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Abstract

This study presents an experimental methodology for characterising the mechanical behaviour of sandy subgrade soils under 
unsaturated conditions, with relevance to pavement design and performance assessment. Repeated Load Triaxial (RLT) tests 
were conducted under controlled suction states on three sandy soils with varying fines content, aiming to evaluate resilient 
modulus (MR) as a function of moisture and matric suction. Suction equilibrium was achieved externally through water content 
control, and the corresponding suction levels were inferred using soil water retention curves (SWRC) established for each 
material. This approach enabled testing across a realistic range of field moisture conditions while maintaining repeatability and 
control over suction states. The results show that MR increases with decreasing moisture and increasing suction, highlighting the 
importance of accounting for unsaturated conditions in subgrade characterisation. The methodology demonstrates a viable 
laboratory procedure for capturing suction-dependent mechanical behaviour and offers insights into how such behaviour may 
influence pavement foundation design.
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1. Background

The mechanical performance of pavement subgrades is strongly influenced by moisture variation, which 
correlates to suction in a unique form for distinguished soils (Cary & Zapata, 2011; Fredlund & Morgenstern, 1977). 
Suction enhances the effective stress of soils, which is shown in Repeated Load Triaxial (RLT) tests by a weaker 
elastic and plastic responses (Banerjee et al., 2020; Salour et al., 2014). Traditionally, RLT testing for characterising 
the elastic/resilient behaviour of subgrade soils is performed in total stress environment,.i.e., without measuring or 
controlling pore pressures that can influence the material’s effective stress and ability to resist to deformation
(Khoury et al., 2009). In this study, focus is given to perform such tests under a suction-controlled environment and 
therefore using an effective stress approach for a more realistic testing procedure(Lu et al., 2010). Therefore, this 
study introduces a suction-controlled laboratory methodology to evaluate sandy soils with different fines content, 
aiming to improve Resilient Modulus MR characterisation and enhance pavement design using a mechanistic–
empirical (M-E) approach (ARA, 2004).

2. Methodology

Three sandy subgrade soils were investigated: a poorly graded sand (SP, 4% fines) and two silty sands (SM1, 
17% fines; SM2, 39% fines). The materials were sourced in southern Sweden and at least two of them, the silty 
sands, share the same geological origin as they come from the same quarry. When selecting the soils, special 
attention was given to their fines content as previous studies have shown the correlation between fines and suction, 
hence a good span was sought after. The material index properties are summarised in table I below:

Table 1. Material properties

Properties unit SP SM1 SM2

Passing sieve 0.063mm [%] 4.0 17.4 39.0

Max. dry density ρd [g/cm3] 1.72 1.90 2.08

Grav. optimum moisture content wopt [%] 14.4 8.7 8.5

Specific gravity Gs [-] 2.62 2.65 2.64

Liquid Limit [%] - - 18.0

Plasticity limit [%] - - 14.3

Plasticity index [%] NP NP 3.7

For estimating the suction attained by the soil as moisture changes seasonally, Soil Water Retention Curves 
(SWRC) were obtained for each soil. For that purpose, a pressure plate apparatus known as SWC-150 Fredlund 
device from GCTS Testing System was employed (Fig. 1). This apparatus uses the axis-translation technique 
whereby pore-pressures (water and air phases) are translated to the positive axis (Lu, 2019), resulting in suction 
(difference between pore-air pressure ua and pore-water pressure uw) imposed to samples moulded in 20 x 30 mm 
steel rings under atmospheric conditions without cavitation. After initiating SWRC tests at a saturated condition with 
known mass and water content, water is released from the sample as suction is increased; thereby moisture content
versus suction data points is obtained and fitted with the Fredlund & Xing model (Fig. 2) (Fredlund & Xing, 1994).
After obtaining material parameters for each soil, it was possible to calculate equivalent suction according to 
different moisture states.

The information on equivalent suction according to different moisture states is relevant for the suction-controlled 
RLT tests as samples are homogenised to certain moisture targets outside the triaxial chamber, which speeds up 
suction attainment in comparison with targeting a certain suction level within the chamber. Cylindrical specimens 
(100×200 mm) were compacted to 95% Proctor density at optimum moisture, then homogenised to five moisture 
targets by controlled wetting or air-drying. After achieving the designated targets, the samples were sealed and left 
overnight for moisture equilibrium. Table 2 summarises the sample details with the respective moisture targets and 
equivalent matric suction.
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Fig. 1. Pressure plate apparatus SWC-150 for testing the soil water characteristic of soils.

Fig. 2. Soil Water Characteristic curve (SWCC) for the tested soils.

Suction-controlled Repeated Load Triaxial (RLT) tests as per AASHTO T307 were performed using axis 
translation to maintain suction constant through the loading sequences; hence the first step before cyclic loading 
sample is to impose suction level according to the moisture content—this process is achieved by applying 5 kPa uw
via the pedestal equipped with a high air-entry value porous disk while maintaining a ua > uw via the sample’s top 
cap. Fig. 3 shows the setup used for conducting such tests. 

After suction is restored within the sample, marked by stabilisation in the pore-air and water reservoirs, each 
specimen is subjected to 15 stress paths with 100 cycles per path. For imposing the same stress level as described in 
the AASHTO standard and considering the axis translation technique is in use, the confining pressure σ3 is 
incremented by the ua imposed to the sample, resulting in a net confining pressure σ3-net = σ3 - ua. Table 3 presents the 
stress paths the sample per AASHTO T307 (AASHTO, 2003, p. 307).

3. Results

As shown in Fig. 4, the relationship between εr and deviatoric stress has been plotted for all moisture states, as 
documented in Table 2, and for the 15 stress paths, as specified in Table 3. The dots shown in Fig. 4 represent the 
peak relative (recoverable) εa associated with each stress level – such peak εa is the εr. 

This representation enables the influence of the confining pressure σ₃ and, consequently, the bulk stress θb to be 
observed; the recorded εr is directly proportional to q, but inversely proportional to σ₃ and θb. The results for each 
sample, representing a different moisture content, are colour-coded according to the interval and the data points 
furthest to the right in each colour region denote the lowest confining pressure. Fig. 4c illustrates this for sample 
SM2 close to saturation (SM2#5). 
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Table 2. Sample details.

Material Sample ID
Grav. moisture content
w
[%]

Degree of saturation
Sr
[%]

Dry density 
ρd
[g/cm3]

Void ratio
e
[-]

Suction
ψm
[kPa]

SP

SP#1 7.9 42.1

1.75 0.50

8

SP#2 11.6 63.1 7

SP#3 (OMC) 15.3 74.6 6

SP#4 16.1 86.3 3

SP#5 17.4 93.2 0

SM1

SM1#1 4.9 33.2

1.92 0.38

200

SM1#2 7.7 53.6 45

SM1#3 (OMC) 8.7 62.0 10

SM1#4 9.7 72.5 8

SM1#5 15.0 95.8 0

SM2

SM2#1 5.7 45.8

2.00 0.32

550

SM2#2 7.5 58.6 200

SM2#3 (OMC) 8.9 79.0 100

SM2#4 10.3 94.7 10

SM2#5 12.4 97.0 0

Fig. 3. RLT testing setup for testing unsaturated samples.

Table 3. Loading sequence.

Sequence Net conf. press 
σ3-net [kPa]

Max deviatoric stress σd per stress path [kPa]
# cycles

1 2 3 4 5

0 (Conditioning) 41.4 27.6 - - - - 500-1000

1 41.4

13.8 27.6 41.4 55.2 68.9 1002 27.6

3 13.8

Furthermore, analysing the results for the five moisture contents and all stress paths enables the coupled influence 
of moisture and stress levels on the resilient behaviour of subgrade soils to be verified. For SP and SM1, the 
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influence of moisture is linear, whereas for the finer-grained SM2, it is linear in dry states but becomes nonlinear in 
moist states above the optimum. Additionally, SM2 is more sensitive to higher moisture levels than the other two 
materials with fewer fines.

a) b)

c)

Fig. 4. Deviatoric stress against resilient strain relationships for all stress paths, at 5 different moisture contents as shown in Table 2.

As for the impact of suction, Fig. 5 reveals a non-linear connection between the measured εr and ψ. For SP and 
SM1, the relationship is roughly linear at suction levels lower than that yielded at OMC, and non-linear at higher 
suction levels. For SM2, however, the relationship is non-linear at any suction level, although the slope is flatter at 
suction levels higher than those at OMC.

4. Discussion and conclusions

The stress-based model (Eq. 1) proposed by Cary & Zapata (2011), which considers suction as an independent 
variable, was selected for further analysis of the observed data, since it has been verified for materials with similar 
properties in Sweden (Salour, 2015). 

Figures 6a, b and c show the MR measurements and the fit of the Cary & Zapata model (Eq. 1); the results are 
presented in terms of τoct – ψ – MR.

SP SM1

SM2
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Fig. 5. Measured resilient strain against suction at loading sequence 3 and stress path 3 as in Table 3 (σ3 = 13.8 kPa, σd/σ3 = 3).

A complete dataset containing 75 entries for each soil type (i.e. five moisture contents and 15 stress paths 
according to AASHTO T-307) was used to obtain a best fit and generate the predicted values (shown as surfaces in 
Fig. 6). For practical purposes, measured values are shown for σ3-net = 14 kPa, given that this constraint level is 
expected in the upper part of the subgrade (Everton & Erlingsson, 2024).

a) b)

c) d)

Fig. 6. Measured MR against best fit using Cary & Zapa model a) SP b) SM1 c) SM2 d) Line of equivalence for predicted versus measured MR for 
all tested soils.
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The least squares method was employed to fit the test data to the predictive models, the results of which are 
presented in Table 4. It can be seen that the poorly graded sand SP shows stress hardening, whereas SM1 shows 
stress hardening only at lower suction values, leaning towards neutral behaviour under shear at higher suction 
values. Similar properties apply to SM2, which leans towards stress softening with increasing τoct.

Indeed, the behaviour of the SP material is characteristic of granular materials that stiffen with increased stress 
levels (Lekarp et al., 2000). The resilient behaviour of the material with a higher fines content (SM2) suggests that 
the influence of deviatoric stress is more substantial for such soils at higher suction levels, a finding that is 
consistent with a similar study conducted on a silty material (Ng et al., 2013). The material with a medium fines 
content (SM1) behaves more like sand at lower suction levels and more like SM2 at higher suction levels.

As anticipated, the Cary & Zapata model fitted the data quite well, with a coefficient of determination R2 > 0.83 
in all cases (Fig. 6d). However, closer examination of the Cary & Zapata model predictions shows that the model 
overpredicts MR on the wet side for some materials, particularly silty sand with a high fines content (SM2), as well 
as for SM1 at lower stress levels. This suggests that a cautious approach must be adopted when using the model to 
design pavements subject to seasonal moisture variation.

Table 4. Regression parameters using Cary & Zapata model.

Model parameter unit SP SM1 SM2

Cary & Zapata model

(Eq 1)

k1 (-) 500 1638 1330

k2 (-) 0.694 0.797 0.590

k3 (-) -0.338 -2.724 -2.668

k4 (-) 16.052 0.762 0.842

R2 (-) 0.834 0.837 0.902

This study shows that suction effects on MR are governed by fines content, with silty sands being more sensitive 
to moisture variation than a fine sand with low fines. Suction-controlled testing confirmed that MR increases with 
suction, especially in finer soils. Future studies will focus on expanding the soil selection to confirm this observation 
given that the present study was limited to three soils of two types. Cary & Zapata model suits general application
and thus incorporating suction effects enhances MR prediction, strengthening M-E pavement design under climate 
variability.
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