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Soil structure and its quantitative parameter 
Structure de sol et son qualitative paramètre
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Dingyi Xie — Xi'an University of Technology, Xi'an, P.R. China

ABSTRACT: In this paper, the approaches and situation of soil structure study are observed. The mechanism of the influence of soil 

structure on its mechanics properties is analyzed. It is pointed out that from the angle o f soil mechanics, the soil structure consists of 

two aspects, the soil particle arrangement (i.e. the geometric feature o f soil structure) and the soil particle linkage (i.e. the mechanics 

feature o f soil structure). Based on the analysis, a structure parameter called comprehensive structure potential (CSP) is proposed.

1 INTRODUCTION

It’s well-known for a long time in soil mechanics study that soil 

structure plays the most important role in its mechanics 

properties. The method o f quantitative study on soil structure can 

be divided into three types. The first is micro-morphology 

method. It has been used for a long lime. A series o f results from 

this method has been secured and several quantitative parameters 

from different aspects o f soil structure have been proposed (Gao 

Guorui, 1980; Tan Luorong et al., 1982; Hu Ruilin et al., 1995; Shi Bin, 

1996; Qi Jilin et al., 2000). But it is difficult to get a general soil 

structure parameter due to its limitation in describing both the 

geometric and the mechanics features o f soil particles, and its 

complication in tests. The second is solid mechanics method, 

which attempts to advance mechanics models to describe the 

changing process o f  soil structure so as to describe the 

engineering properties o f soil (Miao Tiande et al., 1990; Shen 

Zhujiang, 1993; N.P. Krupt et al., 1996). Its prominent difficulty is 

to get an efficient model and the parameters in the model. The 

third is soil mechanics method, which is developed by 

explaining different mechanics laws of soil with different soil 

structure and by suggesting some quantitative parameters o f soil 

structure for some special soil (Zhang Chenghou, 1983). It is a 

general cognation that to find a soil structure parameter that has 

close relation to the soil deformation and strength principles is 

the most important task in the soil structure study, and each of 

the above approaches needs further study to secure such a 

parameter. The authors think that the most promising method is 

the third one, i.e. the soil mechanics method.

2 NEW IDEA OF SOIL STRUCTURE STUDY

The primary task o f soil structure study is to propose such a 

parameter that can comprehensively reflect the particle 

arrangement and particle linkage and has close relation to the 

soil strain and strength so as to establish relations between them. 

The following fundamental notions have to be established before 

studying the soil structure parameter by the authors view:

1. Whether the structure is significant or not has to be 

examined from two aspects, the particle arrangement and the 

particle linkage. Only the soil with strong particle linkage and 

the particle arrangement prone to be unstable when the particles 

linkage is destroyed can be called a soil o f significant structure. 

Therefore, from the angle o f  soil mechanics the essential purpose 

to study the soil structure is to find the mechanics effect rather 

than to describe the change o f soil structure. And the soil 

structure potential should be demonstrated by the following two

aspects: the first is the ability to maintain its original structure 

potential and prevent to be destroyed, which is called Structure 

Maintainability (SM); the second is the ability to cause a great 

and sudden deformation when the soil structure is destroyed, 

which is called Structure Deformation (SD). The soil with only 

one o f these abilities couldn’t be regarded as a soil with 

significant structure. For example, if SM is very significant 

while SD is little, it means that the soil has strong cementation 

and high density and maybe low water content. On the other side, 

if SD is very significant while SM is little, it means that the soil 

has low density and maybe high water content such as the 

alluvium soil and filling soil etc. Only the soil with both strong 

SD and strong SM is a kind of soil with significant structure.

2. When soil is loaded or wetted, its original structure is 

changed and the secondary structure is formed at the same time. 

So the soil structure and the structure parameter are always in 

changing under load or by wetting. It has a process o f self

adjustment o f the original structure. Before load is less than the 

initial structure strength, a linear relation between stress and 

strain exists. When load equals to the soil structure strength, its 

original structure is mostly destroyed, then a small load increase 

can lead to a great strain increase. When load exceeds the 

structure strength, with the increase o f  strain, the destroyed 

structure will gradually attain a new stabilization until the 

secondary structure is completely formed. If the strength o f the 

new-formed secondary structure couldn’t compensate the 

increase o f the external load, the failure occurs in soil. Therefore, 

the soil structure study should demonstrate both the structure 

state and its change with the stress state.

3. The concept o f soil structure should correspond to the 

special mechanics behavior o f different special soil, i.e. the soil 

parameter should be available to describe these properties. For 

example, the collapsive character for collapsive soil, the 

sensitivity for clay and the dilatability for the expansive soil etc. 

In the process o f loading on the soil, the gradual loss o f SM is 

accompanied by the gradual development o f SD. The SM plays 

an important role in the initial stage o f the load increase; while 

the development o f SD in the later stage. Without the loss o f SM, 

there is no the exertion of SD. The former is a process o f damage, 

which leads to the adjustment and at last the failure o f original 

structure. The later is a process o f concrescence, which leads to 

the formation and development o f the secondary structure. If SM 

is greater than SD, the strain and stress relation shows 

characteristics o f softening. On the contrary, if  SM is smaller 

than SD, the strain and stress the relation shows characteristics 

o f hardening. The combination o f different SM and different SD 

in soil leads to different types o f stress-strain relation, such as 

strong softening, weak softening, strong hardening and weak

239



hardening etc. From this point, the soil structure is the most 

important factor to dominate the constitutive relation.

4. The soil structure is in fact the display o f its physical state. 

It is a natural historical product from its forming condition and 

environment and is affected by many factors such as size, shape, 

distribution, roughness and assembling degree o f soil particles, 

the particle arrangement o f soil skeleton(orientation, 

homogeneity and stability), the size, distribution, connectivity of 

pores and the filling degree with water, the micro-fissures and 

the chemical components and their existing state. It’s clear that 

to reveal the influence of all these factors on soil structure and to 

make a quantitative description o f soil structure is very difficult. 

No any bright future can be seen in this approach especially if 

we want to take the load into consideration.

5. Now that the soil structure is an objective existence, the 

best way to study the soil structure is to destroy it and let the 

structure potential released. At the same time to measure how 

difficult it is to be destroyed in one hand, which reflects the SM 

of soil structure, and to measure the deformation after the failure 

of soil structure in the other hand, which reflects the SD of soil 

structure. By this way, the evolvement principle o f soil structure 

can be studied. The soil mechanics study shows that the 

disturbance, loading and wetting are main ways to destroy the 

soil structure. Disturbance destroys the connection among the 

particles to reduce the linkage strength. Loading changes both 

the particle arrangement mode and the connection characteristics. 

Wetting dissolves the solute in soil, reduces the soil suction force 

and releases the inherent potential.

Now, the following essential idea for seeking an effective 

structure parameter is easy to form based on the enlightenment 

o f basic knowledge discussed above.

1. To get the soil structure parameter by the way of soil 

mechanics. Since it is very difficult to deal with the problem by 

quantifying different factors respectively, it’s the best way to 

take a simple and reliable approach to seek a reasonable, 

sensitive, stable and widely applied parameter with close relation 

to strain and strength characteristics o f soil.

2. To obtain the quantitative soil structure parameter by 

releasing the soil structure potential using the way o f  disturbance, 

loading and wetting, and absorbing the effective concepts about 

soil structure in soil mechanics, so as to express the soil structure 

comprehensively from particle arrangement and particle linkage.

3. The sensitivity index o f  clay is secured by disturbing the 

clay completely. The collapsing coefficient o f loess and the free 

expansive ratio are parameters secured by wetting. They are all 

parameters to express the soil structure from different aspects. 

The former one shows the influence of disturbance on soil 

strength, which demonstrates the characteristic o f particle 

linkage. While the later two show the influence of particle 

arrangement on the strain o f soil after the failure o f soil linkage, 

such as dissoluble salt and absorbing force, which demonstrates 

the characteristic o f arrangement. Using both of the two methods 

discussed above, both linkage feature and arrangement feature 

can be reflected. It is coupled at the same time by applying 

different loading on soil to examine the mechanics 

characteristics caused by the changes o f two features as well as 

the loading. This is the framework o f soil structure study in this 

paper.

4. Following this framework, we can conduct compression 

tests by the Oedometer and get the compression curve of the 

intact specimen (whose structure is to be studied), its saturated 

specimen and the remoulded specimen (whose water content and 

density are the same with that o f the intact soil), respectively. 

Three compression curves corresponding to the three kinds of 

soil specimen are the basic clew to study the soil structure. So it 

is called three-curve-method.

5. It is found from several expressions that the following one 

is the most effective and reasonable, called comprehensive 

structure potential (CSP):

m,
m p =

s j s ,  s * s .

m , SJS.
(1)

where S | , Ss and Sr are deformations (or strains) o f intact, 

saturated and remoulded soil specimens corresponding to the 

same load p.

6 . It is easy to find from formula (1) that the stronger is the 

soil connection, the greater are the strength loss by remoulding 

and the deformation o f soil under loading, which leads to a 

smaller m2, meanwhile, the more unstable is the soil arrangement, 

the greater are the structure failure by wetting and the 

deformation under loading, which leads to a bigger m,. 

Therefore, mp is directly and sensitively relative to soil structure. 

At the same time, the change o f structure potential mp is directly 

related to load, its sign (positive or negative) can reflect the soil 

collapse or soil expansion when wetted. The sensitive clay with 

high water content is stagnant to wetting, i.e. m, =  1, then, 

mp=  Sp/Sj, that is similar to sensitivity index o f clay, only that 

its strength ratio is replaced by the deformation ratio. Here, the 

structure parameter can reflect the sensitivity o f clay. As to 

collapsable loess, especially the self-collapsable loess with low 

water content, it has a structure parameter mp o f great value if its 

structure strength is great and its big pores has a great ratio 

(which means a greater m,). Here, the parameter can reflect both 

the two aspects making the loess a significant structure or strong 

wetting-collapsing nature and can sensitively related to the 

collapsing coefficient o f loess. Then for the expansive soil, the 

absolute value o f mp can also reflect the concept o f expansive 

coefficient characterized by its negative sign. The subscript o f 

mp denotes that the soil structure changes with stress p while 

loaded, so it can also reflect the changing and coupling process 

o f original structure and the secondary structure. Therefore, it is 

obvious that this comprehensive parameter has wide 

applicability.

The parameter proposed above could be determined by the 

routine compression test directly and easily, so it is o f great 

advantage to solve the complex problem using a simple method.

3 EXPERIMENT VERIFICATION TO RATIONALITY, 

SENSITIVITY AND STABILITY OF CSP

Considering that it is difficult to prepare several specimens of 

same initial structure from the intact samples that are always 

inhomogeneous, the authors firstly advanced a technique to 

artificially prepare the specimens with controllable soil structure. 

The artificial structural soil specimens as well as some actual 

intact specimens are all used to verify the rationality, sensitivity 

and stability o f CSP. The basic reason to artificially prepare 

structural samples is to control the particle linkage and particle 

arrangement o f soil structure, i.e. to control the mechanics 

feature and geometry feature o f soil structure. The linkage 

feature can be controlled by adding certain amount o f 

cementation reagent (such as cement, gypsum etc.) into soil 

specimens. Adding some ice particles with certain granularity 

can control the arrangement feature. The procedure is as the 

following:

(1) Get some dry soil particles o f certain weight required by 

the demanded dry density and maintain it in low temperature 

laboratory to its negative temperature state; (2) Add cementation 

reagent and ice particles into the soil particles, and mix them 

completely; (3) Put the mixture into a special mold to shape the 

specimen; (4) Extrude the specimen and put it under common 

temperature to let the ice particles melt and become pores with 

different diameter at the same time, the cementation reagent 

makes the certain linkage strength and the ice melted makes the 

specimen an initial water content. If  the water content is to be 

changed, either higher or lower than the initial water content, the 

water should be dripped into or evaporated from the specimen; 

(5) Keep the specimen in a closed container for 1-2 days, so as to 

get the specimen with homogeneous water content. By the steps 

above, the granularity, density, water content, shape and size, 

linkage and arrangement characteristics o f soil specimen can be 

controlled simply and feasibly to fit the needs o f research work.
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Fig. 1 shows the compressive curves o f two specimens 

controlled to be with the same physical property and the same 

structure. The consistency o f the curves shows that the method to 

prepare the specimens is effective. The following is the test 

results:

Load (kg /  cm')

Figure 1. Compressive tests on two repeated 

artificial structural soils.

Load ( k g /  cm--)

Figure 2. Compressibility o f  different artificial 

structural soils(y,i=12KN /  m3, w=5%.

L o a d  ( kg  /  c m ')

L o a d  (k g  /  cm ‘ )

Load (kg  /  cm")

Load (kg  /  cm- )

1. Four samples are prepared with different structure with the 

concrete content o f 0.85% , 1.7% , 2.55% and 3.4% 

respectively and with the same dry density (12KN / m3) and 

water content (5%). The ice particles mixed in every specimen is 

10% of soil mass. The compression curves are secured as shown 

in figure 2. The three curves for one kind o f artificial structural 

specimens are shown in figure 3. The structure parameter curve 

(rrip-p curve)obtained based on figure 3 is shown in figure 4. It 

can be seen that the structure parameter increases with the 

increase o f pressure at first, which reflects some particle 

adjustment o f the original soil structure. After the pressure 

reaches structure strength, the increase o f pressure leads to the 

failure o f soil structure, which makes the structure parameter 

falling obviously. It shows the significant instability caused by 

the soil structure failure accompanying with a catastrophe 

phenomenon. And then the soil structure becomes more and 

more stable during the compression deforming o f soil. The 

similar curves can also be drawn for the specimens with concrete 

content o f 1.7%, 2.55% and 3.4%, as shown in figure 5, figure 6 

and figure 7. Tab.l shows some characteristic values o f every 

group of curves, from which we can see that the soil with great 

concrete content has a great peak value o f structure parameter 

and also a great pressure at the peak value (structure strength). 

This means that the parameter is rational and sensitive.

2. We also conducted tests on artificially prepared structural

soils with other concrete content (1.7%) and different water

Table 1. The character parameters o f  the artificial structural soils

Cement content (%) Peak value o f  mp Needed load(kg /  cm2)

0.85% 5.56 0.5

1.70% 6.88 1.0

2.55% 9.27 1.6

3.40% 12.73 2.0

content (5% and 10%) or dry density (12KN / m3 and 13KN / 

m3). It’s obvious that the parameter is also rational and sensitive 

to the change both o f water content and o f dry density.

3. In order to inspect the rationality and the sensitivity o f the 

proposed structure parameter more extensively, the authors 

carried out the similar analysis on the actual intact soils, such as 

soils from Gansu province (yd=12.75KN / m3, w=5% and 10%)

5 I 1.5 2 2 . 5  3 3.

Load (kg /  cm ")
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and Shandong province (yd=13.7KN / m3 , w=20.43%). The 

same conclusion is obtained for them although they are in 

different water content and density, only that the principle in the 

actual intact soil is not as good as what in artificial ones.

4. The mp-p curve obtained for different structural soils shows 

a common regularity that expresses a slight rise at first, then a 

rapid drop after the peak, it goes flatter and flatter, reaches to a 

constant value at last. This coincides to the dynamic process o f 

damage and recovery o f soil structure.

4 CONCLUSIONS

A good quantitative parameter o f soil structure should reflect 

the soil structure characteristics both in particle linkage and in 

particle arrangement. It is an effective method to destroy the 

soil structure and let the structure potential released. This 

parameter covers to some certain extent the influence o f other 

physical parameters, such as density, granularity and water 

content etc, so it is called comprehensive structure potential 

(CSP). The proposed parameter in this paper is an active and 

effective media between physical properties and mechanics 

properties (deformation and strength). The authors also carried 

out some work on proposing a constitutive relation considering 

the CSP, and got some success, which is not discussed here. 

The viewpoints and method about the proposed parameter and 

constitutive relation considering the soil structure still need 

further study and verification on more soils, stress states and 

stress paths. On the other hand, it is necessary to seek some 

other approaches by the soil mechanics method, since it is 

proved in this paper that the soil mechanics method is the most 

efficient one, so as to let the soil structure play more and more 

important role in describing the engineering properties o f soil.
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