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ABSTRACT: The mechanical behaviour of Non-plastic sands subjected to magnitudes of one dimensional compression that are high 
enough to induce significant particle breakage can be represented by a limiting compression curve (LCC) which is defined in void 
ratio (e) vs. vertical effective stress (σ'v) space. Results from previous works suggest that the LCC is independent of the initial density, 
but dependent on intrinsic characteristics such as particle size distribution (PSD), particle shape, and mineralogy. As such, the LCC 
can be thought of as a material property that can contribute to our understanding of mechanical behaviour. The current paper explores 
the correlation between the slope of the LCC (ρc) and the maximum and minimum void ratios (emax and emin, respectively). The 
rationale for this correlation is that ρc, emax, and emin, exhibit similar dependence on PSD and on particle shape. The ρc-emax, and ρc-
emin correlations are explored using data corresponding to two quartz sands described herein, and to 13 sands previously reported in 
the literature. From this preliminary assessment we conclude that further investigation of the ρc-emax and ρc-emin correlations is 
warranted. 

RÉSUMÉ : Le comportement mécanique des sables non plastiques soumis à des grandeur de compression unidimensionnelle 
suffisamment élevées pour induire une rupture importante des particules peut être représenté par une courbe de compression limite (LCC) 
qui est définie dans  l’espace du rapport de vide (e) par rapport à la contrainte effective verticale (σ'v). Les résultats des travaux 
antérieurs suggèrent que la LCC est indépendante de la densité initiale, mais dépend des caractéristiques intrinsèques telles que la 
distribution granulométrique (PSD), la forme des particules et la minéralogie. En tant que tel, la LCC peut être considérée comme une 
propriété matérielle qui contribuerait à notre compréhension du comportement mécanique. Le présent article explore la corrélation entre 
la pente de la LCC (ρc) et les rapports de vide maximum et minimum (emax and emin, respectivement). La raison de cette corrélation est 
que ρc, emax et emin, présentent une dépendance similaire à la PSD et à la forme des particules. Les corrélations ρc-emax et ρc-emin sont 
explorées à l'aide de données correspondant à deux sables de quartz décrits ici et à 13 sables précédemment rapportés dans la littérature. A 
partir de cette évaluation préliminaire, nous concluons qu'une étude plus poussée des corrélations ρc-emax et ρc-emin est justifiée..
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1  INTRODUCTION 

The one dimensional (1D) compressive behaviour of non-
plastic sands at stress levels that are high enough to induce 
significant particle breakage has been reported to be largely 
independent of the initial density of the sand, but strongly 
dependent on intrinsic properties such as particle size 
distribution (PSD), particle shape, and mineralogy (e.g. Hagerty, 
et al. 1993; Pestana and Whittle 1995; Yamamuro 1996). At 
such high stress levels, sands tend to exhibit a unique locus in 
the 1D compression plane, i.e. void ratio (e) vs. vertical 
effective stress (σ'v). This locus, which has been termed the 
limiting compression curve (LCC) can be thought of as 
reflecting the combined effect of intrinsic parameters (Figure 1). 
Consequently, there is a solid rationale to expect a strong 
correlation between a sand’s LCC and aspects of its mechanical 
behaviour that depend on these same intrinsic properties 
(Pestana and Whittle 1995). The relevance of the LCC to 
understanding a sand’s mechanical behaviour triggers an 
interest in exploring correlations between the LCC and easier-
to-measure soil index properties. This paper, presents 
preliminary experimental data that suggests that the minimum 
and maximum void ratios (emin and emax) of non-plastic sands 
can be used to obtain a first order estimate of the LCC. 
 
 

 
1 .1  Representation of the LCC 

In characterising the LCC of a soil, it is necessary to decide on 
the mathematical model to be adopted for its idealisation. Some 
authors (Altuhafi and Coop 2011; Coop and Lee 1993; 
McDowell, et al. 1996) have suggested that the LCC can be 
modelled as a straight line in e-log(σ'v) or v-log(σ'v) space (v, 
specific volume), whereas others (e.g. McDowell 2005; Pestana 
and Whittle 1995) have suggested that the LCC is best 
linearized in log(e)-log(σ'v) space. The current authors found 
that a linearization in log(e)-log(σ'v) space best suited the 
experimental data and thus modelled the LCC using the 
equation: 

 
log10(e) = -ρc · log10(σ'v/σ'vr)   (1) 
 

where ρc is the slope of the LCC in log10(e)-log10(σ'v) space, and 
σ'vr is a reference vertical effective stress corresponding to e = 1. 
Results reported by Pestana and Whittle (1995) indicate that ρc 
is constant regardless of whether the soil is loaded under 
confined one dimensional compression, or subjected to 
isotropic compression. Conversely the reference stress, σ'vr, is 
dependent on the mode of loading. This independence of ρc 
from loading conditions suggests that ρc might be more strongly 
correlated to a soil’s intrinsic properties than σ'vr.  
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Figure 1. Conceptual representation of the Limiting compression curve  

1 .2  Experimental evidence 

Several authors have explored the correlation between ρc and 
intrinsic properties. For example Altuhafi and Coop (2011) 
examined the effect of initial PSD on one dimensional 
compression behaviour of three sands with distinctly different 
mineralogies. They found that the LCC becomes less steep as a 
soil’s PSD goes from uniform to well graded. In other words, ρc 
was inversely correlated to the “broadness” of the PSD. Tests 
conducted by Cavarretta, et al. (2010) on spherical and angular 
ballotini with similar PSDs explored the effects of particle 
shape on ρc. These results indicate that the angularity of the 
particles is directly correlated to ρc. Additionally, since 
significant particle crushing occurs at the stress levels at which 
the LCC is defined (e.g. De Beer 1963; Vesic and Clough 1968), 
and since particle crushing is related to the tensile strength of 
individual particles, it seems reasonable to expect mineralogy to 
also have an effect on ρc. 

There is also ample experimental evidence that the 
maximum and minimum void ratios of non-plastic soils are 
systematically correlated to intrinsic properties. For example, 
results reported by Biarez and Hicher (1994) show that both 
emax and emin are inversely correlated to the broadness of the 
PSD, and directly correlated to the angularity of the particles. 
The fact that ρc, emax, and emin are correlated in the same way to 
PSD and particle shape implies that there is a rationale to 
explore ρc-emax and ρc-emin correlations. 

1 .3  Scope of the study   

Motivated by the experimental evidence cited above, this paper 
will explore the hypothesis of a correlation between ρc and the 
limiting void ratios. This is done by using results of two quartz 
sands that were tested by the authors, and which are described 
herein, combined with previously published data. 

The current authors are not aware of any studies describing a 
systematic effect of mineralogy on a soil’s limiting void ratios. 
So it is recognised at the outset that the ρc-emax and ρc-emin 
correlations that the current paper explores are necessarily 
limited by the effect of mineralogy on one variable (ρc) and lack 
of effect on the other (emax or emin) 

2  MATERIALS AND METHODS 

2 .1  Test samples 

In this paper, angular quartz sand supplied by Rolfes Silica 
(Pty) Ltd South Africa is used. Based on X-ray fluorescence, 
the sand consists predominantly of quartz (97.5%, SiO2) with 
minor traces of other oxides such as Al2O3 (0.6%) and FeO 
(0.2%), and has grain sizes varying from 2 mm to particles finer 
than 75 microns. The PSDs needed for this study (Figure 2) 
were produced by elimination of the fines content, and  

 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 2. Particle size distribution curves for well and uniformly graded 
samples 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 

 
Figure 3. Mould vessel and mould cap for the current study 

recombination of particles retained in different sieves in the 
adequate proportions. 

The specific gravity (Gs) of both sands, determined 
following the water pycnometer method described in ASTM 
D854, was 2.65. Values of emax were found to be 0.77 for the 
well graded sand and 1.02 for the uniform sand based on ASTM 
D4254. Values of emin were determined using the non-standard 
method described by MacRobert and Torres-Cruz (2016) for 
silts and sands. This method is similar to the method proposed 
by Lade, et al. (1998) and produces results that are directly 
correlated, albeit lower, than those obtained with the modified 
Proctor test (ASTM D1557). The values of emin were found to 
be 0.54 for the well graded sand and 0.75 for the uniform sand. 

2 .2  Test procedure 

Nine 1D compression tests were performed on each sand. All 
specimens were tested dry and prepared at initially low, 
intermediate, and high void ratios (three specimens at each 
initial void ratio). The specimens were prepared in a custom-
built high yield mild steel mould with relatively thick walls in 
order to minimise lateral expansion (see Figure 3 above). 

The mould has two plates attached on diametrically opposite 
sides. Each plate has a circular opening to enable the 
positioning of an LVDT to measure vertical displacements 
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  (Figure 4). The readings of the two LVDTs were averaged to 
determine the vertical compression of the specimens. Lateral 
expansion of the mould was measured with two LVDTs placed 
horizontally and held in position by magnetic stands. The 
horizontal LVDTs were also placed on diametrically opposite 
sides of the mould, with the tip of the LVDTs close to the upper 
edge of the mould where the lateral displacements are largest. 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 4.  Experimental setup  

Compressive loads were applied with a Tinius Olsen 
universal testing machine capable of maintaining constant loads. 
Specimens were initially loaded to a seating vertical stress of 
0.6 MPa. At this point, the initial height of the specimen was 
determined and the LVDTs were positioned to begin 
measurements. The specimen was then loaded and unloaded 
following the loading schedule indicated by the markers in 
Figures 5 and 6.  

Each load increment was allowed to act on the specimen for 
5 min, since this time was enough for primary consolidation to 
be completed. As a means of validating this choice of 
compression time, two tests, one on loose well graded and 
another on loose uniform sand, were conducted in which each 
load increment was allowed to act for 20 min. The average 
difference of the void ratio measured at 5 min and measured at 
20 min was less than 0.001, confirming that virtually all 
compression took place within the first 5 min. These quick 
compression times are in agreement with typical sand behaviour 
(Taylor 1948).  

3  RESULTS AND DISCUSSION 

3 .1  Test results 

The compression curves in log10(e)-log10(σ'v) space are shown 
in Figures 5 and 6 for the well graded and uniform sands 
respectively. Although nine tests were conducted for each soil 
type, only three compression curves are shown in these figures 
to avoid clutter. These correspond to low, intermediate, and 
high initial void ratios and are representative of the average of 
the individual test curves (three each) which are not plotted here. 
A maximum radial strain of 0.52% was measured. 

3 .2  Interpretation of results 

The results of both sands show that although the compression 
curves are initially distinctly different, they converge into a 
single LCC at relatively high values of σ'v.  

It is also apparent that the compression curves are virtually 
indistinguishable during the unloading part of the test. This 
suggests that the influence of initial void ratio has been 
destroyed by the time the sample has been compressed to 
relatively high stress levels, i.e. 145 MPa in this case. 

Despite both sands having a quartz mineralogy and angular 
particle shape, there is a noticeable difference in the value of σ'v 
(yield stress or pseudo pre-consolidation stress) at which their 
compression curves merge to form the unique LCC. For the 

well graded sand, the compression curves merge at σ'v ≈ 
70 MPa, whereas for the uniformly graded sand the value is 
σ'v ≈ 30 MPa. This result is consistent with Altuhafi and Coop 
(2011), who also observed that broadly graded soils required 
higher values of σ'v to reach the LCC.  
 
 
 
 
 
 
 
 
 
 
 

Figure 5. Compression curves and LCC of the well graded sand 

 

 

 
 
 
 
 
 
 
 
 

 
Figure 6. Compression curves and LCC of the uniformly graded sand 

It is also interesting to note that, for both sands, the 
compression curve that corresponds to the highest void ratio 
typically reaches the LCC at the lowest σ'v values. The fact that 
both uniform grading and high void ratio result in a reduction of 
the σ'v value is consistent with experimental results indicating 
that particle crushing is the main mechanism controlling the 
development of the LCC (e.g. Altuhafi and Coop 2011; Pestana 
and Whittle 1995). This is because both uniform grading and 
high void ratio result in fewer particle contacts (i.e. lower 
coordination number) and consequently in greater particle 
contact stresses which induce greater particle breakage. 

3 .3  Correlation between c and the limiting void ratios 

The existence of a correlation between ρc and the limiting void 
ratios is explored in Figures 7 and 8 for emax and emin 
respectively. The data in these two figures correspond to that of 
Table 3 of Pestana and Whittle (1995) plus the two sands 
described in the current paper.  
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 7. ρc vs emax data points reported in Pestana and Whittle (1995) 
and in this article. 
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Figure 8. ρc vs emin data points reported in Pestana and Whittle (1995) 
and in this article. 

A limitation of these plots is that they combine emax and emin 
values obtained through different methodologies. Nevertheless, 
the data is deemed to be helpful for a preliminary assessment of 
the ρc vs. emax and ρc vs. emin correlations.  

Figures 7 and 8 show that the two sands described in this 
article fit in well and adds to the bulk of the data from Pestana 
and Whittle (1995). When linear regressions are conducted on 
all the data points in Figures 7 and 8, the resulting best fit lines 
are close to horizontal and exhibit R2 < 1x10-4; i.e. the 
regressions suggest an absence of any correlation. To avoid 
clutter these best fit lines are not presented in the figures. 

For both Figure 7 and 8, four data points are observed to plot 
‘away’ from the bulk of the data. These points correspond to 
Glauconite Sand, Dog’s Bay Sand, Quiou Sand, and Mol Sand. 
The first three of these sands are made up of easily crushable 
particles which is likely to explain their atypical location in the 
plots. This is because friable particles can be reasonably 
expected to be affect ρc but not emax and emin. Accordingly, there 
is a rationale to perform a regression that excludes these three 
sands. Conversely, it is not clear why Mol Sand plots at an 
atypical location, since this sand has a uniform grading and a 
predominantly quartz mineralogy (De Beer 1963), both of 
which are typical of the characteristics explored in Figures 7 
and 8. However, considering that the location of Mol Sand in 
Figures 7 and 8 is even more atypical than that of the soils with 
crushable particles, it has been considered justifiable to regard it 
as an outlier and also exclude it from the linear regression. The 
best fit lines that result after excluding the outlying data do not 
support a significant correlation between ρc and emax (R2 = 0.07) 
(Figure 7), but do suggest a positive correlation between ρc and 
emin (R2 = 0.62) (Figure 8). 

Cubrinovski and Ishihara (2002) reported a strong linear 
correlation between emax and emin for a wide variety of soil types 
ranging from gravelly sands to silts. It is, therefore, unexpected 
to find more scatter and poorer correlations between ρc and emax 
compared to ρc and emin. A tentative explanation could be that 
procedures for emin have a greater repeatability than procedures 
for emax. Additionally, one must also keep in mind that the data 
originates from thirteen sources with differences in 
experimental procedures followed by different authors, which is 
likely to introduce variable scatter. 

Given the limitations discussed above, it is not yet possible 
to conclude whether the limiting void ratios can be usefully 
correlated to ρc. However, the authors believe that the data in 
Figure 8 justifies further exploration of at least the ρc-emin 
correlation for non-plastic soils. This is further justified when 
considering the fundamental arguments advanced in the 
introduction and which provide a rational basis for a positive 
correlation between ρc and the limiting void ratios. 

 

4  CONCLUDING REMARKS 

This paper highlights the importance of the LCC as a parameter 
that reflects the combined effect of the mineralogy, PSD, and 
particle shape of a soil. As such, the LCC can be thought of as a 
composite reference index material property for non-plastic 
soils.  

Based on a literature review, arguments that support a 
correlation of the slope of the LCC (ρc) with emax and emin were 
presented. The existence of these correlations was explored 
using data corresponding to two sands presented herein, and 
data of thirteen sands reported by Pestana and Whittle (1995).  

The data from this study supports a unique LCC for each of 
the sands tested and independent of initial density or void ratio. 
The data also supports further assessment of the correlation 
between ρc and the limiting void ratios. If such a relationship is 
confirmed, it will provide a ready and useful means to quantify 
the effects of several index properties on the expected material 
behaviour of non-plastic sands.  

The authors are currently extending the experimental 
programme presented herein in order to continue to explore 
correlations between the LCC and the limiting void ratios emax 
and emin. 
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