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ABSTRACT 

The small strain shear modulus (Gmax) is a key parameter in analysing and predicting the 

dynamic response of soils. Numerous experimental studies have been conducted to investigate 

Gmax of unsaturated soils during drying and wetting processes and loading and unloading stages 

of net stress, however, limitations still exist, requiring more research studies in this field. 

Specifically, the impact of hydraulic hysteresis, an important characteristic of unsaturated soil 

experiencing a number of drying-wetting and loading-unloading cycles of net stress, has not 

been captured successfully. Another issue in existing research studies is that the variation of 

Gmax during an air-drying process was measured without considering the effect of matric 

suction equalisation, resulting in misrepresentation of the response of the material.  In addition, 

the effects of drying-wetting and loading-unloading cycles on Gmax of cemented soils have 

received little attention, and thus need to be investigated.  

In this study, experimental studies were conducted to address the above-mentioned issues. 

To investigate the impact of hydraulic hysteresis on Gmax of an unsaturated reconstituted soil, 

the specimen was subjected to a multi-stage test during several drying-wetting cycles and a 

loading-unloading cycle of net stress using a modified unsaturated Rowe cell apparatus. The 

results revealed four key factors that directly influence the magnitude of Gmax : the void ratio, 

the net stress, matric suction and degree of saturation. While variations of the void ratio, net 

stress, and matric suction cause persistent responses of Gmax (i.e. if all other factors remain 

unchanged, Gmax would then be reversely proportional to the void ratio and directly 

proportional to the net stress and matric suction), variations in the degree of saturation result in 

different responses. A decrease in the degree of saturation may induce a reduction or growth 

of Gmax since on the one hand, it reduces the effect of matric suction, while on the other hand, 

it increases the total effect of van der Waals attractions and electric double layer repulsions. 
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An analysis of the results showed that hydraulic hysteresis occurred in all the stress loops, and 

it directly influenced the response of Gmax. The effect of hydraulic hysteresis can only be 

captured if the van der Waals attractions and electric double layer repulsions are considered. A 

model to estimate Gmax while incorporating the van der Waals attractions and electric double 

layer repulsions has been proposed and it provided a good agreement with the experimental 

measurements. For practical issues, this model allows the determination of Gmax of unsaturated 

soils based on the stress state, void ratio, and degree of saturation regardless of the stress and 

drying-wetting history, thus improving the accuracy of capturing response of Gmax in complex 

loading-unloading and drying-wetting cycles.    

To investigate the impact of matric suction equalisation on the measurement of Gmax during 

an air-drying process, a weight-controlled bender element test was developed allowing the 

evolution of Gmax at each test stage until matric suction equalisation is reached. Test results 

indicated that excluding matric suction equalisation causes underestimation of Gmax 

measurement, especially in the middle range of the degree of saturation. This underestimation 

could be due to the non-uniform distribution of the water content and the corresponding matric 

suction across the cross section of the soil sample. The impact of matric suction equalisation 

on the measurement of Gmax was rather small in the early stages of the air-drying process but 

accelerated when degree of saturation approached the threshold corresponding to the shrinkage 

limit. It was believed that water discontinuity, developed at water content smaller than the 

shrinkage limit, prevented the hydraulic flow from diminishing the non-uniform distribution 

of the water content, and thus, caused the underestimation of Gmax. It was also found that effect 

of the unsaturated coefficient of permeability on the time required for matric suction 

equalisation is significant only at high degrees of saturation when the water phase is still 

continuous, while at lower degrees of saturation, when the water phase loses its continuity, 

effect of the unsaturated coefficient of permeability is gradually overcome by the effect of 
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water evaporation. Two empirical equations were proposed to determine the time required for 

matric suction equalisation in experiments studying behaviours of unsaturated soil after air 

drying and to predict Gmax of compacted soil layers near the ground surface which can 

experience significant evaporation when exposed to the open environment. 

To investigate effects of drying-wetting and loading-unloading cycles on Gmax of cemented 

soils, a cemented sample cured under a constant stress was subjected to a multi-stage test during 

several drying-wetting and loading-unloading cycles using the modified unsaturated Rowe cell 

apparatus. The test results revealed that drying and wetting caused degradation of cementation 

of lightly cemented soil. The cementation degradation reduced the contribution of cementation 

and increased the contribution of the stress state to Gmax. It was observed that, under constant 

matric suction, drying and wetting also occurred during the loading and unloading stages, 

respectively, due to the changes of the pore water pressure with loading-induced contraction 

and unloading-induce swelling. Consequently, degradation of cementation increased with 

increasing number of drying-wetting cycles as well as loading-unloading cycles. With an 

increase in the number of drying-wetting and loading-unloading cycles, Gmax at the high 

stresses would intensify due to an increase in the contribution of the stress state, while Gmax at 

the low stresses would decrease due to the reduction in the contribution of the cementation. In 

general, small strain shear modulus of lightly cemented soil was influenced by void ratio, 

cementation, degree of cementation degradation, and stress level. The effects of these 

influencing factors varied during drying-wetting cycles as well as loading-unloading cycles of 

net stress, thus, stress-strain history plays an important role in predicting the Gmax of lightly 

cemented soils on site. 
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