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Abstract: Research into naturally cemented soils (e.g. sandstones) has increased considerably, mostly be-
cause of growing interest in offshore oil wells at depths that can, at times, exceed 1000 m. Performing tests 
directly with on-site soil samples is ideal. However, it’s acquisition, transportation and preservation are in-
credibly difficult. In order to perform the tests required for this study, the samples were made to simulate the 
bonding found in naturally cemented soils. Artificially cemented sands were cured under stresses of either 
500, 2000 and 4000 kPa, or simply under atmospheric pressure. These specimens were then subjected to 
drained triaxial compression tests. The results have shown that the curing type has influence over the artifi-
cially cemented sand’s yield surface and stiffness. The stiffness was vastly superior in specimens cured under 
higher levels of stress

1 Introduction
Few authors have investigated the effect of cement set-
ting under stress in granular soils. The pioneering work
was published by [1], who studied the behavior of arti-
ficially cemented samples cured under stress in oe-
dometric tests. [2 - 10] verified the importance of con-
sidering curing stresses and curing void ratio in the me-
chanical behavior of cemented soils through isotropic
and triaxial tests in an artificially cemented soil. These
authors’ results showed that values of the isotropic or
anisotropic confining pressure during curing, have an in-
fluence on the stress-strain-dilatancy behavior of artifi-
cially cemented samples. To overcome the problem of
the more frequent utilization of challenging soils regard-
ing resistance and deformability for civil engineering
works, the use of artificially cemented soils has served
as a solution to make it suitable for use. The stress ap-
plied during curing in superficial improvements such as
shallow foundations, make practically no difference, as
this value is reduced. However, for applications at great
depths (e.g. large landfills, offshore platforms, oil explo-
ration wells, etc.), the stress function during curing has
an influence on the stress-strain behavior of the artifi-
cially cemented soil.

[11] presented the first rational methodology that re-
lates unconfined compressive strength (qu) of clean
granular soils treated with Portland cement with poros-
ity/cement ratio (η/Civ). This ratio, defined as the poros-
ity (η) of the compacted mixture divided by the volu-
metric cement content (Civ), takes into account both
compaction and cementation amount. This means that
the designer can choose to apply higher compaction en-
ergy or add more quantity of cement to reach a specific

* Corresponding author: smarques@ufrgs.br

value of strength. Same dosage methodology was ex-
tended to tensile strength (qt) [12] and initial shear mod-
ulus [13].

2 Materials, sample preparation and
testing procedure
The material used in this testing is a sand from a region
of Osorio near Porto Alegre in southern Brazil. It was
classified [14] as non-plastic uniform fine sand (SP) and
the specific gravity of the solids is 2.65. Mineralogical
analysis showed that sand particles are mainly quartz.
The grain-size distribution is entirely fine sand with a
mean diameter (D50) of 0.20 mm and the uniformity and
curvature coefficients of 2.11 and 1.15, respectively.
The minimum and maximum void ratios are 0.60 and
0.90, respectively. Early strength Portland cement (Type
III) was chosen as the cementing agent due its rapid gain
on strength, which allowed for establishing three days as
the curing time. The specific gravity of the cement is
3.15. Distilled water was used in the molding process.

The triaxial tests series were performed with
uncemented and cemented soil specimens cured under
stress or under atmospheric pressure. The specimens of
cemented soil were prepared by initially mixing quanti-
ties of dry soil with powdered Portland cement. Sec-
ondly, water was added to the mixture, making sure that
proper homogeneity was obtained by mixing. The soil-
cement mixture was statically compacted at specified
density in three layers into a cylindrical mold (50 mm
diameter x 100 mm high). Immediately after extraction
from the mold, the specimen was weighed with an accu-
racy of 0.01 g and had its diameter and height measured
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with an accuracy of 0.1 mm. When cured under atmos-
pheric pressure, the specimens were placed into plastic
bags to avoid significant variations in moisture content
and left to cure in a temperature-controlled room (23º ±
2º C). When cured under stress, the specimen was placed
in the triaxial chamber and then consolidated under dif-
ferent confining stress levels (p’ = 500, 2000 or 4000
kPa), at a rate of 500 kPa/min. The time for both curing
methods before triaxial shearing under different confin-
ing stress (500, 2000 or 4000 kPa) was 72h.

It was chosen three cement content and a specific
void ratio in the order to get three different η/Civ (10, 17
and 30), based on previous studies by [15 and 13]. In
order to perform a correct comparison between the ce-
mented samples, it was defined that specimens should
be cured with the same η/Civ. Specimens cured under at-
mospheric pressure were directly molded in the η/Civ
predefined (η/Civ after molded, Table 1). The specimens
cured under stress were molded with η/Civ (higher void
ratio) in such a way that they would reach the requisite
values for curing after consolidation (η/Civ at the start of
shearing, Table 1). This method allowed all specimens
to be cured, under stress or under atmospheric pressure,
with the same η/Civ. Due to the difficulty of obtaining
the exact η/Civ required, it was defined that the speci-
mens should be within a range of the required η/Civ ±
0.5 to be considered acceptable.

After the curing process, the specimens were submit-
ted firstly to saturation. A simultaneous raising of both
cell pressure and back pressure, keeping the effective
stress constant, accomplished this step. Parameter B val-
ues were not measured to avoid damaging the bonds
within specimens [16]. After that process, an axial load,
under a drained condition, was carried out using con-
trolled deformation at a displacement rate of 1 mm/h.
The shear test, for the samples cured under stress, were
performed with the same effective stress they were
cured.

Hall effect sensors [17], one radial and two axial,
were used to measure the internal displacement with a
resolution smaller than 1 μm. An LVDT, with a resolu-
tion smaller than 10 μm, was used to measure the rela-
tive displacement between the triaxial chamber and the
loading piston. All the triaxial tests followed the general
procedures described by [18] and the area corrections
proposed by [19] were adopted to calculate the applied
stresses. All performed tests are listed in Table 1.

To identify the tests, the following nomenclature
a(b)c-d was used, where a is the type of curing process
(ATM = Atmospheric Pressure; US = Under Stress), b
is the η/Civ which each specimen was cured, c is the ef-
fective curing stress and d is the effective stress during
shearing.

3 Test Results and Analysis
The stress-strain response during the drained shearing
compression test for specimens were similar. For both
curing cases, the response to the shearing at lower effec-
tive stress presents a softening following a peak. To
other levels of effective stress, the results showed a

Table 1. Summary of the drained triaxial compression tests.

hardening behavior. In terms of maximum deviatoric
stress, the results are quite similar (see Table 1) between
both types of tests, with different curing processes, and
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with an accuracy of 0.1 mm. When cured under atmos-
pheric pressure, the specimens were placed into plastic
bags to avoid significant variations in moisture content
and left to cure in a temperature-controlled room (23º ±
2º C). When cured under stress, the specimen was placed
in the triaxial chamber and then consolidated under dif-
ferent confining stress levels (p’ = 500, 2000 or 4000
kPa), at a rate of 500 kPa/min. The time for both curing
methods before triaxial shearing under different confin-
ing stress (500, 2000 or 4000 kPa) was 72h.

It was chosen three cement content and a specific
void ratio in the order to get three different η/Civ (10, 17
and 30), based on previous studies by [15 and 13]. In
order to perform a correct comparison between the ce-
mented samples, it was defined that specimens should
be cured with the same η/Civ. Specimens cured under at-
mospheric pressure were directly molded in the η/Civ
predefined (η/Civ after molded, Table 1). The specimens
cured under stress were molded with η/Civ (higher void
ratio) in such a way that they would reach the requisite
values for curing after consolidation (η/Civ at the start of
shearing, Table 1). This method allowed all specimens
to be cured, under stress or under atmospheric pressure,
with the same η/Civ. Due to the difficulty of obtaining
the exact η/Civ required, it was defined that the speci-
mens should be within a range of the required η/Civ ±
0.5 to be considered acceptable.

After the curing process, the specimens were submit-
ted firstly to saturation. A simultaneous raising of both
cell pressure and back pressure, keeping the effective
stress constant, accomplished this step. Parameter B val-
ues were not measured to avoid damaging the bonds
within specimens [16]. After that process, an axial load,
under a drained condition, was carried out using con-
trolled deformation at a displacement rate of 1 mm/h.
The shear test, for the samples cured under stress, were
performed with the same effective stress they were
cured.

Hall effect sensors [17], one radial and two axial,
were used to measure the internal displacement with a
resolution smaller than 1 μm. An LVDT, with a resolu-
tion smaller than 10 μm, was used to measure the rela-
tive displacement between the triaxial chamber and the
loading piston. All the triaxial tests followed the general
procedures described by [18] and the area corrections
proposed by [19] were adopted to calculate the applied
stresses. All performed tests are listed in Table 1.

To identify the tests, the following nomenclature
a(b)c-d was used, where a is the type of curing process
(ATM = Atmospheric Pressure; US = Under Stress), b
is the η/Civ which each specimen was cured, c is the ef-
fective curing stress and d is the effective stress during
shearing.

3 Test Results and Analysis
The stress-strain response during the drained shearing
compression test for specimens were similar. For both
curing cases, the response to the shearing at lower effec-
tive stress presents a softening following a peak. To
other levels of effective stress, the results showed a

Table 1. Summary of the drained triaxial compression tests.

hardening behavior. In terms of maximum deviatoric
stress, the results are quite similar (see Table 1) between
both types of tests, with different curing processes, and
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for all effective stress levels. While the increases in ef-
fective stress cause a more compressive response in vol-
umetric strain, the specimens cured under stress present 
a more expansive when compared to the specimens 
cured under atmospheric pressure. Stress-strain behav-
iors, changes from peak softening to a non-peak re-
sponse in terms of stress-strain and changes to volumet-
ric behavior according to effective stress are well docu-
mented in the literature [2, 20 - 23]. The main difference 
between the utilized curing methods is that specimens 
cured under stress have an increased stiffness and a less 
contractive response in volumetric terms. Fig. 1 shows 
the stress and variation of the secant stiffness with the 
shear strain of the cemented specimens cured by differ-
ent methods, and an uncemented specimen with a void 
ratio similar to the cemented mixtures, only for compar-
ison. To calculate the secant stiffness (Gsec), Eq. 1 was 
used.  

𝐺𝐺𝑠𝑠𝑠𝑠𝑠𝑠 =
𝑞𝑞
3𝜀𝜀𝑠𝑠

        (1) 

where q is the deviator stress, and s is the shear strain. 
It was performed a test in an equivalent void ratio 

sand for comparison only. The results show a higher 
stiffness for the cemented specimens cured under stress 
followed by the cemented specimens cured under at-
mospheric pressure. These results, also found by other 
authors (e.g. [2, 6, 7, 8]) to curing stress under 500 kPa, 
indicates that the preservation of the structure of the 
specimen, when cured under stress, increase signifi-
cantly the stiffness in shearing. Fig. 1b shows the com-
parison of the stiffness for the specimens sheared at a 
constant effective stress of 500 kPa. Since it is impossi-
ble to analyze the integrity of the specimens just before 
shearing, it is assumed that stiffness loss for the speci-
men cured under atmospheric pressure is due to the ef-
fective isotropic pressure application after the curing 
process, that possibly caused a series of cement bonds 
breakage (cracks) in the specimen. Using a scanning 
electron microscope, [24] observed cracks in specimens 
that passed by an unloading process after being cured 
under stress.  

a) 

            b) 
Fig. 1. Behavior of uncemented (SAND), cemented cured un-
der stress (US) and under atmospheric pressure (ATM) speci-
mens: a) deviatoric stress-volumetric-shear strain and b) se-
cant stiffness-shear strain.

3
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As shear stresses increase or decrease materials distort, 
i.e., change shape. The relationship between shear stress 
and shear strain it is the shear modulus G. Stiffness var-
iation analysis can be performed in terms of secant shear 
modulus (Gsec) versus distortional strain (εs) in a loga-
rithmic scale. The S-shaped curve is typically obtained 
from dynamic (e.g.: bender element or resonant column 
tests) and monotonic tests (e.g. triaxial compression 
test). The measurement of shear modulus at very low 
strain (Gmax) in triaxial are usually obtained by dynamic 
methods (e.g. bender elements technique) and local 
strain measurement. Due to technical impossibilities, 
bender elements measurements were not performed for 
this work. By this constraint, Gmax was estimate using 
Gsec:εs curves, which were obtained by local strain meas-
urement (hall effect sensor system coupled to the sam-
ple) and mathematical models present in bibliography.  

Several authors [25, 26, 27] have proposed simple 
and empirical models described by a parabolic equation 
to fit the evolution of shear modulus with distortion 
strain. In order to achieve a better adjustment, a combi-
nation of the models of the above-cited authors was pro-
posed which resulted the Eq. 2.  

𝐺𝐺 = 𝐺𝐺max
1+𝑎𝑎(𝜀𝜀𝑠𝑠)𝑏𝑏

          (2) 

Least squares method was used to adjust the pro-
posed equation (Eq. (2)) to the triaxial tests results of 
this study allowing to estimate the Gmax values and to 
determine the empirical parameters a and b for each test. 
Fig.2a shows the application of Eq. 2 to Gsec:εs curves of 
the tests ATM(17)0-4000 and US(30)2000-2000. A 
good fit (R2 > 0.996) is evident between the Gsec results 
and the proposed model. All tests presented a determi-
nation coefficient (R2) higher than 0.99. The Gmax value 
and the a and b parameters for each test are listed in table 
1. For the certification that the suggested Gmax value was 
adequate, the model fit was also verified in the stress-
strain space (q:εs), which, as shown in Figure 2b, pre-
sents a reasonable relationship. 

4 Discussions and Conclusions 
The result of triaxial tests of cemented materials cured 
under stress has demonstrated the importance of that 
curing methodology in the study of cemented materials, 
mainly when it comes to the stiffness and dilatancy be-
havior. The test results indicate that the maximum shear 
stress is very similar for both types of cure, but has a 
considerable difference in the stiffness for small strains 
and the yield loci. Bond degradation occurs during the 
isotropic consolidation of the cured samples under at-
mospheric pressure. The main contribution of this work 
is to show the necessity of the under-stress curing 
method to truly study the behavior of this type of artifi-
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soils. This will significantly influence the characteristics 
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