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ABSTRACT: The unconfined compressive strength (UCS) of naturally cemented residual soils and cement
stabilized reconstituted soils are specified for the design of pavement layers, building foundations, low cost
building. The cementation of naturally cemented soil was partially induced by short term curing of 4 % and
8 % cement stabilization of residual fill material. The mix were compacted into 100 mm and 150 mm cubic
moulds and samples were tested in incremental stress and incremental strain mode devices. The results show
that the increase in the cementation increased the variation in UCS. while large size specimen decreased
variation in UCS. The mode of shearing also affected both the magnitude and variation in mobilized strength.
The required number of samples to render a reliable estimate of the mean strength depends on cementation and
specimen size. For the mix with the largest variation in UCS, a minimum of five samples is required for 5 %
upper and lower deviation from the mean strength, to render 95 % reliability.
1 INTRODUCTION
Bergado et al. (1999), Miura et al. (2001), Lorenzo &
Bergado (2004) and Lee et al. (2001) reported that the
behaviour of the clayey soils stabilized with lower
cement content is similar to an over-consolidated soil
while dry clayey soils with higher cement content
behave like a soft rock. Using cement stabilised soils
as laboratory models for naturally cemented soils and
soft rock, a number of constitutive models have been
proposed, to account for the effect of cementation
within the framework of the critical state concept,
elastoplastic response and interaction between sand
cement and porewater in relation to cement bonds
(Lee et al. 2001, Abdulla & Kiousis 1997). In
naturally occurring arid, semi-arid and tropical
residual soils, unconfined compressive strength
values vary within the same soil regime mainly due
to inherited or weathering induced heterogeneity and
anisotropic, topography, climate, sampling and
laboratory test methods, measurement and calibration
errors. Considering the large variability that are
usually observed, UCS data obtained by testing a few
samples becomes questionable. Baecher & Christian
(2003) found uncertainty in measured soil parameters
to be attributable to site characterisation, i.e.
inadequacy of interpretation of the subsurface
geology, model uncertainty, i.e. the degree to which a
chosen mathematical model represents reality or the
inability of a model or design technique to represent
precisely a system’s physical behaviour and the

precision to which model parameter can be estimated.
For any statistical method to be representative, the
sample size in terms of the number of observations,
must be sufficient enough to explore trends or
patterns (Ruffolo & Shakoor 2009). Apart from
variability emanating as spatial variability in residual
soils and variability due to chosen test and statistical
methods of analysis, an important source of
variability in measured soil properties in the
laboratory are the human factors (Duzgun et al. 2002,
Head 1986). Lee et al. (1983) compiled a table on the
coefficients of variation (COV) of soil properties in
relation soil tests. The table show that COV of UCS =
6 % - 100 %; Compaction MDD = 1 % - 7 % and
OMC = 11 % - 43 %. Errors unique with respect to
the unconfined compression test include the ratio of
length-to-diameter or the distance between the
platens relative to the specimen thickness. If the
tested sample is too short, the top and bottom platens
grip on the sample and increase the strength of the soil
sample by preventing the formation of the weakest
failure plane. If the sample is too long, it buckles
under axial stress and causes a decrease in strength
results. Unconfined compressive strength of
compacted soil is found to decrease with increase in
the height-to-diameter ratio (Morel, Pkla & Walker
2005, Fearon & Coop 2000). Also, test results by
Blight (1997), Ruffolo & Shakoor (2009), Baecher &
Christian (2003) indicates that bigger sample sizes
give reliable data that approach estimated data
captured in situ. If the sample sizes tested are
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unrepresentative, laboratory results tend to greatly
over-estimate in-situ conditions. This is mainly
because discontinuities in residual soils are inevitable
and they govern the strength data in situ. For reliable
results Blight (1997) advised that the test specimens
must have at least dimension of 2 or more times the
spacing of the discontinuities and in unconfined
compression test, a specimen diameter should not be
less than 76 mm with a length-to-diameter of between
two and three. A large number of tests enable soil
variability to be explored both laterally and with
depth (Baecher & Christian 2003). A study in rock
strength variability conducted by Ruffolo & Shakoor
(2009) on 5 different rock types showed that based on
sample number approach, a minimum of 10 samples
with a 20 % deviation from the mean strength at 95 %
confidence level were needed for a reliable estimate
of unconfined compressive strength of rock. When
confidence interval approach was used, a minimum of
9 samples with a 20 % deviation from the mean
strength at 95 % confidence level were needed. Gill
(1963), in Ruffolo & Shakoor (2009), concluded that
15 to 25 samples were needed for a reliable estimate
of unconfined compressive strength, Coates &
Parsons (1966), in Ruffolo & Shakoor (2009),
concluded on 10 samples, Yamaguchi (1970), in
Ruffolo & Shakoor (2009), recommended that 10 or
more samples were needed for a reliable estimate of
compressive strength, Gill et. al (2005), in Ruffolo &
Shakoor (2009), using a detailed statistical analysis;
concluded that the minimum number varied with the
rock type and that it was impossible to determine the
number without prior testing. The American Society
for Testing and Materials (1993) recommends a
minimum of 10 samples for average compressive
strength, the International Society for Rock
Mechanics suggested 5 samples and the Canada
Centre for Mineral and Energy Technology
recommended 3 samples. Based on the varying
number of samples to be tested (between 3 and 25
samples) for a reliable estimate and given the number
of physical factors and test conditions that can affect
the mobilized strength of cement soils, an
investigation on the required number of test samples
for the mobilized strength of cement soils is indeed of
importance for quality control. The aim and objective
of the project investigation were to study the sources
of variability in the unconfined compressive strength
of residual soils by mainly focusing on the effect of
specimen size, the effect of cement content, and the
effect of test mode . The number of samples required
to render a reliable estimate of unconfined
compressive strength of compacted residual soils was
determined.

2 MATERIALS AND METHODS
The natural occurring soil was obtained along the
Kingsway Road opposite Helen Joseph Hospital, in
Johannesburg from 1.5 m to 2 m excavations
associated with BRT lane construction. The soil
sample is of mixed origin; intermix of transported
silty sand and residual Brixton quartzite of the
Witwatersrand Supergroup. The soil was sieved
through a 2 mm sieve to eliminate contaminations and
larger grain particles. The basic properties of the soil
were established by Sieve Analysis Test (TMH1:
Method B4), Atterberg Limits Tests (TMH1: A2, A3
& A4), Specific Gravity Test (BS 1377: Part 2:
1990:83), and Compaction Test (TMH1: Method A7
and A8).
Commercially available nominal grade Portland
cement was used as a stabilizer. The major
constituents are: Calcium Silicates 70, Gypsum 5,
Crystalline Silica less than 0.1, CaCO3 3 %, MgO
2 %, Cao 1 %, Ph 12, Gs 3.15. Initial setting time was
60 minutes.
2.1 The Unconfined Compressive Strength Test
Soil samples mixed with 5 % and 8 % cement were
compacted into three different moulds at modified
proctor dry densities and optimum moisture contents.
The detachable moulds of cubical and cylindrical
geometries have height to diameter (length) ratio of
1 : 1. The geometry and dimension of the moulds are
cubical 100 mm x 100 mm x 100 mm and 150 mm x
150 mm x 150 mm. 26 samples were prepared using
100 mm x 100 mm x 100 mm cube moulds at 5 %
cement content, 28 were prepared using the same
mould but at 8 % cement content, 25 samples were
prepared using 150 mm x 150 mm x 150 mm cube
moulds at 5 % cement content, 25 samples were
prepared using the same moulds but at 8 % cement
contents. All the samples were compressively tested
in unconfined state and the result were statistically
analysed using the 95 % confidence interval method.
After 24 hours, the samples were compressively
tested and failure mode and moisture content
determined after each test. The cured samples were
tested in an ADR Digital cube testing machine with
multiple platen handling systems meeting the
requirements of BS6073-1, EN 772 for 200 mm,
150 mm and 100 mm cubes and cylinders up to
320 mm x 160 mm diameter. UJ-APK Campus
Compression Machine Results at a rate 0.001 MPa/s
= 1 KPa/sec, UJ- DFC Campus Compression
Machine Results at a rate 150 kN/min = 250 kPa/sec
for 100 x 100 x 100 samples.
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Table 1. Margin settings for A4 size paper
No of Samples
%
Mould Dimension
cement
1KPa/sec
250kPa /sec
100 x 100mm
100 x 100mm
150mm x 150mm
150mm x 150mm

5
8
5
8

26
28
25
25

Figure 1. Demoulded 100 mm and 150 mm cubical samples

3 RESULTS
3.1 Physical Properties of Brixton Sand and
Blended Materials
The average initial moisture content = 12.38 %. Using
the USCS, the major sample used for the
experimental work was classified as clayey sand. The
soil material is a well-graded clayey sand with D85 =
0.425 mm and D15 = 0.075 mm. The liquid limit is
34.7 %, and the plasticity index is 11.23 %, thus the
soil is slightly plastic with low dry strength (Coduto
1999). The Specific Gravity of the solid particles with
D100 = 2 mm is 2.68.
Increasing cement content from 0 % to 8 %
increases the modified proctor maximum dry density
from 1805 kg/m3 to 1813 kg/m3. The respective
optimum moisture content decreases with increase in
cement content from 15.2 % to 13.6 %.
3.2 Unconfined Compressive Strength Results
The statistical analysis of the UCS of one day old
samples is shown in Table 2. The UCS is increased
disproportionately in relation to cement content. For
soil blended with low cement content, the UCS
tended to decrease with increase in sample volume.
The strength of low cement soil is within the range of
strength of intact cemented residual soil matrix. The
shear strength mobilized by weakly bonded residual
soils is known to decrease with increase in volume
and in case of fissured soils the strength decreases
with increase in the size of the fissure. For freshly
blended soil with low cement content, the early age

(1 day) unconfined strength is primarily due to the
inter particle friction. The binder of freshly blended
material is a secondary contributor. The UCS of
samples that were cured for 1 day are shown in
Figures 2 - 10. The average strength of 5 % cement
stabilized soil increased by an average of 20 % when
the cement content was increased by 60 %. Increase
in volume of sample from 100 mm cube to 150 mm
cube resulted in increase of 20 % in UCS. The trend
is similar for soil blended with 8 % cement. The
increase in UCS due to increase in the bulk volume of
the sample may be related to the end effects induced
by the incompatibility of loading platens and
geometry of sample bases. Poor fitting of samples to
platens may result in localized excessive stresses and
plastic failure at the sample ends. This is however
likely to occur in systems that are not equipped with
adjustable platens for samples of different geometry.
The strength of cement soil is related to the amount
of
water
used
up
by
ettringite
(3CaO.Al2O3.3CaSO4.32H2O) in the early phase of
soil cement blending and hardening and volume of
Calcium Silicate Hydrated (CSH) that was produced
during the blending and curing hydration
(Nontananandh & Amornfa 2002). Kim & Kim
(2011) investigated the role of specimen volume and
reaction product on the mobilized strength of
cylindrical specimens of stabilized sands and gravels.
The results showed that the unconfined compressive
strength of the specimen with a size of 100 × 200 mm
was about 85 % - 88 % of the specimen with a size of
150 × 300 mm, and the specimen with a size of 50 ×
100 mm had a strength 60 to 65 % of the specimen
with a size of 150 × 300 mm. They also reported that
SEM results showed increased generation of needle
shaped ettringite with increase in the volume of
cement.
3.2.1 Effect of Stress rate on mobilized UCS
The effect of stress rate on both the magnitude of
mobilized UCS was dependent on the cement
stabilization and sample size. The mean UCS
mobilized at faster stress rate i.e. 250 kPa/sec was
roughly threefold the UCS at lower stress rate i.e.
1 kPa/sec. For the small samples, an increase in per
cent cement stabilization has no effect on average
UCS for specimens tested at a fast rate. An increase
in cement stabilization and sample size reduced the
difference in average mobilized UCS due to the
different stress rate from threefold to two-fold. The
lower stress rate induced greater variance in
mobilized UCS, the variance in mobilized average
UCS due to the fast rate is almost minimal at both
levels of cement stabilization.
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Figure 2. UCS for all 26 (100 x 100 x 100 mm) samples at 5 %
cement content

Figure 6. UCS for (9) 150 x 150 x 150 mm samples at 5 %
cement content tested at APK
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Figure 3. UCS for (9) 100 x 100 x 100mm samples at 5 % cement
content tested at APK Campus
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Figure 7. UCS for (16) 150 x 150 x 150 mm samples at 5 %
cement content tested at DFC
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Figure 8. UCS for all 28 (100 x 100 x 100 mm) samples at 8 %
cement content
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Figure 4. UCS for (17) 100 x 100 x 100 mm samples at 5 %
cement content tested at DFC
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Figure 5. UCS for all 25 (150 x 150 x 150 mm) samples at 5 %
cement content
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Figure 9. UCS for (9) 100 x 100 x 100 mm samples at 8 %
cement content tested at APK
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specimen are required to capture inherent variability.
This trend is evident in specimen sizes of the
stabilized sand investigated. The number of samples
required to render a reliable unconfined compressive
strength value is dependent on thus dependent on
cement content and test environment.

1,00

The number of samples required to render a reliable
estimate using the 95 % confidence interval approach
was presented in Table 3 and Figures 13 - 15. Higher
cement content alone also reduced the variance from
the mean. This resulted in fewer samples required to
estimate the average unconfined compressive
strength with acceptable deviation from the mean.
Increasing the specimen size reduced the scatter of
the measured parameter but also reduced the mean
unconfined compressive strength value. Reduction in
the scatter significantly reduced the number of
samples required to render a reliable estimate of the
average UCS.
The standard deviation and the mean value of the
UCS are fairly similar for 5 % and 8 % cement
stabilized soils. The UCS of 5% cement soil deviated
by a significant margin from the mean, while the UCS
of 8 % cement soil deviated by small margin. The
number of samples within a sample set, required to
estimate the average unconfined compressive
strength with acceptable deviation from the mean is
dependent on the cement content with respect to the
established level of reliability. For 95 % reliability, 3
cured samples will be required for a mean value of
UCS with an 8 % deviation. Testing five near
identical samples reduces the margin of error to 6 %.
Increasing the sample size of cubic specimens have a
significant effect on the number of samples required
to establish the mean UCS. The conventional trend in
residual soil is that little number of larger sizes
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Figure 10. UCS for (19) 100 x 100 x 100 mm samples at 8 %
cement content tested at DFC
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Figure 13. Sample Coefficient of variance

Table 2. Summarised Statistical analysis
Sample

Mean Value
(MPa)

Variance

100 x 100 x 100 (5 %)
150 x 150 x 150 (5 %)
100 x 100 x 100 (8 %)
150 x 150 x 150 (8 %)

1.55
0.94
2.29
1.79

0.838
0.277
0.929
0.333

Standard
Deviation
(MPa)
0.915
0.527
0.964
0.577
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Coefficient of
Variance (%)
59
56
42
32

No. of Samples required with
25 % deviation from the
Mean
14
11
4
3
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Figure 14. Representative Reliability Curve for 1 days Cured
8 % cement stabilized for 150 mm x 150 mm cubic size
specimens
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Figure 15. Representative Reliability Curves for 1 day cured 8 %
stabilized sands for 100 mm x 100 mm cubic size specimens

4 CONCLUSIONS
Unconfined compressive strength is a measure of
unconfined resistance of a soil matrix mobilized
against shear failure along distinct plane or planes of
maximum or minimum shear strength which is
inclined at 45° from the horizontal. The coincidence
of maximum or minimum shear planes with the
mobilized plane of failure is not governed strictly by
sample geometry. Different end effects, due to the
compatibility of loading platens and soil base
geometry has no bearing on mobilized strength.
The strength of freshly blended cement soils up to
24hrs old decrease with increase in sample size of
cubic specimens. This may due to the lower rate of
hydration of the larger specimens. It is, however,
consistent with the behaviour of naturally occurring,
weakly bonded residual soils that are subject to direct
or triaxial shear deformation.
For cement stabilized specimens within a stress
rate of 1 kPa/sec - 250 kPa/sec, the mean value of
mobilized UCS and the variance decreased with
increase in specimen size. An increase in cement
stabilization also increased the variance irrespective
of sample size. The COV is more sensitive to the
cement stabilization than to the sample size, and

decreases with an increase in cement stabilization.
The mean UCS mobilized at faster stress rate i.e.
250 kPa/sec was roughly three-fold the UCS at lower
stress rate i.e. 1 kPa/sec. The lower stress rate induced
greater variance in mobilized UCS, the variance in
mobilized average UCS due to the fast rate is almost
minimal at both levels of cement stabilization.
For conventional study of soil mechanics of
cement soils, 5 and more samples are required for a
reliable estimate of unconfined compressive strength
but the acceptable deviation from the mean must be
clearly defined before the required number can be
determined.
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