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Abstract. Consolidation and permeability tests were conducted on soft clays with different liquid limit by 
GDS consolidation apparatus. Some fitting parameters were studied for 4 common nonlinear permeability 
models based on the test data. But different soil samples have different parameters for the same model. In 
order to find the universal law of permeability coefficient and compressibility with the soil property and 
void ratio, the void ratio was normalized by the liquid void ratio eL, and the relationship of e/eL with logkv 

and logp were established based on the test data. The Chapman-Richard curve fitting model was adopted to 
best fit the obtained time-compression data. The relationship between e/eL with logkv was further verified 
using 30 groups of test data of permeability collected from China and abroad. The relationship between e/eL 
with logp was also discussed in this paper, and the fitted curves and nonlinear equations was further 
simplified into two linear equations at the point of e/eL=0.9 so as to consistent with the well-known theory. 
The nonlinear equations can be used to calculate the permeability and compressibility according to the void 
ratio and liquid limit. 

1 Introduction  
Soft clay, especially sprayed landfill mud clay, has a 
high moisture content with large pores at the initial stage. 
In the consolidation process, the void ratios of the 
permeability coefficient and the compression coefficient 
decrease, and the effective stress increases, which shows 
a non-linear trend. According to the basic assumptions of 
conventional consolidation theory that transmission 
coefficient and compression coefficient are constants, 
the assumptions are not consistent to actual situation. 

A lot of researches have been conducted on the 
nonlinear relationship between void ratio and 
permeability coefficient of soft clay. Xie Kanghe et al. [1] 

discussed four nonlinear permeability models and the 
soil parameters of the four models through one-
dimensional consolidation permeability tests. Deng 
Yuebao et al. [2] proposed a parameter selection method 
of soil compression nonlinear and seepage nonlinear 
models which has been universally recognized. Qi Tian 
et al. [3-4] has proved the nonlinear relationship e-logp 
between void ratio and effective stress, and the nonlinear 
relationship e-logkv between void ratio and permeability 
coefficient.  

Some scholars have studied the measurement of the 
permeability coefficient of blow mud and the nonlinear 
permeability characteristics. For example, Zhang Ming 
et al. [5-6] conducted a consolidation and permeability test 

on the pouring mud with a moisture content of more than 
100% in Qianwan, Shenzhen. Scholars at home and 
abroad have also conducted some researches on 
compression nonlinearity [7-8]. All these consolidation 
and permeability studies are conducted on the same 
liquid limit soil, but for soil with different liquid limits, 
consolidation permeability tests should be conducted 
with different void ratios. Therefore, these studies lack 
universality.  

Many researchers at home and abroad have 
conducted relevant studies on the predictive formulas of 
clay compressibility and permeability. Najaraj [9-12] found 
that the soil permeability coefficient has nothing to do 
with the consolidation state, but only with e/eL. Achari 
and Joshi [13] proposed a predictive formula for soil 
permeability coefficient with a liquid limit range of 40% 
to 60%. Existing studies (Horpibulsuk [14-17]) are mostly 
conducted via curve fitting method based on one-
dimensional consolidation penetration test. By 
establishing the linear relationship between e/eL and logp 
with logkv (Najaraj[9-12], Horpibulsuk[14-17]), researches 
(Horpibulsuk[14-17], Yamadera[18]) pointed out that the 
linear predictive relationship of permeability coefficient 
is not only suitable for undisturbed soil, but also for 
remolded soil. According to the above literature review, 
how to accurately establish a compressibility and 
permeability calculation method that has a wide range of 
applications and can consider both soil quality and void 
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ratio is an important issue for studying soil compression-
permeability characteristics. 

In this paper, consolidation and permeability tests 
were continuously conducted on dredger soil with 
different liuquid limit by GDS donsolidation apparatus, 
and the relationship between the permeability coefficient 
and void ratio as well as the relationship between the 
void ratio and the consolidation pressure were obtained. 
The liquid limit void ratio eL was used to normalize the 
test data, so as to explore general change law of 
compressibililty and permeability due to soil quiality and 
void ratio and to establish the fitting relationships 
between e/eL and kv as well as p. 

2 Consolidation-permeability test of 
dredged fill 

2.1 Test soil samples and instruments 

The test soil samples were taken from Tianjin Xinjiang 
Port Area (TJDG), Nangang Landfill Area (TJNG), and 
Lingang Landfill Area (TJLG). Configure the dredged 
fills in different areas with different initial water contents, 
and perform liquid limit and plastic limit tests on the 
dredged fills from the three areas at the same time. The 
physical indexes of soil samples are shown in Table 1. 

Table 1. Primary physical parameters of test soils 

Soil 
sample 

No. 
w0(%) Gs wL(%) wp(%) 

TJDG 64.85 2.72 46.75 23.59 
TJNG 112.07 2.70 50.25 22.90 
TJLG 95.85 2.72 41.50 17.50 

The GDS Advanced Consolidation Testing System 
(GDS Advanced Consolidation Testing System), a 
consolidation-permeability test system produced by 
British GDS, was used in the tests. Figure 1 shows the 
GDS consolidation penetration test system. 

 

Fig. 1. GDS one-dimensional consolidation testing system 

2.2 Test plan and process 

The initial physical indicators of the test soil samples are 
shown in Table 1. Coat the soil sample on the ring cutter, 
install the pressure chamber, exhaust the air remaining in 
the pressure chamber and the channel, and finally 
conduct the consolidation-permeability test. The 
penetration test is carried out with a constant head △h. 
When the initial water content is higher, the penetration 
rate is faster, and the following application methods are 
used to prevent fine particles from flowing in the 
seepage. As shown below, when the consolidation stress 
is lower than 10kPa, the head difference △h=4-8kPa; 
when the consolidation stress is 10kPa<P<50kPa, △
h=8-15kPa; when the consolidation stress P>50kPa, △
h=15-25kPa. 

For the same consolidation pressure p, set multiple 
constant head differences Δh, measure the permeability 
coefficient in each head difference, and compute the 
average permeability coefficients corresponding to the 
consolidation pressure p. The test plan is shown in Table 
2.  

Table 2. Test scheme 

Soil sample No. 
Consolidation 

pressure  
(kPa) 

Void 
ratio 

e 

Permeability 
coefficient 
  (10-6cm/s) 

TJLG/TJNG/TJDG 
p1 e1  k1 

p2 e2  k2 

... ...  ... 

3 Test analysis 

3.1 Test soil samples and apparatus 

According to the test plan in Table 2, consolidation-
permeability tests were carried out on the soil samples 
with three liquid limits. Test results were shown in Table 
3. 
 
 
 
 
 
 
 
 
 
 

Table 3. Permeability test results of Tianjin dredged fill 

Soil sample No. w0(%) e0 
Consolidation 

pressure 
(kPa) 

Void ratio 
Permeability 

coefficient (10-

6cm/s) 

TJDG 64.85 1.764 

7 1.593 0.295 
10 1.586 0.305 
20 1.305 0.116 
30 1.208 0.088 
80 0.955 0.051 

150 0.892 0.029 

Back pressure/volume controller 

Vertical pressure/volume 
controller

Bottom pressure/volume controller 

Consolidometer 
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200 0.855 0.028 
300 0.796 0.018 

TJLG 95.85 2.388 

2 1.817 2.275 
5 1.648 1.413 
10 1.485 0.463 
15 1.365 0.298 
30 1.197 0.186 
50 1.060 0.112 
80 0.914 0.074 

150 0.817 0.032 
300 0.697 0.024 

TJNG 112.07 3.026 

2 2.640 1.598 
5 2.178 1.284 
10 1.930 0.455 
15 1.746 0.343 
30 1.535 0.168 
50 1.390 0.130 
80 1.231 0.089 
150 1.119 0.039 
240 1.103 0.025 
300 1.066 0.018 

3.2 Analysis of nonlinear permeability model 
parameters 

According to existing research, there are four common 
nonlinear relationships between void ratio and 
permeability coefficient of soft clay: 

(1) The permeability formula of e-lgkv model[19] is 
e=e0

ˊ+Cklogkv, wherein e0
ˊ is the void ratio and Ck is the 

permeability index; 
(2) The permeability formula of lge-lgkv model [20] is 

lge=Algkv+B, where A and B are permeation 
characteristic parameters; 

(3) The nonlinear permeability formula of 
lg[kv(1+e)]-lg [21] model is lg[kv(1+e)]=lgC+nlge, 
wherein C is the reference permeability reflecting the 
permeability characteristics of the soil, the unit is cm/s, n 
is the material parameter of the soil; 

(4) The permeability formula of lg(1+e)-lgkv model [7] 
is lg(1+e)=αlgkv+β, wherein α and β are soil parameters. 

The four non-linear permeability models are used to 
comprehensively analyze all test data, and the fitting 
curve is shown in Figure 2. Based on the fitting curve, 
the fitting parameters of the four permeability models of 
the test soil are determined. The fitting results are shown 
in Table 4. 

Table 4 shows that the fitting correlation coefficients 
of the four permeability models are all above 0.9, that is, 
all the four nonlinear permeability models are suitable 
for the three liquid-limit dredged silt. However, it can be 
seen from the model parameters that in e-lgkv model and 
for clay with different liquid limits, soil parameter e0

ˊ is 
between 5.3 and 7.4, and the value of Ck is between 0.59 
and 0.86, indicating that the calculation parameters of 
different liquid limit clays are different. The same with 
the other three models, there are difference in the two 
parameters of the clay with different liquid limits. 
Among them, the lge-lgkv model has the smallest 
difference. After uniformly fitting the test data of the soft 
clay with different liquid limits, the results show that the 
comprehensive analysis parameters of the four models 
are quite different from the fitting parameters of each 
soil quality, and their correlation coefficients are also 
low. 

In summary, the clay model with different liquid 
limits and the nonlinear permeability model are not a 
one-to-one mapping relationship. That is, the 
permeability characteristics of different clays correspond 
to different parameters. At present, the soil permeability 
coefficient is obtained through permeability test, and it is 
necessary to establish a predictive relationship for the 
permeability coefficient with a wide range of 
applications, high accuracy, and representativeness. 
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Fig. 2. Analysis of nonlinear permeability relationships 

Table 4. Fitting parameters and correlation coefficient R2 

Model 
Parameter 

e-lgkv lge-lgkv lg[kv(1+e)]-lge lg(1+e)-lgkv 
e0ˊ Ck R2 A e0ˊ Ck R2 A e0ˊ Ck R2 A 

TJLG 5.743 0. 669 0.909 0.221 5.743 0. 669 0.909 0.221 5.743 0. 669 0.909 0.221 
TJNG 7.442 0.855 0.902 0.211 7.442 0.855 0.902 0.211 7.442 0.855 0.902 0.211 
TJDG 5.359 0.591 0.960 0.210 5.359 0.591 0.960 0.210 5.359 0.591 0.960 0.210 

All  6.283 0.717 0.781 0.210 6.283 0.717 0.781 0.210 6.283 0.717 0.781 0.210 

4 Nonlinear relationship of the kv-e/eL 
model 
In this paper, the liquid limit void ratio is used as the 
control index, the parameter e/eL is introduced, and the 
normalized analysis is used to explore the universal law 
of the soil permeability coefficient that can be used to 
express both the void ratio and the liquid limit, that is, to 
establish the normalized corresponding relationship 
between permeability coefficient and the void ratio, 
which is shown in Figure 3 The relationship between e 
and kv of the dredged fill is shown in Figure4. 

 

Fig. 3. Normalized behavior of the permeability results 

 
Fig. 4. e-lgkv curves 

Comparing Figures 3 and4, there is a nonlinear 
relationship between e/eL and lgkv, and the nonlinearity 
is more significant when the permeability coefficient 
kv>10−6cm/s. The test points normalized by e/eL are 
concentratedly distributed on both sides of a smooth 
curve, and show an obvious growing trend. Since the 
normalized e-kv test data is concentrated on a data belt, 
which conforms to the law of the growth curve, so it can 
be described by a growth model. 

The mathematical expression of Chapman-Richard’s 
(Ratkowsky, 1990) growth curve model is 

(1 e )xy      , wherein   is the limit value of 
y  when x  tends to infinity;   is the initial value of y  

when x  is zero;   and   are the fitting parameters; e  
is the Napierian base. The physical meanings   and   
are shown in Figure 5, and   can be negative, 
indicating that with the increase of x , the value of y  
decreases to   . 
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Fig. 5. Illustration of Chapman-Richard model 

 

Fig. 6. kv-e/eL relationships based on Chapman-Richard model 

The growth curve model is used to fit and analyze the 
normalized data, as shown in Figure 6. The correlation 
coefficient is 0.94, and the fitting equation is: 

1.32 / 2log 4(1 ) 9Le e
vk e                    (1) 

For saturated soft clay: 
L s Le G w                                 (2) 

According to (1) and (2), the fitting equation of 
permeability coefficient of the dredged fill that considers 
the void ratio and liquid limit is obtained: 

2log 4[1 exp( 1.32 / ( ))] 9v s Lk e G w           (3) 
Consult the literature (Zeng et al. [16], Cai Chao et al. 

[17], Li Youyun et al. [18], Najaraj [9-10], Siddique [19], Pane 
et al. [20], Znidarcic [21], Sivakumer [22], Fox et al. [23]) , 
collect and sort out 30 sets of permeability test data 
including this test, and plot the relationship diagram of 
void ratio and permeability coefficient, as shown in 
Figure 7. The liquid limit of different soil quality wL and 
the specific gravity Gs of soil particles are shown in the 
legend of Figure 7. 

 
 Fig. 7. e-kv relationships of different clays 

Figure 7 shows that the distribution of e-kv test points 
for clays with different liquid limits is relatively discrete. 
Use the parameter e/eL to normalize the collected test 
data, establish the corresponding relationship between 
the normalized permeability coefficient and the void 
ratio, and analyze its applicability through formula (1), 
as shown in Figure 8. 

 

Fig. 8. kv-e/eL relationships based on Chapman-Richard model 

As shown in Figure 8, formula (1) is biased in a 
general sense. Formula (1) is obtained by fitting the 
results of the permeability test of Tianjin dredged fill. To 
this end, the growth curve model is used to fit and 
analyze the test data, as shown in Figure 8. 

It can be seen from Figure 8 that the collated 
permeation test data is relatively concentrated after e/eL 
normalization, showing an obvious data band. The 
growth model is used to fit and analyze all the data, the 
correlation coefficient is 0.905, and the fitting formula is 
as follows: 

1.5 / 2log 4.7(1 ) 9.65Le e
vk e                (4) 

From formulas (2) and (4), the following formula can 
be obtained: 

2log 4.7[1 exp( 1.5 / ( ))] 9.65v s Lk e G w       (5) 
The difference between formulas (3) and (5) is very 

small. The method of analyzing the permeability 
coefficient of dredged fill based on the growth curve is 
correct, and formula (5) is more universal. It can be seen 
from formula (5) that there are only two parameters in 
the permeability coefficient formula obtained based on 
growth model, and the permeability coefficient of the 
soil with different void ratios can be calculated by the 
liquid limit index. The liquid limit involved in the 
regression equation is between 40% and 120%, the void 
ratio is between 0.5 and 4.5, and e/eL is between 0.3 and 
2.5. The correlation and significance level are good, and 
the application range is wide. Formula (5) is 
recommended as the final predictive formula for 
permeability coefficient. 

5 Analysis of nonlinear compression 
characteristics of mud dredged fill 
The e-lgp compression curve of dredged silt is shown in 
Figure 9. The e-lgp curve of dredged silt has an 
inflection point before and after point where the 
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consolidation stress is 50kPa. The void ratio at the 
inflection point is close to the liquid-limit void ratio, 
which is the junction point of solid and liquid soil. That 
is, the nonlinear characteristics of dredged fill in the two 
states are significantly different in compression. 

 
Fig. 9. e-lgp curves 

The parameter e/eL is introduced to normalize the 
compression test data, and the growth model is used to 
perform fitting analysis on the normalized data, as 
shown in Figure 10. The correlation coefficient is 0.926, 
and the fitting equation is: 

l g 2/ 1.4(1 exp ) 1.86o p
Le e                   (6) 

 

Fig. 10. Test results and curve fitting of compressibility 

After normalization, the relationship between e/eL 
and logp is no longer a strict linear relationship, and an 
inflection point appears under a certain consolidation 
stress. It can be seen from the Nagaraj linear equation in 
the figure that the current linear method is not suitable 
for the dredged silt with high water content, especially 
when the consolidation pressure is less than 10kpa, there 
is a significant deviation. In order to simplify the 
relationship between e/eL and logp, the curve can be 
divided into two straight lines, as shown in Figure 11. 
The intersection point of the two straight lines is e=0.9eL, 
which is basically close to the liquid limit. When 
e/eL<0.9, the relationship between e/eL and logp can be 
described as in equation (7), when e/eL>0.9, the 
relationship between e/eL and logp can be described as in 
equation (8). 

 

Fig. 11. Analysis of compressibility 

/ 1.35 0.27logLe e p  (e/eL<0.9)              (7) 
/ 1.94 0.63logLe e p  (e/eL<0.9)              (8) 

As shown in Figure 11, for under-consolidated 
dredged fill with high water content, the liquid limit 
water content is the demarcation point. When the soil 
moisture content is greater than the liquid limit, there is a 
nonlinear relationship. That is, the compression 
characteristics of soil cannot be expressed by the same 
straight line. 

6 Conclusion 
In this paper, the GDS consolidation apparatus is used to 
carry out consolidation-permeability joint tests on the 
dredged fill with different liquid limits. On this basis, 
domestic and foreign test data are collected and sorted, 
and the following results and conclusions are obtained 
by using mathematical statistics and model parameter 
research. 

(1) Through indoor consolidation-permeability 
tests of soft clay with different liquid limits, the 
calculation parameters of four permeability models are 
obtained. The model parameters of liquid-limit clay are 
not unique, so the parameter of a certain soil cannot be 
used to describe the permeability characteristics of all 
soft clay. 

(2) Establish the kv-e/eL relationship fitting curve. 
Based on the Chapman-Richard growth model, 
permeability coefficient with a wide application range 
and high accuracy is obtained. The permeability 
coefficient corresponds to void ratio and liquid limits. 

(3) Based on the Chapman-Richard growth 
model, the e/eL-p relationship fitting curve is established, 
and two straight line equations are used to describe the 
compression characteristics of the under-consolidated 
dredged fill. The dividing point of the two straight lines 
is at the point where e=0.9eL. 
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