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INtroductIoN
The Mapungubwe Interpretation Centre is 
composed of multiple shell forms, which 
are striking and beautiful in appearance. 
The Interpretation Centre is located at the 
confluence of the Limpopo and Shashe 
rivers, where three countries meet – South 
Africa, Zimbabwe and Botswana – and 
is set deep into the bushveld, a local term 
used to describe a natural African bush 
environment. The magnificence of the shells 
(see Figure 1) earned them the 2009 World 
Building of the Year award at the World 
Architecture Festival – a fitting accolade 
for such magnificence (Mapungubwe 
Interpretation Centre 2009).

The form of the shell is based on a natural 
shape, comprising a series of ca tenary forms. 
The objective of the design is to achieve 
a purely compressive structure, without 
bending moments, shears and tensions. The 
material used in the construction of the shells 
is earthen tile, comprising seven layers for 
an average total thickness of 200 mm. The 
construction method was patterned after 
the celebrated architect Rafael Guastavino, 
who was made famous by his unique style of 
timbrel vaulting (Milkovich 1992).

Most shell designs function primarily as 
membranes; in other words, the forces are 
carried in-plane, which are either compres-
sive or tensile. The majority of shells also 
have boundary effects, such as bending 
moments or shears at the supports. To resist 
these types of forces, the shell must be able 

to resist both tensions and compressions 
throughout the shell, and bending moments 
and shears at the base. The Mapungubwe 
shells, however, are constructed of earth tiles 
and no steel is incorporated in the design. 
Thus, the shells are only capable of resisting 
a compressive force. This endeavour compli-
cates the design substantially.

Earth tiles act similarly to masonry 
and concrete – the compressive strength 
is significantly stronger than the tensile 
strength. This property of earth materials 
is unforgiving to design errors, and the 
structure has a tendency to crack under 
small tensile forces. Thus, if the shape is 
not an accurate pure compressions form, 
the shell will crack, signifying a flaw in the 
design or construction. For this reason, 
unreinforced catenary shells are perfect 
forms to study, since any errors will be 
visually discernible. Earth shells tutor and 
communicate with the designer by the cracks 
that are formed.

Although the Mapungubwe shells 
have been designed by applying the latest 
technology of masonry shell theory 
(i.e. computational two-dimensional thrust 
line analysis and thrust-network analysis) – 
as noted in Allen and Zalewski (2010), and 
Ramage et al (2010) – significant cracking is 
visible, indicating flaws in our understanding 
of design or construction practices. Many 
of the cracks, however, have occurred 
repeatedly in each of the shell forms. These 
crack patterns have been mapped out, 

three lessons from the 
Mapungubwe shells
R A Bradley, M Gohnert

Shell structures show several unique structural attributes, which promote their use when 
material and economic efficiency is required. The principal advantage of shells is that forces 
are largely transferred through in-plane action (i.e. axial forces), with only limited bending and 
shear forces. This has endorsed the use of unreinforced shells which can been designed through 
numerous methodologies – i.e. thrust line analysis (O’Dwyer 1999), shell theory (Farshad 1977), 
finite element analysis (Ramm & Mehlhorn 1991) and numerous physical modelling techniques 
– to ensure that only compressive stresses exist in the structure. Of specific discussion in this 
paper are the shells of the Mapungubwe Interpretation Centre, which are built exclusively from 
unreinforced earth tiles. Because the shells are unreinforced and earth tiles are susceptible to 
tension cracking, the shape of the structure and the construction practice are of paramount 
importance. Unfortunately, the Mapungubwe shells have cracked extensively, most notably at 
the openings. The causes of this cracking have been postulated in order to propose principles 
of good practice in designing and constructing unreinforced masonry shells. These guidelines 
were identified as follows: lips and eyebrows at shell openings should be avoided, shells should 
be unrestrained against expansion and contraction, and openings at the base should be of a 
catenary shape to match the flow path of compressive stress.
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studied and analysed to determine the cause. 
Each is considered separately, accompanied 
by experimentation and analysis. The 
objective of this endeavour is to identify 
principles of good practice in the design and 
construction of masonry shells.

leSSoN 1: lIPS ANd eYebrowS 
At Shell oPeNINGS 
Should be AvoIded
Lips are located along the edges of shell 
openings, and some designers have included 
these elements as part of their design, 

such as in the Mapungubwe Interpretation 
Centre. Lips occur naturally in the classical 
handkerchief shape. This shape is made by 
supporting the corners of a handkerchief and 
allowing the cloth to drape naturally under 
gravity load. A catenary shell will form, but 
along the four edges of the handkerchief, lips 
appear, which are also sometimes referred 
to as eyebrows. The hanging cloth will be in 
pure tension, since fabric is unable to carry 
a bending moment, shear or compression. 
Subsequently, it may seem correct to assume 
that the lips are a necessary and an integral 
part of the structural resistance, and thus 
lips are sometimes incorporated into designs. 
Figure 2 is a hanging acrylic model of the 
handkerchief shape. Similar to cloth, the 
edges of the acrylic model droops, forming 
lips. The lips are, in fact, a redundant part 
of the structural shape. As observed in the 
Mapungubwe shells, if lips are incorporated 
in the design, the structure has a tendency 
to crack at the interface of the catenary shell 
and lip.

The Mapungubwe shell has significant 
cracking in the regions of the lips. The 
crack is located at the change in curvature, 
i.e. where the lip begins. It is mooted that 
cracks form because of the disparity in 
stress between the stressed and unstressed 
regions of the shell, i.e. between the catenary 
dome and the lips. It has been found that 
the lips carry only a minor proportion of 
the shell load, contrary to what was previ-
ously thought. The shape of the lip is also 
catenary, and is resistant to the downward 
deflection of the catenary dome. A shearing 
force is created at the interface, resulting in 
cracking, and often a separation of the two 
structural elements. To substantiate the 
claim, a handkerchief model was formed by 
heating a 200 mm × 200 mm × 3 mm acrylic 
sheet [Poly(methyl methacrylate)] to 150oC. 
The sheet is attached to a frame, which only 
offers support in the corners, and is then 

Figure 1  The Mapungubwe shells

Figure 2  Hanging model using acrylic plates

Figure 3  Experimental and theoretical catenary vault profiles
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heated by placing the sheet in an oven, with 
an even distribution of temperature. After 
about 2.5 hours, a shell forms, in the shape of 
a catenary vault (see Figure 2).

Initially a series of tests were conducted 
to assess the accuracy of the thermoform-
ing process and testing apparatus. Two 
parameters were measured after the acrylic 
models had been removed from the oven and 
allowed to harden, namely the geometric 
profile and the thickness. The catenary 
shape, corresponding to an arch or vault, 
may be explained by considering a chain, 
which, when suspended from its two ends, 
will hang in pure tension. Catenary shapes 
were selected for the assessment of the mod-
elling accuracy, primarily as tools to describe 
an ideal shape for a vault under self-weight, 
and because the theoretical profile and 
stresses are easily obtained through thrust-
line analysis procedures (Heyman 1995).

The experimental profile of the catenary 
shape is in good agreement with that of the 
theoretical profile, as shown in Figure 3. Figure 4  Thickness measurement apparatus

Figure 6  Acrylic model used to determine the flow of stress in a ‘handkerchief’ shape

Figure 5  (a) Theoretical stress distribution, (b) Experimental: change in vault thickness
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The profiles of the acrylic vaults, and those 
of the more complex catenary domes, were 
measured using a deflection gauge. In order 
to establish areas in which a stress disparity 
may be apparent, the material thickness 
was measured using a deflection gauge and 
steel ball to allow for variation in model 
curvature, as shown in Figure 4. The flow of 
stress within the model shell is proportional 
to the thickness of the shell – the greater 
the tension stress, the thinner the shell. 
This is demonstrated in Figure 5, which 
shows plots of the theoretical stress distri-
bution along the arc length, from support to 
apex, and the measured change in thickness 
of the acrylic model. These initial tests 
demonstrated that the approach is adequate 
in describing the stress pattern within 
these structures.

At a temperature of 150˚C, the acrylic 
material is in a semi-fluid state, which 
causes the material to sag and form a natu-
ral structure, or rather a catenary dome (see 
Figure 6). The stress in the shell will not 
be even, but will flow and concentrate at 
the supports. The shell thickness was mea-
sured at 81 locations, and a contour colour 
scale denotes the thickness contraction 
in millimetres.

In Figure 7 the dark blue regions along 
the edges indicate very little change in 
thickness, and therefore minimal flow of 
stress. Measurements of the shell in the 
lip regions indicate that the thickness of 
the shell only contracts at most about 3%. 
However, at the supports and towards the 
centre of the shell the stresses are far more 
substantial. The greatest stress occurs at 
the supports, as one would predict. Since 
the lips resist very little stress, this region is 
structurally redundant and may be removed 
without infringing on the structural capa-
city of the shell.

The boundary, which separates the 
catenary dome from the edge lips, is the 
inflection point (see Figure 6), which is easily 
discernible in the model. The flow of stress 
in the handkerchief shape is as illustrated 
in Figure 8. As observed, the stress flows 
around the free edges (lips) and converges 
at the supports. It is incorrect to assume 
that the lips provide structural resistance 
to loads. In Figure 2, the lip regions of the 
acrylic model are unstressed and hang 
limply, forming the so-called lips. These 
regions may be cut away or omitted without 
compromising or altering the structural 
capacity of the shell.

The method of hanging chains to 
determine the shape of a pure compression 
structure has been the architect/engineer’s 
tool for centuries (Kurrer 2008). The 
technique requires that the chains extend 

radially from a central point, which is the 
apex of the dome. This method was used in 
preference to cloth models, since the weave 
interferes with the forming of the shape. 
For this reason, cross-chains, forming rings, 
are not placed in the model. In Figure 9 the 
shape is similar to the handkerchief, which 
is supported at the corners, and openings are 
located along the four edges. The technique 
of modelling with chains requires one to 
constantly adjust the length of the radial 
chains until a catenary dome is attained, 
i.e. when a smooth curve forms at the apex. 

Never at any stage in the construction of the 
chain model did eyebrows or lips form along 
the edges – lips only appear in cloth models. 
If the lips of the acrylic model are cut away, 
the resulting shape is identical to the chain 
model. Both shapes exhibit similar charac-
teristics – the openings along the edges are 
catenary and the edge of the openings lean 
into the shape; thus, a side view displays a 
catenary profile.

The disparity of stresses between 
the lips and the catenary structure is 
significant. The flow of stress within the 

Figure 7  Contour plot of the stress pattern in the acrylic model
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catenary dome will cause the shell to deflect 
downwards. The lips, or eyebrows, do not 
carry the shell load (other than its own self-
weight) and therefore the deflection of the 
lip will be significantly less; for this reason, 
cracking is often observed where the lips 
are attached to the catenary dome. The 
Mapungubwe shells are no exception – sig-
nificant cracking was observed in the region 
of the lip’s point of inflection, where the 
lips are attached to the catenary dome. The 
crack was repaired on several occasions, 
identified as a continuous white line at the 
interface in Figure 10.

The disparity of stresses at the inflection 
point is further substantiated by a linear 
finite element analysis. The analysis was 
conducted using FEM software LISA v7.6 
(LISA). The spatial coordinates were physi-
cally measured from the acrylic model and 
used to create the finite element model (see 
Figure 11). For simplicity, a single quadrant 
was entered into the FEA software; this 
was then mirrored and rotated to achieve 
a full shell. A uniform gravitational load 
was applied to the structure to simulate the 
weight of the acrylic material. The properties 
of the FE model are given in Table 1. The 
corresponding major principal stress contour 
plots are shown in Figure 12. It should be 
noted that some localised bending was 
evident in the FE model due to the lack of 
“smoothness” of the input data. However, the 
overall principal stress pattern is strikingly 
similar to the acrylic model measurements, 
confirming the redundant nature of lips 
located along the free edges.

leSSoN 2: ShellS Should 
be uNreStrAINed AGAINSt 
eXPANSIoN ANd coNtrActIoN
Shell structures are like a living lung – the 
shell will expand and contract according to 
the thermal exposure. If the materials used 
in the construction of the shell have similar 
coefficients of thermal expansion, cracking 
should not occur (especially in thin shells 
which have a small thermal gradient through 
the thickness). The only critical region is 
usually at the supports, where the shell is 
most likely restrained – always in transla-
tion, but sometimes in rotation. Many shell 
structures include openings for doors and 
windows. Some shell structures, such as bar-
rel vaults, are closed at the ends with vertical 
walls. These elements in the structure tend 
to be problematic and cause cracking if 
they restrain the thermal movement of the 
shell. In Figure 13 cracking in two window 
openings is discernible. The crack pattern is 
similar at the location of all of the windows 
at Mapungubwe, and is consistently at the 

Figure 9  Chain model of a hanging structure supported at the corners

Figure 10  Repaired cracking near the inflection line of the lips

Figure 11  Finite element model of the catenary dome

Table 1 Finite element parameters

Material E 
(N/m2) v t 

(m)
Density 
(kg/m3) Element

Acrylic 3.2 × 109 0.4 0.003 1 167 8-node hexagonal
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highest point in the opening. The cause of 
cracking is the steel window frame, which is 
fastened solidly against the shell structure. In 
the region of the windows, the shell is unable 
to expand or contract, resulting in crack-
ing. Another example is the Bapong shells, 
also located in South Africa (see Figure 14). 
Similar to the Mapungubwe shells, cracking 
in the Bapong shells also occurred at the 
high point where the end-wall meets the 
shell. The end-walls are connected solidly 
against the shell, preventing thermal expan-
sion and contraction.

In Figure 15 a simple strain plot is 
proposed to illustrate the region of cracking 
observed in the masonry shells. The solid 
line (i.e. line 2) in Figure 15 represents com-
pressive strains in the shell due to gravity 
loads. If the shell is evenly restrained against 
contraction, the shell will be subjected to 
tension strains (see line 1). The mid-point 
of the plot corresponds to the strains at 
the apex of the shell, and the left and right 
boundaries are the shell supports. If line 1 
and line 2 are combined, the resulting total 
strains are illustrated by the dotted line, 
labelled as 1+2. If the tensile strains are 
greater than the cracking strain of the shell 
material, the high point of the shell is the 
location where cracking is most likely to 
occur. The strains in Figure 15 correlate with 
what is observed above the window frames 
in the Mapungubwe shells and above the 
end-wall of the Bapong shells.

As mentioned previously, the temperature 
gradient in a thin shell is nearly constant. A 
change in temperature will cause the shell 
to expand or contract. Any restraint will 
thus cause cracking in the shell. The cracks 
observed at the high points in the openings 
of the Mapungubwe shells are where the 

Figure 12  Major principal stress distribution in the finite element model
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Figure 13  Cracking at the apex of two window openings at Mapungubwe (the cracks are traced in 
yellow for clarity)

Figure 14  Cracking at high point in the Bapong 
shell above the end wall (the crack is 
traced in yellow for clarity)
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potential for cracking is at the greatest, i.e. 
where the apex of the shell has minimal 
compressive strains due to gravity loads. To 
avoid cracking, an expansion joint should be 
placed above all window frames, doors and 
end-walls. The authors have used a 25 mm 
expansion joint in other structures, which 
has prevented comparable problems. A simi-
lar problem is also observed in shells that 
are constructed using formwork. However, 
the shell is only susceptible to this type of 
cracking after the final bricks have been laid. 
The contraction is due to shrinkage of the 
mortar, which is resisted by the rigid nature 
of the formwork. Thus, the formwork must 
be removed just after the initial set of the 
mortar to prevent cracking.

leSSoN 3: oPeNINGS At the 
bASe of ShellS Should be 
cAteNArY IN ShAPe (of the 
correct ProPortIoNS)
Often shell structures include large openings 
at the base. These openings are primarily 
incorporated for aesthetic and architectural 
purposes, i.e. access, lighting and ventilation. 
Openings at the base are featured in many 
of the Mapungubwe shells. However, their 
inclusion influences the nature and distribu-
tion of stresses in the structure, most signifi-
cantly around the openings themselves.

Substantial cracking in the vicinity of 
an opening is observed in the large open 
vault at Mapungubwe. The cracks are visible 
just above the catenary-shaped opening, as 
shown in Figure 16. In essence, stresses will 

Figure 15  Strains in a shell due to gravity and restraint
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Figure 16  Cracking above a catenary opening at Mapungubwe (the crack is traced in yellow for clarity)

Figure 17  Paper models: (a) catenary opening, (b) rectangular opening
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flow to the supports in a predictable pattern, 
which is arched in nature. This flow pat-
tern has been identified in many structural 
elements, such as beams and slabs, and is 
therefore not a new revelation. Typically, this 
arching is simplified with a triangular load 
dispersal pattern.

A series of simple tests were con-
ducted to ascertain the reason why cracking 
occurred above the openings, which consis-
tently happened at several locations in the 
Mapungubwe shells. The flow of stress was 
studied by observing the sagging patterns of 
water-absorbent paper. Openings were first 
cut into the paper and then the paper was 
hung vertically. The paper was then sprayed 
lightly with water to apply a uniform load 
and to allow the paper to distort, uninhibited 
by the material properties. These models 
are principally in tension (identified by taut 
paper), but localised compressive stress, 
or no stress, is also evident (and identified 
by sagging paper). Numerous tests were 
conducted on both rectangular and catenary 
openings to assess the flow of tensile stress 
around the openings. Two of these models, 
and the corresponding sag zones, are shown 
in Figure 17. As observed, the stresses follow 
a catenary-shaped path to the supports.

Finite element (FE) models were also 
produced to substantiate the trends observed 
in the paper models. Triangular and quad-
rilateral elements were adopted in the study. 
A uniform gravity load, comparable bound-
ary conditions (only vertical restraint was 
provided at the nodes) and material isotropy 
were applied to the FE model to simulate the 
paper models. The FE parameters for these 
models are given in Table 2. The results of 
two of these analyses are shown in Figure 18. 
The zones marked in black, observed directly 

Figure 18  Finite element models: partial fixity – (a) catenary, (b) rectangular
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Table 2 Finite element parameters for models with openings

Model E 
(N/m2) v t 

(m)
Density 
(kg/m3)

Span/
Length 

(m)

Width 
(m)

Plate 1.0 × 108 0.20 0.01 1 000 0.30 0.26

Vault 3.5 × 109 0.15 0.20 1 950 6.0 3.2

Figure 19  (a) Finite element model with narrow supports at ends, (b) Finite element model with 
different support widths: partial fixity

Principal stress 1
3E+06
2.85E+06
2.7E+06
2.55E+06
2.4E+06
2.25E+06
2.1E+06
1.95E+06
1.8E+06
1.65E+06
1.5E+06
1.35E+06
1.2E+06
1.05E+06
9E+05
7.5E+05
6E+05
4.5E+05
3E+05
1.5E+05
0

(a)

(b)

53°
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below the openings, indicate compressive 
stress. Consequently, tensile stress must flow 
around this ‘dead’ zone to the supports.

It was apparent from the numerous paper 
model tests, and the corresponding finite 
element analyses, that a large sag zone was 
detected when rectangular and catenary 
openings were examined. The extent and 
depth of these zones varied noticeably 
with changes in opening height and width. 
A striking similarity was observed when 
comparing the paper and FE studies with 
the crack patterns above the catenary open-
ings in the Mapungubwe shells. It should, 
however, be noted that a compression zone 
formed under all opening geometries due to 
the assumed support conditions, i.e. vertical 
restraint only.

To better understand the nature of 
these ‘dead’ zones, a stress flow study was 
undertaken on a plate configuration without 
an opening, just supported at either end of 
the FE model (see Figure 19a). If a triangle 
is inscribed on the plot, the angle measured 
from the triangle diagonally to the verti-
cal is approximately 53°. This concept was 
further extended to a single-curvature 
catenary vault, primarily in compression 
(see Figure 20). Despite switching to a com-
pression stress study (the paper models are 
tension flow studies), the flow of stress was 
found to be similar to the tension studies; 
the compressive stresses flow to the supports 
forming a catenary arch and the dead zone 
is of similar proportions. In this model, the 
inscribed triangle forms an angle with the 

vertical of approximately 52°. The flow of 
stress to the supports is therefore similar in 
planar and curved configurations, as well as 
tension and compression studies. If the sup-
port width of the plate shown in Figure 19a is 
increased (or decreased) the angle increases 
above 53°, resulting in a smaller compression 
zone. Consequently, the angle of 52°–53° 
defines the lower limit for the adopted con-
figurations and boundary conditions.

Three illustrations corresponding to 
different support widths are shown in 
Figure 19b. For a very narrow support 
width, the compression zone looks strikingly 
similar to the shape of a catenary. However, 
for broader support widths the dead zone 
resembles a triangle. Thus, the extent of 
fixity at the supports alters the shape of the 

Figure 21  Finite element models: pinned supports – (a) rectangular, (b) catenary
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Figure 20  Finite element model of a catenary vault with narrow supports at both ends at base
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dead zone. It is common to assume a trian-
gular load above an opening, and therefore 
this practice is consistent with our findings.

The extent of the compression zone 
decreases noticeably when lateral support is 
added to the base of the finite element mod-
els. (These support conditions most likely 
match the actual situation more closely). The 
major principle stress plots for a catenary 
and a rectangular opening, assuming pinned 
supports, are shown in Figure 21. It is appar-
ent that a relatively large compression zone 
arises below the rectangular opening, when 
compared with that for the catenary opening 
(for which the zone has decreased substan-
tially). This result demonstrates the advan-
tage associated with a suitably proportioned 
catenary opening.

Referring back to the Mapungubwe shells 
(see Figure 22), a postulate for the observed 
cracking is due to the incorrect proportion-
ing of the opening. Although the shell was 
designed using well understood techniques 
(i.e. two-dimensional graphic statics), it was 
built free-hand using reusable guide work 
(instead of continuous formwork) to save 
costs. This approach, however, has resulted 
in a degree of inconsistency in the construc-
tions as shown in Figure 22(a)(b)(c) – kinks 
(or undulations), particularly in the upper 
extent of the shell, are evident. The shell is 
relatively thick and has a layer of stones on 
the outer face as an architectural feature. 
It appears, due to the lack of any cracking 
in the upper section of the shell, that this 
additional compressive load has sufficiently 
countered any localised bending (or tensions) 
associated with the sudden changes in geom-
etry. In the lower sections, shape deviations 
at the base may have caused tension crack-
ing above the opening. However, the crack 
pattern resembles a catenary curve, and the 
proportions match the FE and paper studies 
for partial fixity.

It should be noted that the Mapungubwe 
vaults are more complex than those 
modelled in the present study. However, a 
great deal of similarity was observed when 
comparing the crack patterns in the shell to 
the models (paper models and FE analysis). 
This leads to the deduction that the shape 
and proportions of the openings in masonry 
shells are vital to prevent tension zones and 
cracking along the interface of the catenary 
stress pattern.

coNcluSIoNS
A series of simple physical models and finite 
element analyses were conducted to examine 
the causes of cracking in the shell struc-
tures at the Mapungubwe Interpretation 
Centre. Many of the cracks have occurred Figure 22  Examples of construction issues in the Mapungubwe shells

(a)

(b)

(c)
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repeatedly in each of the shell forms, which 
prompted the proposal of three fundamental 
 lessons that can be applied to mitigate the 
observed cracking in unreinforced masonry 
shell structures:

 ■ First lesson: Lips and eyebrows are 
redundant elements of the shell and 
should be avoided. Incompatibilities and 
the disparity of stresses between the lips 
and the catenary dome cause cracking 
along the interface.

 ■ Second lesson: Shells should be 
unrestrained against expansion and 
contraction. This would require that 
windows, suspended slabs and walls are 
constructed independently and allow 
free movement of the shell. The upper 
region of the shell is more susceptible to 
cracking, where compressive loads due to 
self-weight are typically the lowest.

 ■ Third lesson: Openings at the base of 
shells must be geometrically correct and 

should ideally be a catenary arch to match 
the flow pattern of compressive stresses. 
The inherent weakness of earthen materi-
als necessitates that the shape of the 
opening is of the correct proportions to 
prevent a tension zone, which may result 
in cracking.
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INtroductIoN
Piles are a type of foundation capable 
of transmitting loads from the upper 
structure to the ground at depth. They 
are used when surface soil is unsuitable 
for shallow foundations (Das 1999). Pile 

foundations are frequently used in order 
to resist lateral loads (Weaver et al 1998). 
The lateral loads that can be produced by 
earthquakes, ground pressure, waves and/
or wind must be considered in the design of 
piles (Candogan 2009). The tests performed 

Modelling of a lateral load 
test on piles using simplified 
and numerical methods
D Raddatz, O Taiba

The main purpose of this study was to model the response of piles during a lateral load 
test conducted at RPC in Concón in 2006 by using simplified theoretical methods and the 
software Plaxis 2D, Cype, and GGU-Latpile. The piles were the longest built in Chile at the 
time of the test. This article contains the test description, a geotechnical characterisation and 
the theoretical fundamentals that support the different methods used for modelling the test. 
The results of the different models are also presented here. It is concluded that results obtained 
by simplified methods may be efficient in the early stages of a project and that accurate 
approximations can be achieved by using design software for continuous elements in the 
design of isolated elements.

Figure 1  Stratigraphy on Pile No 1 location (Loadtest International 2006)
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in previous studies have validated that 
foundation piles can withstand lateral loads 
through shear loads, bending moments, 
and lateral resistance of the ground (Bowles 
1996). The failure mode in free-head 
piles, as the tested piles, depends on the 
pile length, rigidity of the section and 
the load-deformation relationship of the 
ground (Broms 1964). A soil-pile system 
can be modelled to find the deformations 
and internal stresses considering external 
forces acting on the piles, their geometrical 
and physical characteristics, and the 
soil properties. Two simplified soil-pile 
interaction methods are described in this 
article – the Semi-Infinite Beam method 
and the Kocsis method. The software 
calculation method of Plaxis 2D, Cype and 
GGU-Latpile are explained here. These 
simplified methods and software were used 
to model a lateral load test conducted at 
Refinería de Petróleo de Concón (Concón 
Oil Refinery) on the longest piles built in 
Chile at that time.

GeotechNIcAl chArActerISAtIoN
The soil mechanics report of the project 
(Petersen 2002) contains the stratigraphy 
and soil properties where a Coker plant is 
located in the Concón Refinery. In addition, 
the considerations for foundation design 
and the characteristics that the compacted 
structural fill must have are indicated. 
Also, a drilling stratigraphic record was 
performed for each of the test piles (Loadtest 
International 2006). From the geotechnical 
report (Petersen 2002), the average natural 
ground level is at elevation +4.00. In the first 
35 m, there is a soft, organic and normally 
consolidated clay, with medium to high 
plasticity, a dark-grey to black colour, and an 
SPT value of 4 to 6. Secondly, a soil horizon 
of about 7 m of soft, organic, high plastic 
black clay is present, with an SPT value of 
9 to 12. At a depth of 42 m below surface, a 
hard soil strata of plastic and sedimentary 
clay with high consistency and gravel is 
present, with an SPT value of 21 to 42. 
Finally, from a depth of 46 m basement rock 
is encountered. The geotechnical report also 
provides a constant value for the modulus of 
sub-grade reaction of Khstatic = 4 000 KN/
m3, which value corresponds with the soft 
layer of clay. The same document states that 
a compacted structural fill will be used on 
the first 4.2 m from the surface. The filler 
material to be used must be gravelly sand 
and/or sandy gravel. The water table position 
is 4.7 m below the surface. Figures 1 and 
2 show the geotechnical characterisation 
obtained during the drilling of piles No 1 
and No 2 respectively.Figure 3  Lateral load test schematic (Pilotes Terratest 2006b)
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Figure 2  Stratigraphy on Pile No 2 location (Loadtest International 2006)
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deScrIPtIoN of the 
PerforMed teSt
During February 2006 integrity and per-
formance tests were conducted. These tests 
were carried out by the company Pilotes 
Terratest S A and Loadtest International Inc 
in two piles built for this purpose. The tests 
have been performed on piles of 1 200 mm 
diameter and 50 m long. A lateral load test 
was included.

The main objective of the lateral 
load test, for which these two piles were 
used, was to obtain the real displacement 
recorded over the top of the piles when 
being subjected to a horizontal load, and to 
find a lateral displacement-depth curve by 
using installed inclinometers, in order to 
verify the design (Pilotes Terrastest 2006a). 
The maximum test load was 1 040 KN, 
which was reached through load steps. 
The schematic representation of the test is 
shown in Figure 3.

Instrumentation measured deformation 
at the pile head and displacement with depth 
(Pilotes Terratest 2006b). This instrumenta-
tion can be described as follows:

 ■ Two dial gauges, which were located on 
each pile, registered the deformation at 
the pile head for each level of applied 
load. These dials were placed in an 
installed beam.

 ■ An inclinometer with strain gauges was 
located inside the piles. The sensors 
digitally collect the displacement for 
each load level based on the differences 
of inclination angles (Sanhueza & Oteo 
2009). The inclinometer pipes were 
installed along with the piles. Lateral 
displacement readings were performed in 
the first 20.0 m on both piles.

Two piles, separated by a distance of 54 m, 
were used in the test – one as a reaction of 
the other. Loading on pile No 1 was per-
formed by an ultralight hydraulic jack, and 
a 12-wire anchor was used as load transfer 
mechanism on pile No 2 (see Figure 4).

SoIl-PIle INterActIoN MethodS
The theory of soil-pile interaction methods 
is explained in this section – firstly the 
semi-infinite beam method, and secondly 
the Kocsis method. In both these methods 
the behaviour of the pile under lateral load 
and/or moment can be modelled (Orostiga 
1991). Unlike other soil-pile interaction 
methods – which allow using different 
moduli of subgrade reaction values along 
the pile, such as the Gleser method (Gleser 
1984) – the two chosen methods only 
require using one constant modulus of 
subgrade reaction along the complete pile 
length. It was decided to use simplified 

theoretical methods with a constant modu-
lus, so that modelling of the test features a 
wider range in the complexity, which means 
simple theoretical models on the one hand 
and more complex analysis software on 
the other. This allows having tools for the 
different stages of a project, depending on 
the complexity of the required analysis. 
For instance, for complex methods high 
quality and quantity of data is required 
(Siddharthan & El-Gamal 1996). This data is 
difficult to obtain in preliminary design.

Semi-infinite beam method
The displacement (y), slope (θ) or internal 
stresses in the pile can be evaluated with 
this method (Ortigosa 1991), in which a 
semi-infinite beam is considered simulat-
ing the pile interacting with the soil. 
This analysis requires solution of the 
differential Equation 1 relating moment 
to displacement.

d2M

dX2
 = –EI 

d4Y

dX4
 = K * Y – q (1)

where E is modulus of elasticity, I is moment 
of inertia and K is product between Kh and 
D, where Kh corresponds to the horizontal 
modulus of subgrade and D to the beam 
width. The hypotheses used in this method 
are constant Kh and constant section with no 
axial forces being considered. Equations 2 and 
3 are obtained for a pile with a point load P 
and a moment M in the pile head (X > 0):

Y(x) =  
2 * P * α

K
 e–αX cos αX 

– 
2 * M * α2

K
 e–αX (cos αX – sin αX) (2)

θ(x) =  
–2 * P * α2

K
 e–αX (cos αX + sin αX) 

+ 
4 * M * α3

K
 e–αX cos αX (3)

Figure 4  Load transmission system: (a) hydraulic jack located on pile No 1, (b) fixed wires on pile 
No 2 (Pilotes Terratest 2006c)
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Kocsis method
Equations along the pile for displacement, 
slope and internal stresses are derived from 
integration of the equation of the reaction 
pressure of the soil (Kocsis in Orostiga 
1991). This pressure is obtained using the 
equation of displacement of an idealised 
pile: PR = Kh * δ, where PR is pressure, Kh 
is modulus of subgrade reaction, and δ is 
horizontal deformation. The length of the 
idealised pile is obtained with the equation 
of the work produced by the load H moving 
a displacement Δ; this equation is derived 
with respect to L in order to find the length 
that minimises the deformation energy. X is 
measured from the ground surface to depth, 
and the displacement curve corresponding to 
a pile with a free head and a displacement Δ 
in the pile head is used as follows:

 y(x) = 
1

2
 * 

x

Lu

3
 – 

3

2
 * 

x

Lu
 + 1  * ∆ (4)

The length Lu corresponds to the depth 
where after deformations are negligible, and 
X is the depth. To calculate Lu, the resultant 
of the pressure exerted by the soil is found, 
which is separated in the reactions at the pile 
head (RTe) and at the pile base. The exter-
nally acting load (H) and two reactions are 
present in the pile head – the first reaction is 
produced as a result of the pressure exerted 
by the ground (RTe) and the second reaction 
is due to the shear force (V) which is gener-
ated by imposing a deformation Δ:

H = 
3 * E * I * ∆

Lu3
 + 

33 * D * Kh * ∆ * Lu

140
 (5)

If a beam is gradually loaded to value H, so 
that the end deformation is Δ, the expres-
sion for the work can be obtained, which is 
derived with respect to the length. For solv-
ing Lu, the following expression is obtained:

Lu  = 
4 420 * E * I

11 * Kh * D
 (6)

Knowing the expression for Lu, the applied 
load can be rewritten as:

H = 
11

35
 * Kh * D * ∆ * Lu = 

12 * E * I * ∆

Lu3
 (7)

The equation that describes the pressure 
exerted by the soil on the pile is:

PR(x) = 
W(X)

D
 = Kh * ∆ * y(X) (8)

Solving Δ from the Equation 7 and inserting 
it in Equation 8, the expression for the pres-
sure exerted by the soil is obtained. Using 

the theory of material strength, integrating 
and applying boundary conditions, the fol-
lowing expressions are obtained for both 
the slope θ (Equation 9) and displacement δ 
(Equation 10):

E * I * θ

H * Lu2
 =  

35

22
 * – 

41

420
 + 

11

35
 * 

x

Lu

2
 

– 
1

3
 * 

x
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3
 + 

1

8
 * 

x
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1
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 * 

x

Lu

6
 (9)

E * I * δ

H * Lu
 =  

35

22
 * 

11

210
 – 

41

420
 * 

x

Lu
 

+ 
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 * 

x
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 – 

1

12
 * 

x

Lu

4
 

+ 
1

40
 * 

x

Lu

5
 – 

1

840
 * 

x

Lu

7
 (10)

In the case of a free head and moment, the 
analysis is analogous to the previous case. 
The following expressions are obtained for 
the slope (Equation 11) and deformation 
(Equation 12):

E * I * θ

Me * Lm
 =  

5

6
 * 

9

20
 * 

x

Lm
 + 

1

2
 * 

x

Lm

2
 

– 
1

20
 * 

x

Lm

5
 (11)

E * I * δ

Me * Lm2
 =  

5

6
 * 

9

40
 * 

x

Lm

2
 + 

1

6
 * 

x
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1
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 * 

x
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6
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Method for extended pile
This section shows the analysis required 
to model the pile length located above 
ground level. This method is described 
in Orostiga (1991). At the point where 
the load is applied, deformation can be 
expressed as:

δ = b + c + d (13)

where b is deformation at ground level, c is 
deformation by the slope at ground level, 
and d is free deformation due to applied 
load H.

c = θbh * A (14)

d = 
H * A3

3 * E * I
 (15)

In addition, the following expression may be 
derived for the slope at the same point:

θah = θbh + ∆θabh (16)

Figure 5  Displacements for a load of 1 040 KN, considering a modulus of subgrade reaction 
Kh = 4 000 KN/m3 (prepared by the authors in 2013)
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Table 1  Soil parameters used for modelling (prepared by the authors in 2013)

Horizon Depth range (m) Friction angle (°) Reaction modulus (KN/m3)

Fill 0.0–4.7 36 30 000

Silty clay 4.7–41.0 30 4 000

Gravel 41.0–46.0 35 40 000

Rock > 46.00 38 80 000

where θbh is slope at the ground level, and 
∆θabh is slope after application of load H.

∆θabh = 
H * A2

2 * E * I
 (17)

Sensitivity to variation in Kh
The expressions described in the previous 
sections were evaluated in order to model 
the lateral load test. As shown in Figure 5, 
using the Kh = 4 000 KN/m3 value (modulus 
of subgrade reaction) indicated in the geo-
technical report (Petersen 2002) for the clay 
strata, the displacements obtained with the 
theoretical models are significantly higher 
than those measured in the field test for the 
maximum load.

In order to calibrate the theoretical 
model with the measurements taken on site, 
a sensitivity analysis was performed. Since 
the geometry and the physical properties of 
the pile do not have the level of uncertainty 
that the soil properties have in this case, the 
sensitivity analysis was conducted varying 
the value of modulus of subgrade reaction 
Kh. By trialing various values, the value of 
Kh = 18 000 KN/m3 was finally adopted as 
characteristic for the entire length of the pile. 
This value is higher than that indicated for 

the clay soil layer in the geotechnical report 
(Petersen 2002). It is believed it reflects the 
greater rigidity of the granular fill and the 
fixity in the rock at depth. As shown in 
Figure 6, similar values of displacements for 
the maximum test load of 1 040 KN were 
obtained if this value of Kh is used.

SoftwAre

cype
To model the horizontally loaded pile, the 
software Muros Pantallas (Retaining Walls) 
from Cype was used. The analysis method 
and parameters needed for modelling using 
this software are discussed in this section. 
The calculation model used to obtain the 
stresses and displacements of the wall 
is based on the methods of ground-wall 

interaction, where the magnitude of the 
earth pressures on the wall depends on its 
displacement (Cype Ingenieros S A 2013a). 
For the calculation of the action and/or 
reaction produced by the soil on the wall, 
elastoplastic behaviour is considered. The 
linear range of behaviour is associated with 
the concept of the lateral modulus reaction 
of the soil, and the plastic range with the 
concept of active or passive earth pressure 
according to the displacement direction. The 
passive earth pressure is calculated by evalu-
ating the Jaky formula (Cype Ingenieros S A 
2013b). The active and passive pressures are 
calculated using the Coulomb theory.

A wall with an inertia equivalent to that 
of the pile was considered for modelling the 
pile. The wall was sized with a horizontal 
load and a moment applied to the top. With 
this, a load equivalent to the one of the 
test is achieved, since the load on the test 
was applied at a certain distance from the 
surface. Four soil horizons were defined to 
characterise the soil. Table 1 shows some 
parameters used to model the test. Ten 
different stages with the different test loads 
were defined. To obtain an equivalent load 
to the test load, it was necessary to input the 
actual test load divided by the width of the 
modelled wall, because the loads are entered 
into the program per linear metre.

GGu-latpile
The method used in the software GGU-
Latpile is described in this section. The 
model used to obtain the stresses and 
displacements is based on an elastic analysis 
considering the soil stress, determined by the 
product of the reaction and the deformation 
along the pile length (Buß 2012). This elastic 
stress must not exceed the passive earth 
pressure that can develop at the front of the 
pile. The norm option DIN 4085 (DIN 1987) 
was chosen for the active earth pressure. For 
the passive earth pressure, the Streck option 
was chosen, in which the coefficient of pas-
sive earth pressure is found by interpolating 
from a table (Weissenbach et al 2003). The 
pile used in the test was the one chosen to 
model the pile. The same soil properties used 
in the modelling performed in the Cype soft-
ware were used for this model. Ten different 
stages with the test loads were defined by 

Figure 6  Displacement for a load of 1 040 KN, considering a modulus of subgrade reaction 
Kh = 18 000 KN/m3 (prepared by the authors in 2013)
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Table 2  Stiffness soil parameters (prepared by the authors in 2013)

Horizon Triaxial loading stiffness 
(E50) [KN/m2]

Oedometer load stiffness 
(Eoed) [KN/m2]

Triaxial unloading 
stiffness (Eur) [KN/m2]

Fill 360 000 360 000 1 080 000

Silty clay 64 000 64 000 192 000

Gravel 480 000 480 000 1 440 000

Rock 960 000 960 000 2 880 000

entering the real test load and a moment at 
the top of the pile, equal to the applied load 
multiplied by the application height, 0.3 m.

Plaxis 2d
The analysis performed using the finite 
element model Plaxis 2D is explained in 
this section. The operation of the program 
and the parameters needed for modelling 
are also indicated here. Plaxis 2D is a two-
dimensional software of finite elements, 
designed to solve geotechnical problems. It 
has two options to model two-dimensional 
problems – plane strain and axisymmetric. 
Triangular elements of 6 or 15 nodes may be 
selected to model soil and other materials. 
Interface elements are used to simulate the 
interaction between the soil and the struc-
ture (Brinkgreve 2004).

Different options can be used for model-
ling materials. The linear elastic model 
is linear and isotropic, and it relates the 
stress and the unitary deformation through 
Hooke’s law of isotropic linear elasticity. 
It is necessary to have two elastic stiffness 
parameters – the Young’s modulus (E) and 
Poisson’s ratio (ν) (Brinkgreve 2004). This 
model is mainly used for modelling rigid 
structural elements (Abbas et al 2008) as the 
piles in the ground of this case. To model 
the soil, the hardening soil model can be 
used, which is an advanced second-order 
model (Brinkgreve 2004). It corresponds to 
an elastoplastic variant of the hyperbolic 
model, formulated in the context of harden-
ing plasticity. The parameters required 
for modelling the soil behaviour with this 
model are (Plaxis 2004): cohesion (c), fric-
tion angle (φ), dilatancy angle (ψ), triaxial 
loading stiffness (E50), oedometer load stiff-
ness (Eoed), triaxial unload stiffness (Eur), the 
dependence of soil stiffness with the stress 
levels (m), Poisson’s ratio for unload/reload 
(vur), rigidity coefficient (pref), coefficient 
of lateral stress at rest (K0

nc) and the ratio 
between failure and ultimate stress (Rf).The 
following can be considered as approximate 
values (Plaxis 2004):

Eur = 3 * E50 (18)

Eoed = E50 (19)

A plane strain model was used to model the 
pile, using elements with 15 nodes to achieve 
a greater precision in the analysis. Although 
geometrically a pile is better represented by 
an axisymmetric shape, since in this case the 
load is applied in a single radial direction, it 
was not possible to use this model. A wall 
with an inertia equivalent to the pile, 1 m 
wide, was considered. This width was chosen 
in order to work in units per metre. The wall 
was sized at 0.3 m on the surface. The load 
was applied at the top, simulating the applica-
tion point in the performed test. Hence, the 
value of the horizontal force in the pattern 
corresponds to the same one of the test.

To characterise the ground on which the 
test was conducted, the four soil horizons 
previously described were modelled. Soil 
parameters were considered according to 
the properties described in the geotechni-
cal report of soil mechanics, and the soil 

stiffness parameters were varied until defor-
mation values similar to the ones measured 
in the test were attained (refer to Table 2). 
The stiffness values finally used have 
approximately the same magnitude as those 
used in other studies (Molina et al 2007).

reSultS
Three representative load steps were selected 
– 200 KN, 600 KN and 1 040 KN. Figures 7, 
8 and 9 detail the results.

The results obtained using Cype and 
GGU-Latpile are similar to the measured 
values in the first load steps. For the higher 
loads, both models show a similar shape, 
especially from a depth of 5 m. The results 
obtained through the model made   in Plaxis 
2D for the displacement curve versus depth, 
are the closest to those measured, except for 
the highest loads, where the results from the 
Kocsis model are closest to the field meas-
urements. Results obtained by the Plaxis 
2D and Kocsis methods do not represent 
negative displacements along the curve. This 
relates quite accurately to the information 
recorded in the test, in which the negative 
measurements are small and insignificant. 
From the analysis using Plaxis 2D, the best 
deformation results are achieved at the head 
of the pile for all load steps.

Figure 7  Displacements for a load of 200 KN (prepared by the authors in 2013)
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coNcluSIoNS
Pile behaviour testing is an important 
aspect to consider in the design of piles. It 
is clear that test results can help to reduce 
costs, decreasing oversizing by reducing 
the uncertainty of pile behaviour. It also 
allows adjustments to the design in order 
to reach the expected behaviour of the 
system. From this study, it is concluded 
that the Kocsis method, with a coefficient 
of Kh = 18 -000 KN/m3, results in displace-
ment similar to those measured in the tests 
for the highest loads. The value adopted is 
significantly higher than that indicated in 
the geotechnical report. This is mainly due 
to the fact that in reality there is a compact 
granular fill layer near the surface, which 
provides a high horizontal stiffness to 
the system.

In the analysis performed using the finite 
element software, Plaxis 2D, displacement 
versus depth results very similar to those 
tested were achieved, especially for the mid 
and low loads. The best results on the head 
were achieved with this software, for all load 
steps. The Plaxis 2D software allows the use 
of more parameters, as well as providing a 
more complex method to study the deforma-
tion of the soil surrounding the pile. This 
result was as expected.

During high load stages, the Kocsis 
model presents results that are closer to 
those measured, especially when no negative 
deformation resulted. The results obtained 
by the beam-on-elastic-foundation method 
were similar to those recorded in the tests. 
While both methods sufficiently simplify the 
problem, good results can be achieved after 
a review of the soil characteristics defined in 
the investigation.

Notwithstanding that the piles are iso-
lated elements, fair approximations to the 
test results are obtained through the use of 
software with models for continuous ele-
ments, such as Cype and Plaxis 2D.

From the analysis conducted with the 
different models, a high sensitivity of the 
lateral displacements to the input values of 
horizontal stiffness of the soil is deduced, 
using Kh in the simplified methods and 
in the software Cype and GGU-Latpile, or 
through the stiffness parameters required 
for soil modelling in Plaxis 2D. This is the 
most important parameter to obtain correct 
characterisation of the behaviour of an ele-
ment in contact with the ground when it is 
loaded laterally. It is essential to conduct a 
thorough review of the available geotechni-
cal data to adequately represent the ground 
in which modelling is intended. It is recom-
mended that more than one tool be used to 
compare the results when modelling these 
types of problems.

Figure 8  Displacements for a load of 600 KN (prepared by the authors in 2013)
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Figure 9  Displacements for a load of 1 040 KN (prepared by the authors in 2013)
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INtroductIoN
It has been estimated that 60% of all bridge 
failures result from scour and other hydrauli-
cally related causes (Landers 1992). One of 
the most important steps in bridge design is 
to estimate the maximum local scour depths 
around bridge piers. Since the scour process 
is complex, the maximum scour depth can-
not be determined analytically, and this has 
led many engineers to perform experiments 
to investigate local scour processes.

The effective variables affecting the 
local scour process are flow parameters, 
bed material characteristics, pier geometry 
and time. By means of dimensional analysis 
the following dimensionless parameters can 
be determined:

ds

D
 = f   Fr, Fd, 

y

D
, 

V

Vc
, 

D

d50
, 

Vt

D
, σg, Ks, Kα  (1)

where Fr is the Froude number, Fd is the 
densimetric Froude particle number, y is the 
approach flow depth, D is the pier diameter, 
V is the approach flow velocity, Vc is the 
critical velocity, d50 is the median particle 
size of the bed material, σg is the geometric 
standard deviation of the particle size distri-
bution, Ks is the pier shape factor and Kα is 
the alignment factor.

Many experiments have been carried out 
by many researchers, and various empirical 

equations have been proposed to estimate 
maximum scour depth. Laursen (1958), 
Breusers et al (1977), Gunyakti (1988) and 
Yanmaz (1989) proposed respective equa-
tions which are a function of approach flow 
depth (y/D). Hancu (1971) proposed an equa-
tion based on the dimensionless approach 
flow depth (y/D) and the Froude number 
(Fr). The empirical relation proposed by 
Melville (1997) involved flow intensity (V/ Vc), 
particle size factor (Kd), pier shape factor 
(Ks), alignment factor (Kα) and channel 
geometry factor (KG). Richardson and Davis 
(2001) proposed an equation based on the 
pier shape factor (Ks), alignment factor (Kα), 
bed condition factor (Kb), armouring factor 
(Kz), approach flow depth (y/D) and Froude 
number (Fr).

The temporal variation of the scour depth 
has also been investigated by researchers, 
and numerous empirical relationships have 
been determined based on experimental 
findings (Yanmaz & Altinbilek 1991; 
Kothyari et al 1992; Melville & Chiew 1999; 
Oliveto & Hager 2002; Mia & Nago 2003; 
Chang et al 2004; Kothyari et al 2007).

The range of conditions to which an 
empirical equation applies is very important. 
Therefore the aim of this study was to pro-
pose a widely applicable empirical equation 
based on a wide range of experimental data 
obtained from the present study and from 

experimental investigation 
of local scour around circular 
bridge piers under steady 
state flow conditions
A O Aksoy, O Y Eski

Local scour around bridge piers is one of the main causes of bridge failures. In this study, scour 
depths and scour hole geometries around circular bridge piers were investigated under clear 
water scour conditions for various flow rates. The experiments were carried out in a rectangular 
flume 80 cm wide, 18.6 m long and 75 cm high by using uniform sediment with a median 
diameter of 1.63 mm and geometric standard deviation of 1.3. The flow rates and approach 
flow depths were measured with an electromagnetic flow meter and ultrasonic level sensors, 
respectively. A new empirical equation for the determination of scour depth is proposed based 
on the experimental findings of the present study and on experimental data available in the 
literature. The experimental results were also compared with those calculated using several 
empirical equations developed by previous studies. The proposed new equation to predict 
scour depth around a circular bridge pier was evaluated in terms of determination coefficient 
(R2) and scatter index (SI). The Fisher (f ) test was also applied to test the statistical significance of 
the proposed equation.
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available literature. One hundred and eighty 
two experimental results were used and the 
relevance of the proposed equation was test-
ed statistically. The geometries of the scour 
holes obtained after each experiment were 
determined and are also presented to provide 
an indication of likely scour hole geometries.

eXPerIMeNtAl SetuP ANd 
eXPerIMeNtAl reSultS
The experiments were carried out in a rec-
tangular flume 80 cm wide, 18.6 m long and 
75 cm deep. Uniform granular sediment with 
median diameter d50 of 1.63 mm and geo-
metric standard deviation of 1.3 were used in 

the model. The flow rates and approach flow 
depths were measured by using electromag-
netic flow meter and ultrasonic level sensors, 
respectively. The slope of the flume was 0.6%. 
A sketch of the experimental set-up is given 
in Figure 1. The bridge piers were located at 
11.5 m from the upstream end of the flume.

Circular bridge piers of 8 cm, 11 cm, 15 cm 
and 20 cm diameter were tested. The experi-
ments were carried out using seven different 
steady flow rates of 43 ℓ/s, 47 ℓ/s, 53 ℓ/s, 57 ℓ/s, 
62 ℓ/s, 66 ℓ/s and 71 ℓ/s. The reference of each 
experiment, pier diameter (D), flow rate (Q), 
approach flow depth (y) and flow intensity 
(V/ Vc) is given in Table 1. The observed scour 
depth did not change after 320 minutes in 
the case of the largest pier diameter and flow 
rate. Since the duration of each experiment 
was 480 minutes, it was found that the change 
in the scour depth after this duration was 
negligible. Therefore the duration of the 
experiments was deemed to be sufficient to 
reach the equilibrium scour depth.

The critical velocity Vc was determined 
from Equation 2 (Melville & Sutherland 1988).

Vc

u*c
 = 5.75 log 5.53 

y

d50  (2)

where u*c is the critical shear velocity which 
can be calculated using the following rela-
tionship (Melville 1997):

u*c = 0.0115 + 0.0125 d50
1.4 (3) 

for 0.1 mm < d50 < 1 mm

u*c = 0.0305 d50
0.5 – 0.0065 d50

–1 (4) 
for 1 mm < d50 < 100 mm

In these relationships u*c is in m/s and sedi-
ment size is d50 in mm.

The scour holes measured after each 
experiment along the centre line of the flume 
are shown in Figure 2.

Table 1 The details of the experiments

Experiment 
reference

D 
(cm)

Q 
(ℓ/s)

y 
(cm) V/Vc

AE1 8 43 19.5 0.49

AE2 8 47 20.2 0.51

AE3 8 53 20.7 0.56

AE4 8 57 21.3 0.58

AE5 8 62 22.3 0.60

AE6 8 66 22.7 0.63

AE7 8 71 23.4 0.65

AE8 11 43 19.5 0.49

AE9 11 47 20.2 0.51

AE10 11 53 20.7 0.56

AE11 11 57 21.3 0.58

AE12 11 62 22.3 0.60

AE13 11 66 22.7 0.63

AE14 11 71 23.4 0.65

AE15 15 43 19.5 0.49

AE16 15 47 20.2 0.51

AE17 15 53 20.7 0.56

AE18 15 57 21.3 0.58

AE19 15 62 22.3 0.60

AE20 15 66 22.7 0.63

AE21 15 71 23.4 0.65

AE22 20 43 19.5 0.49

AE23 20 47 20.2 0.51

AE24 20 53 20.7 0.56

AE25 20 57 21.3 0.58

AE26 20 62 22.3 0.60

AE27 20 66 22.7 0.63

AE28 20 71 23.4 0.65

Table 2 The experimental findings

Experiment 
reference

D 
(cm)

ds 
(cm)

Ls 
(cm)

AE1 8 3.0 6.0

AE2 8 5.5 9.0

AE3 8 8.0 13.0

AE4 8 9.0 13.0

AE5 8 10.0 15.0

AE6 8 10.2 15.0

AE7 8 11.2 19.0

AE8 11 4.7 7.5

AE9 11 6.7 9.5

AE10 11 10.4 15.5

AE11 11 11.3 15.5

AE12 11 12.8 19.5

AE13 11 13.7 21.5

AE14 11 14.6 21.5

AE15 15 4.4 11.5

AE16 15 6.8 11.5

AE17 15 11.9 17.5

AE18 15 13.3 21.5

AE19 15 15.9 25.5

AE20 15 16.6 25.5

AE21 15 18.4 29.5

AE22 20 7.2 11.0

AE23 20 8.7 13.0

AE24 20 10.2 15.0

AE25 20 13.8 21.0

AE26 20 16.1 25.0

AE27 20 19.2 29.0

AE28 20 20.6 31.0

Figure 1 Sketch of the experimental set-up
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Figure 2 Measured scour hole along the centre line of the flume length
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The experimental findings are given in 
Table 2, where ds is the flume centre line 
maximum scour depth measured after each 
experiment, and Ls is the maximum extent of 
the scour hole upstream of the pier.

The experimental results showed the 
following:

 ■ The maximum scour depths occurred at 
the upstream face of the pier.

 ■ Scour depth increased with flow velocity 
and pier diameter.

 ■ The length of the deposit downstream 
of the pier and the length of the scour 
hole increased with flow velocity and 
pier diameter.

Figures 3(a), (b) and (c) show the variation in 
the dimensionless scour depth (ds/D) with 
densimetric Froude particle number (Fd), 
dimensionless approach flow depth (y/D) and 
relative sediment size (D/d50), respectively. 
The dimensionless scour depths increase 
with densimetric Froude particle number 
and dimensionless approach flow depth, as is 
clearly shown in Figure 3.

Densimetric Froude particle number (Fd), 
can be calculated by using Equations 5 and 6 
(Oliveyo & Hager 2002):

Fd = 
V

(g'd50)0.5
 (5)

g' = 
ρs – ρ

ρ
 g (6)

where ρs and ρ are the mass density of the 
sediment and water, respectively, and g is the 
gravitational acceleration.

Since the number of experiments 
described above was not sufficient to derive 
an empirical equation, 154 additional 
experimental findings obtained by previous 
studies were taken into account to propose 
a more comprehensive and general equa-
tion. Equation 7 is proposed by using the 
experimental data obtained from the present 
study and experimental findings obtained 
by Ettema (1980), Graf (1995), Yanmaz and 
Altinbilek (1991), Melville and Chiew (1999), 
Mia and Nago (2003), Oliveto et al (2003) 
and Sheppard et al (2004). Details of these 
previous studies are summarised in the 
Appendix. The total number of experiments 
used to derive the proposed equation is 182.

ds

D
 = 1.39(Fd)0.77 

y

D

0.036
 

D

d50

–0.194
 (7)

The comparison between the measured 
scour depths and those computed from 
Equation 7 are given in Figure 4. Equation 7 
was evaluated in terms of determination 
coefficient (R2) and scatter index (SI). These 
parameters are defined as follows:

Figure 3  Variations of the dimensionless final scour depth versus (a) densimetric Froude particle 
number (Fd), (b) dimensionless approach flow depth (y/D), (c) relative sediment size (D/d50)
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R2 = 
∑n

i=1(ds,measuredi
 – ds,measured)

∑n
i=1(ds,measuredi

 – ds,measured)2

(ds,computedi
 – ds,computed )

∑n
i=1(ds,computedi

 – ds,computed )2

2

 (8)

SI(%) = 

∑n
i=1(ds,measuredi

 – ds,computedi
)2

n

ds,measured

 . 100 

 (9)

Determination coefficient (R2) and scat-
ter index (SI) values are also shown in 
Figure 4. As shown in this figure, the 
measured and computed scour depths are in 
good agreement.

Measured scour depths were also com-
pared with those calculated by using several 
equations given in the literature. The results 
are given in Figures 5(a) and 5(b). The maxi-
mum R2 (coefficient of determination) value 
was obtained for each equation.

The Fisher ( f ) test was applied to check 
the statistical relevance of the proposed 
equation. The parameter f is defined 
as follows:

f = 

SSR

ϑ1

SSE

ϑ2

 (10)

where SSR is the sum of squared residuals, 
SSE is the sum of squares for error, ϑ1 is the 
number of the independent variables (k), and 
ϑ2 = n – k – 1, (n is the number of the data). 
SSR and SSE can be calculated from the 
following equations:

SSR = ∑n
i=1(dsi

computed – dsι
measured)2 (10-a)

SSE = ∑n
i=1(dsi

measured – dsi
computed)2 (10-b)

where dsι
measured is the arithmetic mean 

of the observed and computed scour 
depth values.

The critical value of f is 3.78 for the 
selected 0.01 significance level. If the 
computed f value is greater than the 
critical value, then the proposed equation 
is significant. The f value was computed as 
825 and therefore the proposed equation 
is significant.

The error between the measured scour 
depth and the scour depths estimated 
with Equation 7 were computed by means 
of the sum of errors squared (Sheppard 
et al 2011):

Figure 4 Measured scour depths versus computed scour depths by using proposed equation
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Figure 5(a)  Measured scour depths versus computed scour depths by using equations given by 
Yanmaz (1989), Melville (1997), and Richardson and Davis (2001)
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SSE(%) = ∑(ds,measured – ds,computed)2

∑(ds,measured)2
 ∙ 100 (11)

The SSE is calculated as 4.03%. Therefore the 
proposed equation is statistically consistent.

coNcluSIoN
In this study the local scour around circular 
bridge piers was investigated experimentally. 
According to the experimental results, the 
scour depth increases with increasing pier 
diameter and flow velocity. It was observed 
that the length of the deposition downstream 
of the pier and the length of the scour 
hole also increase with flow velocity and 
pier diameter.

A new empirical relation to predict the 
maximum scour depth was proposed using 
the results of 182 experiments. Acceptable 
compatibility was obtained between the 
measured scour depths and the scour depths 
calculated by the proposed equation.

The significance of the proposed equation 
was demonstrated by applying the Fisher 
( f ) test. The sum of squared errors (SSE) 
was calculated to be 4.03%, which indicates 
that the proposed equation is statistically 
consistent. The proposed equation was also 

evaluated in terms of determination coef-
ficient (R2) and scatter index (SI), which were 
calculated to be 0.94 and 32%, respectively. 
These values also demonstrate the reliability 
of the proposed equation.
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APPeNdIX
Details of the experimental results from previous studies

Experiment 
reference

D 
(cm)

y 
(cm)

d50 
(mm) V/Vc

ds 
(mm)

E1 2.85 60 1.9 0.90 58

E2 2.85 20 1.9 0.90 57

E3 2.85 10 1.9 0.90 48

E4 2.85 5 1.9 0.90 41

E5 10.16 60 1.9 0.90 224

E6 10.16 40 1.9 0.90 223

E7 10.16 30 1.9 0.90 211

E8 10.16 20 1.9 0.90 1.98

E9 10.16 10 1.9 0.90 170

E10 10.16 5 1.9 0.90 147

E11 10.16 2 1.9 0.90 69

E12 10.16 60 5.35 0.90 179

E13 10.16 40 5.35 0.90 178

E14 10.16 30 5.35 0.90 165

E15 10.16 20 5.35 0.90 148

E16 10.16 10 5.35 0.90 131

E17 10.16 5 5.35 0.90 102

E18 15 60 1.9 0.90 318

E19 5.08 60 1.9 0.90 115

E20 5.08 60 1.9 0.75 85

E21 5.08 60 1.9 0.50 16

E22 15 60 0.84 0.95 225

E23 15 60 1.9 0.95 229

E24 15 60 5.35 0.95 207

E25 15 60 7.8 0.95 188

E26 10.16 60 0.8 0.90 227

E27 10.16 60 0.84 0.90 227

E28 10.16 60 1.9 0.90 224

E29 10.16 60 3.8 0.90 208

E30 10.16 60 5.35 0.90 179

E31 10.16 60 7.8 0.90 166

E32 15 60 0.8 0.90 315

E33 15 60 0.84 0.90 314

E34 15 60 1.9 0.90 318

E35 15 60 5.35 0.90 308

E36 15 60 7.8 0.90 290

G1 11 17 2.1 1.00 174

G2 10 23.2 2.1 1.00 195

G3 15 23.2 2.1 1.00 259

MC1 7 20 0.96 0.69 94

MC2 7 7 0.96 0.65 77

MC3 7 7 0.96 0.62 69

MC4 7 7 0.96 0.67 79

MC5 7 7 0.96 0.62 39

MC6 5 7 0.96 0.66 60

MC7 5 20 0.96 0.65 60

MC8 3.8 20 0.96 0.69 54

MC9 3.8 20 0.96 0.66 45

MC10 1.6 20 0.8 0.68 24

MC11 2.5 20 0.8 0.68 25

MC12 7 9.5 0.96 0.83 116

MC13 7 9.5 0.96 0.83 118

Experiment 
reference

D 
(cm)

y 
(cm)

d50 
(mm) V/Vc

ds 
(mm)

MC14 7 5 0.96 0.82 107

MC15 7 7 0.96 0.85 121

MC16 5 7 0.96 0.85 89

MC17 3.8 20 0.96 0.82 77

MC18 3.8 20 0.96 0.92 97

MC19 5 7 0.96 0.90 91

MC20 1.6 20 0.8 0.83 32

MC21 2.5 20 0.8 0.83 48

MC22 1.6 20 0.8 0.96 38

MC23 2.5 20 0.8 0.96 64

MC24 7 20 0.96 0.78 133

MC25 7 7.7 0.96 0.78 107

MC26 7 7 0.96 0.70 91

MC27 5 7 0.96 0.75 79

MC28 7 7 0.96 0.52 25

MC29 5 20 0.96 0.53 26

MC30 7 20 0.96 0.59 43

MC31 7 7 0.96 0.56 37

MC32 7 7 0.96 0.56 35

MC33 5 7 0.96 0.59 29

MC34 7 7 0.96 0.47 7

MC35 7 20 0.96 0.40 20

MC36 7 20 0.96 0.47 28

MC37 5 20 0.96 0.46 11

MC38 3.8 20 0.96 0.44 4

MC39 1.6 20 0.9 0.53 10

MC40 2.5 20 0.9 0.53 17

MC41 20 13.5 0.9 0.72 237

MC42 20 12 0.9 0.79 209

MC43 20 12 0.9 0.62 109

MC44 20 23 0.9 0.46 59

MC45 20 18.1 0.9 0.82 235

MN1 6 16 1.28 0.71 71

MN2 6 20 1.28 0.75 78

MN3 6 23.5 1.28 0.78 89

MN4 6 27 1.28 0.80 96

MN5 6 30 1.28 0.82 106

MN6 5 20 3 0.71 70

MN7 10 20 3 0.71 113

MN8 15 20 3 0.71 161

MN9 5 10 1.5 0.90 93

MN10 10 10 1.5 0.90 150

MN11 15 10 1.5 0.90 175

MN12 5 35 0.52 0.71 76

MN13 7.5 35 0.52 0.71 109

MN14 10 35 0.52 0.71 137

MN15 5 35 0.26 0.70 70

MN16 7.5 35 0.26 0.70 90

MN17 10 35 0.26 0.70 112

OH1 25.7 4.6 4.8 0.97 230

OH2 25.7 10 0.55 0.60 61

OH3 2.2 15 3.3 1.17 35

Experiment 
reference

D 
(cm)

y 
(cm)

d50 
(mm) V/Vc

ds 
(mm)

OH4 2.2 5.1 3.3 1.07 31

OH5 11 15 3.3 0.90 164

OH6 11 14.9 0.55 0.70 116

SH1 11 119 0.22 0.91 130

SH2 31 119 0.22 0.97 260

SH3 91 127 0.8 0.85 1 110

SH4 91 87 0.8 0.87 690

SH5 31 127 0.8 0.83 420

SH6 11 127 0.8 0.87 190

SH7 91 122 2.9 0.90 1 270

SH8 91 56 2.9 0.84 1 060

SH9 91 29 2.9 0.83 900

SH10 91 17 2.9 0.76 660

SH11 91 190 2.9 0.75 1 000

SH12 31 122 0.22 1.21 380

SH13 31 18 0.22 1.11 300

SH14 91 181 0.22 0.94 790

YA1 6.7 16.5 1.07 0.84 102

YA2 6.7 15.2 1.07 0.81 95

YA3 6.7 13.5 1.07 0.80 92

YA4 6.7 12.1 1.07 0.75 78

YA5 6.7 10.5 1.07 0.71 64

YA6 6.7 8.5 1.07 0.68 62

YA7 6.7 6.5 1.07 0.62 56

YA8 6.7 4.5 1.07 0.48 39

YA9 5.7 16.5 1.07 0.84 98

YA10 5.7 15.2 1.07 0.81 90

YA11 5.7 13.5 1.07 0.80 83

YA12 5.7 12.1 1.07 0.75 71

YA13 5.7 10.5 1.07 0.71 61

YA14 5.7 8.5 1.07 0.68 58

YA15 5.7 6.5 1.07 0.62 51

YA16 5.7 4.5 1.07 0.48 32

YA17 4.7 6.5 1.07 0.62 41

YA18 4.7 10.5 1.07 0.71 59

YA19 4.7 13.5 1.07 0.80 77

YA20 4.7 16.5 1.07 0.84 95

YA21 6.7 6.5 0.84 0.71 77

YA22 6.7 8.5 0.84 0.78 91

YA23 6.7 10.5 0.84 0.82 96

YA24 6.7 12.1 0.84 0.87 101

YA25 6.7 13.5 0.84 0.92 107

YA26 5.7 8.5 0.84 0.78 75

YA27 5.7 10.5 0.84 0.82 83

YA28 5.7 12.1 0.84 0.87 88

YA29 5.7 13.5 0.84 0.92 95

YA30 4.7 8.5 0.84 0.78 70

YA31 4.7 10.5 0.84 0.82 68

YA32 4.7 12.1 0.84 0.87 77

YA33 4.7 13.5 0.84 0.92 85
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INtroductIoN
In this study a dynamic analysis of a 77-year-
old single span steel truss railway bridge was 
carried out. The bridge carries passenger 
trains between Johannesburg and Pretoria. 
The study was approached by three differ-
ent methods – field measurement, modal 
analysis using a three-dimensional finite 
element model of the bridge, and a simple 
single degree of freedom (SDOF) approach. 
The intention was to investigate different 
methods of analysis, and determine whether 
a simple moving load model could accurately 
predict the dynamic behaviour of the bridge.

Several other authors have investigated 
railway bridges and compared field measure-
ment and analysis results. Ashebo et al (2007) 

studied the effect of the skewness on a three-
span box girder bridge in Hong Kong having 
a total length of 73 m. Natural frequencies 
were determined using SAP2000 software 
and field measurement. Caglayan et al (2011) 
performed a dynamic structural assessment 
of a four-span riveted steel plate girder bridge 
in Turkey with a total length of 54 m. Natural 
frequencies were determined using COSMOS 
software and field measurements. Liu et al 
(2009) studied a seven-span composite bridge 
on a high-speed railway line between Turin 
and Milan in Italy. The total length of the 
bridge was 322 m. Rodrigues (2002) used 
field measurement to determine natural 
frequencies of a single-span 31.4 m steel truss 
railway bridge in Portugal for an active tilting 

field measurement and 
dynamic analysis of a steel 
truss railway bridge
R D Shibeshi, C P Roth

In this study a dynamic analysis of a 77-year-old single-span steel truss railway bridge was 
carried out. The study was approached by three different methods – field measurement, 
modal analysis using a three-dimensional finite element model of the bridge, and a simple 
generalised single degree of freedom (SDOF) analysis. Field measurement was conducted using 
accelerometers and displacement transducers, which were mounted on special sections fixed 
to an adjacent bridge. The finite element models of the bridge were prepared using beam 
and shell elements. The dynamic responses studied include the displacement, acceleration 
and natural frequency of the bridge. The results showed that the generalised SDOF model, 
with simple addition of the effects of each axle, provided reasonably accurate displacements 
compared to the measured values. The generalised SDOF model, finite element model with 
beam elements and finite element model with shell elements also gave reasonably accurate 
estimates for the natural frequency of the bridge.

Figure 1 Side view of the bridge
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train at speeds of up to 200 km/h. Xia et al 
(2005) presented the experimental results of 
a 28-span pre-stressed concrete bridge for a 
high-speed train in China. Deflections, accel-
erations, strains and forces were measured. 
Hamidi and Danshjoo (2010) used a math-
ematical approach to determine the impact 
factor for steel railway bridges considering 
the effects of vehicle speed and ratio of axle 
distance to span length. Kaliyaperumal et 
al (2011) analysed a six-span continuously 
welded plate girder railway bridge of 189 m 
total length located in Sweden. Three Abaqus 
models were used – beam elements only, 
shell elements only, and a combination.

deScrIPtIoN of the 
brIdGe ANd trAIN
The bridge, constructed in 1936, is located 
in a peri-urban area outside Centurion, near 
Pretoria, South Africa, and is owned by the 
Passenger Rail Association of South Africa 
(PRASA). It spans the Hennops River, a 
river that is formed by the confluence of the 
Olifantspruit and the Sesmylspruit.

The bridge is one of two independent 
identical single-span simply-supported truss 

bridges at the site, as shown in Figures 1 and 
2. Each bridge spans 32.54 m, has a width 
of 5.26 m and carries a track of Cape gauge 
(1.067 m). The bridges are made up of a 
number of built-up sections which form the 
elements of a truss, with no ballast or deck, 
as shown in Figure 1. No obvious structural 
problems were noted during a visual inspec-
tion of the bridge.

The bridges carry passenger trains with 
12 coaches travelling between Johannesburg 
and Pretoria. These trains cross the bridge 
every 10–15 minutes during peak hours, and 
every 30–40 minutes during off-peak hours. 

A typical train is shown in Figure 3. The 
current maximum speed limit of the train 
on the bridge is 90 km/h. The trains consist 
of motor coaches (MC) with 180 kN axle 
loads, and trailer coaches (TC) with 114 kN 
axle loads. The axle spacing for a trailer 
coach is shown in Figure 4. Arrangements 
of 1MC+6TC+1MC+3TC+1MC and 
1MC+3TC+1MC+6TC+1MC were observed 
during the field measurements.

fIeld MeASureMeNt
Field measurement of the displacement and 
acceleration of the bridge was done. In gen-
eral it is difficult to measure displacements 
of a bridge using transducers where there is 
no suitable fixed reference point, such as at 
the mid-span of this bridge, which is approx-
imately 8 m above the river. Fortunately in 

Figure 2 End view of the bridge

Figure 3 Typical train

Table 1 Locations of measuring instruments

Accelerometer Displacement transducers

1 Mid-span left cross beam a Mid-span right bottom chord

2 Mid-span left rail b Mid-span right cross beam

3 ¾ span left stringer c Mid-span intersection of right stringer and cross beam

4 ¾ span left top of the bottom chord d Mid-span right rail

5 Mid-span right cross beam

6 Mid-span right stringer

7 Mid-span right rail

Figure 4 Axle spacing for trailer coach

1 422 2 134 11 430 1 4222 134 443



Journal of the South African Institution of Civil Engineering • Volume 58 Number 3 September 201630

this case there were two adjacent bridges, so 
displacements could be measured relative to 
one bridge while the train passed over the 
other. Four displacement transducers and 
seven accelerometers were used for the field 
measurement, located as described in Table 1 
and shown in Figure 5.

The bridge displacement was measured 
with HBM WA50 displacement transducers. 
The displacement transducers were mounted 
on purpose-built mounting sections of steel 
rectangular hollow sections. The mounting 
sections were rigidly clamped to the adjacent 
bridge as shown in Figures 6 and 7, and also 
stiffened with steel cables.

The acceleration data was collected 
using Gulf Coast Data Concepts X16-1C 
accelerometers mounted on the bridge using 
double-sided tape. This mounting method 
was tested in the laboratory and found to be 
satisfactory. The accelerometers were config-
ured to measure at a sample rate of 400 Hz at 
16 bit resolution.

In principle the acceleration measure-
ments could be used to calculate displace-
ments and vice versa, but this was beyond 
the scope of this research. A future project 
will concentrate on this.

fINIte eleMeNt ModellING
A three-dimensional finite element model of 
the bridge was built using OaSYS GSA. For 
this study it was used mainly to determine 
modal frequencies and shapes. Two types of 
models were used – a model containing only 
beam elements as shown in Figure 8, and a 
model containing mainly shell elements as 
shown in Figures 9 and 10. The finite ele-
ment models were based entirely on physical 
measurement of the bridge, as no original 
drawings could be found. Connections 
between the various plates and sections 
riveted together to form the built up sections 
were assumed to be rigid. The model was 
supported on pin supports as observed on 
the bridge (Figure 11). No details were avail-
able of the construction of the abutments, 
but they were assumed to be rigid, based 
on inspection.

A static analysis of the bridge under 
maximum train loads showed a maximum 
stress of approximately 200 MPa, less than 
the expected yield strength of approximately 
294 MPa for the steel used at the time the 
bridge was constructed (Bates 1991).

GeNerAlISed Sdof
Yang et al (2004) describe three levels of 
complexity for dynamic analysis of a train 
moving over a bridge – moving load, in 
which the train is modelled as only applying 

a load to the bridge; moving mass, in which 
the entire mass of the train is included; and 
sprung mass, in which the sprung and un-
sprung mass of the train and its suspension 
characteristics are included. The last option 
is the most accurate and captures inter-
action between the train and bridge. As the 

intention was to see how accurately a simple 
model could predict the dynamic behaviour 
of the bridge, a moving load model was used.

The truss bridge was also simplified for 
the analysis. First it was converted to an 
equivalent simply-supported beam, with 
flexural stiffness calculated to give the 

Figure 6 Displacement transducer fixed at points a, b and c

Figure 7 Displacement transducer fixed at point a

Figure 5 Measurement locations
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same deflection as the truss under static 
load. The beam was then analysed as a 
generalised SDOF system with equivalent 
mass and stiffness as described by Chopra 
(2007). A half-sine wave shape function 
was used. The forcing function due to a 
single load travelling across the bridge was 
determined. The model of the beam under 
a single load moving across it is shown in 
Figure 12. The dynamic displacement due 
to a single axle load could then be obtained 
from the well-known closed-form solutions 
for forced and free vibration of an SDOF 
system, and the time history of displace-
ment from the actual train loads could 
then be obtained by addition of the effects 
from each axle. Damping was not included. 
These results were compared to those 
from a formula given by Yang et al (2004), 
which has a similar basis but combines the 
two axle loads on a bogie into one point 
load and only allows constant loads for the 
entire train, so different coach types cannot 
be accommodated.

reSultS
The results obtained from this study are 
summarised in the following sections.

frequency
The measured natural frequency of the 
unloaded bridge was determined from 
pre-processed data from the accelerometers 
mounted on the bridge. The free vibration 
data, after the train had left the bridge, 
was used.

The Fourier transform of the accelera-
tion at the cross beam at mid-span (point 1) 

Figure 11 Support condition for bridge

Table 2 Natural frequencies from three methods

Description

1st mode 
natural 

frequency 
(Hz)

Finite element using beam elements 10.03

Finite element using shell elements 10.06

Generalised SDOF 9.54

Field measurement 9.10

Figure 8 Finite element model using beam elements
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Figure 9  Finite element model using shell elements
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Figure 10  Section view of finite element model using shell elements
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is shown in Figure 13. A peak at 9.1 Hz 
is visible.

Table 2 compares the measured fun-
damental natural frequency with those 
obtained from the finite element and 
generalised SDOF models. The results are 

approximately similar, with the measured 
frequency slightly lower than the finite ele-
ment and generalised SDOF frequencies. 
This may indicate some errors in the model-
ling assumptions, such as the rigid abutment 
supports assumed. Further monitoring and 

measurement of the frequency could be 
used in monitoring the structural health of 
the bridge.

For comparison, the natural frequencies 
calculated by the empirical formulae 
suggested by Kaliyaperumal et al (2011) 
are shown in Table 3, where l is the bridge 
span in m. The values from Frýba (1996) 
are 95% confidence intervals for steel 
truss bridges, while the values from UIC 
(1979) and EN 1991-2 (2003) are limits 
outside of which more detailed analysis 
is needed. It appears that the bridge is 
near the upper end of Frýba’s interval, 
and above the UIC and EN 1991-2 limit, 
though Frýba does state that, according 
to his data, many bridges will exceed this 
upper limit.

displacement
The displacements measured at mid-span 
(point C) are shown in Figures 14–16 for 
various speeds. Displacements from the field 
measurements are compared with those 

Figure 13 Amplitude vs frequency plot using pre-processed data at point 1
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Table 3  Natural frequencies from empirical 
formulae

Reference Formula Frequency
(Hz)

Frýba
lower 219l–1.1 4.8

upper 430l–1.1 9.3

UIC & EN 
1991-2

lower 23.58l–0.592 3.0

upper 94.76l–0.748 7.0

Figure 12 Simplified model of a simply-supported bridge subjected to moving load
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Figure 14 Mid-span displacement data at point B measured at a train speed of 38 km/h
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obtained from the generalised SDOF method 
using simple addition.

The displacement pattern consists of 
two parts – displacement due to the addi-
tional loads being applied to the bridge, and 
dynamic oscillation about this displacement. 
The lack of damping in the generalised 
SDOF model can be seen in the continued 
oscillation after the train has left the bridge. 

It can be seen that the train of Figure 14 
has the 1MC+6TC+1MC+3TC+1MC 
arrangement, while trains of Figures 15 and 
16 have the 1MC+3TC+1MC+6TC+1MC 
arrangement.

From the results one can observe that the 
generalised SDOF method gives a reasonable 
approximation of the actual displacement of 
the bridge.

Figure 17 shows the maximum displace-
ment as a function of train speed. The 
relationship is approximately linear, with 
the generalised SDOF method consistently 
overestimating displacement by approxi-
mately 1 mm. Possible reasons for this 
include overestimation of the actual weight 
of the train, and limitations of the moving 
load model.

Figure 15 Mid-span displacement data at point C measured at a train speed of 64 km/h
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Figure 16 Mid-span displacement data at point C measured at a train speed of 92 km/h
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Another point that one can observe from 
Figures 14–16 is that the displacement due to 
the motor coach is about 1.58 times that due 
to the trailer coach. This is almost equal to 
the ratio of the weights of the coaches, indi-
cating the linearity between the force applied 
and resulting displacement.

The displacements measured at 
different points on the bridge structure 
at mid-span (points A, B and C) are close, 
as shown in Figure 18, indicating little 
relative displacement between points in the 
truss. This is one reason why the simple 

beam approximation for the truss works 
reasonably well.

The two generalised SDOF methods, one 
using the formula given by Yang et al (2004) 
and one using simple addition of the effects 
of each axle, are compared in Figure 19. It 
is clear that the formula from Yang et al 
does not work well when the coaches have 
different masses.

As the generalised SDOF approach with 
simple addition of loads appears to give 
approximately accurate results, the effect 
of speed on maximum displacement was 

determined for a larger range of speeds than 
could be measured. The results are shown in 
Figure 20. The relationship between speed 
and maximum displacement is approxi-
mately linear, except for some slight peaks 
where more dynamic amplification occurs. 
The peak at around 74 km/h occurs because 
at this speed the two axles on a bogie enter 
the bridge approximately 0.1 s apart, which is 
close to the natural period of the bridge and 
the resulting dynamic in-phase oscillations.

Impact factors, as defined by Hamidi 
and Danshjoo (2010), relating the dynamic 
deflection of the bridge to the static deflec-
tion, could also be calculated from the 
generalised SDOF method. The formula for 
determining the impact factor is presented in 
Equation 1.

I = 
Ddyn – Dst

Dst
 (1)

where:
 I = impact factor
 Ddyn = dynamic deflection
 Dst = static deflection.

Hamidi and Danshjoo (2010) and Yang et 
al (2004) list several sources of impact fac-
tors from literature. The factors calculated 
based on the AASHTO manual (1989), 
AREMA manual (2006) and OHBD code 
(1983) are 0.216, 0.238 and 0.25 respectively. 
The calculated results shown in Figure 21 
are higher than the values given by the dif-
ferent codes. The upper limit of the impact 
factor calculated by the Iranian and French 
codes (Hamidi & Danshjoo 2010) is less 
than some of the results obtained in this 
research study.

Figure 18 Displacement vs time at different locations at a train speed of 38 km/h
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Figure 17 Comparison of maximum displacement of the bridge for different train speeds
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coNcluSIoNS
A 77-year-old steel truss bridge carrying 
passenger trains was instrumented 
and analysed in this study. It was fortunate 
that displacement could be measured 
using sections rigidly clamped to the 

adjacent bridge. Accelerometers were 
also used.

The results showed that the generalised 
SDOF moving load model with simple addi-
tion provided reasonably accurate displace-
ments compared to the measured values, 

despite the bridge actually being a truss which 
has different mass and stiffness distribution 
and behaviour compared to a beam, and the 
train being more complex than just a moving 
load in its interaction with the bridge. Possible 
other reasons for the differences include more 
complex issues, such as rail defects, wheel-rail 
interaction, and damping, which were not 
taken into account in the simple model.

Two finite element models of the bridge 
were prepared – one with beam elements, 
and one with mainly shell elements. The 
finite element model may also be used 
for dynamic time-history analysis of the 
bridge, but this would be substantially more 
complex and time-consuming than the 
simple model.

The generalised SDOF model, finite 
element model with beam elements and 
finite element model with shell elements 
gave reasonably accurate estimates for the 
natural frequency of the bridge. Differences 
could be due to the supports being less stiff 
than assumed.

The empirical formulae suggested by 
UIC and BS EN 1991-2 underestimated the 
natural frequency of the bridge. Formulae in 
the AASHTO manual, AREMA and OHBD 
codes also underestimated the dynamic 
impact factor.
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Figure 20 Maximum displacement of bridge for different ranges of train speeds
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INtroductIoN
Labour productivity in South Africa is at 
its lowest in 46 years (Naicker 2014). More 
alarmingly, South Africa, when compared 
to its emerging market competitors, is less 
efficient, and labour productivity here is one 
of the lowest in the developing world. This 
contributes to a negative outlook for the 
economy and the wellbeing of its citizens. 
The Office for National Statistics in the 
UK (ONS 2007) states that an increase in 
productivity is “the key determinant of 
economic growth”.

The civil construction industry contrib-
uted only 3.5% to South Africa’s GDP during 
2014. It is confronted with an industry 
environment that is increasingly competitive 
and that experiences perpetually changing 
conditions (SAFCEC 2014; Langston 2012).

The industry, by nature, is highly labour-
intensive, and employs a significant number 
of unskilled and semi-skilled workers from 
the communities which are located close 
to the civil construction projects. The aim 

of this research, therefore, was to identify 
the factors which have an impact on the 
global productivity of the South African civil 
construction industry and to compare them 
with international trends. The paper consid-
ers a global view of productivity, and not just 
labour productivity.

fActorS IMPActING oN 
coNStructIoN ProductIvItY
Before productivity management can be 
considered, the concept and definition of 
both productivity and management have 
to be understood. Productivity is defined 
by the Oxford dictionary (2014) as “the 
state or quality of being productive”, and 
in a general sense is defined as a measure 
of the output compared to the input. A 
common mathematical expression for 
productivity is the output divided by the 
input (Productivity = Output/Input) (Liou 
& Borcherding 1986). From this expres-
sion it is clear that productivity could 

Productivity management 
in the South African civil 
construction industry – 
factors affecting 
construction productivity
M Bierman, A Marnewick, J H C Pretorius

Labour productivity in South Africa is at one of its lowest levels. During 2014 the civil 
construction industry contributed only 3.5% to the GDP of South Africa. It is faced with 
challenges such as an industry environment that is increasingly competitive, and organisations 
in the civil industry that experience financial difficulties, such as low profit margins. An industry-
specific survey, using a questionnaire, was conducted to ascertain the perceptions of industry 
professionals regarding factors which have an impact on productivity. A literature study was 
done to identify the factors that have an impact on construction productivity, based on a global 
perspective. From the literature study, 12 studies were identified, and a benchmark was set with 
which to compare the findings of the research questionnaire.
 To obtain the relevant information through the questionnaire, a selective sampling process 
was used, as the focus of the research required a specific group of individuals who were 
involved in the management of projects in the civil construction industry. Two civil engineering 
organisations, the South African Forum of Civil Engineering Contractors and the South 
African Institution of Civil Engineering, were contacted to assist with the distribution of the 
questionnaire. The questionnaire consisted of 51 factors which the industry professionals had 
to rate, based on their experience. These factors had to be rated with the use of a 0–4 Likert 
scale, based on two specific questions: (1) What impact does the factor have on construction 
productivity? (2) What is the frequency of occurrence of the factor?
 A total of 40 questionnaires were completed by the industry professionals. Thereafter the 
ranking of the factors was calculated with the use of the relative importance index.
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Table 1 Factors affecting construction productivity ranked by various authors

Authors Country Labour Management Site 
characteristics Weather Consultant Tools & 

equipment

Abdul Kadir et al (2005) Malaysia 4 2

Alinaitwe et al (2007) Uganda 2 3 1 1 2

Duryev and Mbachu (2011) New Zealand 1 5 1 1

El-Gohary and Aziz (2014) Egypt 5 7 1 1 1

Enshassi et al (2007) Gaza Strip 1 3 1

Horner et al (1989) UK 2 7 1 2 1

Hughes and Thorpe (2014) Australia 2 10 1 2

Jarkas and Bitar (2012) Kuwait 2 3

Kaming et al (1997) Indonesia 1 3 1

Lim and Alum (1995) Singapore 2 3 1

Makulsawatudom et al (2004) Thailand 1 6 2 1

Zakeri (1996) Iran 1 1 1 2

Total 17 54 3 4 15 9

improve if either the output increases with 
the input staying constant, or if the input 
decreases and the output remains constant. 
Management is defined by the Oxford dic-
tionary (2014) as “the process of dealing with 
or controlling things or people”. Productivity 
management is therefore the process of man-
aging processes and people with the focus on 
the state of being productive.

Kim et al (2011) assume that there are 
two levels of productivity. On the one hand, 
they mention productivity that can be 
achieved in ideal situations, which they call 
‘ideal productivity’ (IP), and on the other 
hand, realistic productivity which they call 
‘obtainable productivity’ (OP). The pro-
ductivity that is actually achieved is ‘actual 
productivity’ (AP). They further define a 
reduction factor which represents a factor 
that inhibits the attainment of a complete IP 
value. In other words, actual productivity is 
ideal productivity from which the reduction 

factor is subtracted. Figure 1 is a graphical 
representation of the relationship between 
ideal, obtainable and actual productivity. 
The aim of improving productivity lies in the 
actual productivity sector.

Furthermore, Kim et al (2011) distinguish 
between different types of reduction factors, 
which they call the controlled (C_RF) and 
uncontrolled (UC_RF) reduction factors. 
In short, the uncontrolled reduction fac-
tors have an impact on ideal productivity, 
resulting in OP = IP – UC_RF. Optimum 
productivity is subsequently impacted by the 
controlled reduction factor so that actual 
productivity is defined as AP = OP – C_RF. 
Factors can vary during the project life cycle, 
while some factors can remain constant; 
these factors are called variable and invari-
able, respectively. Figure 2 indicates the rela-
tionship of the factors in a matrix format.

The ONS Productivity Handbook (ONS 
2007) states that productivity can be seen 

as the ratio between input and output, 
and that productivity can be increased 
through the reduction in input. The labour 
force is the most common input that is 
changed to obtain the desired productivity. 
Unfortunately, this definition of productiv-
ity is not suitable in South Africa due to 
the country’s socioeconomic climate where 
unemployment is a major concern. Moreover, 
productivity has an impact on several 
aspects, such as the economy and society in 
general, and is seen as “the key determinant 
of economic growth” (ONS 2007). It is there-
fore critical to identify the factors that have 
an impact and to fully understand how they 
can be managed to minimise their effect on 
construction productivity.

The South African civil construction 
industry is subjected to fluctuating condi-
tions, such as low turnover, unemployment, 
erratic tender activities and the liquidation 
of construction companies (SAFCEC 2014). 

Figure 1  Actual productivity (Kim et al 2011)
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It is therefore important to identify the fac-
tors which have an impact on construction 
productivity, with the intention of managing 
their effects.

A literature study was conducted with 
the purpose of identifying factors that have 
an impact on construction industries from 
a global perspective. Twelve studies from 
the literature were identified that support 
the research in this article, as indicated in 
Table 1. The authors studied the impact that 
certain factors (as identified by industry pro-
fessionals) have on construction productivity. 
The factors were grouped into six main 
categories, i.e. management, labour, consult-
ants, tools/equipment, weather and site char-
acteristics. These factors were categorised to 
accommodate the factors in the literature, 
with the aim of setting a benchmark. Three 
main categories that predominantly occurred 
in the literature, and which have a perceived 
impact on construction productivity (as 
indicated in Table 1), can be identified from 
the results. The management category is first 
with the highest number of factors at 54, the 
labour category is second with 17 factors, 
and the consultant category is third with 15. 
These categories were used to create the 
research questionnaire.

beNchMArK
The top ten factors of the various authors 
were combined to set a benchmark that was 

used to compare the findings of the research 
questionnaire. The factors were selected 
according to the findings of the authors, as 
illustrated in Table 2. They were compared 
with one another (in the same ranking) and 
the most dominant factor was selected to 
represent the specific ranking.

The top ten factors in Table 2 are 
consistent with the findings in Table 1. There 
are three main categories, i.e. management, 
labour and consultants. Management is the 
dominant category in the list with seven 
of the ten rankings, which account for 70% 
of the factors. Consultants constitute 20% 
of the factors, while the labour category 
constitutes only 10% of the factors.

reSeArch MethodoloGY
The selection of factors was guided by the 
research that was conducted by the various 
researchers as per Table 1, as well as the 
productivity factors that were identified by 
Arditi (1985). This was done as it considered 
both the site and head office contribution 
to productivity. The scope of the study 
only included the construction phase of the 
project (start-up to completion and hand-
over); it did not include the inception, design 
and feasibility study stages of the project. 
Moreover, the productivity measurements 
do not consider the impact of the factors on 
various stages during the construction phase. 
A holistic approach was adopted to focus the 

attention of the participants on the overall 
construction project and not parts of it.

Selection and categorisation 
of factors
The selection criteria for the factors that 
were used in the research questionnaire were 
based on the literature study. Six categories 
were derived from the literature study, name-
ly management, labour, consultants, tools/
equipment, weather and site characteristics. 
This was done to compare the results from 
the various authors in the literature study.

definition of questions 
and rating scale
The factors in the questionnaire were rated 
according to a Likert scale, and two catego-
ries of questions were asked for each of the 
factors. The Likert scale was utilised in this 
research as it is one of the simplest and most 
widely used scales for research purposes 
(Othman et al 2005). Moreover, as indicated 
in Table 1, the authors (from the literature 
study) had also used the Likert scale to con-
duct their research.

The two questions that were posed 
to the industry professionals were about, 
firstly, the perceived impact the factor had 
on construction productivity, and secondly, 
how frequently the factor occurred during 
the project life cycle. A 0–4 Likert scale was 
used, as indicated in Table 3; the scale for 
the frequency of occurrence was altered to 
provide a suitable scale to rate the frequency.

Identification of target audience
Expert sampling was used, as the focus of the 
research required a specific group of individ-
uals who were involved in the management 
of projects in the civil construction industry, 
such as project managers, site agents, 
engineers, contract directors and managing 
directors (Salem & Zimmer 2005).

Two industry-relevant organisations 
were contacted to assist with the distribu-
tion of the questionnaire. The first was the 
South African Forum of Civil Engineering 
Contractors (SAFCEC), which has a 
membership of 450 civil construction com-
panies. The second was the South African 
Institution of Civil Engineering (SAICE), 
which has 1 460 members in its project 
management and construction division. The 
sample distribution in this research only 
included the industry professionals who were 
involved in the management of civil con-
struction projects. This therefore excluded 
design engineers, architects or other industry 
professionals who operate in the construc-
tion industry, but who are not directly 
involved in the management of a project. 
Further research should be conducted that 

Table 2 Benchmark of top ten factors obtained from literature study

Factor Category Ranking

Material shortage Management 1

Labour experience Labour 2

Incompetent supervisor Management 3

Method of working Management 4

Late issue of drawings Consultant 5

Poor communication Management 6

Unforeseen events Management 7

Poor site layout Management 8

Constructability Consultant 9

Rework Management 10

Table 3 Likert scale used in the questionnaire

Question 
category

Likert value

0 1 2 3 4

Perceived 
impact No opinion No impact Slight impact Considerable 

impact Great impact

Frequency of 
occurrence Never Seldom Occasionally

To a 
considerable 

degree
Almost always
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Table 4  Combined top ten findings of questionnaire listed under Rii of impact, frequency and MRii, sorted based on MRii

Factor (combined) Category Ranking based 
on MRii

Relative importance index (Rii)

Impact of 
factor (A)

Frequency of 
occurrence (B)

MRii (average 
of A & B)

Late issue of drawings to contractor Consultant 1 0.900 0.843 0.872

Illegal strike action by project labour force Labour 2 0.883 0.817 0.850

Delayed reply on RFI (request for information) Consultant 3 0.867 0.826 0.846

Late issue of specifications and information to contractor Consultant 4 0.867 0.826 0.846

Civil unrest in vicinity of project Labour 5 0.850 0.800 0.825

Labour union strike (irrespective of union) Labour 6 0.850 0.800 0.825

Delayed inspection by consultant Consultant 7 0.792 0.788 0.790

Management skills of foreman Management 8 0.758 0.807 0.783

Poor communication between site management and labour force Management 9 0.758 0.807 0.783

Complexity of design (constructability) Consultant 10 0.767 0.793 0.780

would include all industry professionals 
through the complete project life cycle.

compilation and distribution 
of questionnaire
The questionnaire was created using an 
online survey platform called SurveyMonkey. 
The online application allowed the partici-
pants to access the questionnaire irrespective 
of their geographical location, and to com-
plete the questionnaire in their own time. A 
link to the online survey was generated and 
sent to SAFCEC and SAICE for distribution. 
The responses to the questionnaire were 
collected and summarised by SurveyMonkey, 
generating a summary table with the find-
ings. The data was extracted from the sum-
mary table and collated in Microsoft Excel, 
in which the analysis of the data and the 
subsequent charts were generated.

Analysis of results
The relative importance index (Rii) is used to 
grade results in terms of severity, and allows 
different factors to be compared with one 
another. It was used to compare the scor-
ing of the factors that were captured in the 
questionnaire by using the Likert scale. The 
formula for Rii is indicated in Equation 1.

Rii = 

   4
 ∑  r * nrr=0

4N
 (1)

where:
 r = rating according to Likert scale (0–4)
 nr = number of results of r (Likert scale)
 N =  number of questions answered in 

questionnaire

The modified relative importance index 
(MRii), as used in this research, is defined as 
the average of two Rii values which have a 

linear relationship, as indicated in Equation 2. 
El-Gohary (El-Gohary & Aziz 2014) modified 
the Rii to calculate the relative importance 
index for categories based on years of experi-
ence, and calculated the category index by 
taking the average of Rii for each factor.

MRii = Rii of the impact + Rii of the frequency

2
 (2)

The first stage in analysing the data entailed 
calculating the Rii for each of the factors. 
This was done for the two main categories of 
questions. An Excel spreadsheet was used to 
capture and analyse the data of each of the 
factors. The second stage entailed establish-
ing if there was a linear relationship between 
the categories of questions, with the aim of 
validating the use of the MRii (as identified 
in Equation 2). Bivariate analysis was used 
to ascertain the relationship. The Rii values 
were plotted on an XY chart, as shown in 
Figure 3.

The Y values were selected as the Rii of 
the impact, and the X values were the Rii 
frequency of occurrence. The correlation 
between the impact and frequency was 
calculated, and the Pearson’s r correlation 
value was at 0.838, with significance at 
the 0.01 level (two-tailed). This value is 
close to 1 and thus indicates a strong 
linear relationship between the impact and 
frequency (Liu et al 2011). In conclusion, 
the MRii can be calculated where the 
relationship between the impact and 
frequency is accepted as being linear. The 
analysis of the results and the subsequent 
comparison with the benchmark were 
based on the Rii ranking and not on MRii; 
this was done to ensure that the results 
from the questionnaire could be compared 
directly with the benchmark. The MRii 
was adopted to introduce a new avenue of 
thought in which the occurrence frequency 
of the factors had an additional influence on 
the impact.

Figure 3 Correlation between frequency and impact of factors
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Analysis of findings
In total, 40 participants (construction 
management industry professionals) took 
part in the survey. The combined results, as 
shown in Table 4, indicate the top ten factors 
that were perceived to have an impact on 
construction productivity. However, it is not 
sufficient to view the results in isolation. The 
impact, as well as the frequency of occur-
rence, should be considered. The Rii was 
calculated for both the impact of factor and 
frequency of occurrence. Furthermore, the 
MRii was obtained by calculating the average 
Rii of the two Rii values. Figure 4 indicates 
the number of factors (based on Rii) for each 
of the six categories.

The results from Table 4 and Figure 4 
indicate the following:

 ■ Impact of the factor: The top ten factors 
fall into only three of the six categories 
(management, consultant and labour). 
The main category that is perceived 
to have an impact on productivity 
is ‘management’.

 ■ Frequency of occurrence: The results are 
spread in more categories for frequency 
than impact (five of the six categories). 
This, however, only indicates the fre-
quency of occurrence and is not a useful 
measure on its own, and as such was used 
to calculate the MRii.

 ■ MRii: The modified value was obtained 
as stated above and should be com-
pared to the impact of the factor. The 
modification to the Rii caused a slight 
increase in the number of factors that 
were in the management category, while 
a reduction by almost half in the labour 
category was also noted. The remainder 
fell into the site condition and tools/
equipment categories.

The results of the study were combined in 
Figure 5 (see Table 5 for complete list of 
ranked factors) to represent the relationship 
between the different Rii values. The Rii 
values for the impact and frequency seem to 
fluctuate, and the MRii is a relatively smooth 
line (this is due to the fact that findings 
were ranked based on the MRii), as shown 
in Figure 5. The first six factors had a higher 
Rii rating for impact than for frequency. The 
Rii values from factors 7 to 51 indicate trends 
where the Rii for frequency is higher than 
the Rii for impact.

The inclusion of the frequency of 
occurrence had an interesting result on 
the ranking of factors. Factors with a low 
perceived impact had a high frequency 
of occurrence and would be ranked 
higher than a factor with a high impact 
but low frequency. For example, factor 
20 (Breakdown of plant) had a lower Rii 
(impact) than factor 21 (Availability of 

skilled labour …’), which means that the 
availability of labour should be ranked 
higher (see Table 5). The frequency 
influenced the ranking such that the 
breakdown of plant was ranked higher than 
the availability of skilled labour. This ties 
in with the approach of the study whereby 
a holistic approach was adopted to evaluate 
the effect of factors on productivity.

The ranking of the factor category was 
done by calculating the average of the Rii of all 
the factors in the category. The average Rii val-
ues were compared to one another and ranked 
accordingly. Table 6 indicates that the top 
three factors are in line with the findings of the 
literature study. However, the highest ranked 
factor category is consultants, whereas the 
literature ranked management as the highest.

Figure 4  Comparison between the three different Rii values for the six categories of factors
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Figure 5  Graphical representation of the findings – a total of 51 factors ranked based on MRii 
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Table 5  Ranking of the 51 factors, grouped according to categories of factors (refer to Figure 5 for graphical comparison between Rii(impact), 
Rii(frequency), and MRii)

Ranking based 
on MRii Ranking of factors in the different categories based on the MRii Category Rii (Impact) Rii (Freq) MRii

1 Late issue of drawings to contractor Consultant 0.9 0.843 0.872

2 Illegal strike action by project labour force Labour 0.883 0.817 0.85

3 Delayed reply on RFI (request for information) Consultant 0.867 0.826 0.846

4 Late issue of specifications/information to contractor Consultant 0.867 0.826 0.846

5 Civil unrest in vicinity of project Labour 0.85 0.8 0.825

6 Labour union strike (irrespective of union) Labour 0.85 0.8 0.825

7 Delayed inspection by consultant Consultant 0.792 0.788 0.79

8 Management skills of foreman Management 0.758 0.807 0.783

9 Poor communication between site management and labour force Management 0.758 0.807 0.783

10 Complexity of design (constructability) Consultant 0.767 0.793 0.78

11 Lack of planning – foreman daily on site planning Management 0.733 0.813 0.773

12 Skill level of labour that is sourced in the vicinity of the project Labour 0.776 0.763 0.769

13 Lack of site management leadership Management 0.725 0.808 0.767

14 Lack of material on site Management 0.717 0.804 0.76

15 Poor communication between consultant and contractor Management 0.717 0.804 0.76

16 Lack of planning – engineer fortnightly planning Management 0.708 0.799 0.754

17 Management skills of engineers Management 0.717 0.785 0.751

18 Experience level of site management relating to productivity management Management 0.717 0.785 0.751

19 Site conditions after inclement weather (rain/snow) Site 0.717 0.785 0.751

20 Breakdown of plant Tools/Equipment 0.7 0.776 0.738

21 Availability of skilled labour in the vicinity of the project Labour 0.733 0.742 0.738

22 Motivation of labour Labour 0.733 0.742 0.738

23 Inadequate pre-plan Management 0.683 0.786 0.735

24 Absenteeism of labour Labour 0.725 0.738 0.731

25 Lack of monthly planning Management 0.675 0.781 0.728

26 Rework due to poor workmanship Management 0.675 0.781 0.728

27 Rain Weather 0.683 0.768 0.725

28 Stop supply from suppliers due to non-payment Management 0.658 0.772 0.715

29 Breakdown of tools/equipment Tools/Equipment 0.667 0.759 0.713

30 Level of education of labour Labour 0.698 0.724 0.711

31 Project team composition in light of productivity management strategies Management 0.658 0.754 0.706

32 Availability of plant Tools/Equipment 0.658 0.754 0.706

33 Snow Weather 0.6 0.797 0.699

34 Frequent change in site management (management turnover) Management 0.633 0.759 0.696

35 Availability of tools/equipment Tools/Equipment 0.642 0.746 0.694

36 Strong wind Weather 0.642 0.746 0.694

37 Site congestion Site 0.625 0.754 0.69

38 Lack of training provided to labour Management 0.625 0.737 0.681

39 Safety accidents resulting in work stoppages Management 0.625 0.737 0.681

40 Unrealistic scheduling and expectations of labour performance Management 0.6 0.741 0.671

41 Crew size and composition Management 0.608 0.728 0.668

42 Site layout Site 0.583 0.732 0.658

43 Geographical location of the site (accessibility) Site 0.575 0.711 0.643

44 Temperature (high or low) Weather 0.567 0.706 0.636

45 Work overload and fatigue Management 0.55 0.714 0.632

46 Labour force turnover Management 0.558 0.702 0.63

47 Poor communication between head office and project personnel Management 0.558 0.702 0.63

48 Complex tools/equipment needed to perform work Tools/Equipment 0.542 0.693 0.617

49 Lack of incentive programme Labour 0.567 0.658 0.613

50 Proportion of work subcontracted Management 0.517 0.696 0.607

51 Working hours Management 0.508 0.675 0.592
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Table 7  Comparison between the benchmark and the findings of the questionnaire (top ten ranked factors)

Ranking
Literature benchmark From questionnaire based on Rii (impact) Variance 

(A-B) 
rankingFactor (A) Category Factor (B) Category

1 Material shortage Management Late issue of drawings to contractor Consultant NA

2 Labour experience Labour Illegal strike action by project labour force Labour –6

3 Incompetent supervisor Management Delayed reply on RFI (request for information) Consultant –7

4 Method of working Management Late issue of specifications/information to 
contractor Consultant NA

5 Late issue of drawings Consultant Civil unrest in vicinity of project Labour +4

6 Poor communication Management Labour union strike (irrespective of union) Labour NA

7 Unforeseen events Management Delayed inspection by consultant Consultant NA

8 Poor site layout Management Skill level of labour that is sourced in the 
vicinity of the project Labour NA

9 Constructability Consultant Complexity of design (constructability) Consultant 0

10 Rework Management Management skills of foreman Management NA

coMPArING fINdINGS 
wIth beNchMArK
The results from the questionnaire and the 
benchmark are combined in Table 7 in order 
to compare the findings. The results of the 
Rii (impact) were selected to be compared 
to the benchmark, since the literature study 
focused only on impact and not on frequency 
as identified in this research. In Table 7 
there are seven factors that are classified 
as management, one as labour and two as 
consultant-related factors. This is in stark 
contrast to the finding in the questionnaire 
where the majority of the factors, a total of 
five, pertained to consultant engineers. The 
accountability of construction management 
professionals is brought into question when 
viewing the results of the questionnaire, as 
it is apparent that the consulting engineers 
are blamed for poor productivity. This is 
a skewed result, as the participants of the 
questionnaire were only involved in the 
management of construction projects and 
not in the design of the project. The inclu-
sion of design engineers in the target audi-
ence could have provided a different result, 
but this paper only considers individuals 

who are directly involved in the construction 
management of a project.

A variance column is included in Table 7, 
which indicates the movement in terms of 
the ranking of the factors. Only one factor 
stayed ranked in the same position, i.e. 
constructability, which is ranked ninth. 
Furthermore, six factors do not have a 
match in the list of top ten factors and are 
marked as ‘NA’. The variance was calculated 
by evaluating the movement of column B 
(results from questionnaire) in relation to 
column A (benchmark).

Labour experience and incompetent 
supervisors moved down six and seven 
places respectively, compared to the findings 
in the questionnaire, whereas the late issue 
of drawings moved up four places. The dis-
crepancy in the factors could mean that the 
civil construction industry in South Africa 
is faced with a different set of problems from 
those which are identified in the global civil 
construction industry.

The results further indicate that South 
Africa has a unique set of factors which 
impact on construction productivity. For 
instance, the occurrence of labour force 

strikes (irrespective of legality) is more 
prominent in South Africa than globally 
(Odendaal 2014). The recent strike in the 
mining industry is one example of the chal-
lenges South Africans face in terms of labour 
relations. The construction industry contrib-
uted 13.5% of the working days lost within 
the South African market due to labour 
strikes as per the annual industrial action 
report (Department of Labour 2013). The 
lack of skilled professionals compounds the 
issue even further. An article in Engineering 
News stated that the engineering skills short-
age hampers the growth of South Africa 
(Cloete 2013). The government has, however, 
tried to solve the problem by introducing the 
critical skills work visa (Republic of South 
Africa 2014). The impact of this initiative 
on the industry and the perceptions of the 
industry professionals should be investigated 
in further studies.

reSeArch lIMItAtIoNS
The research focused on a large industry 
and did not cover all aspects of productivity 
management. There are therefore limita-
tions in the present research. These include 
the following:

 ■ Population of study: In this research 
the population was defined by member-
ship of SAICE and SAFCEC. The 
individual responses did not give an 
indication of the respondents’ desig-
nation, e.g. project manager. Further 
research is required that will include a 
section where the respondents identify 
their desig nations. By obtaining this 
information, the responses between the 
different designations (at various manage-
ment levels) can be compared, and it 
will also indicate if there is an overall 

Table 6 Ranking of the six categories of factors

Factor category Average of Rii
(impact)

Average of Rii
(frequency) Average of MRii Factor category

Consultant 0.838 0.815 0.827 1

Labour 0.757 0.754 0.755 2

Management 0.653 0.762 0.708 3

Site conditions 0.625 0.746 0.685 4

Tools/equipment 0.642 0.746 0.694 5

Weather 0.623 0.754 0.689 6

Average 0.684 0.762 0.723
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agreement or a discrepancy between the 
opinions and experiences of different 
management levels.

 ■ Industry: The research only focused 
on contractors active within the civil 
construction industry. The opinions of 
consulting engineers were not considered 
in this study, and further research is 
required to obtain their opinions and to 
compare these with those of contractors. 
The expected end result will prove con-
vergence or divergence of the opinions of 
both contractor and consultant.

 ■ Factors: The factors that were selected 
for the questionnaire were obtained 
through a literature study, but did not 
include a review of these factors by the 
respondents or industry professionals. 
The approach that should be adopted in 
future research should include a review 
by the population to verify if the factors 
are relevant to the South African civil 
construction industry. The respondents 
in the population could also identify 
other factors that are not on the list of 
factors that they have reviewed.

 ■ Engineering Council of South Africa 
(ECSA): Two institutions were contacted 
to assist with the distribution of the 
questionnaire (SAICE and SAFCEC). For 
further research it is suggested that ECSA 
be contacted to assist with the research. 
This could also lead to productivity stud-
ies in other engineering fields, such as 
electrical and mechanical engineering.

 ■ Stage-wise ranking: The study only con-
sidered the factors during the construction 
phase of the project. Further research 
should be done which identifies the fac-
tors during the design phase of a project. 
Furthermore, the design and construction 
phases should further be broken down into 
sub-phases, e.g. site start-up, mobilisation, 
execution, com pletion and handover.

coNcluSIoN
The literature study clearly proved that the 
construction industry is faced with a fluc-
tuating environment and tough economic 
conditions. This industry also plays an 
important part in the growth of the economy 
of a country. Moreover, the productivity of 
a country has an impact on the standard 
of living of its citizens. From this it is clear 
that the long-term sustainability of the civil 
construction industry and the sustainable 
growth of a country can be achieved by 
improving productivity.

A global perspective of the factors that 
have an impact was obtained, and it indi-
cated that the construction industry in each 
country is unique in terms of the factors that 

have an impact on construction productivity. 
Furthermore, three categories of factors were 
identified that occur in the industry. They 
are management, labour and consultant-
related factors. The results of the question-
naire in this research produced a similar 
outcome. However, the consultant-related 
factors were the most highly ranked factors 
that have a perceived impact on construc-
tion productivity. This has led the authors 
to believe that the management framework 
should be customised to suit the industry 
within a specific country. In addition, the 
factors that were identified should form the 
basis of the management framework, in that 
the main focus should be on managing the 
said factors, although it is also important 
to incorporate other factors, even though 
they do not have an immediate impact 
on productivity.
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Table 1 Discussion  Pre-1994 results pertaining to base course sources

Type of stone Area Sample number PI –0.425 mm PI –0.075 mm

Dolerite

SE Transvaal 1 1.7 7.9

SE Transvaal 2 0.6 3.9

OFS 3 3.1 9.1

Andesite
S Transvaal 4 5.7 9.2

PWV 5 SP 6.0

Norite
N Transvaal 6 1.9 15.4

N Transvaal 7 1.0 4.8

Granite

PWV 8 1.3 6.6

E Transvaal 9 NP 2.9

NE Transvaal 10 1.4 5.5

Quartzite

E Transvaal 11 2.5 7.7

OFS – 11 tests 12 0–4 7–13

PWV 13 4.0 6.0

PWV 14 SP 4.0

N Transvaal 15 NP 12.0

W Transvaal 16 SP 5.0

Natal 17 SP 7.0

Natal 18 SP 6.0

Dwyka tillite S Natal 19 5.0 10.0

Malmesbury hornfels

W Cape 20 2.1 13.7

W Cape 21 SP 10.4

W Cape 22 3.1 11.0

W Cape 23 SP 12.5

W Cape 24 NP 3.0

W Cape (G2) 25 3.0 8.0

W Cape (on R.O.C.) 26 4.0 6.0

Felsite E Transvaal 27 SP 7.0

Leyland RC, Momayez M, Van Rooy JL. The identification and treatment of poor durability Karoo dolerite base course aggregate – evidence from 
case studies. J. S. Afr. Inst. Civ. Eng. 2016;58(3), Art. #1187, 2 pages. http://dx.doi.org/10.17159/2309-8775/2016/v58n3a6

dIScuSSIoN
Journal of the South african 
inStitution of civil engineering
Vol 58 No 3, September 2016, Pages 45–46, Paper 1187

coMMeNt
Table 1 (referencing COLTO 1998) of the 
above-mentioned technical paper incor-
rectly states that the PI shall be < 12 when 
the PI is determined on the –0.075 mm 
fraction because –0.425 mm fraction is 
non-plastic. COLTO requires that the PI of 

the –0.075 mm fraction shall not exceed 12 
without any qualification. If the PI exceeds 
12, the material shall be chemically modi-
fied. After chemical modification the PI of 
the –0.075 mm fraction shall not exceed 8. 
The Technical Committee involved in the 
COLTO 1998 edition based these criteria 

Publishing particulars of 
the paper under discussion
Vol 58 (1) 2016, Pages 26–33, Paper 1187:
The identification and treatment of poor 
durability Karoo dolerite base course 
aggregate – evidence from case studies
http://dx.doi.org/10.17159/2309-8775/2016/v58n1a3

R C Leyland, M Momayez, J L van Rooy
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on experience, as well as the results in 
Table 1 (above) pertaining to base course 
sources at the time (pre-1994), made avail-
able by the Aggregate and Sand Producers’ 
Association of South Africa who were kept 
in the picture regarding various changes 
to especially base-course specifications to 
accommodate increasing pavement struc-
tural demands, which were not adequately 

covered by TRH 14:1985 Guidelines for Road 
Construction Materials.

It is clear that the cementing matrix of the 
same rock type can produce widely varying 
plasticity index results for the –0.075 mm 
fraction, as obtained for different sources of 
the same rock type, the outcome definitely 
not being directly related to the plasticity 
index of the –0.425 mm fraction.

It would be most interesting to hear from 
the authors whether these tests were carried 
out for the projects in question, and for them 
to provide such details.

Etienne M de Villiers Pr Eng
divvies@iafrica.com

reSPoNSe froM AuthorS
Thank you for pointing out the error in 
Table 1 of our paper. The intention was not 
to provide an incorrect specification, but 
rather to illustrate that if the –0.425 mm 
fraction was non-plastic, the –0.075 mm 
material was also tested to ensure that that 
material PI was not above the specified value 
of 12. We agree that it would have been 
beneficial to test the –0.075 mm fraction of 
each sample, but unfortunately this was not 
possible for reasons including budgets and 
sample volumes.

In all the cases where we obtained NP 
results for –0.425 mm fractions (seven 
results in total) the PI of the –0.075 mm 
fraction ranged from 1.2–1.8. Similarly we 
did testing of PI on glycol-treated DMI sam-
ples, and obtained a PI (–0.075 mm) range of 
1.6–1.8 (four results) when the PI of the 
–0.425 mm fraction was NP. Our dolerite 
results therefore show a strong correlation 
between PI of –0.425 mm and –0.075 mm 
fractions when the PI of the former is NP.

Plotting the data you provided for the 
dolerite samples only (Table 1 Discussion), 
a trend can be seen which suggests that 
an NP (“0”) result for PI on –0.425 mm 
fractions would equate to a PI of 3.3 on the 
–0.075 mm fractions. This value is above 
that observed by us. The limited data sup-
plied does, however, not make this trend 
very reliable.

Additionally, if we include our data in 
the trend analysis, an even better linear 
correlation is obtained (see Figures 1 and 2 
alongside).

In conclusion, it would have been ideal 
if we could have added to the data, thereby 
better defining the trend, but unfortunately 
that is not the case. This provides a use-
ful consideration for future testing and 
research projects.

Dr Robert Leyland
robert.leyland@wspgroup.co.za

Prof Moe Momayez
moe.momayez@arizona.edu

Prof Louis van Rooy
louis.vanrooy@up.ac.za

Figure 1 Discussion  Plotted data from dolerite samples in Table 1 above, suggesting that an NP 
(“0”) result for PI on –0.425 mm fractions would equate to a PI of 3.3 on the 
–0.075 mm fractions, which is above the value observed by us (the authors) 
in our original paper; the limited data supplied does, however, not make the 
trend very reliable

0.
07

5 
PI

12.0

10.0

8.0

6.0

4.0

2.0

0
0 0.5 1.0 1.5 2.0 2.5 3.0 3.5

0.425 PI

Our data glyco DMI
Dolerite data supplied

Our data normal
Linear (dolerite data supplied)

 y = 2.0255x + 3.3208
 R2 = 0.8688

Figure 2 Discussion  Following on Figure 1, if we (the authors) include our original data in the 
trend analysis, then an even better linear correlation is obtained
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