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Abstract 
 
A series of short term isotropically consolidated drained triaxial compression tests 
was conducted to investigate the influence of cementation, total curing time and strain 
rate on the stress-strain behaviour of cement-mixed kaolin. The research suggests that 
the behaviour of cement-mixed kaolin can be described by a unique stress-plastic 
strain-time relationship independently of strain (curing) history. Both the peak 
strength and the small strain stiffness were observed to be dependent on the total 
curing time. The small strain stiffness normalised for stress level showed a continuous  
linear increase with logarithm of total curing time, while the tested samples of 
cement-mixed kaolin reached an apparent plateau for peak strength after about one 
day of curing. The post-peak critical state strength was in contrast seen to be constant 
with curing time. In relation to findings in the literature and in this study, the coupling 
of ageing and viscous effects is discussed. It is suggested that there must be a point 
(characteristic strain rate) at which the behaviour of both artificially and naturally 
structured clays changes from being dominated by ageing effect to being 
predominantly viscous. 
 
Introduction 
 
Time effects in clays result from the combination of ageing effects and strain rate 
effects. Ageing effects are usually associated with the formation of new bonds or 
cementation between particles due to physico-chemical processes and depend on time. 
Strain rate effects refer to the response of a soil subjected to different strain rates due 
to its viscosity. Ageing and strain rate effects occur simultaneously, and it is likely 
that they influence each other. The coupling of ageing and viscous effects has been 
investigated by Kongsukprasert & Tatsuoka (2003) using test results on cement-
mixed gravel.  It was found that at early curing times both ageing and viscous effects 
were significant in cement-mixed gravel. Due to ageing effects both the elastic 
stiffness of the soil mixture and its peak strength increased with total curing time. 
Significant viscous effects were evident from creep at fixed stress and from the 
response of the soil mixture after step changes in strain rate. The influence of curing 
time on the stress-strain relation was found to be dependent on curing stress state. 
Similar coupling of ageing and viscous effects has also been observed in some natural 
clays. In these cases however the effect of ageing was much less pronounced 
(Tatsuoka et al., 2000). In this paper, the interaction between ageing and viscous 
effects is examined for cement-mixed kaolin. The curing of the cement in the soil 
mixture represents the ageing that would occur in natural clay during its geological 
history, but at a much faster rate so that it can be more easily observed in the 
laboratory. Different strain rates were applied to examine the viscous response of the 
soil. The observed behaviour was compared to available data from the literature for 
natural clays. 
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Sample preparation and testing procedure 
   
Samples 50mm in diameter and approximately 100mm in height were prepared by 
compacting a dry mixture of TA kaolin clay powder mixed with 3% (by weight) 
Rapid Hardening Portland (RHP) cement into a tall split mould.  After compaction the 
samples were set up in the triaxial cell and generally saturated under an effective 
isotropic confining pressure p´=100kPa unless otherwise stated. Approximately two 
hours after saturation the initial shearing stage was commenced with radial, top and 
bottom drainage permitted. A triaxial testing system allowing automated step-wise 
change in axial strain rate was employed with external strain measurements and 
internal load cell (Komoto, 2004). The commercially available kaolin clay is an 
inorganic plastic clay, which is characterised by its relatively high degree of 
permeability. Upon contact with water RHP cement experiences rapid hydration with 
the majority of the strength increase expected within the first 2 to 3 days. The index 
properties of the tested materials are given in Table 1 below. 
 
Table 1 Properties of tested materials  after Komoto (2004) 

 wp wL PI Gs 
 [%] [%] [%]  

TA kaolin 21 46 25 2.68 
RHP 

cement 
- - - 3.13 

 
To investigate the influence of total curing time six samples (no. 2-6 and 8) were 
prepared identically. Following saturation under isotropic stress conditions 
(p´0=100kPa) the samples were sheared drained to a stress state of q=230kPa, at 
which point each sample experienced a prolonged constant effective stress creep 
period between 0 and 9 days. After the creep stage the samples were sheared to 
failure. Two supplementary tests (no. 1 and 7) were carried out to investigate the 
influence of stress state during curing, but the limited results did not indicate any clear 
effect of curing state.  

 

p´ [kPa] 

Saturation state (all samples except no. 1) 

p0´=100 

390 Main curing state (sample no. 7) 

Main curing state (samples no. 2-6 and 8) 

Saturation state and curing state (sample no. 1) 

230 

100 

q [kPa] 
Critical state line CD triaxial path 

 
Figure 1  Illustration of testing procedures followed for the investigation 
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To investigate the influence of strain rate and indirectly the accumulated total curing 
time in monotonic constant rate of strain shearing, three additional tests (no. 9-11) 
were carried out at different fixed strain rates. The samples were sheared from the 
initial isotropic stress state of p'0=100kPa at an initial strain rate of 0.6%/hr until εa= 
0.2%. The nominal axial strain rates used thereafter were; 0.08%/hr (2.2×10-7s-1), 
0.6%/hr (1.7×10-6s-1) and 2.6%/hr (7.2×10-6s-1). In the majority of the tests short 
unload-reload cycles with an amplitude of about ∆εa~0.02% were performed during 
shearing to determine the pre-peak small strain stiffness.  
 
Effect of strain rate on soil behaviour  
 
Laboratory data reported in the literature show that most natural clays have different 
compression curves when subjected to compression at different loading rates. This 
type of behaviour is usually referred to as Isotach behaviour.  For example the soft 
normally consolidated Canadian Batiscan clay (Leroueil et al., 1985) shows parallel 
compression curves for different strain rates, the yield stresses increasing for faster 
rates of straining (Fig.2). This is typical of the behaviour observed in soft clays 
(Mitchell et al., 1997). However when the compression has been performed at a very 
slow strain rate (1.69×10-8s-1 or 6.08×10-3%/hr), the pattern of behaviour changed and 
the compression curve for that strain rate shifted to follow a higher yield stress locus. 
In that test the slow straining allowed new bonds to develop in excess of the bonds 
destroyed by compression, resulting in extra yield strength. In this case it can be 
simplified that ageing effects have become prominent and overshadowed effects of 
strain rate.  
 

 
Figure 2 Response of Batiscan clay to Constant Strain Rate oedometer tests  (Leroueil et al., 

1985) 
 
The Isotach response of clays to shearing manifests itself by different stress-strain 
curves for different strain rates similarly to the response observed in compression 
(Tatsuoka et al., 2000). As in compression, extra strength is gained when the clay is 
sheared at faster strain rates. Figure 3 shows the response of cement-mixed kaolin 
specimens (no. 9-11) to triaxial drained shearing from isotropically consolidated 
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states (p'0=100kPa) at strain rates varying between 0.08%/hr (2.2×10-7s-1) and 2.6%/hr 
(7.2×10-6s-1). Unlike typically seen behaviour the soil mixture reached higher 
strengths when tested at slower strain rates. It can also be observed that the behaviour 
gradually changes from being ductile to being brittle. This can be attributed to the 
behaviour being driven by the bonds (here the cement) rather than the soil matrix. In 
this example ageing effects overshadow viscous effects even at relatively high applied 
strain rates.  
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Figure 3 Response of cement-mixed kaolin to drained shearing at different strain rates, from 

an isotropically consolidated state (p0'=100kPa) 
 
It is suggested that for a given clay there is a characteristic strain rate that determines 
whether the response of that clay is dominated by ageing or viscous effects. This 
characteristic strain rate represents an upper bound to the ageing rate, and is therefore 
very slow in natural clays. It is reached during creep tests when the creep strain rate 
becomes sufficiently slow. In standard laboratory tests the behaviour is investigated 
until large strains. For a test to reach 20% strain at a characteristic strain rate of e.g. 
6.08×10-3%/hr (Leroueil et al., 1985) the test would take 137 days. In practice this is 
almost never achieved and faster strain rates are applied to characterise clay 
behaviour. To carry out the tests on natural clay at standard rates (e.g. 0.1%/hr) would 
thus only highlight the viscous effects and hide the ageing effects that may occur 
during a period of rest when creep rates become lower than the characteristic strain 
rate.  
 
Effect of total curing time on behaviour  
 
It has been seen above that the behaviour of clay observed during laboratory testing is 
dominated by either viscous or ageing effects, depending on the strain rate applied. 
Very slow strain rates allow bonds to develop faster than they are being destroyed by 
compression or shearing. But slow strain rates also mean longer curing times to reach 
a specific strain. In the following the effect of curing time on strength, both peak and 
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critical state, and on stiffness is investigated. The total curing time, that is including 
the time taken during testing, was calculated for different stages of different tests. 
 
Figure 4 shows the influence of total curing time on the peak strength and critical 
state strength of cement-mixed kaolin. The post-peak critical state strength does not 
seem to be affected by ageing, and is unique for the soil mixture. The peak strength 
however initially increases over the first day, to reach an apparent plateau of 
maximum strength. Curing occurring after that initial day does not seem to affect the 
peak strength noticeably. It can also been seen from Figure 5 that not only the peak 
strength but the whole stress-strain curve evolves with total curing time during the 
first day of curing. This suggests that there is a unique stress-plastic strain-time 
relationship for a given clay.  
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Figure 4 Effect of curing time on peak and critical state strengths in cement-mixed kaolin 
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Figure 5 Effect of curing time on pre-peak stress-strain response in cement-mixed kaolin 
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For the range of tests investigated the small strain secant Young’s modulus, E' was 
derived from small unload-reload cycles of about ∆εa = 0.02% at different stress states 
and different total curing times. Viggiani & Atkinson (1995) showed that the very 
small strain shear modulus of normally consolidated clays is dependent on the mean 
effective stress. The elastic Young’s modulus can be related to the elastic shear 
modulus using Poisson’s ratio. In Figure 6 it was assumed as a rough approximation 
that small strain secant Young’s modulus of cement-mixed kaolin would be related to 
mean effective stress in a similar way, and the relationship proposed by Viggiani & 
Atkinson (1995) was plotted, using a value of 0.2 for Poisson’s ratio and coefficients 
A=1964 and n=0.653 for pure kaolin (reference pressure p´r=1kPa). This first 
approximation, which corresponds to the relationship for a total curing time of zero, 
plots as a straight line in lnE'- lnp' plot. Values obtained for the tests performed on 
cement-mixed kaolin are also plotted on the graph, with the values for the total curing 
time for each point. The data points for short periods of curing (0.1 to 0.8 hour) plot 
close to the reference line based on Viggiani & Atkinson (1995). This shows that the 
first approximation is not as unreasonable as might have been expected. Data points 
for longer total curing times plot above the reference line, the further away from that 
line the longer the total curing time. Figure 7 shows the same data points normalised 
for stress with respect to the reference line. There is a clear linear increase in Young’s 
modulus with the logarithm of total curing time. This suggests that there is a unique 
relationship between mean effective stress, total curing time and very small strain 
stiffness for normally consolidated clays.  
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Figure 6 Effect of mean effective stress and curing time on Young’s modulus in cement-mixed 

kaolin 
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Figure 7  Effect of curing time on Young’s modulus in cement-mixed kaolin 
 
Conclusion and discussion 
 
The results from this study suggest that the behaviour of cement-mixed kaolin can be 
described by a unique stress-plastic strain- time relationship independently of strain 
(curing) history. It has been seen that in initial stages of curing, when the curing rate 
is fast the behaviour is dominated by ageing effects rather than viscous effects. In 
contrast to expectations, in cement-mixed kaolin there appears to be a plateau for peak 
strength achieved after about one day of curing, which defines an upper bound 
strength. Further tests are however needed to confirm this trend. As the cement-mixed 
soil approaches the upper bound peak strength its behaviour changes from being 
ductile to being brittle. The post-peak critical state strength is in contrast seen to be 
constant with curing. Curing also seems to affect the small strain stiffness of cement-
mixed kaolin. The small strain stiffness normalised with respect to the assumed 
influence of effective stress shows a linear increase with the logarithm of total curing 
time. Hence the results suggest that there might be a unique stiffness-stress-time 
relationship for natural structured clays.  
 
The cement-mixed kaolin is a representation of natural soils but with an accelerated 
ageing rate. In natural structured soils the rate of ageing is very slow, and at strain 
rates of the order of those usually applied in the laboratory, viscous effects will 
dominate the behaviour. Ageing effects will only be observed if the strain rates 
imposed are very slow (e.g. 1.7×10-8s-1 for Batiscan clay, Leroueil et al., 1985). It is 
suggested that at a given time there must be a point (characteristic strain rate) at 
which the behaviour of cement-mixed kaolin changes from being dominated by 
cementation effect to being predominantly viscous, as illustrated in Figure 8a. At 
strain rates lower than the characteristic value bonds are allowed to develop faster 
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than they are being destroyed by the compression or shearing and hence cementation 
effects will dominate the observed behaviour. While for applied strain rates above the 
characteristic rate, new bonds are continuously destroyed and viscous effects will 
dominate. The characteristic strain rate will however be highly dependent on the rate 
of cementation. Since the rate of cementation reduces rapidly with time after 
hydration in the artificially cemented kaolin, a comparable  reduction in the 
characteristic strain rate can therefore be expected with time. In contrast, the possible 
reduction in the viscous effect with time as a result of the increase in the degree of 
structure is expected to have minor influence on the characteristic strain rate (Fig. 8b). 
Similar coupling between ageing effects and viscous effects may be expected in 
natural clays, which have been subjected to recent disturbance.  Undisturbed natural 
clays on the other hand, which have been aged over a geological time scale are likely 
to have a characteristic strain rate, which is extremely low and primarily affected by 
changes in the surrounding environment rather than anything else.  
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Figure 8  Illustration of interaction between cementation and viscous effects and definition of 
characteristic strain rate 
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