components ratio 

Model analysis

Binder Aggregate

Mineralogical 
analysis

Mineralogical 
analysis

 Q XRD
 Q FTIR
 Q DSC/DTA/TG

 Q XRD
 Q FTIR
 Q DSC/DTA/TG

Grinding Grinding

Binder Aggregate

Separation

Petrographic 
microscopy

Image analysis

Thin sectionPolished section

Figure 2 Flow chart for mineralogical characterisation (Middendorf et al 2005a)



Journal of the South african institution of civil engineering Volume 62 Number 1 March 2020 13

penetrate a masonry structure by means of 
drilling resistance. Due to scattered results, 
this technique requires caution when com-
bining and analysing results. Other alterna-
tive NDTs include single or double flat jacks, 
the ultrasonic pulse velocity (UPV) test, and 
a rebar locator.

The characterisation methodology 
used for historical mortars, as per the 
reviewed literature, is summarised in 
Table 2, showing both field and laboratory 

Free water content

Total CO2Gas volumetry

Filtrate

Water soluble elements

 Q Gravimetry
 Q Colorimetry
 Q Turbidimetry
 Q UV-spectroscopy

 Q AAS
 Q ICP
 Q Capillary electrophoresis
 Q Ionic chromatography

Drying at 40°C

Sampled specimen

Grinding ≤ 90 μm

Sample for analysis

Extraction in dist. water

Filtration

Residue

Drying and weighing

Insoluble residue in water

Free calcium and magnesium as 
CaO, MgO or Ca(OH), Mg(OH)2

Extractable organic materials
Selective extraction

Part II

Sample for analysis

Heat treatment 
at 450°C

Crystalisation 
water CSH

Heat treatment 
at 925°C

 Q Loss of ignition
 Q Organic materials
 Q CO2

Chemical analysis
 Q XRF

Total amount of oxides
SiO2
Fe2O2
MgO
Na2O
MnO2
SO3

AI2O3
CaO
TiO2
K2O
P2O3
CI

Part I

Acid dissolution

FiltrateResidue

Drying and weighing

Insoluble residue 
in acid

Soluble silica of 
the binder

Boil with 
Na2CO3 solution

Determination of Ca, 
Mg, Fe, Al by using 

i.e. AAS or ICP

Siliceous aggregate

Filtration

(a)

(b)

Figures 3 (a) and (b) Flow chart for chemical characterisation (Middendorf et al 2005b)

Table 1  Cementation index readings (Martínez et al 2013; Brosnan 2014)

binder description ci active clay in the limestone

Fat limes Close to zero –

Pure (aerial) lime CI < 0.15 Very little clay

Sub-hydraulic lime 0.15 to 0.3 Very little clay

Slightly hydraulic limes 0.3 to 0.5 Around 8%

Moderately hydraulic limes 0.5 to 0.7 Around 15%

Eminently hydraulic limes 0.7 to 1.1 Around 25%

Natural cement 1.7 Up to 45%
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Table 2 Characterisation of historical mortars – methods
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Apostolopoulou et al (2017)         

Bertolini et al (2013)     

Borsoi et al (2010)      

Corinaldesi (2012)     

Drdácky´ et al (2013)      

Gleize et al (2009)     

Gosselin et al (2008)   

Gulzar et al (2013)     

Hormes et al (2016)  

Labiadh et al (2009)    

Lopez-Arce et al (2016)       

Morricone et al (2013)  

Ontiveros-Ortega et al (2016)     

Özkaya & Böke (2009)    

Schueremans et al (2011)        

Compatibility
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Figure 4 Historical mortar characterisation (Schueremans et al 2011)
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tests as conducted by numerous authors 
around the world. In addition to the tests 
shown in Table 2, there are other tests 
used that include electron probe analysis, 
the freeze-thaw test, salt crystallisation, 
indirect tensile and bending tests, moisture 
content, permeability, mercury intrusion 
porosimetry, the density and water satura-
tion method, gas chromatography and 
hydrogen potential (pH) tests. The choice 
of the characterisation technique could 
be affected by the damages present on the 
historical building in question.

compatibility assessment
It is essential to assess the repair material 
compatibility with the original historical 
mortar by proper material characterisation 
(Bertolini et al 2013; Historic England 
2018b). This is to guarantee the long-
term durability and strength of historical 
structures. To overcome the compatibility 
challenges, Hormes et al (2016) emphasises 
the need to thoroughly study the material 
properties, as already mentioned above. 
They suggest that material analysis assists 
in the production of a good repair mortar 
that would yield an aesthetic, chemical 
and mineral match of the cementing 
material used originally. Schueremans et 
al (2011) summarised the overall common 
characterisation tests for achieving com-
patibility of historical mortars, as depicted 
in Figure 4.

restoration of heritage 
ceMenting Materials
Sandbhor and Botre (2013) define restora-
tion as: “… the act or process of accurately 
depicting the form, features and character 
of a property as it appeared at a particular 
period of time.” According to Fang et al 
(2015), the conservation and preservation of 
heritage buildings should be a focal subject, 
since heritage buildings represent the beauty 
of the country and its history. Some heritage 
structures are seen to be safety hazards, 
as they have deteriorated severely and are 
at risk of collapsing. The South African 
Castle of Good Hope (built in 1666), located 
in Cape Town, is an example of a herit-
age building that was in severe structural 
deterioration facing collapse in the early 
20th century (Gilbert 1994). The status of 
this historical building led to the appoint-
ment of Gabriel Fagan (South African 
award-winning architect) by the then 
Department of Public Works to carry out 
full restoration in the 1960s to what we see 

today (Cape Business News 2016). According 
to Fagan, there are many reasons for the 
restoration of historical buildings, including 
economics and preservation of culture.

The continued existence of heritage 
buildings is usually achieved through the 
use of materials which match the original 
ones (Gulzar et al 2013). However, matching 
the materials on historical buildings is more 
challenging than it is on modern structures 
(Penelis 1996). The former requires a 
sensitive approach to preserve the original 
fabric of heritage structures. The success of 
restoration work depends on the knowledge 
of the original materials that is achievable 
through original material characterisation 
as discussed above. On the other hand, 
Dolar-Mantuani (1984) emphasises the need 
to consider not only the appearance of the 
material, but also the properties (strength, 
adhesion, flexibility and porosity) and its 
future maintenance. He further states that 
the negative comebacks associated with 
inappropriate or poor execution of repairs 
of historical mortars include premature 
damage and accelerated deterioration of 
the original building fabric. This lack of 
understanding of original materials leads to 
more damage during restoration of heritage 
buildings, which increases the cost of future 
maintenance and repair works.

Based on a study by Danieli and Bloch 
(2012), conservation and restoration of 
historical buildings have been explored by 
many researchers, mainly in seismic regions. 
Restoration technologies such as straining 
beams, carbon fibre cords, reinforcement 
systems consisting of carbon fibre tapes and 
epoxy resins (structural reinforcement sys-
tem), cement or polymer solution masonry 
injection, polymer grids, concrete spraying, 
reinforced concrete jackets, and reinforced 
concrete are mentioned in their study. There 
are, however, no publications in this field in 
the South African context.

Papayianni and Pachta (2017) indicated 
that the use of compatible and locally 
available materials has been introduced for 
the restoration of old earth-block masonry 
buildings. This includes the development of 
effective repair materials and techniques to 
utilise when repairing historical structures. 
Lourenço (2006) raised a concern as far 
as durability, strength and architecture in 
restoration are concerned. He highlights 
the importance of differentiating between 
the science of construction, and the art of 
conservation and restoration, as these two 
are considered independent aspects that 
require separate approaches. The repair 

and restoration of heritage structures is a 
major challenge, as most of these structures 
were built using materials that are no longer 
commonly used. The common practice 
used for the restoration of heritage cement-
ing materials is through the application 
of modern Portland cement, but numer-
ous shortcomings of this approach have 
been identified (Lanas & Alvarez 2003). 
Compared to Roman concrete, Portland 
cement is said to be quick to crack and 
corrosive to the original material, and has 
high compressive strength, high modulus, a 
large thermal expansion coefficient, and low 
porosity which hinders water movement and 
air circulation in the masonry, leading to 
intensified damage (Marini et al 2018; Fang 
et al 2015; Martínez et al 2013; Gleize et al 
2009; Lanas & Alvarez 2003; Rodriguez-
Navarro et al 1998).

To avoid causing harm to the original 
material during the restoration of his-
torical mortars, Singh et al (2014) and 
Apostolopoulou et al (2017) suggested the 
inclusion of information on aesthetic and 
material compatibility (chemical, physical 
and mechanical). These studies mentioned 
that several researchers fail to explain the 
context of compatibility when it comes to 
restoration of historical mortars. In addition, 
there are general performance requirements 
to be considered when selecting repair 
mortars, which include authenticity, revers-
ibility, compatibility, retreatability, function, 
technology and durability (Schueremans et 
al 2011). According to Apostolopoulou et al 
(2017), in order to keep heritage buildings 
looking as original as possible after restora-
tion, the following stages must be followed: 
diagnosis and safety, authenticity, compat-
ibility and heritage preservation.

diagnosis and safety
Croci (2000) and Lourenço (2006) define 
diagnosis and safety as the principal stages 
of the restoration procedure describing the 
nature of deformities, be it cracks or decay 
that are currently visible on heritage build-
ings. Diagnosis and safety are most impor-
tant, as they give the restorer knowledge 
about the degree of harm on a structure, 
thereby ensuring that precise mitigation 
measures are applied. It is never simple 
to remedy defects with no basis of what 
the defects are and their precise cause. 
Before completing any construction works, 
restoration included, safety associated with 
the works to be carried out ought to be 
evaluated. Diagnosis and safety are inter-
related, although they vary somewhat. It is 
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mentioned that diagnosis is associated with 
the past, while the latter is connected to 
the current situation of the structure after 
repairs have been completed (Croci 2000; 
Lourenço 2006).

authenticity
Restoration of heritage structures comes 
with high expectations of authenticity, 
hence modifications to the structure are 
expected to be minimal to zero where 
possible. According to Apostolopoulou 
et al (2017), authenticity is the trickiest 
aspect to achieve, as some of the materials 
originally used do not exist anymore. Even 
though this is the case, authenticity plays 
an important role and should be achieved 

as far as possible throughout the entire 
restoration process, regardless of the chal-
lenges faced in achieving this.

compatibility
Isebaert et al (2014) describe compatibility 
as “… utilising materials that do not have 
negative consequences on the original mate-
rials.” The definition is based on the origi-
nal mortar characteristics which are com-
pared to the repair mortars. Schueremans 
et al (2011) reckon that the repair mortars 
and techniques should match the original 
under the given circumstances in terms 
of physical, mechanical and chemical 
properties, as well as design and applica-
tion. Knowledge of these aspects simplifies 

predictions regarding the reaction of the 
historical structure to the applied restora-
tion materials (Singh et al 2014). The 
relationship between performance and 
compatibility is shown in Figure 5.

historical preservation
Apostolopoulou et al (2017) stated that 
preserving the history of the heritage 
buildings can be achieved through minimal 
alterations during repairs, and the restora-
tion team (made up of representatives 
from different fields) ought to retain the 
historical value that heritage buildings hold 
whenever any alterations have to be made. 
This is, however, not always the case, as 
materials change from time to time.

Analysis of 
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Classification 
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restoration 
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Figure 5 Compatibility and performance criteria (Apostolopoulou et al 2017)



Journal of the South african institution of civil engineering Volume 62 Number 1 March 2020 17

Principles governing restoration
Podiapolski et al (1988) showed the differ-
ent techniques to carry out historical struc-
ture preservation, which include mainte-
nance, conservation and restoration. The 
authors indicated that, different as these 
are, they may include similar techniques. 
The primary purposes of maintenance are 
to prevent loss of structural integrity and 
to prolong the structure’s durability, and 
these need to be handled with caution.

restoration standards
The Department of Archaeology and 
Historic Preservation of the United States, 
through the Secretary of the Interior’s 
Standards and Guidelines, has set stand-
ards for restoration and preservation of 
historical buildings (Sandbhor & Botre 
2013). These are as follows:

 Q The historical character of a property 
should be reserved and preserved in a 
way that replacement of materials does 
not alter the features, spaces and spatial 
relationships that characterise the 
property.

 Q Each property ought to represent the orig-
inal material and the use of the building. 
Any work aimed at restoring historical 
materials need to be good, identifiable and 
legitimately archived for future research.

 Q Distinctive materials, highlights, com-
pletions and development methods, or 
cases of craftsmanship that portray the 
property, ought to be saved.

 Q The existing state of notable highlights 
ought to be assessed to decide the 
proper level of mediation required. 
Mediations that cause harm to notable 
materials should not be utilised.

 Q Deteriorated notable highlights ought to 
be repaired instead of replaced. Where 
the seriousness of weakening requires 
substitution of an unmistakable com-
ponent, the new element should coordi-
nate the old in configuration, shading, 
surface and materials. Substitution of 
missing materials ought to be validated 
by narrative and physical confirmation.

 Q New improvements or modifica-
tions should be done in a way that, if 
abandoned later on, the originality of 
the monument is preserved and not 
tampered with.

 Q Replacement of materials from the 
original time of construction ought 
to be verified by documented proof 
that they would match the existing, 
or not cause any harm to the original 
surface. There should be no inclusion 

of assumed highlights of history, 
highlights from different properties, 
or joining highlights that never existed 
together originally.

 Q Restoration ought to be done to portray 
the missing components or sections 
of a building and should be done in a 
way that shows precise history of what 
was used initially (exact duplication of 
materials).

 Q A restored property should be similar 
in terms of materials, plan, shading and 
surface to the original one (Archaeology 
and Historic Preservation 2018).

Mata (2009) agrees with the standards 
set out above, as he mentions the need 
for returning the building to its original 
beauty and form during restoration. In 
his report he states that, for restorers to 
achieve authenticity on historical buildings, 
it is important to carry out a thorough 
material analysis.

A number of restoration projects on 
heritage structures have been conducted 
worldwide. Some examples are summarised 
in Table 3.

South Africa is not an exception, as sev-
eral restoration projects, such as the Castle 
of Good Hope, the proposed restoration of 
building precincts at Robben Island, res-
toration of the SAAO, Parliament, and the 
Church Street houses in Tulbagh (all in the 
Western Cape Province), the Owl House 
Museum in Nieu-Bethesda (Eastern Cape), 
and many more have been conducted in the 
past, and some are at proposal stage. The 
South African National Heritage Resources 
Act, No 25 of 1999 (Republic of South 
Africa 1999), outlines the following funda-
mental elements to consider while carrying 
out restoration work on heritage structures:

 Q No individual or association is per-
mitted to endeavour any restoration 
works without obtaining the related 
licences from the Municipality and 
the Provincial Heritage Resources 
Authority.

 Q Restorers must seek advice from a 
professional building and restoration 
advisor before attempting any restora-
tion works. The issuing of a permit by 
the South African Heritage Resources 
Agency (SAHRA) can only be guaran-
teed when such review and advice are 
provided by experts within the area 
concerned (Republic of South Africa 
1999).

However, the legislation does not fully 
detail the need for restorers to analyse 
original materials prior to execution of 

restoration work on heritage buildings. 
The lack of material analysis enforcement 
has resulted in unsuccessful restoration 
projects (examples to be discussed further 
on in this paper).

heritage restoration techniques
Restoration and repair of historic struc-
tures require the use and application of 
proper material and restoration techniques 
(Deshpande 2017). According to Penelis et 
al (1989), there are two techniques (revers-
ible and irreversible) which the restorer 
must choose from when carrying out repair 
work. Not only effectiveness, but also 
economic viability ought to be considered 
when restoring heritage buildings. One 
of the oldest, yet irreversible, methods 
for repairing heritage buildings is grout-
ing, which involves filling of cracks and 
voids inside the mass of earth stonework. 
However, introducing Portland cement 
has altogether changed the conduct of the 
grouted parts of the masonry. It affects 
deformability and reaction to porosity and 
hydrothermal loading properties, as the 
mortar is either extremely strong or hard, 
thus making it inflexible and impermeable, 
or it has a large thermal expansion coef-
ficient (Papayianni & Pachta 2014). Both 
ancient and modern techniques can be 
useful in the restoration of historical build-
ings, but with careful consideration.

According to Croci (2000), maintaining 
historical buildings requires the use of 
original materials and techniques rather 
than modern ones. This makes it quite 
easy to obtain authenticity on the heritage 
structures. New procedures in the restora-
tion of buildings need to be used with 
great caution, since their misuse can cause 
irreversible harm (Croci 2000). As per 
Croci (2000), advanced modern practices, 
for example the inclusion of steel bars and 
infusion of bond mortars, are irreversible 
and result in negative reactions, such as 
corrosion of steel bars and efflorescence 
due to the salts present in Portland cement, 
which can damage structures. It is also 
mentioned that it is possible that these 
might change the original status of the 
monument.

effective restoration
When restoration of structures is done 
properly, it extends the lifespan of the 
structure by enhancing its strength and 
enabling it to withstand external forces 
such as weather and chemical reactions 
that cause decay. The delay in restoring a 
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structure is detrimental, as the condition 
of the structure can worsen to such a 
degree that it becomes exceptionally hard 
to recapture its original unique condition 
(Sandbhor & Botre 2013). Croci (2000) has 
therefore suggested that surveys be con-
ducted to identify the problems, assess the 
safety implications, and study and choose 
the criteria and techniques to employ for 
remedying the problem. His advice is that 
restorers need to keep a very close eye on 
every activity taking place during repairs 
of historical monuments, as restoration is 
a delicate process that should be handled 
with care.

Podiapolski et al (1988) indicated that 
effective repair of historical buildings 
requires knowledge of the following:

 Q Building functionality and why its mate-
rials are beginning to fail, and

 Q What would be possible remedial meas-
ures to avoid future encounters of failure.

They emphasise the importance of observ-
ing the different problems for different 
structures of a particular time which 
exhibit distinctive issues. The practice of 
inappropriate repairs may cause early fail-
ure and accelerate the weakening of origi-
nal material, thus expanding the degree 
and cost of future rehabilitation and repair 
projects (Podiapolski et al 1988).

heritage restoration materials
The determination of materials for the 
repair of heritage structures is dependent 
on factors such as the necessity of repairs, 
the cost, and the behaviour of materials in 
the repair of structural defects. To carry 
out a successful repair that will enhance 
the damaged building’s structural strength, 

there are key factors that one needs to 
adopt. These include innovative repair 
materials which have good workability, and 
appropriate repair methods and practices 
of which the quality needs to be monitored 
throughout the implementation process 
(Deshpande 2017). The selection is car-
ried out based on both cementitious and 
non-cementitious materials. However, 
Papayianni and Pachta (2014) advised on 
the use of similar or close-to-original mate-
rials during restoration. They mentioned 
that, for lime-mortar structures, lime-
based repair materials instead of Portland 
cement are an ideal option. It is acceptable 
to replace Portland cement with enhanced 
natural hydraulic lime (NHL), which is far 
more compatible with the original materi-
als on most lime mortar historical build-
ings (Marini et al 2018).

Table 3 Mortar characterisation for restoration

author location type of structure
age 

(century)
Material 

tested
samples 

tested
results and analysis

Apostolopoulou 
et al (2017)

Greece (Europe) Church 12th 
Internal and 

external mortar
10

High porous lime-based mortars with minor 
additions of organic admixtures.

Bertolini et al 
(2013)

Italy (Europe) Church
4th and 

5th 
Mortar 40

Binder was mainly based on magnesian lime. 
Gypsum was found in most samples.

Borsoi et al (2010) Portugal (Europe) Archaeological site I-IV AD Mortar 11
Traces of aerial calcitic lime with quartz, schistose 
and granitoid aggregates and artificial pozzolanic 
materials.

Drdácky´ et al 
(2013)

Italy (Europe) Roman arch bridge 27 BC Roman mortars 4 The strongest mortar was used.

Gleize et al (2009)
Brazil 
(South America)

Nine historical 
buildings in the State 

of Santa Catarina
18th – 20th 

Rendering 
mortars

9

Hydrated lime obtained from the burning of 
seashells was the major binder. It was sometimes 
mixed with hydraulic materials (clay, ground 
ceramic tile or brick, and hydraulic lime).

Gosselin et al 
(2008)

France (Europe) Cathedral 11th 
Pointing 
material

11
Old mortars show traces of siliceous and 
carbonate aggregates.

Gulzar et al (2013) Pakistan (Asia) Mughal empire 17th 
Plaster and 

mortar
7

Calcitic lime binder produced from calcinations of 
kankar-CaCO3 from soil horizon. The aggregates 
included crushed bricks, broken kankar pieces, 
brick kiln furnace slag and a small fraction of 
siliceous sand.

Hormes et al 
(2016)

Germany 
(Europe)

Cathedral 13th Mortar 3
High concentration of iron, comparable to that of 
calcium.

Labiadh et al 
(2009)

Tunisia (Africa)
Ottomans 

monuments
15th 

Waterproof-
coating mortars

2
Presence of air-hardening lime, pozzolanic and 
gypsum indicating sulfatic but free of ettringite.

Lopez-Arce et al 
(2016)

France (Europe)
Exhibition hall and 

museum
18th Plaster mortars 9

Traces of gypsum, calcium and sodium sulfates, 
and minor amounts of nitrates were found in 
mortar.

Morricone et al 
(2013)

Rome, Italy 
(Europe)

Archaeological site of 
Porta Marina

3rd BC
Pointing 
material

25
Aggregates present in the mortars are essentially 
pozzolanic.

Ontiveros-Ortega 
et al (2016)

Spain (Europe) Theatre 4th BC
Substructure 

mortars
14

Presence of lime nodules in the mortar, calcareous 
crust.

Özkaya & Böke 
(2009)

Turkey (Europe) Temple 1st BC Wall mortars 2
Pure lime, coarse aggregate particle sizes > 1 mm 
and pozzolanic fine aggregates in Roman mortars.

Schueremans 
et al (2011)

Belgium (Europe)
Two churches and 

castle 
4th and 

12th 
Pointing 
material

9, 6, 3
Relatively similar properties – carbonation of lime in 
the pointing material.
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According to Papayianni and Pachta 
(2014), restoration of earth-block structures 
could be done using grouts made of clayey 
material. This type of repair material 
helps to achieve the similarity between 
the original and the repair materials. 
However, there is usually a difference in 
properties (strength and appearance) of 
the repaired parts of the structure when 
using these repair mortars. Deshpande 
(2017) outlined the use of shotcrete, epoxy 
resins, epoxy mortars, gypsum cement 
mortars, fast-setting cement mortars and 
mechanical anchors for the restoration of 
heritage structures. In addition to these, 
he elaborated that there are distinctive 
natural materials which were used in the 
past, for example rice husk, jute fibres, glue, 
paste, jaggery and concentrates of numer-
ous plants. These materials were found 
to decrease the odds of mortars breaking 
down, and also provided increased binding 
capacity. However, the construction indus-
try at present has abandoned the use of 
some of these materials, rather using new 
materials (Deshpande 2017).

heritage restoration 
challenges – south africa
Heritage restoration requires a detailed 
survey before one can execute the actual 
physical work. It has been established dur-
ing numerous interviews with the SAHRA 
built environment unit that most heritage 
restorers still lack understanding about 
authenticity when dealing with heritage 
restoration. This has resulted in failures 
on some previous restoration works, as 
material analysis was generally either 
not done completely or done incorrectly 
(Mwasinga 2018). Another challenge facing 
South African heritage restoration is lack 
of clarity in terms of role players in the 
restoration and conservation of historic 
buildings. According to Feilden (2003), it 
takes a team of specialists from different 
fields to carry out a successful conservation 
and restoration project. These role players 
include archaeologists, architects, conser-
vators, contractors, material scientists, and 
civil and structural engineers, among oth-
ers. Feilden (2003) also mentions that the 
majority of engineers do not fully under-
stand the complexity of restoring historical 
buildings. He suggests that conservation 
courses be made available to engineers 
prior to engagement in restoration projects.

According to SAHRA archive reports, 
there are a number of restoration projects 

which failed dismally due to the use of 
incorrect restoration materials. These 
include the restoration of sculptures at the 
Owl House Museum in the Eastern Cape 
Province. According to the 2018 museum 
site report (SAHRA 2018b), a type of 
cement different to the original was used 
in 2010 to fill cracks on the sculptures. 
This practice had caused further damage 
to the sculptures and a resulting loss of the 
original authenticity. The report added that 
the conservation management plan (CMP) 
had not included clear details on original 
material analysis for compatibility with 
new material (Mwasinga 2018).

The other case is the repointing at 
Robben Island (SAHRA 2018a). This World 
Heritage Site was repointed in around 
1999. However, the conditional assessment 
report (SAHRA 2018a) for the restoration 
of the selected buildings on the island 
indicated the need to assess the composi-
tion of the original materials. The report 
further showed that some of the buildings 
appeared to have lost their historical fea-
tures, due to previous maintenance which 
had not considered air circulation within 
the wall structures. The conclusion of 
this report was that the plaster and raised 
pointing of most of the buildings needed 
to be removed, due to the apparent use 
of silicone and Portland cement, both of 
which were considered to be detrimental 
to the overall fabric. The Portland cement 
repointing was said to prevent air circula-
tion within the masonry. It was therefore 
recommended to replace the plaster and 
the pointing material with lime-base mate-
rials which, it had been discovered, were 
the original laying mortars.

suMMary
Due to the positive impact that historical 
structures have on the history, culture and 
economy of countries, their care and main-
tenance are considered very important for 
their continued existence. Characterisation 
of heritage cementing materials for 
restoration purposes has been explored 
extensively on a global scale. However, 
there is no literature related to this topic in 
South Africa. This leads to the application 
of incompatible materials for restoration, 
as discussed in the section above. It is 
clear that the originally used materials can 
only be identified through experimental 
characterisation, as there are no reliable 
tests and data available on the original 
mortars. For aesthetic characterisation of 

historic mortars, an approximate 33% of 
the researchers reviewed in this paper con-
ducted visual investigations with the naked 
eye, while an additional 14% went further 
to analyse the mortars by using stereo 
microscopes. The results for both show the 
particle distribution of the polished mortar 
samples and the additive fragments at 
magnification for most historical mortars. 
In determining the physical properties, 
approximately 60% of the researchers used 
a scanning electron microscopy (SEM) 
technique, 13% measured the thermal 
conductivity of the samples, and 40% 
measured open and total porosity as well as 
granulometry. In terms of mineral identifi-
cation in mortars, the majority (93%) of the 
studies used XRD analysis, while only 13% 
assessed the CaCO3/SiO2 ratio.

conclusions
The critical areas that have received less 
attention and need to be addressed by 
future researchers in the field of heritage 
cementing materials and restoration of 
heritage buildings are discussed in this 
section. No literature could be found on 
studies providing a standard procedure to 
characterise heritage cementing materials 
in South Africa and across Africa. If specif-
ic methodologies can be implemented and 
incorporated into conservation manage-
ment plans, under the material analysis of 
original materials, the investment in such 
research would be worthwhile, as it would 
help augment the life span of historical 
buildings through compatible restoration.

Mechanical properties of cementing 
materials need to be investigated prior 
to restoration works. This would guide 
the restorers in terms of the suitability of 
repair materials. Research should therefore 
not only be limited to the analysis of physi-
cal, chemical and mineralogical properties, 
but also to mechanical properties through 
non-destructive testing. This area has 
received no attention whatsoever in South 
Africa. In addition, even though aesthetic 
properties of heritage structures play a 
huge role in tourist attraction, this aspect 
has not been well addressed in terms of 
matching the colour of the original materi-
als to that of current repairs. The details 
regarding how to avoid a mismatch, not 
only for the present time, but also for 
future years, has not been investigated.

There is also a need to integrate the 
general construction material analysis and 
construction techniques used for historical 
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buildings, as this would assist in choosing 
the techniques suitable for restoration of 
the historical structures in question. In 
the South African context, no literature is 
available for systematic characterisation of 
heritage materials from any given era.

The literature that was reviewed 
clearly showed that no information is 
available on characterising materials in 
time periods (e.g. the 1600s, 1700s, 1800s 
or 1900s), nor in regional differences or 
the additional complications caused by 
such differences. For South Africa, the 
implementation of a characterisation 
methodology that is affordable and practi-
cal in terms of equipment and complexity 
should be encouraged. This will ensure 
material analysis practices which will 
extend the lifespan of historical buildings. 
The engagement of all stakeholders and 
experts from different fields will ensure the 
sustainable restoration of historical build-
ings, not only in South Africa, but in most 
developing countries.
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introduction
Over vast expanses of the semi-desert 
landscape of southern Africa a pedocrete 
soil layer, called dorbank, exists just 
beneath the topsoil of transported soils. 
Pedocretes are surficial, authigenic deposits 

formed either as a weathering residue (lat-
erite), or by the cementation of pre-existing 
soil, producing a pedological unit with 
unique properties.

Naturally indurated by silica, calcium 
carbonates, iron oxides and other chemical 

a preliminary study 
of the engineering 
properties of dorbank
N Fouché, J Blignaut

Dorbank, a naturally indurated, pedogenic layer, is found over vast expanses of arid and semi-arid 
parts of southern Africa. Although considered a nuisance to local farmers, dorbank is relatively 
easy to rip from the soil profile to clear the way for agricultural developments. Its strategic position 
just beneath the topsoil in the soil profile, as well as its consistency which is often close to that of 
rock, raises the question of its engineering capabilities. In this study the properties of unbound, 
mechanically crushed dorbank gravels were investigated in the context of exploiting dorbank 
for road-building purposes. Moreover, the study investigated the pedogenic variance of dorbank 
for possible indicators of engineering quality. Dorbank samples were taken from three different 
regions in the Karoo – the vicinity of Vanrhynsdorp, Aggeneys and the Vaalputs radioactive waste 
disposal facility near Springbok. Samples were subjected to two stages of investigation.
 Firstly, the pedogenic nature of dorbank was determined. Different morphologies of dorbank and 
their relation to the soil type in which they were found were described, whereafter cementing agents 
were selectively dissolved from dorbank while noting the resulting effect on its structural strength. 
Polished dorbank sections were additionally analysed with scanning electron microscopy (SEM), 
coupled with energy-dispersive x-ray (EDX) spectroscopy to identify minerals that are deleterious to 
roadworks and to understand the chemical enrichment of dorbank by cementing agents.
Secondly, the unbound granular qualities of dorbank were tested to establish its use as a 
material in the structure of a flexible pavement or as a gravel wearing coarse. Dorbank samples 
were crushed with a small jaw crusher from which the particle size distribution (PSD), the 
flakiness index (FI), pH, electrical conductivity (EC), Atterberg limits, linear shrinkage (LS), 
maximum dry density (MDD), optimum moisture content (OMC), soaked California Bearing Ratio 
(CBR) and direct shear strength (DST) of remoulded samples were determined. The strength and 
durability of particles that fell within the 13.2 to 19.0 mm size fraction were evaluated with the 
Treton impact test, the aggregate pliers test (APT) and the accelerated weathering test (AWT).
 Dorbank samples presented as platy and as massive morphologies in transported sandy soils. 
Platy dorbanks were found to occur in silty sands, and massive dorbanks in medium to coarse 
sands. Dorbanks were often found overlying calcrete horizons and containing calcerous veins, 
which cause adverse discontinuities in the macro- and micro-morphology of dorbank. From the 
selective dissolution test with NaOH and HCl, and with quantitative SEM-EDX analyses, samples were 
confirmed to be petroduric in nature. Dorbank fell short of the South African road-base material 
requirements, particularly due to its low CBR and low durability. Furthermore, dorbanks were found 
to be almost cohesionless from the DST results (c’ = 3 to 7 kN/m2) and non-plastic from the Atterberg 
limit test results. The aggregate strength and grading coefficient of dorbank from the Vanrhynsdorp 
and Vaalputs regions satisfy the requirements for use as a gravel wearing coarse, although possible 
corrugating, ravelling and a high re-gravelling frequency and dustiness can be expected.
 Finally, the study concluded that platy dorbank performs better in strength tests, but 
weather more quickly in the accelerated weathering test. The lack of cohesion and its non-
plastic behaviour are likely due to the suppression of the activity of clay, which in turn is due 
to cementation and the aggregation of clay minerals. Further investigation of dorbank gravels, 
modified with the addition of fines, is suggested.
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agents, the consistency of dorbank is often 
such that it resembles rock. Dorbank 
occurs over large areas of semi-arid to 
arid parts of South Africa, mostly in the 
Northern Cape and to a lesser extent in 
the Western and Eastern Cape Provinces 
(Brink 1985). Universally known as duri-
pans, its presence has been noted in many 
different countries, including Mexico, Peru, 
Brazil, parts of the USA and Australia. 
Over the years duripans were included 
mostly in soil morphology studies and 
occasionally as founding layers, but for the 
most part the engineering properties of 
duripans have been overlooked and their 
capabilities remain an open discussion.

Cemented predominantly by silica, 
dorbank is not to be confused with silcrete, 
which contains more than 50% silica 
cement in its matrix and forms under 
different conditions. In addition to the 
silica cement, dorbanks may contain up 
to 15% clay, with calcium carbonate and 
iron oxides often occurring as accessory 
cements. Typically forming distinct hori-
zons of up to 1.2 m thick, according to Ellis 
and Schloms (1981), dorbanks have been 
divided into two main types, namely mas-
sive dorbank and platy/laminar dorbank.

Existing academic literature on dorbank 
appears as trivial parts of larger studies, 
or as part of engineering case studies 

(Brink 1985). The engineering properties of 
pedocretes depend on three aspects – the 
texture of the host material, the degree of 
induration or replacement, and the nature 
of the cementing or replacing mineral 
(Brink 1985). For instance, the behaviour 
of calcerous soils may be analogous to the 
host material, but indurated calcretes essen-
tially behave in the same way as limestone, 
and powdery calcrete as chalk (Ismael & 
Al-Sanad 1986; Ismael & Ahmad 1990).

Problems arise when classifying pedo-
cretes in the soil profile according to con-
ventional engineering methods. Treating 
pedocretes as soils or aggregated materials 
that can be classified based on particle 
size distribution and plasticity properties 
is ambiguous, as these features are reliant 
on the method of excavation and process-
ing applied (Brink 1985). Whilst many 
pedocretes exhibit strength properties 
similar to that of lithified sediments, this 
is not always true, and the classification of 
pedocretes in terms of rocks or soil often 
falls short (Amin et al 2007).

The most comprehensive classification 
scheme applicable to South Africa, based 
on extensive research done by Netterberg 
(1980), captures the important above-
mentioned controlling traits, by describing 
the morphology-bearing distinction on the 
degree of cementation reached (Figure 1).

A range of material properties influ-
ences the durability of an unbound gravel 
or aggregate in the road structure or as a 
wearing course. The ability of an aggregate 
skeleton to carry force on inter-particle 
contacts without chipping or cracking is a 
good measure of the degree of disintegra-
tion (CSRA 1985). The Highway Materials 
Committee suggests that an unpaved road 
should be designed bearing in mind that it 
may form the base of a paved road in the 
future (CSRA 1990), and more emphasis 
should certainly be placed on the ability 
of the wearing course to resist exposure 
to the elements and weathering by traffic, 
and should provide sufficient drainage 
(Netterberg & Paige-Green 1998).

Dorbank is a recent geological phe-
nomenon, and is currently still forming 
(Ellis 2002; Frey 2010; Francis et al 2013). 
Therefore the climatic conditions that 
it exists in today are likely to also be the 
conditions in which it will perform best if 
applied in engineering works. The climatic 
N-value, developed by Weinert (1980), pro-
vides appropriate geographical constraints 
to the occurrence of different pedocrete 
types in South Africa (Brink 1985). 
Figure 2(a) shows platy dorbank.

Although more relevant to surface 
seals, the resistance to abrasion or polish-
ing might also influence the quality of a 

Stage Host material

0 Weathered rock Shattered clay Mixed texture Clean sand or gravel
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1
Pedocrete soluans 

in cracks
Pedocrete powder 
soluans in cracks

Scattered pedocrete 
glaebules in host soil

Pedocrete-coated grains

2
Cemented 

weathered rock
Powder pedocrete 

(sandy silt or silty sand)

Glaebular pedocrete 
(clayey, silty or 
sandy gravel)

Cemented sand or 
gravel (massive)

3
Honeycomb pedocrete 

(partially coalesced 
glaebules or soluans)

4
Hardpan pedocrete 

(rock-like sheet)

W
ea
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g

5

Pedocrete boulders, 
cobbles or gravel 

(discrete fragments 
formed by weathering)

Figure 1  A suggested South African classification system (Brink 1985 modified from Netterberg 1969, 1971); a soluan is defined as soluble fissure 
filling, and glaebules as nodules or concretions
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material. Poor maintenance of some of the 
Northern Cape roads resulted in stretches 
where the road has been worn down to the 
underlying in-situ dorbank, exposing it 
to direct abrasion by traffic and repeated 
scraping by road graders (Figure 2(b)).

Another key difference between pedo-
cretes and traditional materials is attributed 
to their variation in strength with depth. 
The engineering quality of rocks tends 
to increase with depth, but pedocretes, 
especially those found in arid and temper-
ate regions, show a reversal of this rule. 
The strength of aggregates also tends to 
increase with aggregate size (Netterberg 
1971) and with the amount of cementing 
agent present (De Graft-Johnson 1975). 
Also, lateral and vertical heterogeneity of 
pedocretes are common, and the porous 
nature of particles makes them unsound to 
a certain extent (McNally 1995). However, 
Netterberg (1971) found a good correlation 
between aggregate strength values from the 
10% FACT test and the Mohs hardness of 
the cement of calcrete.

There is a wealth of examples of how 
naturally occurring minerals impose dele-
terious characteristics on unbound gravels 
and aggregates (Zivica & Bajza 2001; Paige-
Green 2003; Ekblad 2007; Mshali & Visser 
2012). In the case of dorbank, soluble 
salts, reactive silica and in some cases clay 
minerals, may be present in quantities that 
could affect road building according to 
pedological research (Ellis & Schloms 1981; 
Francis et al 2007). In unpaved roads the 
effects of soluble salts are less pronounced 
and, in particular cases, even lower the 
dust content where enough atmospheric 
moisture is available (Netterberg & Paige-
Green 1998). Amorphous silica and cryp-
tocrystalline quartz have strong pozzolanic 
(cementing) reactions with alkaline pore 

solutions, sometimes an unwelcome feature 
in cement-stabilised materials (McNally 
1995; Paige-Green 2003). Where road 
materials containing amorphous silica are 
treated with lime they form expansive alka-
li (tobermorite) gels, as found by Netterberg 
(1971) in calcrete gravels, but where 
modification with lime is not required it 
may have welcome stiffening properties by 
natural self-cementation in soil moisture 
(McNally 1995). Active clay minerals have 
been found in pedocretes (Netterberg 1971; 
Watts 1980), but clay minerals may be clus-
tered and coated with cementing agents, 
behaving rather like detrital particles. 
For example, Netterberg (1982) also often 
found their plastic limits to be lower than 
the shrinkage limits, resulting in negative 
shrinkage indices. The tendency of fines to 
absorb water, produces exaggerated liquid 
limits and plasticity, which are not really 
representative of the amount of clay or 
activity of clays present. In the case of cal-
cretes, this has been accommodated for in 
the COLTO green book, where the specific 
plasticity index and linear shrinkage were 
amended for calcrete G4 and G5 materials 
(COLTO 1998).

Mechanical deformation of an unbound 
layer in a pavement depends on the layer 
material’s stiffness and stability, and is 
best reflected in the measure of bear-
ing capacity. The overall particle shape 
influences both the shear strength and 
the compactability of a granular mate-
rial (Nouguier-Lehon et al 2003; Fannin 
et al 2005; Tutumluer et al 2006; Mishra 
et al 2010).

Grain-size distribution influences 
packing efficiency. Grain-size distribu-
tions of crushed pedocretes may differ 
vastly from those achieved by standard 
laboratory crushing and compaction 

methods (McNally 1995) and, as a result, 
the TRH 14 manual suggests selection on 
slightly higher crushing strengths (CSRA 
1990). Jaw crushers, relevant to this study, 
are normally applied in the initial stage of 
crushing rock and tend to produce more 
elongated fragments than products of cone 
and impact crushers (Räisänen & Mertamo 
2004; SANRAL 2014). It is also suggested 
that, due to the porous nature of grains 
and the resulting high absorbance of water, 
samples should be cured in water overnight 
to allow water moisture equilibration 
before compaction (Brink 1985).

Materials and Methods

Material sourcing
The sampling procedure was developed 
around the aim to investigate dorbank 
representing different regions and mor-
phological types. In total, eight samples of 
between 15 and 20 kg each were taken in 
three general areas – an old gypsum mine 
at Vanrhynsdorp, the Vaalputs nuclear 
disposal site and around the mining town 
of Aggeneys, most of which were sampled 
along the access road to the Gamsberg zinc 
mine. After proper procedural descrip-
tions of the soil profiles, according to the 
methods outlined by Brink and Bruin 
(2002), samples were taken from the walls 
of old borrow pits and nuclear disposal pits, 
taking care not to include material from 
presumably long-exposed dorbank. The 
dorbank layers were classified according 
to the schematic presentation in Figure 1. 
The only amendment made to this system 
was the use of the term “dorbank” instead 
of hardpan, since dorbank is per definition 
a hardpan soil horizon (Soil Classification 
Working Group 1991).

Figure 2  (a) Platy dorbank in an old gypsum quarry near Vanrhynsdorp, (b) Polished surface of in-situ dorbank on the R358 between Bitterfontein 
and Kliprand, Northern Cape

(a) (b)
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testing procedure
The study constituted two phases of 
investigation. Firstly, the petrographic 
study of dorbank, aimed at describing the 
texture of the host material, the miner-
alogical and chemical characteristics of 
cementing agents, and the macroscopic 
fabric and morphological characteristics 
of the samples. The second phase of the 
testing regime involved the determina-
tion of the engineering properties of 
crushed dorbank.

During the first stage, fist-size sub-
samples were split and cut into small tiles, 
polished and mounted in an epoxy resin 
and coated with gold. This was done in 
preparation for use in a Zeiss Merlin scan-
ning electron microscope (SEM) equipped 
with a backscatter electron (BSE) detector 
and energy dispersive x-ray (EDX) analyser. 
A novel method, based on the procedure 
experimented by Singh and Gilkes (1993), 
was used to determine the enrichment 
by silica of areas in specimen matrices 
containing largely clay minerals, as a 
measure of the level of induration reached 
by cementation.

As part of the first stage of the study, 
the nature of cementing agents was quali-
tatively analysed based on the knowledge 
that hydrochloric acid reacts with carbon-
ates, and amorphous iron oxides and 
sodium hydroxide react with amorphous 
silica. Grains of between 13–16 mm, 
and passing the aggregate pliers test (see 
Table 1), were analysed according to the 
IUSS definition of a petroduric horizon 
(IUSS 2016). After two days of soaking 
in distilled water, four grains from each 
sample were air-dried and submerged first 
in 1M HCl and heated over a steam-bath, 
until equilibration was reached, and then 
in 6M NaOH. The resultant disintegra-
tion of grains was noted by comparison 
of photographs captured every 12 hours. 
In a parallel test, grains were submerged 
in gently heated 2M HCl and 2M NaOH 
respectively, according to the methods sug-
gested by the Non-Affiliated Soil Analyses 
Work Committee (SSSSA 1990), whilst 
assessing the supposed loss in strength by 
gently tapping grains with a pestle every 
24 hours and noting the changes.

In the second phase of the testing regime, 
the tests listed in Table 1 were performed.

The dorbank samples were crushed by 
a standard jaw crusher to a maximum size 
of 37.5 mm. The maximum dry density, 
optimum moisture content and California 
Bearing Ratio were determined for material 

passing the 19.0 mm sieve from the region-
al mixtures shown in Table 2.

The aggregate strength of dorbank was 
evaluated using two testing procedures 
requiring less material than the conven-
tional ACV or 10% FACT tests. Results 
from both the aggregate pliers test (APT) 
(collective name for the Aggregate Pliers 
and Aggregate Fingers procedure) and 
the Treton impact test used in this study, 
have been shown to present a positive 
relationship with the results of aggregate 
crushing value (ACV) and the 10% fines 
aggregate crushing value (10% FACT) 
tests (Brink 1985). The APT is a two-stage 
procedure developed by Netterberg (1967) 
as a rapid strength indicator which involves 
the testing of more than 100 pieces of 
the 13.2–9.0 mm size range for failure in-
between the thumb and forefinger of two 
hands, and subsequently in the serrated jaw 
of a 180 mm standard plier, and recording 
the nominal percentage unbroken pieces 
from the total.

The Treton impact test, which is based 
on the same principles as the British 
aggregate impact test (AIT) and outlined 
in TMH1 method B7, involves dropping a 
hammer in a cylinder on the 16–19 mm 
grains, recording the material retained on 
a 2.00 mm sieve after ten blows and then 
expressing the weight loss as a percentage 
of the original sample (Treton Value).

This study made use of a compara-
tive accelerated weathering test (AWT) 
to assess the weather ability of dorbank. 
The test apparatus was a rotating drum 
mechanism (constructed at Stellenbosch 
University) that complies with the 
American Society for Testing and Materials 
test designation D4644 for testing the 
slake durability of rocks. The mechanism 
comprises a single rotating axle with 
four 100 mm wide, 250 mm diameter 
polyvinyl chloride (PVC) bins, each fitted 
with 13 mm wire mesh on either side, 
and 20 mm holes through the PVC cas-
ing. Seven particles, of between 36.5 and 

Table 1  Summary of the parameters tested and standard procedures followed (CSRA 1986; 
ASTM 2011; Netterberg 1967)

unbound Property standard Procedure followed

Particle Size Distribution (PSD) and Hydrometer Analysis TMH1 A1, A6 & A7

Maximum Dry Density (MDD) and Optimum Moisture Content TMH1 A7

California Bearing Ratio (CBR) and Swell TMH1 A8

Atterberg Limits (PL, LL & PI) and Linear Shrinkage (LS) TMH1 A2, A3 & A4

Treton Impact Test TMH1 B7

Aggregate Plier Test (APT) CSIR B22

Flakiness Index (FI) TMH1 B3

Accelerated Weathering Test (AWT) ASTM D4644

pH and Electrical Conductivity CSIR CA21T

Direct Shear Strength ASTM D3080

Table 2  Sample names, regions and the mixtures made for tests requiring greater quantities of 
material

area sample id coordinates Mixture id

Vanrhynsdorp

WN 31°24’18.87”S, 18°35’28.83”E

VanrhynsdorpRB 31°24’17.91”S, 18°38’0.56”E

N7 31°14’53.65”S, 18°32’27.09”E

Vaalputs

VP1 30°8’22.50”S, 18°34’24.74”E

VaalputsVP2a 30°8’22.50”S, 18°34’24.74”E

VP2b 30°8’22.50”S, 18°34’24.74”E

Aggeneys

AG2 29°24’1.60”S, 19° 8’49.44”E

Aggeneys
AG3 29°20’15.70”S, 19°3’7.86”E

AG4 29°18’34.42”S, 19°0’27.82”E

AG5 29°17’5.96”S, 18°58’3.12”E
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26.5 mm in diameter and passing the AFT 
test, from each sample were placed in the 
bins and the axle set to rotate at five rota-
tions per minute. The assembly was rotated 
for five days with 12-hour wet and dry 
cycles, administrated through submergence 
of the lower half of the bins in distilled 
water during wet cycles and removal of 
the water during air-drying cycles whilst 
monitoring temperature changes. After the 
five days of rotation, samples were oven-
dried and the retained mass expressed as a 
percentage of the original dry mass.

The shear strength of material pass-
ing the 19.0 mm sieve was determined 
in a square (60 × 60 mm) direct shear 
apparatus for material remoulded by the 
Proctor compaction effort and the MOD 
compaction effort. Shear speed was set 
to 0.001 mm/min and normal stresses 
of 50 kPa, 100 kPa and 200 kPa were 
applied respectively. Finally, comparisons 
could be drawn between inherent fea-
tures of dorbank and its qualities as an 
unbound material.

results and discussion

natural characteristics
It is clear that the soil profiles containing 
dorbank are very different, and there is lit-
tle consistency between dorbank from dif-
ferent sites. For example, thicknesses vary 
from as thin as 0.2 m to 1.5 m, and hues of 
yellow, brown and red. However, a number 
of easily observable parallels were found:

 Q Dorbank exists just beneath the topsoil 
and above the permanent water table.

 Q Occurrences are restricted to trans-
ported soils, i.e. aeolian sands, hillwash 
and alluvium.

 Q Host soil textures are always between 
sandy and clayey-sands.

 Q Boundaries of platy dorbank layers are 
well defined.

From scanning electron microscope 
analysis, specimens from the Aggeneys 
area are porous in nature and consist of 
medium to coarse-grained particles with 
bridges of kaolinite and silica-rich cement, 
whilst specimens from Vanrhynsdorp and 
Vaalputs are fine to medium-grained and 
less porous. Most of the pore spaces are 
filled with illite and smectite clay, mixed 
with either siliceous or calcerous cement or 
a combination of both. Assuming all alu-
minium is accounted for by the presence of 
clay minerals in cemented areas of between 
100–900 µm2, the relative enrichment of 

silica can be calculated in its condensed 
form in a statistical plot, as shown in 
Figure 3.

shape and size distribution
Apart from sample AG2 from Aggeneys, 
dorbank samples are coarser-grained than 
the required envelope for G4 materials 
(Figure 4). The grading moduli of samples 
are high, between 2.57 and 2.82. This 
is an indication of coarse grading and 
a shortage of clay to provide plasticity, 
and would need modification if crushed 
by a small jaw crusher to comply with 
requirements.

A generally finer grain size distribu-
tion in AG2 can be attributed to the 
poor strength of its larger aggregates, as 

revealed by the results in the aggregate 
strength tests.

deleterious minerals
Whilst the material passing the 0.425 mm 
sieve behaved non-plastically in the indica-
tor tests, and experienced no significant 
swell from soaking for a period of four days 
after being remoulded, the SEM-EDX spec-
tra and backscatter images revealed the 
presence of active clays such as vermiculite. 
These were all found in association with 
amorphous silica (see Figure 5). It is 
conceivable that, after crushing dorbank, 
the silt and clay fractions are made up 
mainly of aggregated clusters of cemented 
clay minerals that remain fairly inert and 
behave like detrital grains. More rigorous 
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techniques of crushing and separation of 
fines could promote the plastic behaviour 
of some dorbanks.

By the natural process that forms dor-
bank, clay and cementing agents are eluvi-
ated from hosting soils and concentrated in 
the dorbank layer. The plasticity of the soil 
hosting dorbank can also be tested if there 
are concerns that dorbank may develop 
more plastic behaviour in its design life, 
although the soil profiles hosting dorbank 
in this study are mostly well drained, with 
little clay and silt. In general, the primary 
minerals found in dorbank are not harmful 
to engineering works, but depend on the 
host material (Figure 6).

From the samples tested there is no evi-
dence of salt content, purely as a result of the 
typical mechanism of dorbank formation.

The electrical conductivity (EC) of 
sample RB from Vanrhynsdorp is particu-
larly high (3.24 mS/cm) (see Figure 7), and 
exceeds the specified maximum (COLTO 
1998). Upon closer inspection with SEM-
EDX analysis, the sample was found to 
be rich in calcium phosphates in the soil 
matrix (see Figure 8).

Calcium phosphates exist as a 
range of mineral salts, such as apatite 
(Ca5(PO3)4(F,Cl,OH)), and are prone to 
dissolution at room temperatures and low 
pH (< 6). The problem is confined only 
to sample RB from Vanrhynsdorp, which 
overlies a calcareous shale bed containing 
phosphates.

aggregate strength and durability
The morphology of particles influences the 
strength of dorbank particles. The standard 
method used to determine the APV in this 

Signal A
Signal B

=
=

ESB
SE2

Brightness
Contrast

=
=

51.7%
34.8%

EHT
WD

=
=

5.00 kV
9.2 mm

Mag
iProbe

=
=

6.97 Kx
200 pA

2 μm

Figure 5  Micrograph produced by energy selective backscatter (ESB) detector showing 
vermiculite in specimen RB; where Kl = kaolinite, Si = silica

Amorphous Si

Verm

(a) (b)

Ilm

Qtz

Qtz

Qtz

Or

Kln

Rt

Or

Qtz

Brt

Qtz
Ilt + Sme

Ilt + Sme

Figure 6  Electron backscatter (BSE) micrographs of polished sections of specimens AG4 (a) and WN (b) at scale 100 µm (Brt = barite, Ilm = ilmenite, 
Ilt = illite, Or = orthoclase feldspar, Qtz = quartz, Rt = rutile, Sme = smectite)

pH

9.0

8.5

8.0

7.5

7.0

6.5

6.0

Co
nd

uc
ti

vi
ty

 (m
S/

cm
)

3.5

3.0

2.5

2.0

1.5

1.0

0.5

0

Samples
WN1 RB1 VP1 VP2a AG2 AG3 AG4 AG5

 

 

 

pH Conductivity

Figure 7  pH and conductivity of saturated pastes; the conductivity of all samples apart from 
sample RB falls within the specifications of COLTO for crushed natural samples before 
lime-stabilisation, but all pH measurements were within bounds



Volume 62 Number 1 March 2020 Journal of the South african institution of civil engineering28

study required that grains were placed 
with their longest dimension on the plier’s 
jaws (i.e. not on the edges) resulting in an 
applied force perpendicular to the natural 
fabric of flaky particles. In the Treton 
cylinder, gravitational settling may cause 
the same effect. Conceivably, the correla-
tion between APV and the Treton values 
are better than in the case of AFV and 
Treton values.

By a linear regression analysis, the rela-
tionship between the Treton test and the 
APT can be written as:

TIV = 0.83 – 1.39APV, r2 = 0.86 (1)

Where:
 TIV =  Treton impact value (weight % not 

retained)
 APV =  Aggregate pliers value (% particles 

withstanding test)

The correlations of dorbank from the same 
regions with strength performance appear 
to be more prominent, suggesting the 
significance of intrinsic factors of different 
areas influencing strength.

The APV recommended in TRH 14, as 
a quality evaluation for calcrete wearing 
courses of gravel roads, is between 20% and 
75%. In a suggested improvement of specifi-
cations for gravel wearing courses by Paige-
Green (2007), upper and lower limits for 
Treton impact values are given as between 
20% and 65%. Materials with Treton values 
greater than 65%, such as the samples from 
Aggeneys, tend to break down under com-
paction by a roller and traffic. It is uncertain 
if these recommendations can be applied to 
dorbank, but if so, dorbank performs poorly. 
Dorbank samples from the Vanrhynsdorp 
area comfortably satisfy these requirements 
and those from Vaalputs are borderline-soft 
material, whilst Aggeneys dorbank is far too 
frail (see Figure 9). Therefore, it seems that 
inherent differences across different regions 

significantly impact the strength perfor-
mance of aggregate grains.

From the results of the accelerated 
weathering test (AWT), dorbank is less 
durable than the conventional material 
from the Matjiesfontein area tested by Van 
Wyk (2013) with the same apparatus. The 
reproducibility of such a test is questionable, 
and many replications should be done to 
obtain results representative of the whole. 
Nonetheless, the nature of individual grains 
that withstood the tumbling action and 
wetting and drying cycles, was somewhat 
revealing. Particles that withstood the 
tumbling and rolling action the best were 
more equidimensional to start with, and had 
no intrinsic layering (i.e. massive). From the 
perspective of regional grouping, the mas-
sive dorbank from Vaalputs faired the best 
in this test, as apposed to the platy dorbank 
samples from Vanrhynsdorp.

The twelve-hour submergence in water 
before the selective dissolution test caused 
no dispersion or weakening of particles, 
indicating inactivity of clay minerals in 
the dorbank structure. Carbonates and 
iron oxides are not a source of the primary 

strength of dorbank, which is attributed 
to amorphous silica from strength failure 
during dissolution tests. Where failure of 
particles occurred in the HCl solution, it 
occurred as large fractures along calcrete 
or calcerous soluans.

The nature of soil types hosting dor-
bank certainly influences the morphology 
of dorbank, and therefore also its strength 
and durability:

 Q Dorbank aggregates from soil hosts 
with a greater amount of silt and clay 
were more durable in the APV, APT and 
Treton tests.

 Q There is a positive association between 
dorbanks in finer-grained soil hosts and 
a platy morphology, which in turn influ-
ences the performance in strength tests 
(see previous bullet).

 Q The presence of calcerous soluans influ-
ences the consistency of dorbank beds, 
creating planes along which failure 
can occur.

Mechanical behaviour
The compaction abilities of dorbank 
are relatively poor, the highest modified 

(a) (b) (c)

Figure 8  (a) Backscatter electron image and distribution maps of the concentration of (b) calcium (green) and (c) phosphorous (blue) of a polished 
specimen from sample RB

A
PV

 a
nd

 A
FV

 (%
)

60

50

40

30

20

10

0

Tr
et

on
 v

al
ue

 (%
)

0

10

20

30

40

50

60

70

80

90
WN1 RB1 VP1 VP2a AG2 AG3 AG4 AG5

Samples
AFV APV Treton value

Figure 9  Results from dry aggregate plier tests and Treton impact tests; note that the Treton values 
are plotted on an inverse scale to show the relationship with the APT more visually

20  μm 100  μm 100  μm



Journal of the South african institution of civil engineering Volume 62 Number 1 March 2020 29

AASHTO dry density being 1 876.4 kg/m3 
(Aggeneys mixture). This can be attributed 
to the coarse sand grading of crushed 
dorbank. In the case of the Vanrhynsdorp 
mixture, a relatively flat compaction 
curve (refer to Figure 10) is indicative 
of a low sensitivity towards change in 
moisture content.

The bearing strength of dorbank is 
very low, according to the soaked CBR 
results. Generally, standard deviations of 
CBR results are high, and engineers often 
struggle to produce consistent outcomes 
(Gregory & Cross 2007). Even bearing this 
in mind, the CBR values are still very low. 
The cohesionless properties were further 
highlighted by the direct shear test (DST) 
results (Figure 11). The apparent cohe-
sion values at densities 1 906 kg/m3 and 
1 720 kg/m3 are close to zero, confirmed by 
the Atterberg limit results, but also expect-
ed from the coarse grain-size distribution.

Evidently, the grain size distributions 
of dorbank will need improvement by the 
addition of fines to increase packing effi-
ciency and remoulding abilities, supporting 
the particle size distribution results not 
conforming to the suggested envelopes.

A good relationship between the tested 
California Bearing Ratio of materials and 
the ultimate bearing capacity (R2 = 0.9788) 
was found by Gregory and Cross (2007), 
based on the bearing capacity equation 
for vertical loading by Meyerhof (1963). 
The relationship at 2.54 mm penetration 
depth of a standard CBR apparatus with a 
piston-base area of 1 620 mm2 and 54.4 N 
surcharge weight can be written as:

CBR = 
qult × 100

6 895

The predicted bearing ratios (29.9% and 
19.9%) are much higher than the tested 
CBR at 2.54 mm penetration depth (18.9% 
and 14.7%). In a study on this standard 
procedure of crushing oversized material 
and its effects on variation in CBR results, 
Savage (2014) found a significant increase 
in the variability of results in relation to 
the amount of oversized material that 
required crushing. For samples contain-
ing 30% and 40% oversized material the 
variations from mean CBR results are 
between 20% and 43%, and between 30% 
and 75% respectively (Savage 2014). The 
CBR values obtained in this study may well 
be indicative of the same kind of variation 
(oversized material was greater than 30%). 
CBR as a design standard received negative 
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(b) Dry density = 1 905.6 kg/m3; moulding moisture content = 12%
(Peak parameters) c’ = 3 kPa; φ’ = 46.5°

(Critical state parameters) c’ = 4 kPa; φ’ = 45°
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Figure 11  The relationship between shear stress and normal stress for the peak and critical states 
of the two sets of sub-samples
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critique, because it is not based on a test-
ing program, but rather on the notion that 
density has a positive linear relationship 
with strength (Sanchez-Leal 2002).

A further possible explanation is the 
influence that the soaking period has on 
pedogenic materials. Strength loss due to 
soaking is apparent in both lateritic and 
gypsiferous soils (Ampadu 2007; Razouki & 
Bushra 2016).

gravel wearing course 
considerations
The recommendations made in TRH 20 
have been compiled to compensate a lack 
of experience and included in the Standard 
Specifications for Road and Bridge Works 
for State Road Authorities (COLTO 1998). 
The grading coefficient (GC) should be 
between 16 and 34 for unpaved rural roads 
(COLTO 1998). Apart from AG2, the sam-
ples’ grading coefficients fall close to the 
lower end of the recommended coefficients, 
emphasising the low proportion of finer-
grained fractions. This is also highlighted 
when grain size distributions are compared 
with the grading envelope recommended 
in TRH 14 (see Figure 4), where material 
passing the 13.2 mm sieve is proportion-
ally lower than recommended. Material 
passing the 0.425 mm sieve behaves non-
plastically, and the authors were unable 
to obtain Atterberg limits and bar linear 
shrinkage limits by the methods in TMH 1 
(CSRA 1986). 

Extensive research of unpaved roads 
in South Africa has led to performance 
predictions based on the relationship 
between the grading coefficient (GC) and 
the shrinkage product (SP = linear shrink-
age × percentage passing the 0.425 mm 
sieve) (CSRA 1990). The cohesionless 
nature of dorbank will be susceptible to 
form corrugations and cause ravelling 
(formation of loose material). Cohesionless 
gravel courses require regular material 
replenishment and scraping with a grader 
blade, and, should dorbank gravel not 
be modified to increase the cohesion, 
this will be a problem. Whilst road dust 
is predominantly silt-sized particles 
(0.002–0.075 mm), most roads materials 
will produce dust regardless of the amount 
of silt they contain. The best probability 
of acceptable dust levels in South Africa 
were found for materials with SP values of 
between 100 and 240, a requirement that 
dorbank does not satisfy.

A well-graded gravel course is also 
necessary to combat gravel loss. The 

TRH20 manual proposes the use of a gravel 
prediction model accurate to within 11 mm 
per annum, based on the findings of Paige-
Green (1989):

AGL =  3.65[ADT(0.059 +0.0027N – 
0.0006p26) – 0.367N – 0.0014PF + 
0.0474p26] (2) 
 (5.5 in Paige-Green 1989)

Where:
 AGL = annual gravel loss (mm)
 ADT = average daily traffic
 N =  Weinert N-value (see Section 2.3.2: 

Durability in Paige-Green 1989)
 p26 =  mass percentage passing the 

0.26 mm sieve
 PF =  product of plastic limit and mass 

percentage passing 0.075 mm sieve

According to the aggregate hardness 
recommendations by Paige-Green (2007), 
based on Paige-Green and Bam (1995), dor-
bank from the Aggeneys area (AG2–AG5) 
is too “soft” for usage, whereas dorbank 
aggregates from the Vanrhynsdorp and 
Vaalputs areas are well within the require-
ments. This was echoed by the APV and 
APT results, where Aggeneys samples do 
not meet the lowest hardness requirements 
for calcrete wearing courses. The break-
down of large aggregates causes excessive 
loose material and increases the suscepti-
bility to ravelling, all the while increasing 
the maintenance needed.

considerations for flexible 
pavement structures
According to the recommendations 
(CSRA 1990; COLTO 1998), dorbank can be 
classified as G6 or G5 quality gravel at best, 
the biggest drawback being the low CBR 
strength. As for the recommended flakiness 
index, Atterberg limits, electrical conductiv-
ity and percentage swell, most dorbank sam-
ples meet the requirements of a G4 material. 
On the other hand, their particle size distri-
butions would need modification to become 
a G4 or even a G5 material (Figure 4). Only 
sample VP1 from Vaalputs satisfies the 
G5 grading requirement. All samples are 
coarse-grained, and are particularly void in 
material passing the 2 mm sieve.

conclusions and 
recoMMendations
There are intricate relationships between 
the nature of dorbank and its host soil, and 
between dorbank and calcrete, where they 
are found in association, with implications 

on how they respond to engineering tests. 
For example:

 Q Morphology has an influence on aggre-
gate impact and strength tests – platy 
dorbank resists disintegration in the 
Treton test, and produces higher AFV 
and APV.

 Q The activity and cohesion of clay 
minerals are not well expressed in 
conventional Atterberg limit tests and 
direct shear tests, probably because of 
suppression by cementing silica.

 Q The strength of aggregate particles 
influences the grain-size distribution of 
material greater than 2 mm in size, i.e. 
dorbank with a low aggregate strength 
contained less material between 2 mm 
and 37.5 mm.

 Q Internal weaknesses, such as calcerous 
soluans and dorbank laminae, reduce 
the durability of dorbank.

 Q A fair correlation exists between the 
Treton value and the aggregate pliers 
value of dorbank.

As a crushed granular material, dorbank 
revealed three undesirable traits – a low 
soaked strength, deficiency in material 
passing the 2.00 mm sieve (GM between 
2.57 and 2.82), and a seemingly high 
affinity towards weathering. Dorbank also 
weathers much quicker than other natural 
material from the Karoo, such as tillite, 
shale, sandstone and quartzite. On the 
other hand, dorbank does not have overly 
flaky aggregates and is non-plastic.

When considering the potential of dor-
bank crushed in its present condition for a 
gravel wearing course, low shrinkage factors 
(SF) are concerning, raising the expectation 
of the formation of corrugations, ravelling 
and excessive dustiness. Furthermore, 
low plastic factors (PF) raise the predicted 
re-gravelling frequency. Otherwise the 
aggregate strengths of most dorbanks are 
sufficient, according to available literature, 
with Treton values of lower than 65% for the 
16.0 mm to 19.0 mm fraction. Concerning 
the use of crushed dorbank in the prism of 
sealed roads, dorbank satisfies the maxi-
mum Atterberg limits, percentage swell and 
flakiness requirements of a South African 
G4 material, but the grading requirements 
of a G4 gravel are not fully met, and most 
dorbank samples also do not meet the grad-
ing requirements of a G5 gravel. What is 
more, the soaked CBR value of the dorbank 
mixture of samples from the Aggeneys area 
are too low for consideration as a constitu-
ent in the road prism.
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Dorbank is extremely variable in its 
natural state. It is recommended that:

 Q The soaked aggregate strength of dor-
bank should be investigated.

 Q Proper Venter tests should be conducted 
for a better understanding of the dura-
bility of dorbank (Venter 1980).

 Q Quantitative XRD analysis of fines 
should be conducted along with the 
SEM methods performed in this study.

 Q The economic viability of using dorbank 
should be investigated.

 Q The use of dorbank as an in-situ found-
ing layer should be investigated.
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introduction

background
With notable improvements in both active 
and passive intervention strategies for 
fire safety, multi-storey timber structures 
are regaining popularity inter nationally, 
fuelled especially by the low carbon 
footprint of timber as a construction 
material. Material flaws, weaknesses 
and anisotropy of timber are generally 
overcome by combining multiple timber 
layers into laminated timber products 
such as glued-laminated timber (Glulam), 
longitudinally laminated timber (LLT), 
and cross-laminated timber (CLT).

CLT is a timber composite that was 
developed to address the inherent aniso-
tropic nature of timber. CLT comprises 
timber planks arranged into layers (lamina) 
stacked in an alternating orthogonal pat-
tern, which is then glued and compressed 
together to make a single solid timber 
panel (Burback et al 2017).

CLT is commonly used as wall and floor 
slabs in multi-storey timber buildings, but 

the fire resistance of CLT in these build-
ings remains a topic of ongoing research. 
Although significant international research 
has been conducted, it is unclear whether 
these studies can be applied to CLT prod-
ucts manufactured from timber species 
grown locally in South Africa (SA), in 
particular SA pine and eucalyptus, the most 
commonly used timber species for CLT in 
SA. With this in mind, an investigation of 
the fire resistance of locally produced CLT 
products has been carried out, the results of 
which are presented here.

effect of lamination
Delamination, in which the outermost 
charred layer of a laminated timber 
composite detaches from the underlying 
bulk as a result of fire exposure and/
or failure of the adhesive (Johansson & 
Svenningsson 2018), results in the loss of 
the insulation and protection provided by 
the charred layer to the underlying timber. 
The effect of this is that virgin wood is 
exposed to the fire, the fire reignites, 
and the extent of charring is increased. 

fire tests of south african 
cross-laminated timber wall 
panels: fire ratings, charring 
rates, and delamination
S van der Westhuyzen, R Walls, N de Koker

Cross-laminated timber (CLT) is a product consisting of multiple timber layers (lamina) 
face-glued together to form structural wall and flooring systems. Internationally its use 
is growing rapidly, although its fire resistance is a topic of ongoing research. This study 
investigates the fire resistance of CLT wall panels manufactured locally from South African 
pine and eucalyptus, the most commonly used timber species for CLT in South Africa, 
through SANS10177-2 compliant fire tests of two 100 mm (33-33-33) thick CLT wall panel 
samples with dimensions of 0.9 m × 0.9 m. In addition to insulation and integrity fire 
resistance ratings, the study characterises the charring rate and delamination behaviour of 
CLT. The recommended integrity and insulation fire resistance ratings for the 100 mm thick 
SA pine and eucalyptus CLT samples is 60 minutes and 90 minutes respectively. The average 
charring rate calculated for the SA pine CLT and eucalyptus CLT panels was 0.95 mm/min and 
0.76 mm/min respectively. These values are higher than charring rates for bulk timber, due to 
significant delamination observed in both tests. Associated structural fire resistance rating 
was estimated for each CLT panel by rational design, giving structural resistance times of 
29 mins and 36 mins for the SA pine and eucalyptus CLT, respectively. These times are notably 
smaller than the insulation and integrity fire ratings reported above, but are only relevant to 
load-bearing walls. As a result, the tested CLT panels can only be used in multi-storey timber 
buildings as non-loading bearing walls.
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This will prolong the fire and cause more 
damage.

The type of adhesive used for bonding 
timber layers together varies from coun-
try to country. Polyurethane (PU)- and 
melamine formaldehyde (MF)-based adhe-
sives are the most commonly used options 
for CLT production in Europe (Johansson 
& Svenningsson 2018) and North America 
(Xu 2013). South Africa mainly uses 
one-component PU-adhesives, which has 
the disadvantage that it tends to perform 
poorly in fire (Klippel 2014). Similarly, in a 
recent study concluded by Lu et al (2018) 
it was shown that eucalyptus bonded with 
PU-adhesive provides poor resistance to 
delamination and shear.

fire behaviour
In order to investigate the fire resistance 
of locally produced CLT it is necessary to 
provide an overview regarding timber and 
CLT in fire.

Timber in fire
Following an initial heating phase in tim-
ber exposed to fire, a process of thermal 
degradation known as pyrolysis starts to 
take place at about 260–300°C (Frangi et al 
2009), producing combustible gasses and 
resulting in a loss of mass of timber due 
to evaporation and migration of moisture 
(Tsantaridis 2003). Following this, a char 
layer – the remaining layer of burnt wood 
which grows in thickness as pyrolysis 
continues – is formed on the fire-exposed 
surface, as shown in Figure 1 (adapted from 
Buchanan 2002). The char layer acts as a 
natural insulator for the underlying timber, 
due to its low effective thermal conductiv-
ity (Lineham et al 2016).

Charring of timber
The intensity of charring is generally char-
acterised via the charring rate (β), describ-
ing the depth through which timber chars 
in a given time window. That is:

β = 
dch

tf
 (1)

Where:
 dch  is the charring depth for one- 

dimensional charring, and 
 tf is time of fire exposure.

One-dimensional charring, as expressed 
in Equation 1, is typically applied when 
a single flat surface is exposed to fire. 
EN 1995 assumes one-dimensional 

charring to be constant with time. In the 
case of two-dimensional charring, at least 
two surfaces would have to be exposed to 
fire. As a result, two-dimensional charring 
is used to include the effects of charring 
rate for corners and fissures (EN 1995). 
Only one-dimensional charring will be 
considered for this specific investigation. 
In reality, the rate of charring does not 
remain constant, as it is dependent on sev-
eral parameters, such as timber species, 
wood density, moisture content, adhesive 
used, cladding and the stage at which the 
fire is in.

Due to the slow predictable charring 
rate of thick timber members, a number 
of studies have shown that good fire rat-
ings can be obtained by timber elements 
(Östman et al 2017). Although timber is 
combustible and experiences a reduction 
in cross-sectional area during a fire, the 
section which is not burning (the interior 
of the member) does not lose mechanical 
strength, and still provides the same resis-
tance as before the fire. This allows heavy 
timber systems to maintain significant 
structural capacity for prolonged periods of 
time during fires (Dagenais et al 2013).

Second layer

Partially delaminated 
first layer

Third layer

Grain direction

Unburnt wood

Char layer

Pyrolysis layer

Fire exposure

Figure 1  Cross-laminated timber wall panel exposed to fire (adapted from Buchanan (2002))
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Charring and delamination of CLT
In many cases the charring rate of CLT 
may be greater than that of solid timber, 
because imperfect bonds and voids 
between layers accelerate charring. In a 
recent study of charring in CLT, Klippel 
and Schmid (2018) noted that CLT has 
similar behaviour and charring rates to 
timber if the individual charred layers do 
not fall off (delaminate). However, they 
noted that if delamination does occur, the 
charring rate increases rapidly.

Based on these conclusions, Klippel and 
Schmid (2018) proposed a charring model 
similar to that adopted by EN 1995 for 
charring of timber with a protective layer in 
place (Figure 2). According to this model, 
charring occurs in three main phases. 
During Phase 1 the timber is below 300°C 
(due to outer laminae or a retardant layer), 
and no charring occurs (charring rate is 
zero). Phase 2 begins once the timber starts 
charring, and is characterised by a charring 
rate of β2. Phase 3 begins when the charring 
layer has accumulated a sufficient thickness 
to slow the charring of the remaining tim-
ber to a rate of β3. EN 1995 indicates that a 
char thickness of 25 mm provides enough 
insulation to reduce the charring rate by 
50%, signalling the transition from Phase 2 
into Phase 3.

Delamination effectively exposes previ-
ously protected wood surfaces to the fire, 
increasing the charring rate and making 
new fuel available, with the danger of a 
second flashover occurring (Johansson & 
Svenningsson 2018; Li et al 2016).

eXPeriMental setuP

clt test samples
One of the main objectives of this study was 
to investigate the fire resistance of CLT pro-
duced locally in South Africa. The CLT test 
samples used in the fire test were provided 
by XLAM South Africa. XLAM produces 
CLT according to the newly proposed South 
African standard for performance-rated 
CLT, which in turn is based on the APA/
PRG 320 standard (ANSI 2017).

In order to investigate the fire resist-
ance of CLT, two separate CLT panels 
were tested. Each test was conducted 
on a 100 mm thick 0.9 m × 0.9 m CLT 
panel, made from SA pine in the first test 
and eucalyptus in the second. The panel 
thickness is that of a typical wall element 
produced by XLAM South Africa, consist-
ing of three 33 mm thick layers of alternat-
ing grain-direction glued together with 
polyurethane adhesive.

Density and moisture content for the 
two CLT panel results for the effective den-
sity of the CLT are summarised in Table 1. 
Based on these values, the eucalyptus can 
be regarded as S7 grading, whereas the SA 
pine is S5 grading, according to the grading 

of SANS 1783-2 (SANS 2013b). This satis-
fies the necessary requirements for the 
manufacture of CLT, although it is noted 
that the sampling was not done in exact 
accordance to SANS 1783-1 (SANS 2013a).

experimental equipment 
and methodology
The experimental setup consisted of a fur-
nace with the CLT panel built into one wall 
using brick and mortar, which is a standard 
setup for fire testing, for example also used 
by Johansson and Svenningsson for fire 
tests of Scandinavian CLT (Johansson & 
Svenningsson, 2018).

Furnace
The two fire tests were conducted at 
the facilities of Ignis Fire Testing, using 
a furnace conforming to SANS 10177-2 
(SANS 2005) (Figure 3). The temperature 
inside the furnace was regulated using 
a modulating gas burner to follow the 
standard ISO 834 fire curve, within the 
tolerance limits allowed by SANS 10177-2 
(Figure 4). The average temperature within 
the furnace was measured with ten Type K 
thermocouples placed at different heights 
in the furnace.

Thermocouple positioning
Studies have shown that an outer char 
layer is observed when a temperature of 
260–300°C is reached in timber (Yang 
et al 2009). The progress of the charring 
front can therefore be tracked using a 
series of thermocouples at systematically 

Figure 3  Ignis Fire Testing Furnace

Side view FronT view

Chimney

Observation hole

Gas burner

Thermocouples

Heat flux monitor

SA pine CLT panel

Table 1 Effective density of CLT panels

species
Moisture 
content 

effective 
density 
(kg/m3)

SA pine CLT panel 14.2% 479

Eucalyptus CLT panel 14.8% 552
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shallower depths (Figure 5), by identify-
ing the progress of the reference charring 
temperature, 300°C in this case (Johansson 
& Svenningsson 2018). Nine sets of seven 
Type K thermocouples with a 2 mm diam-
eter were cemented into the CLT samples 
at consecutive 16.5 mm depths, as shown 
in Figure 5. These depths were chosen to 
measure the time it takes for the charring 
front to reach the bond line and middle of 
each layer.

Delamination measurement
Observation of the progress of the test 
through the observation hole (Figure 3) 
served as the primary means of determin-
ing whether delamination had occurred. 
An oxygen measurement approach can also 
be used, although this proved ineffective 
due to the relative sizes of the furnace and 
CLT panel. A smaller furnace or a larger 
CLT panel may have rendered oxygen 
measurement more effective (Johansson & 
Svenningsson 2018).

Local failure
The test was stopped once integrity failure 
had occurred, which was taken as the 
moment flames broke through the external 
surface of the CLT panel (i.e. the side 
not directly exposed to the flames inside 
the furnace).

results and analysis

overall clt sample performance
Integrity failure times were 66 minutes 
and 105 minutes for the SA pine CLT and 
eucalyptus CLT panels, respectively. The 
eucalyptus CLT therefore performed sig-
nificantly better than the SA pine CLT. The 
eucalyptus was observed to burn different-
ly compared to the SA pine. The SA pine 
burned quite uniformly without any ‘pop-
ping’ of the timber. The eucalyptus, on the 
other hand, burned aggressively with small 
pieces of timber popping off and making 
significantly more noise. Additionally, the 
crocodile/map cracking pattern (Figure 6) 
of the eucalyptus was much finer than the 
large block cracks of the SA pine.

failure mechanism of clt
Both the SA pine and eucalyptus CLT panels 
failed as a result of the fire burning through 
the spacing between the vertical/horizontal 
planks of the respective CLT panels. The 
charring front had only started to enter the 
final layer (see below), yet the non-uniform 

propagation implied for it resulted in 
integrity failure. As failure approached, the 
gaps between intra-laminar planks started 
widening, after which smoke started to 
exit through these gaps. The flames within 
the furnace could be seen from the outside 
through the gaps, and moments after the 
timber surface had started to darken on the 
outside surface, flames appeared through 
the gaps. Once the hole was large enough, 
air was sucked into the furnace via the hole, 
significantly increasing its growth rate.

delamination
Delamination of both the first and second 
layers was clearly visible during the tests 
of both the SA pine and the eucalyptus 
CLT samples.

SA Pine
For the test of the SA pine sample, images 
(a) and (b) of Figure 6 clearly show how 
the charred remains of a timber plank had 

fallen off the burning surface of the panel, 
thus exposing the second layer of planks 
to the fire. Within 35 minutes of the test 
the second layer of the CLT became clearly 
visible as a result of the widening of the 
vertical gaps between the planks. Images 
(c) and (d) of Figure 6 further illustrate how 
the first layer delaminated. After a period 
of 40 minutes, more than 50% of the first 
layer was seen to have delaminated, with 
near-complete delamination of this layer 
observed 50 minutes into the test.

Eucalyptus
The eucalyptus sample also showed clear 
signs of delamination of the first and the 
second layer, as shown in images (e) and (f) 
of Figure 6. Interestingly, when compar-
ing the two timber species, delamination 
occurred much later in the test for the euca-
lyptus, consistent with the observed lower 
charring rate (see below). At approximately 
48 min the second layer became clearly 
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visible through the gaps in the distorted first 
layer, while the first signs of delamination 
occurred around 50 minutes into the test. 
Towards the end of the test, portions of the 
first layer were found to still be intact.

At approximately 80 minutes the third 
layer became visible, and delamination of 
the second layer started roughly 95 min-
utes into the test.

charring rate
The progress of the charring front into the 
CLT panels is summarised in Figures 7 and 
8. The process of inferring the progress 
of the charring front and determining 
the charring rate is illustrated in Figure 7 
for point 5 and point 7 on the SA pine 
and eucalyptus samples, respectively 
(sample position numbers are as shown on 

Figure 5). A temperature of 300°C was used 
as the reference temperature for charring, 
and the time that elapsed between the start 
of the test and each thermocouple reaching 
300°C was recorded.

The gradient of a linear trend line 
describing the progress of the charring front 
(time vs depth) then gives mean and vari-
ance of the charring rate for each of the nine 

Figure 6  Images of the pine and eucalyptus samples in the furnace during the fire test, illustrating how delamination occurred
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points on a given sample. Following this 
process for all nine points on each of the 
two panels (Figure 8), a summary of char-
ring rates is given in the bottom two panels 
of Figure 7. Note also the horizontal sections 
of the time-temperature curves at 100°C in 
Figure 7, which are due to the latent heat of 
moisture evaporating in the timber. While 
the charring rate is unaffected by this phe-
nomenon, the time to initial charring will be 
affected by moisture content.

discussion

charring rate
As seen in Figure 8, most of the surface 
of each CLT panel charred at an approxi-
mately uniform rate. Integrity failure 
nonetheless occurred notably earlier than 

would be suggested by the progress of the 
charring front, with the joints between 
intra-layer planks charring out ahead of 
the average front. The integrity-test failure 
times suggest a local effective charring rate 
of 1.5 mm/min for SA pine, which is nota-
bly faster than the range of values reported 
in Figure 8. Careful consideration of such 
local effects is necessary when using char-
ring rate in performing rational designs 
with CLT.

The choice of 300°C as the charring ref-
erence temperature may appear somewhat 
arbitrary. However, using a reference tem-
perature of 260°C yielded almost identical 
average charring rates for both CLT panels. 
This finding is not surprising, given the 
rapid rise in temperature seen at any given 
thermocouple between 200°C and 350°C 
(Figure 7).

Previous fire tests carried out on 
European CLT panels (Klippel 2014; Stora 
Enso Southern Africa 2012; Teibinger & 
Matzinger 2010) yielded charring rates 
of between 0.61–0.68 mm/min for wall 
and floor elements made from CLT, i.e. 
values similar to that of solid timber, with 
Teibinger and Matzinger (2010) calculating 
a charring rate of 1.5 mm/min in floor pan-
els once delamination of the second layer 
had occurred. SANS 10163-1 (SANS 2003)
provides a charring rate of 0.8 mm/min 
for timber with an average density of 
450 kg/ m3, whilst timber with a higher 
density has a charring rate of around 0.6 
mm/min. Comparison of these values to 
the average values reported here, suggests 
that the observed extensive delamination 
resulted in an overall increase in the char-
ring rate. A second factor could be the 
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difference in timber properties – lower 
density timber will tend to char at a 
higher rate. Most of the literature on CLT 
charring rates covers tests performed on 
European or American timber species, 
which is typically denser than South 
African timber.

The notably higher observed charring 
rates compared to the values for solid 
timber (Klippel et al 2014) can be under-
stood in terms of the model (Klippel & 
Schmid 2018) discussed in the introduction 
(Figure 2), which predicts that the charring 
rate should be notably higher in the pres-
ence of delamination. The model requires 
a 25 mm thick insulation layer to form I 
in order to reach the lower charring rate 
of solid timber. In the case of this work, 
such a layer never forms, so that the CLT 
charring front always remained in Phase 2, 
where charring is accelerated.

integrity and insulation rating
The three failure/acceptance criteria as 
expressed by SANS 10400-T for a standard 
fire resistance test include structural 
resistance (R), integrity (E) and insula-
tion (I) (the REI symbols are not used in 
SANS 10400, but included below for ease 
of understanding). For this specific test, 
the failure/acceptance criteria for integrity 
(E) and insulation (I) were tested directly. 
Structural resistance can be determined 
using a rational design approach (Cicione 
& Walls 2019), as discussed in the fol-
lowing section, but as was already noted 
above, care is required in the choice of 
charring rate.

In both the CLT panels considered, 
both integrity and insulation requirements 
were satisfied up to the point where integ-
rity failure occurred. The SA pine CLT 
panel lasted for approximately 66 minutes 

before local failure, thus satisfying the 
requirements for a fire resistance rating 
of 60 minutes for insulation and integrity 
(EI60). The eucalyptus CLT panel lasted 
for approximately 105 minutes before local 
failure, satisfying the requirements for a 
fire resistance rating for insulation and 
integrity of 90 minutes (EI90).

The gaps that were observed forming 
between individual planks in the CLT lay-
ers, are seen as one of the main reasons for 
local failure of the CLT panels. CLT panels 
are typically manufactured by face-gluing 
individual planks to adjacent planks in the 
layer above. During the fire test the gap 
width between adjacent planks increased 
significantly, thus allowing a path for fire 
migration between adjacent planks. It may 
therefore be of use to investigate the effect 
of edge-gluing in combination with face-
gluing to prevent the flames from entering 
between adjacent planks. If the adhesive is 
sufficiently heat-resistant, this may delay 
two-dimensional charring, decreasing the 
overall charring rate of the CLT panel.

Note that these ratings are only relevant 
to CLT wall panels, as CLT floor panels 
will be more susceptible to delamination 
due to the orientation of gravity, so that 
the adverse effect of delamination on the 
integrity resistance can be expected to be 
more severe. Premature failure of the adhe-
sive due to exposure to fire may also result 
in delamination. Future research should 
focus on both the type of adhesive, as well 
as layer thickness for the fire resistance of 
CLT panels.

structural resistance rating
Figure 9 is provided to illustrate the 
process for the determination of rational 
structural resistance times for a vertically 
loaded 2.4 m high and 100 mm thick wall 
panel. The thickness of the wall panel is 
taken to correspond to that considered 
in the preceding sections, although 
cross-lamination is substituted with a lon-
gitudinal lamination arrangement (LLT). 
For a characteristic load of 100 kN/m, the 
ambient design load is 150 kN/m while 
the fire limit state design load is 70 kN/m 
(computed using partial and combination 
factors specified in EN 1995. Ignoring 
eccentricity effects, a simple structural 
capacity check using one-dimensional 
Euler buckling (un-conservative) illustrates 
the loss of structural capacity (Figure 9). 
For charring rates corresponding to those 
determined in the preceding section, 
structural resistance times of only 29 mins 
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and 36 mins are obtained, notably smaller 
than the integrity fire ratings reported 
above. These resistance times will decrease 
further if the effect of eccentricity and of 
locally accelerated charring in laminated 
timber is taken into account (EN 1995).

This example illustrates the extent to 
which the integrity rating is not a good 
indicator of the structural rating. However, 
while it is desirable to perform a fire test 
of an element in its loaded state, this is not 
often practical. As an alternative, experi-
mentally determined charring behaviour 
can be used in rational design for structur-
al fire ratings by comparing the decaying 
resistance capacity to that required by the 
fire limit state.

conclusions
The objective of the study was to deter-
mine the charring rate of CLT manu-
factured out of SA pine and eucalyptus, 
and compare these results to existing 
literature. A polyurethane adhesive was 
used for the samples, based on current 
local practice. The average charring rate 
calculated for the SA pine CLT and euca-
lyptus CLT panels was 0.95 mm/min and 
0.76 mm/ min, respectively. These values 
are higher than the recommended char-
ring rates, which range between 0.61 mm/
min and 0.68 mm/ min. This may be due 
to differences in physical properties, such 
as a higher density timber being used 
internationally.

The insulation and integrity fire resis-
tance ratings of 60 and 90 minutes are very 
significant for the South African timber 
industry. Consistent with international 

trends, the use of timber as a construc-
tion material does not have to be limited 
to low-rise buildings, and could be viably 
extended to three- to ten-storey buildings 
in the context of a 90-minute rating.

Structural resistance fire ratings will 
be required in order to obtain regulatory 
support for such multi-storey structures 
if members are load-bearing. Loaded 
tests can be performed, but are often 
limited in their scope and geometry. 
Rational design for fire safety can provide 
insight into a broad range of structural 
systems (Walls et al 2014; Walls 2016), but 
requires that charring behaviour is well 
understood. Future work should focus 
on better characterising the localised 
variations in the charring, especially in 
the context of different adhesives and 
lamination geometries.
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introduction
Engineers and other technically skilled 
people working in the engineering envi-
ronment can be classified as knowledge 
workers. Knowledge workers are defined 
as individuals who possess prior knowl-
edge, education and skills, and draw on 
their experience in an organisation to 
develop their knowledge and skills further 
(Jayasingam & Yong 2013). Knowledge 
workers are unique, because their 
knowledge is embedded in the individual 
rather than the organisation. Retention of 
knowledge workers is, therefore, critical 
for preventing loss of information in any 
organisation that relies on intellectual 
capital for success (Giauque et al 2010; 
Jayasingam et al 2016).

Retaining knowledge workers is of 
particular importance to the engineering 
environment in South Africa, given the 
current shortage of engineers. At a national 
level, South Africa has a ratio of GDP to 
number of engineers of $16.4 million/
engineer, 20 percent higher than other 

countries such as Australia, USA, Ireland 
and Canada who are signatories to the 
Engineers Mobility Forum (Watermeyer 
& Pillay 2012). As these authors explained, 
maintaining a healthy quota of engineers 
is important for ensuring delivery of 
infrastructure to support socio-economic 
growth and sustainable development. 
However, in the past 15 years, there have 
been times where close to 100 percent 
of the firms surveyed by Consulting 
Engineers South Africa (CESA) had been 
experiencing difficulties in recruiting engi-
neers (CESA 2016).

Actual employee turnover is closely 
linked to turnover intention (Chen 2005), 
defined as “a conscious and deliberate 
willingness to leave the organisation” 
(Egan et al 2004:286). Individual turnover 
intention has been found to be reduced 
when employees develop organisational 
commitment. Klein et al (2012) defined 
commitment as a “volitional psychological 
bond reflecting dedication to or responsi-
bility for a particular target” (p 138). When 
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Organisational commitment has been consistently linked with positive workplace outcomes 
such as increased job satisfaction and reduced intention to quit, important considerations for 
retaining critical skills such as those possessed by knowledge workers. This research explored 
factors that influenced knowledge worker organisational commitment in the South African 
consulting engineering environment. A quantitative cross-sectional study was conducted 
through an online survey at one office of a multinational professional services company 
employing mainly engineers, eliciting 104 responses. The questionnaire comprised established 
instruments to reliably measure a selection of organisational commitment antecedents. 
Commitment, both to the organisation, as well as to the employee’s occupation, was measured 
using a validated “unidimensional target-free” conceptualisation of the commitment construct 
that is arguably less confounded than previous measures. Organisational commitment was 
found to be positively correlated with perceived organisational support, satisfaction with 
pay, autonomy and occupational commitment. The strongest correlation was found with 
occupational commitment, which was found to be stronger than organisational commitment. 
These findings contribute to the understanding of how South African knowledge workers’ 
organisational commitment can be influenced. In turn, managers of engineers may gain useful 
insights in terms of how to encourage engineers’ willingness to stay at the organisation.



Journal of the South african institution of civil engineering Volume 62 Number 1 March 2020 43

the commitment bond forms between an 
individual and an organisation, it binds 
the individual to the organisation, reduc-
ing the likelihood of the person leaving 
(Meyer & Herscovitch 2001). In addition to 
reducing turnover intention, organisational 
commitment encourages other desirable 
work outcomes, such as increased job sat-
isfaction, reduced absenteeism and in-role 
performance (Klein et al 2012; Jayasingam 
& Yong 2013; Jayasingam et al 2016; Meyer 
2009; Meyer & Herscovitch 2001). It is 
thus in management’s best interest to 
nurture employees’ commitment to the 
organisation.

There are a variety of factors that have 
been found to motivate and retain knowl-
edge workers and influence their levels of 
organisational commitment. These factors 
include the freedom to act autonomously 
(Jayasingam et al 2016), challenging and 
fulfilling work (Horwitz et al 2003), co-
worker and supervisor support (Benson 
& Brown 2007), perceived organisational 
support (Giauque et al 2010) and, to an 
extent, satisfaction with pay (Jayasingam & 
Yong 2013). Furthermore, there is a strong 
relationship between knowledge workers’ 
commitment to their occupation (or pro-
fession) and their organisation (Horwitz et 
al 2003). Knowledge workers thus possess 
qualities and characteristics that require 
tailored approaches in order to encour-
age organisational commitment and its 
associated positive outcomes (Horwitz et 
al 2003). There is a paucity of studies that 
have sought to understand the factors that 
specifically influence the organisational 
commitment of South African consulting 
engineers. This study addresses this gap 
and explores antecedents of organisational 
commitment in the South African consult-
ing engineering environment, both at an 
overall level, and by comparing differences 
among selected demographic groups.

literature review

organisational commitment

Defining commitment
Organisational commitment research has 
been ongoing since the early 1960s. As 
Klein et al (2009) explained, the evolution 
of organisational commitment’s definition 
has resulted in a broad array of conceptu-
alisations in which commitment has been 
defined as an attitude, a bond, a force, 
investment or exchange, identification, 

congruence, motivation, and continuance. 
However, for the past two decades, the 
most prominent and well-used conceptu-
alisation has been the Three Component 
Model (TCM), developed by Meyer and 
Allen (1991), which comprises three 
overlapping components: continuance 
commitment, normative commitment, and 
affective commitment.

Firstly, continuance commitment refers 
to a need to stay within an organisation as 
a result of the perceived costs of leaving 
and the benefits of remaining. Secondly, 
normative commitment refers to an 
individual’s perceived obligation to remain 
within the organisation where the person 
feels he/she ought to stay out of a sense of 
duty. Thirdly, affective commitment refers 
to an emotional bond with the organisation 
where the person feels that he/she wants 
to stay out of his/her own volition. Across 
studies, affective commitment was found 
to have the strongest and most consistent 
link with desirable outcomes (Becker et al 
2009). Consequently, some authors have 
reverted to considering affective com-
mitment only, believing that it represents 
the most reliable and strongly validated 
dimension of organisational commitment 
(Solinger et al 2008).

Recently, Klein et al (2012) provided 
an alternative way to measure feelings 
associated with affective commitment 
that addressed these authors’ concerns 
regarding TCM. Firstly, they argued that 
the three components all relate to different 
phenomena, bonds or attachments that 
cannot be grouped together as components 
of commitment, and secondly that the 
concept of commitment applies to all work-
place bonds, not only to the organisation. 
They argued that attempts to conceptualise 
commitment as a multi-dimensional 
construct have led to a “lack of definitional 
clarity” (p 131) and confusion.

Klein et al (2012) posited that different 
forms of extrinsic motivation are linked 
to a discontinuous continuum of bonds or 
“distinct psychological phenomena” (p 133), 
each with their own circumstances and 
outcomes. The authors defined commit-
ment as being a unidimensional construct, 
a specific type of psychological bond that 
has a distinct meaning and similar ante-
cedents and consequences in all contexts. 
Commitment bonds were defined as 
embracing and “volitional psychological 
bonds reflecting dedication to or respon-
sibility for a particular target” (p 138). The 
authors further posited that commitment 

is the result of a conscious decision and is 
therefore more internally than externally 
regulated.

In accordance with their definition 
of commitment as a unidimensional 
construct, Klein et al (2014) developed the 
Klein et al Unidimensional Target-free 
Model (KUTM) scale. It comprises four 
items which, the authors asserted, could be 
used to measure commitment to any target 
(such as an organisation, occupation or 
person). Their testing and validation of the 
scale concluded that KUTM was distinct 
from previous commitment measures 
and offered methodological advantages. 
Comparing KUTM to TCM, Klein et al 
(2014) found that the commitment bond 
was positively and significantly correlated 
with affective and, to a lesser extent, 
normative commitment. Given its strong 
correlation to affective commitment and 
its applicability to different targets, this 
study has adopted the KUTM approach to 
measuring engineering consultants’ com-
mitment to their organisation, as well as to 
their occupation. At the time of conducting 
this research, no studies related to the 
application of KUTM in the consulting 
engineering environment had been con-
ducted, making this a novel approach.

Outcomes of organisational commitment
The importance of understanding and 
evaluating organisational commitment 
is rooted in the correlations established 
between organisational commitment and 
a variety of positive outcomes. Employees 
who are committed to an organisation are 
likely to align with the goals and values of 
the organisation and, thus, exert additional 
effort on the organisation’s behalf, lead-
ing to better job performance (Baugh & 
Roberts 1994; Meyer et al 2002). Klein et al 
(2012) further noted a relationship between 
commitment and action, explaining that 
commitment often has a positive correla-
tion with in-role performance.

In addition to job performance, positive 
outcomes correlated with organisational 
commitment included reduced absentee-
ism (Meyer 2009), increased altruism and 
conscientiousness (Meyer et al 2002), 
increased promotion of the organisation 
to outsiders (Bagraim 2004), higher levels 
of job satisfaction (Baugh & Roberts 1994), 
improved employee well-being (Meyer 
2009) and reduced stress and work-family 
conflict (Meyer et al 2002). Klein et al 
(2012) further noted the importance of 
the correlation between commitment 
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and motivation. Commitment leads to an 
allocation of effort towards supporting and 
participating in the organisation and an 
increased likelihood of allocating personal 
resources, such as time, to the organisa-
tion. Committed employees are more likely 
to be engaged and thus willing to “expend 
personal energies” (Klein et al 2012, p 144) 
on the organisation’s behalf.

Importantly, organisational commit-
ment has consistently been found to be 
significantly negatively correlated with 
employee turnover intention that, in turn, 
is closely linked to actual turnover (Allen 
& Meyer 1990; Chen 2005; Jayasingam 
et al 2016; Klein et al 2012). A study 
examining this link found this true in the 
case of South African knowledge workers 
(Bagraim 2004).

factors influencing 
organisational commitment

Overview of commitment antecedents
Klein et al (2012) tested a variety of com-
mitment antecedents when assessing the 
validity of their new commitment con-
struct. The authors defined five categories 
of commitment antecedents, including 
individual characteristics (values and per-
sonality), target characteristics (nature and 
closeness), interpersonal factors (societal 
influences, social exchange, leader-manager 
exchange, supervisor supportiveness, 
perceived organisational support, psycho-
logical contract), organisational factors 
(cultures, climate and HR), and societal 
factors (cultural and economic). All of 
these factors impact on employee percep-
tions and may lead to the formation of a 
commitment bond. However, for the pur-
pose of this study, only a subset of affective 
commitment antecedents that are known 
to be relevant to knowledge workers, and 
thus engineers, will be discussed. Given the 
paucity of literature on this topic specific 
to engineers, the authors drew on knowl-
edge worker-related literature, as engineers 
exemplify knowledge workers.

Autonomy
Autonomy (or the freedom to act, do things 
differently and plan one’s work) was the 
most commonly mentioned antecedent of 
organisational commitment in knowledge 
workers in general, and engineers in particu-
lar (Benson & Brown 2007; Jayasingam et al 
2016; Malhotra et al 2007; Nazir et al 2016). 
Autonomy has also been frequently linked 
with motivation and retention in knowledge 

workers. A possible explanation for the 
importance of autonomy is that knowledge 
workers possess a strong internal locus of 
control and a desire to feel in control of their 
own destiny. As a result, they appreciate 
high degrees of autonomy and discretion 
in the work environment (Jayasingam & 
Yong 2013).

Rewards and satisfaction with pay
There are conflicting views on the impor-
tance of pay as it relates to knowledge 
workers’ organisational commitment. 
Benson and Brown (2007) and Giauque 
et al (2010) found no correlation between 
satisfaction with pay and affective com-
mitment, and in another study, Malhotra 
et al (2007) found no correlation between 
satisfaction with pay or benefits and 
organisational commitment. The explana-
tion for these findings is that knowledge 
workers care more about personal growth 
and are looking for more than just 
financial compensation (Jayasingam & 
Yong 2013).

However, Jayasingam and Yong (2013) 
found that satisfaction with pay had a 
positive effect on affective commitment 
and that this was more pronounced in 
what they call “low knowledge workers”. 
In “high knowledge workers” it was found 
to be a pre-requisite for affective com-
mitment, but not a motivator above a 
moderate level. Kinnear and Sutherland 
(2000) also found that financial reward 
and recognition had a significant impact 
on commitment and Tam et al (2002) 
found a correlation between satisfaction 
with pay and overall job satisfaction, 
however, not with discretionary work 
effort. According to Horwitz et al (2003), 
offering competitive pay packages was one 
of the most effective strategies in retain-
ing knowledge workers, and dissatisfaction 
with pay was often the reason for knowl-
edge worker turnover.

Co-worker and supervisor support
Both co-worker and supervisor support 
have been found to be primary determi-
nants of both organisational commitment 
and intention to quit in knowledge workers 
(Jayasingam et al 2016; Nazir et al 2016). 
In their comparative study, Benson and 
Brown (2007) found that co-worker and 
supervisor support had a greater influence 
on commitment for knowledge workers 
than for routine workers. Co-worker and 
supervisor support relate to the interaction 
between employees and the organisation. 

An environment which is friendly and 
supportive strengthens the psychological 
commitment bond between the knowledge 
worker and the organisation (Benson & 
Brown 2007). At a more interpersonal level, 
friendships with co-workers and supervi-
sors in an interactive work environment 
can serve as a social incentive to remain 
committed through a felt obligation or 
desire to protect one’s reputation (Dachner 
& Miguel 2015). This can increase 
positive attitudes which, in turn, builds 
commitment.

Organisational support
Perceived organisational support relates 
to the extent to which an individual 
believes that he/she is valued, cared for 
and supported by the organisation and can 
include aspects such as autonomy, active 
listening and encouraging work-life balance 
(Giauque et al 2010). It differs from super-
visor support in that it relates to a percep-
tion about the organisation as an entity 
rather than about a specific person.

In their meta-analysis, Meyer et al 
(2002) found that work experiences corre-
lated strongly with affective commitment, 
with perceived organisational support 
having the strongest correlation. As the 
authors explained, to obtain affectively 
committed employees, an organisation 
needs to demonstrate its own commitment 
by providing a supportive environment. 
Similar correlations were found by Giauque 
et al (2010) in a study specific to knowl-
edge workers, suggesting that providing 
organisational support to engineers might 
encourage their commitment.

Occupational commitment
Using Klein et al ’s (2012) conceptualisation 
of commitment, occupational commitment 
refers to the volitional psychological bond 
between a person and his/her occupation 
(e.g. engineering). Various authors have 
hypothesised about the incompatibility 
of organisational and occupational com-
mitment which results from the conflict 
between occupational self-control 
(autonomy) and organisational bureau-
cracy and controls, and between loyalty 
to an organisation and loyalty to clients 
(Vandenberg & Scarpello 1994). However, 
in general the literature suggests a positive 
relationship between the two variables. 
In a meta-analysis, Lee et al (2000) found 
that occupational commitment correlated 
with an array of positive organisational 
or job-specific outcomes. Individuals who 
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possess a strong psychological bond with 
their occupation are more likely to be satis-
fied within their organisation, and exert 
discretionary work effort. Lee et al (2000) 
further compared organisational and occu-
pational commitment, and found a strong 
correlation, particularly amongst individu-
als working within their field of expertise. 
In one of the few longitudinal studies, 
Vandenberg and Scarpello (1994) were able 
to test causality between the constructs 
and found that occupational commitment 
leads to organisational commitment.

Professionals such as engineers tend to 
identify more strongly with their occupa-
tion than their organisation (Ashforth 
et al 2013; Horwitz et al 2003; Tam et al 
2002), and various authors have found that 
the relationship between the two forms 
of commitment is strongest amongst this 
grouping (Lee et al 2000; Wallace 1993).

research Methodology

approach
A cross-sectional quantitative approach 
was followed. The nature of the study 
was exploratory. A convenience sampling 
approach was taken, with the research 
conducted at Consulticon1, a multinational 
consulting engineering and technical 
advisory company of approximately 6 000 
people. The South African office of the 
company, employing about 500 people, was 
sampled. Knowledge workers were defined 
as technical employees including engineer-
ing technicians, engineering technologists, 
engineers and scientists.

data collection
Data was collected using an online web-
based survey. A pilot study was sent to six 
employees, comprising a draft questionnaire 
and covering mail. The aim of the pilot 
study was to assess the survey length, ensure 
that the wording was easy to understand 
and unambiguous, and to test the function-
ality and usability of the survey platform. 
The revised questionnaire was distributed 
via email. This was a pragmatic choice as 
it saved time in distributing and collecting 
data, allowed participants flexibility to 
complete the survey, eliminated potential 
interviewer bias and ensured anonymity. 
Personnel who were deemed outside of the 
scope of what was defined as knowledge 
workers were filtered out of the analysis 
after data collection, on the bases of level of 
education, occupation and job designation.

sample demographics
A total of 101 usable responses were 
received, resulting in an 18 percent 
response rate. Work pressures, as well 
as possible survey fatigue, may have 

accounted for the low response rate. 
As shown in Table 1, 29 percent of the 
responses were female and 71 percent 
were male, representing the gender split 
in the organisation. Ninety percent of the 

Table 1 Demographics of respondents

demographic 
variable

category
frequency 

(n=104)
Percentage 

(%)

Gender
Male 72 71.3

Female 29 28.7

Nature of 
employment

Full-time 91 90.1

Contract 10 9.9

Age 

< 25 18 17.8

26–35 46 45.5

36–45 10 9.9

46–55 10 9.9

56–65 7 6.9

> 66 3 3.0

No response 7 6.9

Years at 
organisation

< 5 44 43.6

5–9 31 30.7

10–14 6 5.9

15–19 5 5.0

20–24 4 4.0

25–29 2 2.0

> 30 5 5.0

No response 4 4.0

Occupation / 
profession

Engineer / Technologist / Technician 85 84.2

Project Manager 2 2.0

Scientist 7 6.9

Technical Advisor / Planner 2 2.0

Other 5 5.0

Qualification 
level

National Diploma (ND) 7 6.9

Bachelor of Technology (BTech) 15 14.9

Bachelor’s Degree (BA, BSc, BEng, etc) 27 26.7

Honour’s Degree (BSc Hons, BA Hons, etc) 14 13.9

Master’s Degree (MSc, MEng, etc) 33 32.7

Doctoral Degree (PhD) 5 5.0

Job 
designation

Graduate Engineer / Scientist / Technician / 
Technologist

13 12.9

Engineer / Scientist / Technician / Technologist 42 41.6

Senior Engineer / Scientist / Technician / 
Technologist

8 7.9

Specialist 6 5.9

Associate 18 17.8

Director 9 8.9

Other 5 5.0
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respondents were full-time employees 
with ten percent employed on a contract 
basis. Respondents’ ages ranged from 
22 to 75 years, with an average age of 35 
years and median of 29 years. The age 
distribution was clearly negatively skewed, 
with 63 percent of respondents falling into 
the ‘young professional’ bracket, under 
the age of 35 years. However, this was 
representative of the organisation’s age 
profile. As expected, the number of years 
that respondents had been employed by 
the organisation followed a similar trend 
to age.

As Table 1 shows, the majority of 
respondents (84 percent) were in the 
engineering profession. The remaining 16 
percent included scientists, technical advi-
sors or planners and project managers. Of 
the engineering professionals, 8 percent of 
respondents were engineering technicians, 
16 percent were engineering technologists 
and 75 percent were engineers. All respon-
dents had some form of post-matriculation 
qualification.

Lastly, considering job designation, in 
line with the age distribution, 55 percent 
of respondents fell into the junior job 
designation categories, which included 
administrative staff, new graduates and 
those who were still in training towards 
professional registration. The 41 percent 
of senior respondents included registered 
professionals, specialists and those with 
management titles (for example, associates 
and directors).

Measures
Organisational commitment was meas-
ured using KUTM (Klein et al 2014), com-
prising the four items below. A five-point 
Likert scale was used ranging from “Not at 
all” to “Extremely”.
1. How committed are you to your 

organisation2?
2. To what extent do you care about your 

organisation?
3. How dedicated are you to your 

organisation?
4. To what extent have you chosen to be 

committed to your organisation?
For all the independent variables, a five-
point Likert scale was used ranging from 
“Strongly Disagree” to “Strongly Agree”. 
Measures selected were as described below.

 Q Occupational commitment (OC) was 
measured using the four scale items 
of the KUTM (Klein et al 2012) with 
the term “organisation” replaced by 
“occupation”.

 Q Autonomy (AUT) was measured using 
the three items of the Job Diagnostic 
Survey developed by Hackman and 
Oldham (1975), which relate specifically 
to job autonomy. For example:

My job gives me opportunity for free-
dom in how I do my work.

 Q Satisfaction with pay (SP) was meas-
ured using the 18-item Pay Satisfaction 
Questionnaire (PSQ) developed by 
Heneman and Schwab (1985), which 
taps into four dimensions of pay related 
to level, benefits, raises and structure or 
administration. The four items related to 
the “benefits” dimension were removed 
to better align with Consulticon’s pay 
scales, and a few repetitive items were 
removed. Example items for each dimen-
sion of pay included:

I am satisfied with my current salary. 
[Level]
I am satisfied with how my raises are 
determined. [Raises]
I am satisfied with my organisa-
tion’s pay structure. [Structure / 
Administration]

 Q Supervisor support (SS) was measured 
using the nine-item scale used by 
Malhotra et al (2007) and Nazir et al 
(2016), including items that refer to 
participation in decision-making. This 
included scale items such as:

I am satisfied with the way my supervi-
sor helps me achieve my goals.

 Q Co-worker support (CS) was measured 
using the four-item scale used by 
Malhotra et al (2007), which comprised 
items like:

My co-workers are helpful to me in get-
ting my job done.

 Q Perceived organisational support (OS) 
was measured using the shortened form 
(eight items) of the original 36-item 
instrument developed by Eisenberger et 
al (1997). Example items included:

My organisation really cares about my 
well-being.

In terms of the control variables, respond-
ents were asked to provide their gender, 
age, tenure, occupation, highest level of 
qualification, job classification level (using 
terminology relevant to Consulticon), and 
employment status (full-time or contract). 
The control variables were in line with those 
found in most previous organisational com-
mitment studies. Ethnicity was not used as 
a control variable, as it was a concern that 
this would partly jeopardise anonymity by 
creating easy identifiers in conjunction with 
the other control variables.

data analysis methods
Skewness and kurtosis were calculated 
for each set of data to test for normality 
using the statistical analysis functions in 
Microsoft Excel 2016. The Jarque-Bera test 
was then applied to calculate a test statistic 
which, for normally distributed data, has a 
Chi-square distribution with two degrees 
of freedom (Zaiontz 2016). Secondly, the 
D’Agostino-Pearson test was applied, which 
again uses both skewness and kurtosis. In 
addition to the individual tests for skew-
ness and kurtosis above, the combined 
D’Agostino-Pearson test was also performed 
(Zaiontz 2016). For both cases, the Chi-
square function in Microsoft Excel 2016 was 
used. Lastly, a graphical analysis was under-
taken using quantile-quantile (Q-Q) plots.

Pearson’s sample correlation coefficients 
were calculated, and significance of the 
correlations were evaluated using Student’s 
t-test for a correlation (Wegner 2016). The 
use of Student’s t-distribution for testing for 
inference assumes that the bivariate data is 
normally distributed. In addition, Kendall’s 
Tau correlation coefficients were calculated 
using the version adapted for data which con-
tains many duplicates or ties (Zaiontz 2016). 
Kendall’s Tau can be used for hypothesis 
testing even when both sets of data are not 
normally distributed. Based on the tests for 
normality, organisational commitment, satis-
faction with pay and turnover intention were 
normally distributed, whilst the other factors 
were not. Given that four of the seven param-
eters were not normally distributed, Kendall’s 
Tau was selected as the most appropriate 
method for calculation of correlations.

Considering the demographic control 
variables including age, gender, occupation, 
tenure, job position and nature of employ-
ment (full-time or contract), the t-test and 
F-test were applied.

The data was split into two sets using 
the control variables, generally according to 
the median value. The t-test was then used 
to compare the means of the data sets and 
determine whether there were any signifi-
cant differences across the control variables. 
Differences in correlations across the con-
trol variables were also examined, using the 
Fisher Transformation of the Pearson’s cor-
relation coefficients, and the test statistic z 
(Zaiontz 2016). The test statistic is normally 
distributed when the correlations are equal.

For all tests mentioned above, a signifi-
cance value (α) of 0.05 was used. Although 
frequently critiqued, P-values have been 
used as the “gold standard” for measuring 
statistical validity since the 1920s (Nuzzo 
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2014). A P-value of 0.05 means that cor-
relations were deemed to be statistically 
significant when the tests showed that 
the chance of an error was less than 5% 
(Bryman & Bell 2015).

research ethics
The research required participants to 
disclose sensitive information and there-
fore questionnaires were anonymous. 
Participants were asked to disclose only 

basic demographic information. All results 
were aggregated and answers were thus 
confidential. Both the organisation and the 
individual participants gave written con-
sent for taking part in the research.

research findings

descriptive statistics
Table 2 presents the descriptive statistics 
for organisational commitment and the six 
commitment antecedents that were tested. 
Possible scores range from 1 to 5. The 
mean commitment score of 4.08 suggests 
fairly high organisational commitment 
levels, further evidenced by the negative 
skewness. Considering the antecedents, the 
lowest scores found were for satisfaction 
with pay and perceived organisational sup-
port. Occupational commitment and co-
worker support showed the highest scores. 
For all antecedents, the distributions were 
negatively skewed, suggesting more positive 
than negative feelings from respondents 
related to each of the antecedents.

correlations
Bivariate correlations were tested using 
the methods previously outlined, including 
Pearson’s r, Fisher Transformation r’, and 
Kendall’s Tau. Although the calculated 
correlation coefficients using the different 
methods varied, the results in terms of the 
significance of these correlations showed 
little variation across the methods.

The calculated correlation coefficients 
using Kendall’s Tau (τ-b), the standard 
error (sτ), test statistic (z) and prob-
ability (p-value) are presented in Table 3. 
Based on a significance level α of 0.05 
(which reflects statistically significant 

Table 2 Summary statistics for organisational commitment and its antecedents

 
organisational 

commitment
occupational 
commitment

autonomy
supervisor 

support
satisfaction 

with pay
co-worker 

support
organisational 

support

Mean 4.08 4.31 3.72 3.95 2.78 4.16 3.09

Standard error 0.06 0.07 0.07 0.07 0.07 0.06 0.06

Median 4.00 4.25 3.67 4.00 2.80 4.00 3.25

Mode 4.00 5.00 4.00 4.00 2.30 4.00 3.38

Standard deviation 0.62 0.65 0.73 0.69 0.73 0.63 0.57

Sample variance 0.39 0.43 0.53 0.47 0.53 0.39 0.32

Kurtosis 0.36 0.35 0.89 0.37 –0.43 0.43 1.10

Skewness –0.45 –0.78 –0.51 –0.73 –0.25 –0.59 –0.42

Minimum 2.00 2.00 1.33 2.11 1.00 2.00 1.13

Maximum 5.00 5.00 5.00 5.00 4.20 5.00 4.75

Table 3 Kendall’s Tau correlations between antecedents and organisational commitment

commitment 
antecedents

Kendall’s Tau
(τ-b)

Standard 
error (sτ)

test statistic
(z)

Probability
(p-value)

Occupational commitment 0.37 0.08 4.74 0.00

Autonomy 0.18 0.08 2.38 0.02

Supervisor support 0.13 0.07 1.79 0.07

Satisfaction with pay 0.24 0.07 3.30 0.00

Co-worker support 0.12 0.08 1.53 0.12

Organisational support 0.30 0.07 4.06 0.00

Table 4 Differences in variances, means and correlations based on gender

KutM oc aut ss sP cs os

Female
n = 29

Mean μ 4.01 4.27 3.70 3.96 2.70 4.24 2.96

Variance σ2 0.36 0.34 0.35 0.56 0.34 0.35 0.32

Correlation r – 0.25 0.28 0.16 0.10 0.09 0.30

Male
n = 72

Mean μ 4.10 4.33 3.72 3.94 2.81 4.13 3.14

Variance σ2 0.40 0.46 0.61 0.44 0.61 0.41 0.32

Correlation r – 0.56 0.27 0.21 0.37 0.13 0.48

Variance 
test

F stat 0.90 0.74 0.58 1.27 0.56 0.87 1.02

P(F<f) 0.78 0.38 0.11 0.42 0.09 0.69 0.92

Equal Equal Equal Equal Equal Equal Equal

Mean test

t stat –0.70 –0.41 –0.13 0.11 –0.68 0.79 –1.48

P(T<t) 0.49 0.68 0.90 0.91 0.50 0.43 0.14

Equal Equal Equal Equal Equal Equal Equal

Correlation 
test

z – –1.63 0.05 –0.23 –1.25 –0.17 –0.96

P(Z<z) – 0.10 0.96 0.82 0.21 0.86 0.34

– Equal Equal Equal Equal Equal Equal
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correlations as previously explained), the 
significant correlations are highlighted 
in bold.

Statistically significant correlations 
were found with four of the antecedents, 
including occupational commitment, 
autonomy, satisfaction with pay and 
organisational support. Of the antecedents, 
the strongest correlation was with occupa-
tional commitment and the weakest was 
with co-worker support. Organisational 
commitment was also found to be signifi-
cantly negatively correlated with turnover 
intention.

control variables
Variances, means and correlations were 
compared across the control variances to 
assess whether there were any significant 
differences. As Table 4 (page 47) shows, no 
significant differences were found in vari-
ances, means or correlations by gender.

Table 5 shows that, as with gender, no 
significant differences were found in vari-
ances, means or correlations by qualifica-
tion level.

As shown in Table 6, a significant dif-
ference in variance and mean was found for 
autonomy. Older respondents, on average, 
felt they had more autonomy and there was 
greater variability in the autonomy levels 
experienced by younger respondents.

Respondents who have been employed 
by the organisation for five years or less 
were compared with those who have been 
employed for more than five years, as 
Table 7 shows. A significant difference 
in variance was found for organisational 
support, with those employed for longer 
showing greater variability in the extent to 
which they felt supported by the organisa-
tion. This suggests that feelings of support 
from the organisation diverge as a person 
progresses in their career.

When comparing contract and full-
time employees, as shown in Table 8, 
no significant differences were found in 
mean for any of the parameters. However, 
a significant difference in the variance 
for co-worker support was noted, with 
contract employees experiencing more 
variability in co-worker support, possibly 
due to their wider range of tenure or dif-
ferent amounts of time spent at the office 
engaging with co-workers. A significant 
difference was also found in the correla-
tion between autonomy and organisational 
commitment. There was a stronger link 
between autonomy and commitment for 
full-time employees.

Lastly, as seen in Table 9, no significant 
differences were found between variances 
or means for junior and senior employees 
by job designation. However, a significant 
difference was found for correlation of 
organisational support and organisational 
commitment. Senior employees showed a 
stronger link between organisational sup-
port and organisational commitment.

Reasons for the aforementioned dif-
ferences are provided in the analysis and 
discussion of the results which follow.

analysis and discussion

autonomy
Autonomy was significantly correlated 
with organisational commitment, which 
supports the findings of previous authors 
(Benson & Brown 2007; Jayasingam et al 
2016; Malhotra et al 2007; Nazir et al 2016). 
Despite being one of the more frequently 
quoted antecedents of commitment in 
knowledge workers in the literature, it 
ranked fourth in terms of the strength of 

Table 5 Differences in variances, means and correlations based on qualification level

KutM oc aut ss sP cs os

Graduate
n = 50

Mean μ 4.09 4.31 3.66 3.99 2.80 4.07 3.13

Variance σ2 0.33 0.46 0.55 0.43 0.55 0.46 0.33

Correlation r – 0.40 0.25 0.19 0.24 0.05 0.37

Post-Graduate
n = 51

Mean μ 4.06 4.31 3.77 3.91 2.75 4.26 3.06

Variance σ2 0.45 0.40 0.52 0.51 0.52 0.32 0.32

Correlation r – 0.56 0.30 0.19 0.38 0.20 0.50

Variance test

F stat 0.72 1.14 1.06 0.84 1.07 1.44 1.02

P(F<f) 0.25 0.65 0.85 0.55 0.82 0.20 0.95

Equal Equal Equal Equal Equal Equal Equal

Mean test

t stat 0.21 –0.07 –0.77 0.60 0.35 –1.58 0.58

P(T<t) 0.83 0.95 0.45 0.55 0.73 0.12 0.56

Equal Equal Equal Equal Equal Equal Equal

Correlation 
test

z – –1.03 –0.27 0.03 –0.73 –0.72 –0.77

P(Z<z) – 0.30 0.79 0.98 0.46 0.47 0.44

– Equal Equal Equal Equal Equal Equal

Table 6 Differences in variances, means and correlations based on age

KutM oc aut ss sP cs os

<= 35 years
n = 64

Mean μ 4.00 4.24 3.60 3.98 2.74 4.11 3.08

Variance σ2 0.41 0.50 0.62 0.55 0.51 0.47 0.27

Correlation r – 0.55 0.29 0.21 0.32 0.05 0.34

> 35 years
n = 30

Mean μ 4.18 4.44 3.97 3.90 2.80 4.33 3.05

Variance σ2 0.37 0.31 0.33 0.40 0.63 0.24 0.48

Correlation r – 0.26 0.42 0.18 0.32 0.34 0.61

Variance 
test

F stat 1.11 1.61 1.88 1.36 0.81 1.93 0.56

P(F<f) 0.77 0.16 0.06 0.36 0.47 0.05 0.06

Equal Equal Equal Equal Equal Equal Equal

Mean test

t stat –1.32 –1.39 –2.25 0.54 –0.38 –1.58 0.20

P(T<t) 0.19 0.17 0.03 0.59 0.70 0.12 0.84

Equal Equal Not equal Equal Equal Equal Equal

Correlation 
test

Z – 1.484 –0.989 0.119 –0.018 –1.331 –1.508

P(Z<z) – 0.138 0.323 0.906 0.985 0.183 0.132

– Equal Equal Equal Equal Equal Equal
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correlation, suggesting that there are more 
significant factors at play. This could be 
related to the fact that mean and median 
scores for autonomy were lower than some 
of the other measures.

Considering the demographic control 
variables, the mean score for autonomy 
was lower for the younger engineers or 
engineering employees. This makes sense, 
given that levels of autonomy tend to 
increase with age as a person receives more 
responsibility and requires less supervision 
in undertaking their work. One might 
have expected a similar pattern with job 
designation and tenure. However, it was 
interesting that no significant differences 
in levels of autonomy were noted for either 
job designation or tenure. Looking more 
closely at job designation, the mean score 
for autonomy for senior employees was 3.88 
compared to 3.59 for junior employees with 
a p-value of 0.05 so very close to signalling 
a significant difference. This would have 
been expected. However, given that age 
and tenure were found to be significantly 
positively correlated in this study (0.78; p = 
0.000), it was surprising that there was no 
difference in autonomy based on tenure.

Lastly, the correlation between auton-
omy and organisational commitment was 
significantly higher for full-time employees 
than contract employees. This may be 
because the contract employees included 
everyone from interns to retirees, and thus 
autonomy levels were more varied and thus 
less relatable to organisational commit-
ment levels. The small size of the contract 
employee sample could offer an alternate 
explanation.

satisfaction with pay
Satisfaction with pay was found to be 
significantly positively correlated with 
organisational commitment. This sup-
ports the findings of Jayasingam and Yong 
(2013) and Kinnear and Sutherland (2000) 
who both found that satisfaction with pay, 
financial reward and recognition positively 
influenced organisational commitment.

Differences between mean satisfaction 
with pay scores would have been expected 
between the age groups, years of experi-
ence, job designation and qualification 
levels. It was expected that the more senior, 
qualified and experienced groups would 
be more satisfied with their pay than the 
junior groups. However, the variances 
and means were consistent across all 
control variables. Interestingly, correla-
tions between satisfaction with pay and 

Table 7 Differences in variances, means and correlations based on years at organisation

KutM oc aut ss sP cs os

<= 5 years
n = 57

Mean μ 4.08 4.28 3.63 3.96 2.78 4.10 3.05

Variance σ2 0.38 0.42 0.50 0.47 0.48 0.42 0.24

Correlation r – 0.42 0.21 0.23 0.32 0.08 0.36

> 5 years
n = 40

Mean μ 4.08 4.33 3.80 3.92 2.71 4.21 3.13

Variance σ2 0.43 0.47 0.55 0.52 0.57 0.36 0.46

Correlation r – 0.57 0.39 0.13 0.37 0.19 0.54

Variance 
test

F stat 0.89 0.90 0.91 0.92 0.84 1.19 0.52

P(F<f) 0.67 0.70 0.74 0.76 0.54 0.58 0.02

Equal Equal Equal Equal Equal Equal Not equal

Mean test

t stat 0.03 –0.32 –1.13 0.26 0.45 –0.85 –0.63

P(T<t) 0.98 0.75 0.26 0.80 0.66 0.40 0.26

Equal Equal Equal Equal Equal Equal Equal

Correlation 
test

z – –0.90 –0.92 0.47 –0.27 –0.55 –1.05

P(Z<z) – 0.37 0.36 0.63 0.79 0.58 0.30

– Equal Equal Equal Equal Equal Equal

Table 8 Differences in variances, means and correlations based on nature of employment

KutM oc aut ss sP cs os

Contract
n = 10

Mean μ 4.25 4.28 3.80 3.89 3.14 4.20 2.86

Variance σ2 0.44 0.52 0.97 0.36 0.48 0.83 0.28

Correlation r - 0.42 –0.40 0.04 –0.07 0.09 0.34

Full-time
n = 91

Mean μ 4.06 4.31 3.71 3.96 2.74 4.16 3.12

Variance σ2 0.38 0.42 0.49 0.49 0.53 0.35 0.32

Correlation r - 0.49 0.38 0.21 0.34 0.12 0.47

Variance 
test

F stat 1.17 1.24 1.97 0.74 0.90 2.36 0.87

P(F<f) 0.65 0.56 0.10 0.65 0.95 0.04 0.88

Equal Equal Equal Equal Equal Not equal Equal

Mean test

t stat 0.93 –0.17 0.38 –0.29 1.67 0.14 –1.35

P(T<t) 0.36 0.86 0.70 0.77 0.10 0.45 0.18

Equal Equal Equal Equal Equal Equal Equal

Correlation 
test

z - –0.24 –2.07 –0.44 –1.10 –0.08 –0.37

P(Z<z) - 0.81 0.04 0.66 0.27 0.94 0.71

- Equal Not equal Equal Equal Equal Equal

Table 9 Differences in variances, means and correlations based on job designation

KutM oc aut ss sP cs os

Senior
n = 41

Mean μ 4.05 4.27 3.59 3.93 2.78 4.11 3.09

Variance σ2 0.33 0.48 0.58 0.57 0.50 0.46 0.23

Correlation r - 0.47 0.36 0.04 0.38 0.15 0.59

Junior
n = 58

Mean μ 4.09 4.35 3.88 3.95 2.77 4.22 3.06

Variance σ2 0.48 0.36 0.40 0.34 0.62 0.30 0.40

Correlation r - 0.49 0.20 0.26 0.25 0.06 0.23

Variance 
test

F stat 0.68 1.33 1.45 1.69 0.81 1.55 0.59

P(F<f) 0.19 0.35 0.22 0.08 0.45 0.15 0.07

Equal Equal Equal Equal Equal Equal Equal

Mean test

t stat –0.26 –0.57 –1.98 –0.08 0.11 -0.87 0.24

P(T<t) 0.79 0.57 0.05 0.94 0.91 0.38 0.81

Equal Equal Equal Equal Equal Equal Equal

Correlation 
test

z - –0.13 0.83 –1.05 0.64 0.43 2.09

P(Z<z) - 0.89 0.41 0.29 0.52 0.66 0.04

- Equal Equal Equal Equal Equal Not equal
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organisational commitment were also 
consistent across all control variables, 
suggesting that the relationship between 
satisfaction with pay and commitment does 
not change with age or seniority.

co-worker support and 
supervisor support
Both supervisor support and co-worker 
support were not significantly correlated 
with organisational commitment. This 
finding contradicts both Benson and 
Brown’s (2007) assertion that a friendly and 
supportive environment strengthens the 
psychological commitment bond between 
an employee and the organisation, and 
Dachner and Miguel’s (2015) assertion that 
friendships with co-workers and supervi-
sors can act as a social incentive to remain 
committed.

The mean scores for co-worker support 
and supervisor support were the second 
and third highest of the antecedents, and 
both were significantly negatively skewed 
according to the tests for normality. This 
suggests that, in general, respondents felt 
strongly supported by their co-workers and 
supervisors. However, this did not correlate 
with the respondents’ volitional psychologi-
cal bond, dedication and responsibility for 
the organisation (Klein et al 2012).

Mean scores and correlations were 
consistent for both co-worker support 
and supervisor support across all control 
variables. It makes sense that an indi-
vidual’s feeling of being supported by his/
her co-workers and/or supervisor would 
not change significantly with age, senior-
ity, qualification level or gender. However, 
it might have been expected that tenure 
would affect the mean scores, as individu-
als who have been at the organisation for 
longer would have had more time to form 
supportive relationships with their co-
workers and supervisors. Surprisingly, this 
was not the case.

organisational support
Perceived organisational support was 
significantly correlated with organisational 
commitment, ranking second. This sup-
ports the findings of Meyer et al (2002), 
who also noted the importance of per-
ceived organisational support over other 
work experiences, as well as Giauque et 
al (2010) who found similar correlations. 
Perceived organisational support relates 
directly to how a person feels about an 
organisation, and the scale included ques-
tions related to the extent to which the 

person feels like the organisation cares for 
and values them. It therefore seems logi-
cal that it would correlate strongly with a 
person’s commitment to the organisation. 
As Meyer et al (2002) explained, to obtain 
committed employees an organisation 
needs to demonstrate its own commitment.

Organisational support showed some 
variability across the control variables, with 
higher correlation with organisational com-
mitment for older employees, even though 
the means for both parameters were almost 
the same for the two age groups. The cor-
relation between organisational support 
and organisational commitment was also 
higher for senior employees, again despite 
very similar means for both parameters 
between the two groups. Both differences 
suggest that seniority may influence the 
extent to which organisational support cor-
relates with organisational commitment in 
knowledge workers, despite not influencing 
the actual levels of either.

occupational commitment
Occupational commitment exhibited the 
strongest correlation of the antecedents 
with organisational commitment. Since 
KUTM was used to measure occupational 
commitment and the two sets of questions 
were fairly close together in the question-
naire, it seemed possible the answers 
given by respondents to KUTM items for 
organisational commitment were mirrored 
in their answers to KUTM measures for 
occupational commitment. To test this 
possibility, correlations were calculated 
between the questions of the two scales. 
In general, the strongest correlations were 
found between the corresponding ques-
tions in the two scales; however, there were 
significant correlations between all ques-
tions. In addition, none of these individual 
correlations were higher than the overall 
correlation between the average or final 
scores of each. This suggests that the simi-
larity of the scales was not the main reason 
for the difference.

The correlation of occupational com-
mitment with both commitment measures 
supports the findings of Lee et al (2000), 
Tam et al (2002), Vandenberg and Scarpello 
(1994), and Wallace (1993) who found cor-
relations of various strengths between the 
two. As Lee et al (2000) explained, indi-
viduals who possess a strong psychological 
bond with their occupation are more likely 
to be satisfied within their organisation.

Literature also suggests that knowl-
edge workers tend to exhibit stronger 

occupational than organisational commit-
ment (Horwitz et al 2003; Tam et al 2002). 
Exploring the results, the mean occu-
pational commitment score of 4.31 was 
higher than the mean organisational com-
mitment scores from both measures (4.08 
and 3.49). Using the one-tailed t-test, it was 
found that this difference was significant. 
The results therefore support the findings 
in literature that occupational commitment 
levels in knowledge workers may be higher 
than organisational commitment levels.

As explained by Baugh and Roberts 
(1994), there is often a conflict between an 
engineer’s commitment to his/her occupa-
tion – which requires a level of autonomy 
in applying his/her specialist knowledge 
– and the bureaucratic systems of an 
organisation which can result in lower 
organisational commitment. The difference 
in the results between the levels of com-
mitment to the occupation and organisa-
tion seem to support Baugh and Roberts’ 
(1994) assertions. However, the significant 
correlation between the two appears to 
contradict their findings.

conclusions and 
recoMMendations

implications of findings
Organisational commitment has been 
consistently associated with a wide array 
of positive work outcomes, including 
improved motivation, job satisfaction, 
employee wellbeing and performance. 
Affective commitment has also been con-
sistently linked with lower turnover inten-
tion. Knowledge workers have been shown 
to possess unique qualities which require 
tailored approaches in order to encour-
age organisational commitment and thus 
benefit from these positive work outcomes. 
This is important both for consulting engi-
neering companies, whose businesses are 
built around knowledge workers, and for 
South Africa as a whole, being reliant on 
engineers for infrastructure development.

Organisational commitment was found 
to be significantly positively correlated with 
perceived organisational support, satisfac-
tion with pay and autonomy. This suggests 
that organisations can encourage commit-
ment in engineers by creating an environ-
ment in which employees feel valued, cared 
for and supported by the organisation. 
This could include aspects such as active 
listening and encouraging work-life balance 
(Giauque et al 2010) or simply creating a 
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supportive environment in which employ-
ees feel that help is available when it is 
needed. The importance of autonomy and 
freedom to plan and execute work has once 
again been emphasised through this study. 
Furthermore, ensuring that knowledge 
workers are well compensated and that fair 
pay is administered appears to be impor-
tant in the consulting engineering environ-
ment, despite the contradictory evidence in 
previous literature (Benson & Brown 2007).

Considering the particularly strong 
correlation between occupational and 
organisational commitment, it may be 
worthwhile to consider incorporating 
interview questions aimed at establishing a 
candidate’s level of occupational commit-
ment when recruiting potential employees, 
as more occupationally committed 
employees tend to be more organisation-
ally committed. Organisations might also 
consider ways to promote occupational 
commitment. Some possibilities include 
efforts to encourage postgraduate studies 
(which seemed to have an influence on 
the strength of the correlation), support 
towards professional registration, offering 
opportunities to work on challenging and 
interesting projects, and good technical 
mentorship.

limitations and recommendations 
for further research
The study was cross-sectional and there-
fore no inferences could be made regarding 
causation between the constructs. In prior 
work on the topic, very few longitudinal 
studies have been undertaken. Thus, 
a longitudinal study would be a good 
area for future research, with the aim of 
establishing the causative relationships 
between organisational commitment and 
its antecedents.

The research was only performed at one 
firm, meaning that the sampling technique 
was non-random. A wider sample, using 
random sampling techniques, could pos-
sibly be more representative of the popula-
tion and might allow for more meaningful 
inferences to be made. As the sampled 
organisation was a large multinational con-
sulting engineering firm, future research 
could consider firms of different sizes as 
this might affect the parameters studied. In 
addition, only a selection of commitment 
antecedents was tested; however, there are 
several others that could be important for 
knowledge workers.

The use of self-reported measures in 
this study might have resulted in common 

method bias; however, self-reported 
measures are widely used for measuring 
employees’ perceptions since they are 
likely to be more accurate. Finally, a mixed 
methods study incorporating qualitative 
research may be of value in terms of better 
understanding what feelings and emotions 
underpin the quantitative results.

conclusion
This research explored factors that influ-
ence knowledge worker organisational 
commitment in the South African consult-
ing engineering environment, makes a 
novel theoretical contribution using the 
KUTM scale, and adds to a growing body of 
literature on the topic. Fair and competitive 
pay, freedom and autonomy, supportive 
work environments, and occupational 
commitment were found to be important 
influencing factors. These insights can guide 
managers towards encouraging engineers’ 
organisational commitment, and in turn, 
ensure their willingness to stay at the organ-
isation. This knowledge could therefore con-
tribute to the retention of engineers, critical 
for both maintaining a thriving engineering 
profession and for supporting South Africa’s 
development needs.

notes
1 Pseudonym used to protect company confidentiality.

2 Actual name changed back to the generic form at 

the company’s request.
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