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ABSTRACT 
 
In road projects where expansive materials are used for construction of an embankment, i t is crucial to 
control soil swelling in order to ensure the long term durability and serviceability of the embankment 
structure and pavement.  This may be achieved by placing compacted layers of expansive soil in the 
inner part of embankment with of non-expansive capping and outer zone materials to encapsulate in 
order to limit moisture movement within the fill and provide overburden pressure to counter-balance 
the swell pressure from the placed expansive materials.. Accurate prediction of the soil swelling in 
order to develop a design solution for encapsulation and specification for placement of the expansive 
materials in the embankment is a challenge for the geotechnical designers.  This paper presents a 
dimensionless swelling model which may potentially become a design tool for the designers of 
encapsulated embankments for use in the future. The model, which is detailed in the first part of the 
paper, has been validated at the laboratory scale and is proposed to be applied to an actual 
embankment structure at a prototype scale for site validation. An encapsulated embankment of the 
Hunter Expressway has been selected for this purpose. The second part of the paper presents the 
instrumentation of the selected embankment and the properties of the expansive materials that are 
used in the encapsulated layers in this newly constructed highway. The validation of the model will be 
based on monitoring of the instrumented embankment during construction and in the operation phase 
of the project. 
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1 INTRODUCTION 
 
Soil swelling is a complex phenomenon that has been widely studied in the last decades. It is 
governed by a large number of parameters related to the environment, the boundary conditions or the 
soil itself. Because of rising financial and space constraints, some construction projects need to make 
use of swelling soil, when encountered on site, instead of discarding them and importing better quality 
material. For any project involving significant earthworks, the need for incorporation of inferior  
materials generated on site back into the works are usually driven by cost considerations. This is, in 
particular, the case of the Hunter Expressway, which is a new road project in the Hunter Valley, NSW, 
linking West Wallsend to Branxton. The project is described in a companion paper (Aryal et al., 2012) 
and characterised by the presence of encapsulated embankments, constructed using swelling 
materials. For such a project, and more generally for any project involving swelling soils, it is required 
to predict the amount of swelling that will possibly take place, either in terms of strain, pressure or 
both.  
 
Predicting the amount of swelling arising from a given combination of the influencing parameters  is not 
a trivial exercise. The easiest solution would be to test the soil under the same combination of 
governing parameters and boundary conditions expected on site (e.g. dry density, initial water content) 
but this can lead to a massive number of tests should these parameters be unknown or undefined. 
Complex theories or constitutive models are available in the literature but these have to be 
implemented on a computer and calibrated via long lasting and advanced testing in order to be 
employed. To overcome these difficulties, a new approach has been developed based on dimensional 
analysis (Buzzi, 2010, Buzzi et al 2011). The approach, which has been validated at laboratory scale, 
is based on a simple relationship, to be calibrated, between two dimensionless parameters. The first 
dimensionless parameter is the swelling strain while the second is a combination of the relevant 
influencing parameters, e.g. void ratio, initial suction and vertical stress. This innovative approach, so 
far proved to be versatile, simple and accurate in predicting swelling strains based on laboratory 
calibration, and is described in Section 2. 
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It is now proposed to extend this dimensional approach to real scale structures and, in particular, to 
the encapsulated embankments of the Hunter Expressway. The geological and design aspects of the 
project are discussed by Aryal et al., (2012). The objective of the study is to validate the approach at 
large scale and assess if it could be used as a design tool. The paper presents a brief outline of 
dimensional approach, the instrumentation of the embankment and some preliminary results.. The 
primary objective of instrumenting the embankment is to compare the actual vertical movement 
occurring in time as a response of suction change (measured in the embankment) to the prediction 
made by the dimensionless model, which has previously been calibrated in the laboratory.  
 
 
2 DIMENSIONLESS MODEL FOR SOIL SWELLING  
 
2.1 Principle of dimensional analysis and dimensionless parameters 
 
Dimensional analysis (DA) is based on Buckingham Pi theorem (Buckingham, 1914), which states that 

a physical problem involving N independent variables and P dimensions could be re-written using N-
P dimensionless parameters. This allows to deal with a much simpler problem involving fewer 
parameters and to conduct “intelligent experimentation” in the manner of fluid mechanics (Palmer, 
2008). 
 
From an engineering perspective, the relevant variables governing soil swelling are the initial 

hydration state, the initial compaction state, the confining pressure and the amount of water 
uptake (Buzzi, 2010). Some of these variables can be expressed via different descriptors such as 
saturation degree, water content or suction to quantify the hydration state. The same applies to the 
initial compaction state with a possible choice between dry density, bulk density or void ratio. 
Consequently, the dimensional analysis can yield different dimensionless parameters depending on 

the choice of primary variables. Note this does not affect significantly the dimensional model itself 
as long as the description of the initial problem is physically sound. In that sense, the beauty of 
dimensional analysis resides not only in its simplicity but also in its versatility. 
 
For the present study of an encapsulated embankment, the primary variables are the initial void 

ratio eo (which relates to the dry density), the initial suction so, the change in suction s, the 

vertical or overburden stress  , the initial height ho and the change in height h. However, due to 

the compaction specification (typically 98% of maximum dry density - MDD), the initial void ratio is 
unlikely to vary much. Consequently, the swelling problem can be formulated as: 
 

h = f(ho, s, so, v)          (1) 

 
Equation (1) involves 5 independent variables and 3 dimensions so that applying Buckingham Pi 

theorem yields 2 dimensionless parameters. The first one is the swelling strain sw, defined as the 

change in height over the initial height, while the second is a dimensionless swelling parameter, 
simply noted DSP and defined as: 
 

DSP = so
a.sb.v

-(a+b)          (2) 

 
where a and b can be any real number and have to be calibrated. This will be detailed in section 
2.2. DSP is built so that, a and b being positive, the higher DSP, the higher the swelling strain. The 

swelling problem, initially written as per equation (1), can now be re-written as: 
 

sw = F(DSP)           (3) 
 

The function F, which is referred to as the dimensionless model, is totally determined as the result 
of the calibration of exponents a and b. It has to be noted that no material property figures among 
the key variables (equation 1). The swelling potential of the material is actually built in the model 
during the calibration phase (see next section).  
 

2.2 Previous validation of the dimensionless model at laboratory scale 
 
This section explains the validation of the dimensional approach at laboratory scale and it details 
the different steps of the calibration procedure. Due to space limitations, only the results of one-
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dimensional swelling tests until full saturation performed on Maryland Clay (Buzzi, 2010) are shown 
in this section. The reader is invited to read Buzzi (2010) and Buzzi et al. (2011) for other testing 
configurations.  
 
First of all, a series of 56 swelling tests were conducted in order to build a database. The same 

material was used for these 56 tests, namely Maryland clay. Figure 1(a) shows the scattering of the 
data when the swelling strain is plotted as a function of the initial void ratio. This is due to the 
effect of vertical stress and initial suction, which affect the results but are not represented in the 
figure. For the one-dimensional swelling tests to full saturation, the dimensionless parameter DSPs is 
defined as: 

 
         (4) 
 

 

 
 

(a) (b) 

 
 

(c) (d) 

Figure 1. (a): Evolution of swelling strain vs. void ratio for compacted Maryland clay. (b): Results of the 
calibration phase: values of R

2
 for different a and b. (c): Application of dimensional analysis: swelling 

strain vs. DSPs. (d): Comparison of predicted and measured swelling strain. After Buzzi (2010).  
 
To calibrate the model, the experimental swelling strain has been plotted against DSPs with a=0 and 

b=0 and a trendline was added to fit the experimental data. The correlation factor R2 was used as 
an indicator of the goodness of fit. Any curve fit could be used as long as the correlation factor is 
high. In fact, Buzzi (2010) used logarithmic and power type relationships. Then, a and b were 
progressively iterated and the corresponding value of R2 recorded with the idea to find the highest 
value. Figure 1(b) shows the contours of R2 for a and b ranging from 0 to 5 in increments of 0.1. The 

lighter the map, the higher R2. It can be noticed that the values of exponents yielding the highest 
correlation factor are not unique. There is whole zone of a and b for which R2 is in excess of 0.9. 
However, it is preferable to use low values of a and b to avoid excessively large DSPs. Also, for the 
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sake of simplicity, using integers is preferable. In conclusion, a=3 and b=1 were chosen here (red 
cross in Figure 1(b)). 
 
The experimental results plotted for DSPs (with a=3 and b=1) are shown in Figure 1(c) where the 
quality of the correlation is clearly visible. The equation of the trend line becomes the 

dimensionless model itself, which is defined herein as: 
 
       (5) 
 
 

This equation was actually obtained using half the dataset so that the other half could be used to 
check the predictive capability of the model (see Buzzi, 2010). The results of the calibration-
prediction exercise are shown in Figure 1(d) and it is clear that the predicted values of swelling 
strain are very close to those experimentally measured.  
 

It has been found that, depending on the quality of the tests, about twelve data points can suffice 
to calibrate the model (Buzzi, 2010). Finally, the phenomena of collapse upon wetting or structural 
degradation cannot be predicted since there is no descriptor accounting for these effects (equation 
1). However, the compaction requirement of 98% of maximum dry density should rule out any 
possible collapse.  

 
2.3 Possible use of the model from a design perspective  
 
When dealing with an encapsulated embankment, the designer has to satisfy two main requirements 
in terms of vertical displacement: (1) a limited settlement due to loading and (2) a limited heave due to 
swelling. One issue is that a high degree of compaction, usually employed to address the first 
requirement, tends to increase the swelling potential of an expansive material, thus defeating the 
second requirement. Here, the compaction specification is to reach 98% of maximum dry density 
(MDD). The current design is based on CBR swelling tests and swelling pressures and is conservative 
as it does not actually provide any quantification of the possible heave. 
 
The objective of the present study is to determine whether the dimensionless model can be used to 
predict the swelling strain associated with any combination of initial suction, suction change and 
overburden stress for an encapsulated embankment. If so, it implies that some of the variables can be 
adjusted in a design manner in order to meet the heave requirement.  
 
On one hand, the dimensionless model has to be calibrated in the laboratory using some material 
taken from the construction site. On the other hand, some instrumentation (to be described in the 
following section) is required within the embankment to allow comparison between the actual 
behaviour of the embankment and the model predictions. The embankment to be instrumented is 
about 12 m high (see next section) representing a significant change in stress from top to bottom. This 
will be accounted for by discretising the embankment in thin layers when applying the dimensionless 
model. 
 
 
3 ENCAPSULATED EMBANKMENT AND TUFFACEOUS CLAYSTONES 
 
3.1 Tuffaceous claystones  
 
, A variety of different materials are encountered in cut excavations on site (Aryal et al., 2012). The 
main expansive material consists of tuffaceous claystones occurring as thin bands within coal seams 
and prone to weathering. These claystones have a high swelling/shrinking potential as shown by the 
preliminary testing results (Table 1). The material, in its actual weathered state, does not present large 
particles so that testing in a 45 mm ring does not pose any issue of specimen representativity.  More 
details about the geology can be found in Aryal et al. (2012). 
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FTC100 

5TM 

Table 1: Summary of preliminary results on Tuffaceous claystone. Swell is under 280 kPa with 
a specimen prepared at 60% Optimum moisture content (OMC) and 95% MDD. Iss: shrink swell index. 

Linear 
shrinkage  

Iss OMC  MDD  Swell  Suction at 
60% OMC  

Suction at 
75% OMC  

Suction at 
105% OMC  

16.9 % 4.55 % 29 % 1.44 kN/m
3
 4.7 % 11.4 MPa 5.2 MPa 1.3 MPa 

 
3.2 Cross section and instrumentation of the embankment  
 
The encapsulated embankment consists of two zones of expansive material (A1 and A2), on which 
2.5 m of good quality material is placed (see Figure 2 and Aryal et al., 2012). The batter slope is not 
relevant to the present discussion and is therefore not represented in Figure 2.  
 
Three types of sensor have been placed in the embankment: some suction probes (FTC100 from 
GCTS), some volumetric water content probes (5TM from decagon) and some rod extensometers 
(model 4000 from Geotechnical Systems Australia) (see Figure 2). The suction and water content 
probes have been placed under the fog line and at different elevations as construction progressed. 
The cables were laid in a horizontal trench and run down the batter toe. These sensors will provide the 
initial values of suction and water content and the evolution in time, which are necessary input to 
check the predictive capability of the dimensionless model.  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 

 

 
Figure 2. Partial cross section of the embankment with location of instruments. Dimensions in meters.  

View of the water content (5TM) and suction (FTC100) sensors. 
 
Any swelling within the encapsulated zone will be recorded by the three extensometers shown in 
Figure 2. The latter are equipped with three anchors located at the top of A1, at the interface of A1/A2 
and at the bottom of A2. The device allows measuring extension between two successive anchors so 
that it is possible to identify if swelling occurs only in one zone (A1 or A2). The extensometers are 
placed about 8 m apart to check if the swelling is localized or consistent across the whole 
carriageway. 
 
 
4 PRELIMINARY CALIBRATION OF THE MODEL  
 
A first series of swelling tests have been performed to calibrate the dimensionless model. So far, the 
tests were conducted until full saturation but it is planned to conduct swelling tests on partially 
saturated soils with control of suction via the osmotic technique. For the completed tests, the 
specimens were compacted statically to 98% MDD in a ring (45 mm diameter, 15 mm high) before 
being loaded and supplied with water. The calibration showed that a=1 and b=1 yields the highest R

2
 

(0.915), [i.e. using a logarithmic curve fit for the tests until full saturation only ( s=so)]. The 

Extensometer 

FTC100 & 5TM 

Anchors 
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experimental data are represented in Figure 3 where the logarithmic trendline is the dimensionless 
model as defined by the relationship: 
 

       (6) 
 

The results seem quite scattered in Figure 3 despite a high correlation factor. This is due to the low 
number of points and natural variability in the material. The consequence in terms of accuracy of 
heave prediction will be assessed when data is available.  
 
 

 
 

Figure 3. Preliminary calibration of the dimensionless model: swelling strain vs. DSP (a=1, b=1).  
 
 
5 CONCLUSIONS  
 
Predicting soil swelling is not trivial and when it comes to estimating the possible amount of heave that 
could take place in an encapsulated embankment, there are not many tools available to practitioners 
in the literature. An innovative approach, based on dimensional analysis, has been developed by 
Buzzi (2010) and validated at laboratory scale. It is viewed that this approach could become a design 
tool for encapsulated embankments like those of the Hunter Expressway. However, a validation phase 
is required beforehand, which is the objective of the study presented herein. An encapsulated 
embankment has been successfully instrumented and a preliminary calibration of the dimensionless 
swelling model has been performed. Data will be recorded in future with the objective to compare 
measurements to model prediction.  
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