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Abstract. This paper presents experimental triaxial tests conducted on two lightly cemented sand 
samples on the set-up conditions of a Hollow Cylinder Torsional Apparatus (HCTA). The laboratory 
study has been carried out on an angular to sub-angular silica sand reinforced with Portland cement 

of high early strength. The samples have identical porosity/volumetric cement content ratio, /Civ, 
values. The Young’s modulus and shear modulus were measured by the application of a series of 
small unload-reload cycles at different investigation points along the triaxial stress path up to about 
50% of the maximum deviatoric stress. At these investigation points, additional series of unload-reload 
cycles of higher amplitudes were also applied and the stiffness moduli assessed using local 
instrumentation. While the peak strength seems to be controlled by the density of the sand matrix, as 
extensive bond cementation damages occur at peak and pre-peak stages, the Young’s modulus and shear 
modulus normalised by the void ratio function show the effect of the cementation ratio with higher values 
for the sample with higher cementation ratio.      

1 Introduction 

Soil properties commonly may not suit the construction 
project characteristics and requirements. An alternative is 
the addition of cement to the soil matrix. Previous studies 
of soil cement mixtures have shown that the behaviour of 
the material is complex, and it is affected by many factors, 
such as physical-chemical properties of the soil, the 
amount of cement and moisture of the mixture [1-4]. 

Saxena et al. [4] analysed a lightly cemented sand. The 
authors describe that in the Vincentown formation the 
highly cemented lenses represent the final stage of 
cementation process, while less cemented samples 
represent intermediate stages in incomplete cycles of 
cementation. Sharma and Fahey [5] showed that a 
relatively small amount of cement also able to increase the 
dynamic moduli and damping ratios of sands at low strain 
amplitudes. Arthur et al. [6] analysed the deformation 
characteristics of two cemented calcareous soils 
observing that by increasing the level of cementation the 
initial stiffness increases while the effect of confining 
pressure on the initial stiffness is progressively reduced. 

The cement content and porosity of mixtures are two 
of the factors that must be consider in the dosage 
methodologies of cemented reinforced soils. Following a 
large number of soil element experiments under various 
cementation conditions and soil densities, Consoli et al. 
[3] found that, for a given soil treated with Portland 
cement, the unconfined compressive strength (qu) is 
controlled by an index representing the porosity/cement 
ratio (η/Civ) through a power relationship. Both the 
porosity () and the volumetric cement content (Civ) are 
expressed as percentages of the total material volume. 

This relationship was also shown to be valid for the 
expression of the tensile strength (qt) and on the 
assessment of durability of the treated mixtures [7-8]. 

This study investigates the stiffness and stiffness 
evolution of a lightly cemented reinforced sand under 
monotonic triaxial compression loading. Large load-
unload-reload cycles are also applied before the samples’ 
failure is reached. The tests are conducted in a Hollow 
Cylindrical Torsional Apparatus equipped with an 
advanced local strain measurement system. The 
determination of the cemented soil stiffness, Young’s 
modulus and shear modulus, is done at different 
investigation points along the triaxial stress paths by the 
application of small unload-reload axial and torsional 
cycles, respectively. At each investigation point, 
additional series of axial and torsional cycles of higher 
amplitudes are also applied to probe the resistance of the 
cementation between the sand particles. While a large 
experimental programme considering the effect of the 
stress paths involving constant imposed rotation of 
principal stress axes is in progress, this paper presents 
only two tests, equivalent of triaxial tests on two samples 
of different densities reinforced by two different cement 
contents.  

2 Experimental set up  

2.1 Hollow Cylinder Apparatus 

The Bristol HCTA was employed to investigate the 
evolution of the elastic properties of the cement reinforced 
sand [9, 10]. The apparatus tests hollow cylinder samples 
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with 50mm outer radius (ro), 30mm inner radius (ri) and 
200mm height (H) and, controls the axial load (W), torque 
(T) and internal (Pi) and external (Po) pressures 
independently (Figure 1a). 

 

 

Fig. 1. (a) Imposed pressures and forces on the HCTA sample; 
(b) general stresses on soil element; (c) principal stress 
components on soil element. 

  

Fig. 2. Small strain measurement system of Bristol HCTA, 
after Ibraim et al. [9] and Mandolini et al. [11].  

 The application of these enables the control of all the 
stress components (σz, σr, σθ, τθz, Figure 1b) allowing the 
investigation of generalized stress paths which are 
characterised by four independent parameters: the mean 
principal effective stress (p'), the deviatoric component of 
stress (q = ’z-’), the intermediate principal stress 
parameter (b) and the angle between the major principal 
stress σ1 and the vertical direction (α in Figure 1c). For 
the tests presented in this paper, no control of the b and  
parameters were considered, the tests followed the 
classical triaxial stress path. 

2.2 Small Strain Measurement 

A general view of the local system of measurement of 
strains developed for the HCTA by [9] is shown in Figure 
2. The measurement system consists of six non-contact 
displacement transducers (based on eddy current effect) 
with a measurement range of 2mm and a resolution of 
0.1μm. The vertical and circumferential displacements are 
measured in the central part of the sample using two pairs 
of non-contact transducers (S1 and S2, S3 and S4, 
respectively) fixed on stainless steel rods. These 
transducers follow the movements of rectangular 
aluminium plate targets fixed on two parallel aluminium 
rings positioned in the central section of the sample at a 
distance Hc of 100mm (Figure 2). The rings are attached 
to the sample’s external membrane by three flexible 
strips. The outer radial sample displacements are deduced 
by the average of the measurements given by two 
additional non-contact transducers (S5 and S6 in Figure 
2) pointing at aluminium foil targets placed on the 
sample’s side of the outer membrane - in direct contact 
with the sand. The current inner radius changes have been 
calculated from the volume changes of the inner cell 
(corrected for the membrane penetration effects) 
combined with the vertical sample variations. 

In order to take advantage of the non-contact 
transducer’s high resolution over a complete test and up 
to large strains, technical mechanical solutions able to 
allow the re-positioning, if necessary, of each pair of the 
non-contact transducers from outside the confining cell 
have been developed so the best accuracy for strains is 
maintained at various investigation points along the 
stress/strain paths [9, 11]. The precisions with which the 
strains could be resolved are inferior to: 2x10-6 (m/m) for 
axial strain, z, 5x10-6 (m/m) for radial strain, r, 10-7 
(m/m) for circumferential strain, , and 10-6 (m/m) for 
shear strain,   [9]. 

  
Fig. 3. Grain size distribution of Hostun RF (S28) sand.  

2.3. Materials 

Hostun RF (S28) sand tested in previous studies [12 - 14] 
was also used in this research. This sand has a high 
amount of siliceous (SiO2 > 98%) and it has angular to 
sub-angular grain shape. The grain size distribution 
(Figure 3) shows an uniform graded sand with:  mean 
grain size, D50 = 0.32mm, coefficient of uniformity, Cu = 
D60/D10 = 1.70, coefficient of gradation, Cg = 
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(D30)2(D10D60) = 1.1, maximum and minimum void ratio, 
emax = 1.00, emin = 0.62, and specific gravity Gs = 2.65. 

The cementation agent used was a Portland cement of 
high initial strength (Type III, ASTM C 150-09; ASTM, 
2009). As the cement has a fast gain of strength, 7 days 
curing time of cemented sand samples was adopted in this 
research. 

2.4 Specimen Preparation and test conditions 

Two mixtures of cement and sand were prepared, and 
hollow cylinder samples fabricated and tested. The 
composition and density of each sample have been chosen 
such way that both samples provide an identical /Civ 
parameter of 47.24. While one of the samples 
(C1.8e0.707) has a lower amount of cement, Ci =1.8% by 
dry mass of sand, its density is higher when both 
compared with the other sample (C2.3e0.890), Table 1. 
The parameter e in Table 1 relates to the sample void ratio.  

The required amount of sand and cement were first 
mixed until a uniform consistence was achieved. The 
water, 10% by mass of dry soil, was then added and the 
sand - cement composite mixed until a homogeneous 
material was obtained, at which point the mixture was 
divided in six portions corresponding to the amount of the 
successive soil layers used for the fabrication of the 
samples. Each sample layer was statically compacted with 
a steel curved tamper, inside of a curvilinear stainless-
steel mould. Between layers the top surface of the freshly 
made layer was scarified. After the preparation, the 
weight of mould+sample was measured, and the sample 
was kept inside the mould for curing, protected with 
plastic film and in a sealed plastic bag in environmentally 
controlled conditions of 22oC temperature and 60% 
humidity. 

After five days of curing, the sample was removed 
from the mould, its dimensions measured and gently 
placed on the hollow cylinder apparatus. The internal 
instrumentation was then connected, the chamber cell 
pressure set in position and filled with water. After CO2 
and de-aired water saturation, the samples were 
isotropically consolidated to a σz = σr = σθ = 100kPa 
isotropic pressure and then tested by applying a deviator 
stress q = σz - σθ. Throughout the test, the inner and outer 
cell pressures were maintained constant so that the σr = σθ 
= 100kPa.  

3 Results and Discussions 

Figure 4 presents the deviator stress and volumetric strain 
responses function of the axial strain for both C2.3e0.890 
and C1.8e0.707 triaxial tests. In both tests, a peak strength 
is reached at about 0.06 (m/m) strain level, at which point 
the tests were stopped as stress control conditions were 
adopted. The denser sample having a low amount of 
cement content shows higher mobilised strength 
compared with low density and higher cement content 
sample. Both samples show compressive volumetric 
response in the early stages of the tests, with higher 
contraction for the less dense sample. The initial vertical 
stress-vertical strain curves over a very low range of strain 

are linear up to about 2x10-5m/m for both C2.3e0.890 and 
C1.8e0.707 tests and the initial Young’s moduli measured 
with the local instrumentation gives almost identical 
values 242MPa (Figure 5) and 240MPa (Figure 6), 
respectively.  

The initial Young’s modulus seems to be controlled 
by both the cementation ratio and sample density and their 
combination having the same /Civ value appears to 
provide similar initial stiffness. Removing the effect of 
the density through the application of a void ratio function 
[15]: 

e
e

eF
+
−

=
1

)01.3(
)(

2
                           (1) 

would clearly show the effect of the higher cementation 
ratio providing a higher normalised stiffness. However, as 
the loading advances, the behaviour becomes highly non-
linear and the response in large strains is becoming more 
reminiscent of a granular soil, with likely occurrence of 
cemented bond breakages at peak and pre-peak stages. 
The denser sample shows higher peak strength than the 
less dense one and the response at peak failure is more 
controlled by sand matrix than cementation. Analysis of 
the state of the sample at the end of the test showed a fine 
granular structure with an almost complete damage of the 
cementation. In both tests, at about 50% of the maximum 
deviatoric stress, one large unload-reload cycle was also 
applied, as shown in Figure 4c, before loading the tests 
monotonically towards the failure. During these large 
load-unload-reload cycles, at different investigation 
points, noted by roman letters in the figure, and after creep 
stages of about half-an-hour, unload-reload cycles of 
relatively low amplitudes were applied independently in 
both axial and torsional directions. During the application 
of the torsional cycles, all the vertical, radial and 
circumferential stresses were maintained constant with 
the vertical stress corresponding to the current level 
attained at the investigation point. At the start of the tests, 
point (I), no cycles were applied and only the Young’s 
modulus was measured from the slope of the linear 
vertical stress-strain curve as discussed above. At all the 
other investigation points, a number of 10 successive 
cycles were applied for each z half-cycle amplitude of 
±2.5kPa, ±5kPa, and ±10kPa, followed by 10 cycles for 
each z half-cycle amplitude of ±2.5kPa, ±5kPa, and 
±10kPa. The frequency of the small cycles was 0.1Hz and 
the data acquisition was done at a frequency of 
3Samples/s. The variation of the deviator stress with up to 
and including the succession of cycles for the 
investigation point (II) is shown in Figure 7.  
 

Table 1. Sample characteristics. 

Test Name e Ci 
(%) /Civ Curing Time 

C2.3e0.890 0.890 2.3 
47.24 7 days 

C1.8e0.707 0.707 1.8 
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Fig. 4. Tests C2.3e0.890 and C1.8e0.707: (a) Deviatoric stress 
versus deviatoric strain; (b) Volumetric strain versus deviatoric 
strain component; (c) Load-unload and reload loop with 
investigation point of the small strain stiffness.  
 

Typical unload-reload cycles applied in axial and 
torsional directions at the investigation point (II) for the 
tests C2.3e0.890 are shown as an example in the Figure 8 
and Figure 9, respectively. The Young’s modulus, 
Ez = z/z, and shear modulus, Gzθ = z/z were 
calculated from the slopes of the stress-strain curves, as 
shown in the figures. The double amplitude of the cyclic 
axial strain response reaches 2x10-5 (m/m) for ±2.5 kPa 
cyclic axial stress amplitude, 3.6x10-5 for ±5.0 kPa and 
approximately 7x10-5 for ±10 kPa cyclic axial stress 
amplitude. For one amplitude, the superposition of the 
stress-strain relations for the successive applied cycles is 
identical with no or very limited (for the highest cyclic 
loading amplitude) hysteresis, and linear fitting for 
Young’s modulus evaluation through all the data can be 
applied. The values of the Young’s modulus are identical 
for the first two cyclic amplitudes of ±2.5 kPa and ±5.0 
kPa. A very slight reduction of the Young’s modulus is 
recorded for the highest cyclic amplitude of ±10 kPa as a 
consequence of some very limited particle cemented bond 

breakages that may be likely to occur. Similar observations 
can be made on the shear stress-shear strain probing shown 
in the Figures 9a, b and c. The double amplitude of the 
cyclic shear strain response reaches 3.8x10-5, 7.1x10-5 and 
14.8x10-5 for ±2.5 kPa, ±5.0 kPa and ±10.0 kPa cyclic 
shear stress amplitudes, respectively.  

The elastic Young’s modulus was shown to be 
dependent on the normal stress in the direction of 
measurement following a power law [16, 17]. The density 
of soil also affects the stiffness and its influence is 
normally taken into account by the use of a void ratio 
function, F(e) in the form given by relation (1) [15]. It is 
also recognised that the shear modulus is mainly 
dependent on the two normal stresses acting on the plane 
of shear and independent of the stress acting normal [18]. 

 

Fig. 5. Test C2.3e0.890: initial response and Young’s Modulus 
estimation. 

 

Fig. 6. Test C1.8e0.707: initial response and Young’s Modulus 
estimation. 

 

Fig. 7. Test C2.3e0.890: initial loading, creep, small cycles and 
loading function of time. 
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Fig. 8. Test C2.3e0.890: examples of small vertical strain cycles, 
investigation point  (II), and Young’s modulus estimation.  

Figure 10 shows the stress dependency of the Young’s 
modulus (deduced for the smallest applied cyclic 
amplitude of ±2.5kPa) for both C1.8e0.707 and 
C2.3e0.890 tests. The effect of the void ratio variation was 
removed by normalising the stiffness values by the void 
ratio function (1). For both tests, the Young’s modulus 
follows a power law as a function of z with constant 
power values of 0.48 for C2.3e0.890 and 0.53 for 
C1.8e0.707. These power exponents are within the 
expected values for sand and close to those obtained by 
[9]. In the generation of the equations presented in the 
Figure 10, a reference pressure of 1 kPa was also used. 
However, the Young ‘s modulus of the sample having a 
higher cement content (and lower density) is higher than 
for the sample with lower cement content (and higher 
density). For the range of vertical stresses at which the 
stiffness was assessed, these results seem to imply that the 
cementation, is still able to offer enough reinforcement, 
controlling the stiffness of the mixture. . The reduction of 
stiffness for lower cementation ratio, could also be the 
result of small bond degradations induced by loading and 
small amplitude cycles as also observed by [5]. 

 

Fig. 9. Test C2.3e0.890: examples of small torsional shear strain 
cycles, investigation point (II), and shear modulus estimation. 
 

Figure 11 presents the stress dependency of the shear 
modulus for both tests, with the shear stiffness measured 
at the investigation points for z cycle of ±2.5kPa. The 
same normalisation of the stiffness values with the void 
ratio function (1) was applied. Again, the shear stiffness 
of the tests C2.3e0.890 is higher than the shear stiffness 
of the test with lower cement content, C1.8e0.707. For the 
former test, the stress dependency of Gz/F(e) follows a 
function (’z’)0.5n with n = 1.10, again close to values 
of most of the sand soils. However, for reasons which we 
have not been able to identify, the normalised shear 
stiffness measured at the investigation points (III) and (V) 
of the test C1.8e0.707 showed anomalous data with 
similar values as measured at the investigation points (II) 
and (IV) and no effect of the stress level.   
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Fig. 10. Normalised Young’s modulus Ez/F(e) with the stress 
level for both tests. 

 
Fig. 11. Normalised shear modulus Gz/F(e) with the stress level 
for both tests. 

4 Conclusions 

This paper presents two experimental triaxial tests 
conducted on lightly cemented samples on the set-up 
conditions of a Hollow Cylinder Torsional Apparatus 
(HCTA). The general behaviour in triaxial test conditions 
was explored as well as the small strain stiffness of the 
cemented soil. Young’s modulus and shear modulus were 
measured by the application of a series of small unload 
reload cycles at different investigation points during the 
triaxial tests. Non-contact high-resolution displacement 
transducers where used to measure the quasi-elastic 
properties of the material and their dependency on the 
stress state, density and cement content. For two lightly 
cemented samples with similar porosity/volumetric 
cement content ratio, /Civ, values, the peak strength 
seems to be controlled by the density of the sand matrix 
as extensive bond cementation damages occur at peak and 
pre-peak stages. The normalised Young’s modulus and 
shear modulus, by the void ratio function, determined at 
different investigation points up to about 50% of the 
maximum deviatoric stress show the effect of the 
cementation ratio with higher values for the sample with 
higher cementation ratio. Limited bond degradation 
appears to be occurring at these stress level conditions. A 
large experimental programme considering the effect of 
the stress paths involving constant imposed rotation of 
principal stress axes is in progress and the results will be 
reported in a future communication.    

 

The first author would like to express her gratitude to the 
Brazilian Research Council (CNPq) for the financial support. 
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