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INTRODUCTION
Liquefaction of saturated cohesionless 
soils as a result of earthquake-induced 
ground shaking is a major concern for 
structures constructed within or on these 
soils. During an earthquake, shear waves 
propagate through the ground, generating 
shear stresses and strains that are cyclic in 
nature, causing the soil grains to re arrange 
into a denser state of packing. This process 
is too rapid for the drainage to occur, 
which results in an increase in pore water 
pressure and a decrease in effective stress 
and shear resistance of the soil. The 
various forms of unstable behaviour of 
saturated sands during earthquakes are 
typically all described by the general term 
liquefaction. However, a distinction needs 
to be made between the different forms 
of liquefaction, namely flow liquefaction, 
cyclic mobility and cyclic liquefaction.

Flow liquefaction describes the 
un drained flow of saturated, loose contrac-
tive sands when the static shear stress 
surpasses the residual strength of the soil 
(Rauch 1997). The response of a contractive 

saturated sand during undrained shear is 
shown in Figure 1(a). During undrained 
cyclic shear (with cycles of small shear 
strains), dense, saturated sands have the 
tendency to gradually soften as excess pore 
water pressures are generated. However, 
when these dense soils are subsequently 
monotonically loaded without pore water 
drainage, dilation of the soil occurs as the 
particles move up and over each other, 
resulting in a decrease in pore water pres-
sure and an increased shear resistance 
(Rauch 1997). This behaviour of dense, 
saturated sands is described as cyclic 
mobility and is often referred to as limited 
liquefaction. In addition, Rauch (1997) indi-
cates that a soil which normally tends to 
dilate during undrained, monotonic shear 
may temporarily lose its shear resistance 
when the effective stress becomes zero, 
thus leading to substantial deformations. 
This occurrence, described by the term 
cyclic liquefaction, ensues when cyclic 
shear stresses become larger than the ini-
tial, static shear stress, producing a reversal 
in the direction of shear stress (stress path 
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Liquefaction of saturated cohesionless soils as a result of earthquake-induced ground shaking 
is a major concern for structures constructed within or on these soils. During an earthquake, 
shear waves propagate through the ground, generating shear stresses and strains that are cyclic 
in nature, causing the soil grains to rearrange into a denser state of packing. This process is too 
rapid for drainage to occur, which results in an increase in pore water pressure and a decrease 
in effective stress and shear resistance of the soil. The occurrence of a seismic event associated 
with the Milnerton Fault line extending below the Cape Flats, a low-lying sand-covered area 
connecting the Cape Peninsula with the southwestern Cape mainland of South Africa, can cause 
extensive damage to the largely inadequate infrastructure characterising the area. To evaluate 
the susceptibility of Cape Flats sand to undergo liquefaction during and after a seismic event, 
the empirical SPT-based method put forth by Idriss & Boulanger (2004) was used to assess the 
cyclic liquefaction potential of dense, dilative sands, whereas the CPT-based method published 
by Robertson (2016) was used to assess the volumetric response of the sands during undrained 
shear. Resistance of the Cape Flats sands to liquefy at probable earthquake moment magnitude 
and acceleration values of M = 6.0 and amax = 0.15 g respectively, was noted. Robertson’s 
normalised Soil Behaviour Type (SBTn) chart revealed mostly dilative sands and silty sands 
susceptible to cyclic liquefaction. Loose, contractive sands prone to flow liquefaction are 
present, although limited in occurrence and extent.
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passes through a state of zero shear stress). 
Deformations will, however, stabilise when 
the cyclic loading ends. The tendency of a 
dilative soil to produce an increase in shear 
strength when monotonically sheared, is 
shown in Figure 1b.

STEADY-STATE CONCEPT
When a soil deforms at a constant volume 
or void ratio, constant effective stress, 
constant shear stress or resistance, and 
constant rate of shear strain, it is said to 
be in the steady state (Rauch 1997). Steady-
state flow can be attained through drained 
or undrained, and cyclic or monotonic 
loading. For a specific soil, a plot of possible 
conditions during steady-state flow gives 
a single curve (the steady-state line) in 
the three-dimensional space of void ratio, 
effective stress and shear stress. When the 
initial conditions of effective stress and 
void ratio plot above the steady-state line, 
the soil is considered contractive, whereas 
dilative soils will plot below the steady-
state line.

SUSCEPTIBILITY OF THE CAPE 
FLATS SANDS TO LIQUEFACTION
The Cape Flats is a low-lying sand-covered 
area connecting the Cape Peninsula with 
the southwestern Cape mainland of South 
Africa (Hill & Theron 1981). This expan-
sive area of the Cape Town Metropole, 
covering a surface area of about 630 km2, 
is home to a substantial portion of the 
population of the greater Cape Town 
area. The terrain is flat, densely inhabited 
and typically characterised by suburban 
townships and informal settlements. 
The occurrence of a seismic event, with 

associated soil liquefaction, can cause 
extensive damage to the largely inadequate 
infrastructure, posing a significant risk to 
residents. The evaluation of liquefaction in 
the Cape Flats is considered necessary, and 
an initial assessment of the susceptibility of 
the upper quaternary sands to liquefaction 
is given below.

The liquefaction characteristics of a 
soil are not only affected by the initial 
density and effective confining stress, but 
also by factors such as particle cementa-
tion, soil fabric and ageing, which will 
prevent movement and rearrangement 
of the soil particles and thus increase 
liquefaction resistance.

Liquefaction is mostly seen in loose, 
saturated sand and silt deposits that 
are subjected to strong ground motions 
induced by earthquakes. Rounded soil par-
ticles of uniform gradation are especially 
prone to liquefaction. It is the more stable 
interlocking of well-graded sands with 
angular particle shapes that increases its 
resistance to liquefaction. Liquefaction is 
additionally associated with recent deposits 
in which particle movement is not hindered 
by age-related cementation. According to 
Rauch (1997), the presence of large propor-
tions of non-plastic fines in a soil, resulting 
in lower permeability, will impede drainage 
of excess pore water pressure, making the 
soil more likely to liquefy.

The quaternary-aged windblown 
sands and silty sands of the Witzand and 
Springfontein Formations of the Cape Flats 
are typically described as normally consoli-
dated, and fine and medium-grained. The 
uniform gradation and loose particle pack-
ing, without cementation, make these soils 
prone to liquefaction. In addition, shallow 
groundwater often occurs widespread 

across the Cape Flats, especially during 
the wet winter months, making the sedi-
ments susceptible to the accumulation of 
excess pore water pressures during seismic 
shearing. Conversely, the consolidated sand 
of the Langebaan Formation, comprising 
calcretised layers, will provide significant 
resistance to grain movement, and thus 
liquefaction, during shearing.

Although the Western Cape Province 
of South Africa, and specifically Cape 
Town, is not located close to a plate bound-
ary, intraplate fault lines present local 
weaknesses in the earth’s crust which are 
vulnerable to slip in the case of accumula-
tion of sufficient regional tectonic strain. 
An intraplate fault line known as the 
Milnerton Fault, extends beneath the Cape 
Flats in a northwesterly to southeasterly 
direction. Seismic activity associated with 
this intraplate fault is considered respon-
sible for the largest earthquake experienced 
by the City of Cape Town in 1809. During 
this event, observations of muddy water 
squirting out of fountains were made, pos-
sibly providing evidence of soil liquefaction 
induced by earthquake vibrations (De 
la Harpe 2015). In 2003, the Council for 
Geoscience produced a seismic hazard map 
showing peak ground accelerations for the 
whole of South Africa (De la Harpe 2015). 
According to this map, a gravity accelera-
tion of 0.15 g (1.471 m/s2) – with a 10% 
probability of exceedance in 50 years – is 
applicable to the Cape Flats area. The 
Council for Geoscience additionally pro-
duced a seismic intensities map of South 
Africa showing probabilistic Modified 
Mercalli Scale (MMS) intensities with 
a 10% chance of exceedance in 50 years 
(based on seismological data from 1620 
to 1989) (Brandt 2011). Seismic intensity 
Class VI was assigned to the study area.

EVALUATION OF LIQUEFACTION
When evaluating the susceptibility of a soil 
to liquefaction, a distinction between cyclic 
liquefaction, i.e. when deformations occur 
only during cyclic loading, and liquefac-
tion resulting from strain-softening with a 
subsequent loss of shear strength, needs to 
be made.

The triggering of cyclic liquefaction 
in a given soil deposit is often assessed 
using empirical methods based on in-situ 
penetration tests. To develop such an 
empirical method, sites possibly subjected 
to earthquake-induced liquefaction in 
the past are investigated to determine 
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whether liquefaction had occurred, and 
to measure the in-situ soil strength. The 
shear stresses induced in the ground by the 
earthquake are also estimated. By separat-
ing conditions where a soil liquefied from 
those where liquefaction did not occur, a 
liquefaction assessment criterion is formu-
lated. To evaluate the cyclic liquefaction 
potential of saturated cohesionless soils 
during earthquakes, standard penetra-
tion test (SPT)-based correlations are the 
oldest and most widely used methods. 
Notwithstanding this, the cone penetration 
test has become increasingly popular in 
estimating cyclic liquefaction potential.

To estimate the potential for cyclic 
liquefaction for level ground sites due to 
an earthquake, the cyclic stress ratio (CSR) 
profile produced by the design earthquake, 
demonstrating the seismic demand of a soil 
layer, and the cyclic resistance ratio (CRR) 
of the ground, which provides a measure 
of the soils’ resistance to liquefaction, 
should be known. The CSR is calculated 
from the maximum horizontal surface 
acceleration (amax) produced by the earth-
quake, whereas the CRR depends upon 
penetration resistance data. When the CRR 
exceeds the CSR induced by the earthquake 
ground motions, the soil is considered 
resistant to cyclic liquefaction. Most 
empirical liquefaction assessment methods 
are based on the cyclic resistance ratio and 
a standardised SPT blow count.

One of the most widely used SPT-based 
correlations is the deterministic relationship 
presented by Seed et al (1984 & 1985 – cited 
in Idriss & Boulanger 2004). This familiar 
method has been the standard for many 
years, with only minor modification at low 
CSR suggested by the National Center for 
Earthquake Engineering Research (NCEER) 
Working Group (NCEER 1997). Since the 
publication of this earlier method, SPT-
based correlations have been put forth 
by numerous authors, including Liao et 
al (1988; 1998), Youd and Noble (1997), 
and Toprak et al (1999) – all cited in Seed 
et al (2003). Seed et al (2003), however, 
emphasised low data quality and overall 
uncertainty related to these methods. More 
recently, Cetin et al (2004), and Idriss and 
Boulanger (2004) put forth similar relation-
ships between CRR and equivalent clean 
sand corrected SPT blow count, (N1)60cs. 
The three liquefaction triggering correla-
tions are compared in Figure 2.

A review of SPT-based liquefaction 
triggering procedures for cohesionless soils 
was undertaken by Idriss and Boulanger 

(2010) whereby the database of case histo-
ries was re-examined and updated. During 
the review it was found that the lower 
position of the Cetin et al (2004) curve was 
mainly due to their interpretations of sev-
eral important case histories at a specific 
range of effective stresses. In their report, 
Idriss and Boulanger (2010) concluded that 
the modified Seed et al (1984), and Idriss 
and Boulanger (2004) procedures are real-
istic for depths less than 12 m, and that the 
Idriss-Boulanger method is well supported 
by existing data for extrapolation to even 
greater depths. The Idriss-Boulanger (2004) 
method is therefore considered superior 
and was, for this reason, selected for the 
current study.

To evaluate susceptibility to flow 
liquefaction, i.e. liquefaction due to 
strain-softening with a resulting loss of 
shear strength, the potential for a soil to 
strain-soften in undrained shear should 
be evaluated. According to Robertson 
(2010), experience has indicated that 
loose sands are prone to abrupt strength 
loss at small shear strains and, as such, 
the identification of very loose and loose 
coarse-grained soils is considered the key 

component to identify a soil susceptible to 
flow liquefaction. Robertson (2016) created 
a CPT-based normalised Soil Behaviour 
Type (SBTn) chart (plotting normalised 
cone resistance Qtn against normalised 
friction ratio Fr) whereby an approximate 
boundary between dilative and contrac-
tive soil response is given. This boundary, 
presented by the solid line marked “CD” 
in Figure 3, separates dense, dilative soils 
in which deformations occur only during 
cyclic loading (plotting above line CD) 
from loose, contractive soils prone to flow 
liquefaction (plotting below line CD).

Figure 3 serves as the latest CPT-based 
SBT classification method following the 
original SBT chart developed by Robertson 
in 1990, and later updated by Robertson and 
Wride (1998), Robertson (1999) and Zhang 
et al (2002) – all cited in Robertson (2010) 
– to enable flow liquefaction evaluation. To 
assess the potential of a soil to strain-soften 
in undrained shear, Robertson’s SBT chart 
method to distinguish dilative and contrac-
tive soils, is considered state-of-the art and 
was, for this reason, selected by the author 
to assess the static liquefaction potential of 
the Cape Flats sands.
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According to Robertson (2016), the 
CPT-based boundary between contractive 
and dilative soils can be influenced by 
several variables, such as in-situ stress state 
and, based on case histories by Robertson 
(2010), this boundary is considered slightly 
conservative. As a result, a transitional 
zone on the SBTn chart is recommended. 
In this regard, Robertson (2016) suggests 
an approximate lower boundary based on 
these case histories, as shown in Figure 3. 
The suggested boundary line marked “CD” 
now represents the upper boundary.

METHODOLOGY
The susceptibility of Cape Flats soil to 
undergo cyclic liquefaction, in which defor-
mations occur only during cyclic loading, 
and flow liquefaction, in which there is a 

complete loss of shear strength (soil failure) 
due to pore pressure increase during cyclic 
loading, was estimated by the following 
two approaches:

 Q Evaluation of the cyclic liquefaction 
potential of dense, dilative sands by 
means of an empirical SPT-based method 
put forth by Idriss & Boulanger (2004).

 Q Evaluating the volumetric response of 
the Cape Flats sands during shear by 
means of the CPT-based method pub-
lished by Robertson (2016), to determine 
whether flow liquefaction can occur 
(identification of loose, contractive soils).

SPT-based method for 
cyclic liquefaction
The cyclic liquefaction potential of the Cape 
Flats sands was studied in terms of the trig-
gering of liquefaction. The semi-empirical 

SPT-based procedure proposed by Idriss and 
Boulanger (2004) was applied to SPT blow 
count data from 178 boreholes spread across 
the Cape Flats. The Idriss and Boulanger 
(2004) boundary curve was expressed using 
Equations 1 to 3.

All the measured SPT N blow count 
values (considered N60 values in the cur-
rent study) were first corrected for over-
burden stress at the test depths to give the 
(N1)60 values. The clean sand equivalent 
values of (N1)60 were then calculated as fol-
lows (Idriss and Boulanger 2004):

 (N1)60cs = (N1)60 + ∆(N1)60 (1)

∆(N1)60 = exp 1.63 + 
9.7

FC
 – 

⎫
⎪
⎭

15.7

FC
⎫
⎪
⎭

2

 (2)

Where:
FC =  fines content (percentage smaller 

than 0.075 mm)

Where grading results were available 
at the SPT depths, the calculated fines 
contents were inserted into Equation 2. 
Where the actual fines content at an SPT 
depth was unknown, an average fines con-
tent value of 6.3%, calculated for the sands 
of the Cape Flats, based on the results of 
349 particle size analyses, was applied to 
Equation 2.

The cyclic resistance ratio (CRR) was 
subsequently calculated at each of the SPT 
depths from the clean sand equivalent 
(N1)60 values for a magnitude M = 7.5 
earthquake and an effective vertical 
stress of 1 atmosphere (101.3 kPa), using 
Equation 3. A total of 1 526 CRR (N1)60cs 
data pairs were produced from the SPT 
data. These data pairs are shown graphi-
cally in Figure 4, revealing the Idriss and 
Boulanger liquefaction triggering curve.

CRR = exp
(N1)60cs

14.1
 + 

⎫
⎪
⎭

(N1)60cs

126
⎫
⎪
⎭

2 

  
– 

⎫
⎪
⎭

(N1)60cs

23.6
⎫
⎪
⎭

3

 + 
⎫
⎪
⎭

(N1)60cs

25.4
⎫
⎪
⎭

4

  

 – 2.8   
 (3)

To finally separate the liquefiable and 
non- liquefiable soils, the cyclic stress ratios 
induced by a design earthquake were calculat-
ed at the SPT depths as follows (Seed & Idriss 
1971 – cited in Idriss & Boulanger 2004):

CSR = 0.65
⎫
⎪
⎭

σvoamax

σ'vo

⎫
⎪
⎭
rd (4)

Fr (%)
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Figure 3 SBTn chart based on Qtn and Fr (Robertson 2016)
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Where:
 Q σ’vo and σvo represent the effective and 

the total vertical stresses respectively. 
The depth of the groundwater table 
was assumed at 3.0 m in cases where 
the actual position of the phreatic 
surface was unknown at an SPT loca-
tion. This is deemed realistic for the 
study area.

 Q amax = maximum horizontal accelera-
tion at the ground surface. This value 
was taken as 0.15 g (1.471 m/s2) for 
the Cape Flats area, representing the 
probabilistic peak horizontal ground 
acceleration for the area with 10% 
chance of exceedance in 50 years 
(SANS 2010).

 Q rd = stress reduction coefficient 
accounting for the flexibility of the soil 
column, and obtained as follows:

 Ln(rd) = a(z) + β(z)M (5)

 
α(z) = –1.012 – 1.126sin

⎫
⎪
⎭

z

11.73
 + 5.133

⎫
⎪
⎭
 (6)

 
β(z) =  0.106 + 0.118sin

⎫
⎪
⎭

z

11.28
 + 5.142

⎫
⎪
⎭ 

for depth z ≤ 34 m (7)

  Where: M = design earthquake moment 
magnitude = 6.0

The earthquake moment magnitude and 
the local Richter scale magnitude are, for 
all practical purposes, considered equal. 
The Richter scale magnitude was acquired 
from the Modified Mercalli Scale (MMS) 
intensity which was, in turn, obtained from 
a seismic intensities map of South Africa 
showing probabilistic MMS intensities with 
a 10% chance of exceedance in 50 years 
(Brandt 2011; De la Harpe 2015).

The CSR requires adjustment for the 
equivalent number of stress cycles in dif-
ferent magnitude earthquakes. The CSR 
induced by an earthquake with magnitude 
M is routinely adjusted to an equivalent 
CSR for an earthquake magnitude equal to 
7.5 (Idriss & Boulanger 2004) as follows:

(CSR)M=7.5 = 
CSR

MSF
 (8)

Where:
MSF = magnitude scaling factor, given by:

  MSF =  6.9exp
⎫
⎪
⎭

–M

4
⎫
⎪
⎭
 – 0.058 

for MSF ≤ 1.8 (9)

M =  earthquake moment magnitude = 
6.0, obtained as described above.

The cyclic stress ratios, calculated at each 
of the SPT depths in the manner described 
above, were subsequently plotted against 
the clean sand equivalent (N1)60 values on 
the liquefaction triggering curve (Figure 4). 
A total of 1 526 CSR (N1)60cs data pairs 
were included to reveal the liquefaction 
potential of the Cape Flats sands.

To illustrate the occurrence and thick-
nesses of liquefiable soil layers, the CRR 
and CSR values were plotted relative to 
the SPT depths (with linear interpolation 
between points), providing continuous 
profiles of the factor of safety against lique-
faction. Liquefaction can only occur below 
the water table and, as such, the indicated 
liquefiable zones may vary based on the 
depth of groundwater.

To illustrate the effects of a larger 
magnitude earthquake producing higher 
PGAs on the triggering of cyclic liquefac-
tion in the study area, a design earthquake 
with moment magnitude M = 7.5 and 
amax = 0.25 was applied in the calculation 
of the cyclic stress ratio.

CPT-based method for 
flow liquefaction
To evaluate the susceptibility of the Cape 
Flats sands to flow liquefaction, the potential 
for these soils to strain-soften in undrained 
shear was evaluated. The results from four 

piezocone penetrometer tests undertaken at 
two locations in the study area were applied 
to the CPT-based method proposed by 
Robertson (2016). The CPT parameters of 
normalised cone resistance Qtn and normal-
ised friction ratio Fr were calculated from the 
raw CPT parameters of cone tip resistance 
qc, sleeve friction fs, and pore water pressure 
u, continuously recorded from surface to 
between 9.1 m and 10.98 m depth, using the 
following equations (Robertson 2010):

Fr = 
⎫
⎪
⎭

fs

qt – σvo

⎫
⎪
⎭
100% (10)

Where:
qt =  cone tip resistance corrected for pore 

pressure

Qtn = 
⎫
⎪
⎭

qt – σvo

pa

⎫
⎪
⎭

⎫
⎪
⎭

pa

σ'vo

⎫
⎪
⎭

n

 (11)

Where:
pa =  atmospheric pressure (101.3 kPa) 

converted to same units as qt and σv
n =  stress exponent varying with soil 

type, defined as:

n = 0.381(Ic) + 0.05
⎫
⎪
⎭

σ'vo

pa

⎫
⎪
⎭
 – 0.15 (12)

Where:
Ic = soil behaviour type index, defined as:

Ic = [(3.47 – logQtn)2 + (logFr + 1.22)2]0.5 (13)

Figure 5 In-situ test locations (Source: Google Earth 2019)
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To obtain the value of n an iterative process 
involving Equations 11 to 13 was followed.

The depth of the water table at each of 
the four CPT localities – required for the 
calculation of the total vertical stress – was 
calculated from pore water pressure dis-
sipation test results.

The normalised cone resistance and 
friction ratio values obtained with depth at 
the four piezocone penetrometer test posi-
tions in the manner described, were plotted 
on the SBTn chart shown in Figure 3 
using the CPeT-IT software developed by 
GeoLogismiki for interpreting CPTu data.

By plotting the normalised parameters 
on Figure 3, the depths and thicknesses of 
dilative and contractive soil zones in the 
profiles are not discernible. For this reason, 
a contractive-dilative (CD) value was 
calculated using Equation 14 and plotted 

against depth to illustrate the volumetric 
behaviour during shear. When the value of 
CD exceeds 70, the soils are expected to be 
dilative at large shear strains, whereas CD 
values below 60 represent contractive soils. 
A transitional zone exists between CD 
values of 60 and 70, which was inserted on 
the graphs.

CD = (Qtn – 11)(1 + 0.06Fr)17 (14)

RESULTS AND ANALYSIS
The in-situ test locations are shown on 
the Google Earth image in Figure 5, show-
casing the distribution of the tests and 
liquefiable soils. It should be noted that, 
due to the large geographical area shown in 
the image, test locations near one another 
plot in an overlapping manner, not clearly 

showing all the test locations. A total of 
182 in-situ test locations, including CPTu’s 
and boreholes with SPTs, were plotted on 
the Google Earth image. Final standard 
penetration test depths in the boreholes 
range between 1.95 m and 42.25 m below 
ground level (average final test depth of 
11.23 m). The four piezocone penetrometer 
tests were advanced to between 9.5 m and 
11 m below ground level. The depth to the 
water table in the study area, as recorded in 
the boreholes and from pore water pressure 
dissipation tests, varied between ground 
surface level and 6.0 m below ground level 
(average water table depth of 2.3 m).

Cyclic liquefaction potential
The liquefaction triggering curve with CSR-
(N1)60cs data points calculated for a design 
earthquake with moment magnitude of 6.0 
and a PGA of 0.15 g is shown in Figure 6. 
The liquefiable and non-liquefiable soils are 
separated, illustrating that the CRR mostly 
exceeds the CSR, thus providing a factor 
of safety greater than 1. Of the 1 526 data 
pairs obtained from 178 boreholes plotted in 
the figure, only 19 pairs from 14 boreholes 
showed the potential to liquefy during an 
earthquake with the above-mentioned mag-
nitude and acceleration (refer to Figure 5). It 
should be noted that, in calculating the CRR 
and CSR values, the water table levels at 
the time of each specific ground investiga-
tion were used (investigations undertaken 
over a period of approximately 30 years). 
Liquefaction can only occur in saturated 
soils and, as such, the outcome presented 
in Figure 6 may vary depending upon the 
depth of the phreatic surface.

The potential of the Cape Flats soils to 
liquefy under static conditions at the SPT 
locations shown in Figure 5 could not be 
determined, due to the lack of an appropri-
ate SPT-based flow liquefaction method.

To illustrate the occurrence and thick-
nesses of liquefiable soil layers in the 14 
boreholes which showed a likelihood to 
liquefy, the CRR and CSR values were plot-
ted relative to the SPT depths (with linear 
interpolation between points). A continu-
ous profile of the factor of safety against 
liquefaction is shown in Figure 7 for one 
such borehole. At this position, liquefiable 
soil occurs between approximately 3 m and 
5 m depths. In most cases, only a single 
CSR value calculated at an individual SPT 
depth in the soil profile (borehole location) 
was higher than its corresponding CRR 
value. Interpolation between SPT depths 
hinders exact definition of liquefiable soil 
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layers. Liquefiable soils occur between 
upper and lower depth limits of 3.2 m and 
19 m respectively, with layer thicknesses 
varying from 0.3 m to about 2.0 m. Rauch 
(1997), however, notes that liquefaction is 
unlikely at depths exceeding 15 m where 
confining stresses are large and frictional 
resistance is likely to prevent liquefac-
tion. Liquefiable soils were identified as 
fine to coarse-grained sands and silty 
sands in boreholes in Athlone, Philippi, 
Khayelitsha, Macassar, and in the vicinities 
of the Cape Town International Airport in 
Matroosfontein and the Tygerberg Hospital 
in Bellville. Liquefiable layers were not 
intersected at comparable elevations across 
different sites in the study area.

To illustrate the effects of a larger mag-
nitude earthquake producing higher PGAs, 
on the triggering of cyclic liquefaction in 
the study area, the liquefaction triggering 
curve with CSR-(N1)60cs data points was 
generated for a design earthquake with 
moment magnitude of 7.5 and a PGA of 
0.25 g, as shown in Figure 8.

A substantial decrease in liquefaction 
resistance is associated with the above-
mentioned design earthquake, with safety 
factors at about 35% of SPT locations being 
less than 1 (CSR > CRR). The possibility of 
such an occurrence (large seismic event) 
is, however, improbable considering the 
seismic hazard maps produced for southern 
Africa (Brandt 2011; De la Harpe 2015).

Flow liquefaction potential
Robertson’s normalised Soil Behaviour 
Type (SBTn) chart (including  contractive- 
dilative boundary) with Qtn‑Fr data points 
calculated from the field data of four 
piezocone penetrometer tests (CPTu) 
undertaken at two locations in the Cape 
Flats, are shown in Figure 9 (also refer to 
Figure 5). Figures 9(a) and 9(b) depict the 
results from Site A: Southwest Cape Flats, 
and Figures 9(c) and 9(d) from Site B: 
Northeast Cape Flats. Both  localities are 
underlain by Witsand Formation  deposits, 
although Site B is situated near the 
Springfontein Formation soil boundary. 
The soil behaviour types were determined 
as sand, silty sand and sandy silt with 
irregular layers of clay and silty clay 
underlying Site B.

From the SBTn charts it is evident that 
the sands and silty sands from the Cape 
Flats mostly dilate during undrained shear. 
The soils plotting above the contractive-
dilative (CD) boundary may be susceptible 
to cyclic liquefaction, thus substantial 

deformations can occur during cyclic load-
ing when a brief loss in shear resistance 
occurs when the effective stress becomes 
zero. Deformations will, however, stabilise 
when the cyclic loading ends.

Loose, contractive sands, in which 
Qtn‑Fr data pairs plot below the CD bound-
ary, are also present at all four locations. A 
limited number of data points plot within 
the transitional or clay-like zones (some of 
which display contractive behaviour). To 

enable proper interpretation of the results, 
revealing depths and thicknesses of dilative 
and contractive soil zones, the contractive-
dilative (CD) values were plotted against 
depth for each of the CPTu’s. A typical 
graph for one CPTu position is shown 
in Figure 10. Note that the contractive-
dilative boundary is transitional, the upper 
and lower boundaries of this zone being 
represented by the grey and orange vertical 
lines respectively.
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Examination of the four graphs con-
firms the presence of contractive soils at 
shallow depths (extending to a maximum 
depth of 0.6 m), and at depths between 
4 m and 5.5 m at the Site B CPTu loca-
tions. At between 4 m and 5.5 m depth, 
liquefiable layers vary in thickness from 
0.1 m to 0.5 m. At these depths in the 
soil profiles, a complete loss of strength 
leading to flow (under static shear stress 
exceeding the residual shear strength) can 
occur during a seismic event. The water 
table was recorded between 2.45 m and 
2.9 m depth in the four CPTu’s. It is the 
build-up of pore water pressure during 
dynamic loading that leads to strength 
loss and, as such, flow liquefaction is only 
likely to occur in the saturated sands 
below the water table.

CONCLUSIONS
To evaluate the susceptibility of Cape 
Flats soil to undergo liquefaction during 
and after a seismic event, the empirical 
SPT-based method put forth by Idriss and 
Boulanger (2004) was used to assess the 
cyclic liquefaction potential of dense, dila-
tive sands, while the CPT-based method 
published by Robertson (2016) was used to 
assess the volumetric response of the sands 
during shear.

The liquefaction triggering curve with 
CSR-(N1)60cs data points obtained for a 
design earthquake with moment magnitude 
of 6.0 and a PGA of 0.15 g, illustrated 
the resistance of the Cape Flats sands to 
liquefy at these probable magnitude and 

acceleration values (obtained from the seis-
mic hazard map of southern Africa: Brandt 
2011). Of the 1 526 data pairs obtained 
from 178 boreholes, only 19 pairs from 14 
boreholes showed the potential to liquefy. 
Liquefied thicknesses in these boreholes 
ranged from 0.3 m to about 2.0 m, occur-
ring between depths of 3.2 m and 19 m in 
the soil profile.

A substantial decrease in liquefaction 
resistance was observed when the liquefac-
tion triggering curve with CSR-(N1)60cs 
data points was generated for a design 
earthquake with moment magnitude of 7.5 
and a PGA of 0.25 g. Approximately 35% of 
the data points plotted above the trigger-
ing curve, illustrating the effects of a large 
ground shaking event on the triggering of 
liquefaction in the Cape Flats. The pos-
sibility of such an occurrence (large seismic 
event) is deemed unlikely.

The water table levels encountered in 
the boreholes at the time of each specific 
ground investigation were used to calculate 
the values of CSR and CRR. Liquefaction 
can only occur in saturated soils and, as 
such, the outcomes presented on the lique-
faction triggering curves may vary depend-
ing on the depth of the phreatic surface.

Robertson’s normalised Soil Behaviour 
Type (SBTn) chart (including contractive-
dilative boundary) revealed mostly dilative 
sands and silty sands possibly susceptible 
to cyclic liquefaction at the four CPTu 
locations. Loose, contractive sands are also 
present at all four locations, occurring at 
shallow depths, and between 4 m and 5 m 
at two CPTu locations. A limited number 

of data points plot within the transitional 
or clay-like zones.

These strain-softening soils (prone to 
strength loss) can also experience cyclic 
liquefaction depending on ground geom-
etry (Robertson & Cabal 2012). However, 
the author was unable to assess and com-
pare liquefaction under static and dynamic 
conditions for the same materials, as there 
were no sites with both CPT and SPT 
data available.

In conclusion, it is difficult to assess the 
risk of earthquake occurrence and mag-
nitude in the study area. Nonetheless, the 
occurrence of such an event will certainly 
result in cyclic liquefaction in the Cape 
Flats area, the extent of which will depend 
on the magnitude of the seismic event. The 
limited assessment of static liquefaction in 
the study area inhibits a true reflection of 
the volumetric response of sand and clay-
like soils from the Cape Flats during static 
or cyclic loading.
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