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ABSTRACT: It has been observed that the in-situ strength of sand increases with time after
densification, deposition or an earthquake event; this phenomenon is known as ageing effect.
The lack of understanding of this phenomenon may cause overestimation of liquefaction
potential of sites after any shaking event. Following the 2010-2011 Canterbury Earthquake
Sequence (CES), a series of Screw Driving Sounding (SDS) tests was performed in the affected
areas in 2013 to characterise the in-situ strengths at various sites. Five years after the first
series of tests, another series of tests was conducted at exactly the same locations to examine
the possible effects of ageing on the in-situ penetration resistance of the soils. Preliminary ana-
lyses show an increase in the penetration resistance of the SDS tests and, based on liquefaction
analysis, the probability of occurrence of liquefaction decreases in the 5 year-time period. By
understanding the effects of ageing on the SDS data, the liquefaction potential of soil can be
estimated more accurately by means of this test.

1 INTRODUCTION

In ageing phenomenon, the engineering properties of sand, such as stiffness, penetration resist-
ance, and liquefaction resistance, may noticeably increase over a period of days to years after
deposition, densification or an earthquake event. Different researches explained the cause of
this phenomenon (Mitchell and Solymar, 1984; Dowding and Hryciw, 1986; Skempton, 1986;
Schmertmann, 1987; and Mesri et al., 1990). The increase in the values of the soil parameters
can be due to chemical, physical-mechanical, and microbiological processes which occur after
initial deposition or densification. Initially, chemical precipitation-cementation reactions had
been considered as the main cause of strength increase. However, later it has been identified
that a secondary process in which particle rearrangement occurs and inter-particle stress
changes can also lead to an increase in the strength of soil. The rate and magnitude of the
strength gain depend on several factors, such as sand type, its initial state, and stress condition
during the considered period (Mitchell, 2008). Several researchers investigated the effects of
soil ageing on different soil properties using laboratory measurements and also in-situ testing
(Youd and Perkins, 1978; Seed, 1979).
Recently, the use of in-situ testing in identifying soil properties and assessing liquefac-

tion potential of soil has increased significantly. The Screw driving sounding (SDS) is a
relatively new in-situ testing technique which has been recently developed in Japan. It is
an advanced version of Swedish weight sounding (SWS) and it takes into account the
rod friction in the measurements and also monitors more parameters. SDS is simpler,
faster to implement, more economical than CPT and more accurate than SWS, and it
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can be a good alternative as in-situ test for soil/site characterisation; hence, it can be a
good supplement to CPT, especially when applied to projects extending over wide areas,
such as roading works.
This paper attempts to investigate the effects of sand ageing on the SDS results and how it

can affect the predicted liquefaction potential of the soil.

2 SAND AGEING EFFECTS ON DIFFERENT SOIL PARAMETERS

Different researchers have investigated the effect of ageing on the engineering properties of
sand and some of the findings are summarised in this section.

2.1 In-situ penetration tests

Ageing effect has become evident mainly by measuring penetration resistance of in-situ
tests (Mitchell and Solymar, 1984; Skempton, 1986; Kulhawy and Mayne, 1990). Deni-
sov et al. (1963) investigated the effect of ageing on SPT blow counts. They found the
blow counts (per 10 cm of penetration, the diameter of 74 mm, 60 ֯ cone using a 60 kg
hammer dropped from 0.8 m height into hydraulically-placed, saturated quartz river
sand fills) increased from 2.1 to 4.4 after approximately 3 to 4 months. Several
researchers also evaluated the effects of ageing on CPT tip resistance in the sand. Many
of the findings showed an increase in the CPT tip resistance over time as a result of
ageing (Schmertmann, 1991; Dumas and Beaton, 1986; Charlie et al., 1992; Human
1992).

2.2 Small strain modulus and stiffness

A series of triaxial tests were done by Daramola (1980) to identify the ageing effect on
saturated samples from Ham River sand at 400 kPa confining pressure for a period of 6
months. He observed an increase of approximately 50% of the secant young modulus at
1% axial strain after 6 months. It was also found that the peak strength slightly changed
but the failure strain decreased significantly. Human (1992) performed several drained tri-
axial tests on dry samples of pluviated Crystal silica sand at a relative density of 78% and
consolidated at 150 kPa for a period of 28 days. For the mentioned time, he did not
observe any noticeable change in stress-strain behaviour. However, he found 4% increase
in the initial shear wave velocity. Troncoso and Garces (2000) investigated the effects of
soil ageing on the measured shear wave velocity using downhole wave propagation on
silty sand at four tailing dams in Chile over a period of 2, 5 19 and 28 years since depos-
ition. A significant improvement in the stiffness of the soil at small strain was observed
after 10 to 40 years of ageing.

2.3 Shear strength

Al-Sanad and Ismael (1996) performed several laboratory direct shear tests on different silty
sand samples containing 20% calcium carbonate, dolomite, and gypsum at relative density of
60% and aged under vertical normal pressure of 2 kPa for a period of 6 months. The tests
were conducted under a range of normal stress between 40 to 120 kPa. A noticeable increase
in the shear strength of the samples was observed. The following equation was proposed to
relate the ageing time to the friction angle.

� ¼ �i þ
3:81t

2:82þ t
ð1Þ

where �i is the friction angle at time = 0 and t is the time in months.
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2.4 Liquefaction resistance

It has been proven that ageing increases the resistance to liquefaction of naturally deposited
sands (Youd and Perkins, 1978; Seed, 1979). Analysis by Leon et al. (2006) on cyclic strength
of the aged sand deposits of the South California Coastal Plain showed that the cyclic strength
ratio of these materials was 60% greater than for the young Holocene sands used to establish
the currently used boundary curves of CPT, SPT and Vs tests.

3 SCREW DRIVING SOUNDING TEST

3.1 Principal and parameters

A new in-situ testing method, the Screw Driving Sounding test, hereafter called SDS
test, has been recently developed in Japan. In the test, monotonic loading system is used
and the number of loading steps is increased to 7, while the rod is always rotated at a
constant rate (25 rpm) during the test. The step loads are 0.25, 0.38, 0.50, 0.63, 0.75,
0.88, and 1kN and the load is increased at every complete rotation of the rod. Measured
parameters in the test are maximum torque (Tmax), average torque (Tavg), minimum
torque (Tmin) on the rod, penetration length (L) and penetration velocity (V). The param-
eters are measured at every complete rotation of the rod. A set of loading is applied in
the SDS test at every 25 cm of penetration and after each 25 cm penetration, the rod is
lifted up by 1 cm and then rotated to measure the rod friction. The procedure to measure
the rod friction is described by Tanaka et al. (2012). Figure 1 illustrates the SDS test
machine during operation (on top of a crawler) next to a small CPT rig. It is seen that the
SDS machine is much smaller in scale and requires less operating area than even the smal-
lest CPT rig. Further details of the SDS application in New Zealand have been discussed
by Orense et al. (2018) and Mirjafari et al. (2017).
As discussed above, both load and torque are applied to the rod at the same time during the

SDS test. The combined effect of the applied load and torque can be expressed in terms of
energy, i.e., the incremental work done, δE, by the torque and vertical force for a small rota-
tion can be calculated as (Suemasa et al., 2005):

Figure 1. SDS tests on top a crawler during operation
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δE ¼ πTδnht þWδst ð2Þ

where T is the applied corrected torque (corrected in terms of rod friction) to rotate the
screw point, W is the applied vertical load, δnht is the number of incremental half turns and δst

is the incremental settlement caused by the load. The first component of Equation 2 represents
the work done by the applied torque and the second component the work done by the applied
vertical load. The specific energy, Es, is defined the amount of energy for each complete rota-
tion, E, divided by the volume of penetration:

Es ¼
E

L� A
ð3Þ

where L is the depth of penetration and A is the maximum cross-sectional area of the screw
point. The specific energy during penetration is normalised by the reference effective overbur-
den pressure of Pa=100 kPa (or 1 atm) by:

Es;1 ¼ Es

Pa

σ0v0

� �m

ð4Þ

After several analyses, it was found that m=0.5 is the best value for normalising the energy
with respect to effective overburden pressure. A typical SDS result is shown in Figure 2. The
test was performed along Avonside Drive in Christchurch.

3.2 Evaluation of liquefaction susceptibility of soils using Screw Driving Sounding method

In June-July 2013, 74 SDS tests were performed in liquefied and non-liquefied areas next to
available CPT data in Christchurch. Using the obtained test results, a methodology was devel-
oped to identify the liquefaction resistance of the soil from the SDS outputs (Mirjafari, 2017).
Equation 5 can be used to calculate the cyclic resistance ratio of clean sand for a 15% prob-
ability of occurrence of liquefaction.

Figure 2. Typical outputs of the SDS test
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CRRFC55 ¼ exp
Es;1

23:15
þ

E2
s;1

1000
� 3:34

( )

ð5Þ

Liquefaction potential of soil with different fines content and probability of occurrence of
liquefaction can be identified using the proposed method (Mirjafari, 2017).

4 AGEING EFFECT ON SDS DATA

To identify the effects of ageing on the soils in Christchurch, 7 SDS tests were repeated in
February 2018 at the exact same locations as the previous tests done in 2013 and the amount
of corrected torque of the two series of tests are compared.
Two of the SDS tests were performed in the northeast of Christchurch CBD, which experi-

enced liquefaction after the earthquake event in February 2016. SDS-1 and SDS-2 were con-
ducted in Travis Country Drive and Greenhaven Drive, respectively. Figure 3 shows the SDS
test results. The soil types indicated in the graphs are identified based on SDS soil classifica-
tion chart (Mirjafari, 2017). The corrected torque (corrected in terms of rod friction) from the
two tests are compared to each other. The green lines represent the SDS data for the tests con-
ducted in 2018 and the red lines correspond to the tests performed in 2013. As can be seen in
the figure, the top 2 m of the ground profile in both sites had noticeable increase in the meas-
ured torque after 5 years when compared to the initial tests. This increase could be as a result
of the compaction of the surface layers under dynamic loads, such as rain and walking pedes-
trians. The other reason behind the increase could be the change in the groundwater level as
the initial tests were conducted during a wet period with high ground water level, whereas the
second tests were performed during summer. The rest of the soil profiles did not show a
noticeable change in the measured (corrected) torque as these areas experienced liquefaction
during the 2016 earthquake and any strength gain (due to ageing) may have be disappeared
when the layer liquefied.
Figure 4 shows the results of the SDS 3, 4 and 5 tests. These tests were performed in Breeze

Rd, Pavitt Street and Wordsworth Street, respectively. In these areas, liquefaction was observed
after the 2010 and 2011 earthquakes. None of these sites experienced liquefaction during 2016

Figure 3. Results of the SDS tests conducted northeast of Christchurch
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earthquake. In Site 3, the whole soil profile which is predominantly sand (except between 1 -
3 m depth which is silt) showed a significant increase in the SDS torque. No obvious change in
the measured torque was observed in the silt layer. The soil profile in Site 4 which comprised
silty-sand and sandy layers also showed a noticeable increase in the measured torque along the
depth. In Site 5, below the 1.5 m fill at the ground surface, a 5 m thick silt layer overlies a sandy
layer. The silt layer did not show any significant increase in the measured torque; however, the
bottom 3 m of this soil profile showed a slight increase in the measured torque.

Figure 4. Results of the SDS tests conducted in Christchurch CBD

Figure 5. Results of the SDS tests conducted in southeast and southwest of Christchurch CBD
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In addition, SDS 6 was conducted along Ferry Road in the southwest of Christchurch while
SDS 7 was in the southeast in Ashgrove Terrace. Soil in Site 6 comprised silt and sandy silt
and the change in the measured torque within the silty layer was negligible over the 5 year
ageing period. Similarly, in Site 7, no obvious change in the measured torque was observed in
the silty layer which overlies the sand layer. However, the measured torque significantly
increased in the sand layer underneath. Figure 5 illustrates the results of SDS 6 and SDS 7.
From the presented results, it can be obviously seen that sandy soils gained a significant

strength increase during the 5 year ageing period. Silty sand layers also experienced a notice-
able strength gain. However, no significant change in the strength was observed in silty layers.
The results proved that particle rearrangement which changes the inter-particle stress leads to
a significant increase in the strength of sandy soil. Rearrangement of the silt particles is less
likely to happen so, as expected, less strength gain was expected to be achieved. Based on the
results, it can be concluded that sandy soil can gain significant strength a few years after lique-
faction. Hence, in-situ tests which are performed right after an earthquake event, depending
on the geological profile of the site, underestimate the liquefaction resistance of the soil to
some extent. Further investigations are required to be done to identify the percentage of
increase in strength of different types of soil with respect to time.

5 CONCLUSIONS

The effects of soil ageing on engineering parameters of soil were reviewed and it was discussed
how this phenomenon can influence the in-situ resistance of soil. A new in-situ testing method
called Screw driving sounding (SDS) was introduced for ground characterisation. This machine
drills a rod into the ground under several steps of axial loading. Different soil parameters can be
estimated using the SDS outputs. To identify the effects of ageing on the SDS data, 7 SDS tests
in different locations in Christchurch were performed in 2013 and repeated 5 years later at the
exact same locations. The results were compared to each other and it was found that there was
a significant increase in the strength of sandy soil while silty sand and silt did not show a notice-
able strength gain over the 5 year period. The results proved that, depending on the geological
profile of the site, laboratory or in-situ tests which are performed right after an earthquake
event, to some extent, underestimate the liquefaction resistance of the soil.
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