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On the existence of a viscous component in the effective stress in clays
Ian Schumann Marques Martins1 , Vitor Nascimento Aguiar2# , 
Paulo Eduardo Lima de Santa Maria3 , Rune Dyvik4 

1. Introduction

Models for predicting soil behavior rely on the Principle 
of Effective Stress (PES), as introduced by Terzaghi (1936). 
However, there are some phenomena, especially in plastic 
soils, such as strain rate-dependent strength, creep, stress 
relaxation and secondary consolidation, which do not obey 
the PES (e.g., Martins, 1992; Chandler et al., 2004). In view of 
the theoretical difficulties when dealing with such phenomena, 
the usual approach is to preserve the essence of the PES and 
develop an additional tool to tackle the specific problem 
which is outside the framework of the PES. An example is the 
Cα /Cc = constant approach, proposed by Mesri & Godlewski 
(1977), to evaluate secondary consolidation (see Martins & 
Lacerda, 1989). In the authors’ opinion, a better approach 
is the one taken by Terzaghi (1941) and Taylor (1942), who 
proposed to expand the original PES to explain secondary 
consolidation. In such a proposition, effective stress is split into 
two components: one that takes place through solid-to-solid 
contacts between grains, and the other that is carried by the 

highly viscous adsorbed water surrounding the soil grains. 
This paper shows that such a proposition can be used to 
explain not only isotropic secondary consolidation but also 
undrained isotropic stress relaxation, suggesting that both 
phenomena have the same physical origin.

Many models of clay behavior taking into account 
time and strain rate effects have been developed. Regarding 
one-dimensional consolidation, examples can be found in 
Taylor & Merchant (1940), Šuklje (1957), Gibson & Lo (1961), 
Barden (1965), Bjerrum (1967), Garlanger (1972), Martins & 
Lacerda (1985), Imai & Tang (1992), Yin & Graham (1996), 
Watabe & Leroueil (2015), among others. With the advance 
of computer-aided numerical analysis, more sophisticated 
stress-strain-strength models have been developed, such 
as Kutter & Sathialingam (1992), Tatsuoka et  al. (2002), 
Yin et al. (2002), Qu et al. (2010), Bodas Freitas et al. (2011), 
Clarke & Hird (2012), Yin (2015), and Kurz et al. (2016). 
Nevertheless, except for Tatsuoka et al. (2002), none of them 
have considered Terzaghi’s (1941) and Taylor’s (1942) broad 
concept of effective stress.
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The aim of this paper is to investigate the validity of 
Terzaghi’s (1941) and Taylor’s (1942) proposition, showing 
experimental evidence of the existence of a viscous component 
of effective stress via isotropic consolidation/undrained 
stress relaxation tests. It includes results from an on-going 
laboratory test program to study clay rheology, initiated in 
the early 1980s.

2. Theoretical and experimental background

According to Terzaghi (1941), adsorbed water is in a 
solid state in the immediate vicinity of the surface of a clay 
particle and is strongly adhered to it (Figure 1). For the sake 
of simplicity, Terzaghi (1941) pictured clay particles with 
rounded shape. Beyond the thickness where adsorbed water 
is solid, the water is highly viscous, the viscosity decreasing 
with distance from the particle surface. For distances greater 
than a limit value “d ”, viscous water becomes free water. 
The thickness “d ” depends on the chemical properties of the 
solid particles and substances within the adsorption zone, 
e.g. sodium salts (Skempton & Northey, 1952; Bjerrum, 
1954; Hvorslev, 1960; Lambe & Whitman, 1979, p. 20). 
Thus, in a clay, two types of inter-particle contact occur: 
“solid bonds” (herein called “solid contacts”), established 
through the solid adsorbed water, and “film bonds” (herein 
called “viscous contacts”), established through the highly 
viscous adsorbed water. Terzaghi (1941) stated that, as both 
types of contact transmit interparticle forces, the effective 
stress must be divided into two parts: (1) the “solid bond 
stress” (herein called “solid component of effective stress”), 
denoted by σ’s, carried by the solid contacts, and (2) the “film 
bond stress” (herein called “viscous component of effective 
stress”), denoted by σ’η, carried by the viscous contacts. 
Terzaghi (1941) explained secondary consolidation as the 
squeezing out of the viscous adsorbed water between grains 
in viscous contacts, which become solid contacts with time 
(see also Lambe & Whitman, 1979, p. 299).

Taylor (1948, pp. 243-247) used the above-mentioned 
concept to discuss the “plastic lag which occurs after the 
conclusion of primary compression” during one-dimensional 
consolidation. Vertical effective stress was assumed to be made 
up of two components: the “plastic resistance to compression”, 

“dependent mainly on speed of compression”, and the other 
(“the static case pressure”), dependent only on the void ratio. 
The latter would be associated with the one-dimensional 
compression curve corresponding to 0vε = , a possibility that 
Graham et al. (1983), Leroueil et al. (1985) and Martins et al. 
(1997) test results suggested as a lower boundary for the set 
of strain rate dependent compression curves εv vs. σ’v (log) 
or e vs. σ’v (log) (Figure 2). A practical application of this 
approach is the prediction of the final value of settlement 
caused by secondary consolidation, a feature that the Cα /Cc 
approach (Mesri & Godlewski, 1977) does not provide. In 
the authors’ opinion, the dependency of one-dimensional 
compression curves on vε  is a manifestation of the viscous 
nature of clay behavior given by σ’η.

The aim of this paper is to show experimental evidence 
of the existence of the viscous component σ’η in the effective 
stress. Although the approach can be extended to general 
stress states, the following analysis will be restricted to 
isotropic stress states for a clear understanding of the 
fundamental concepts.

Figure 1.  Types of inter-particle contacts (adapted from Terzaghi, 1941).

Figure 2.  Isotropic secondary consolidation and undrained isotropic 
stress relaxation paths.
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It is assumed that, during isotropic consolidation of a clay 
specimen, effective stress σ’ is made up of two components: 
a solid component σ’s and a viscous component σ’η . Hence, 
the equation of the PES becomes:

' '
s uησ σ σ= + +  	 (1)

with

' '
s ησ σ σ+ = ′  	 (2)

Where σ is the applied isotropic total stress, σ’ is the 
current value of the isotropic effective stress and u is the 
pore pressure.

To check whether Equation 1 holds true, isotropic 
consolidation tests were performed based on the following: 
For a given time during consolidation, in a given point of 
the specimen, since all planes are free from shear stresses, 
each variable in Equation 1 has the same magnitude in all 
planes. At the “end of primary” consolidation (point G in 
Figure 2), when the pore pressure u becomes negligible, 
since the applied total stress σ is held constant, the effective 
stress σ’ must also be constant. Therefore, during secondary 
consolidation (GH line in Figure 2), volumetric strains keep 
occurring under constant (σ’s + σ’η). Hence, according to the 
Terzaghi’s (1941) mechanism, secondary consolidation takes 
place by transferring σ’η to σ’s, with the viscous contacts 
becoming solid contacts over time. The “end of primary” line 
(Figure 2) can be viewed as the upper boundary line where 
the excess pore pressure is negligible and vε  = constant. The 
path followed during secondary consolidation crosses isotache 
( vε  = constant) lines parallel to the “end of primary” line, 
corresponding to decreasing vε  (see Šuklje, 1957; Bjerrum, 
1972). When all viscous contacts become solid contacts, 
secondary consolidation ends, with: 0vε = , σ’η = 0 and 
σ = σ’ = σ’s (point H in Figure 2). The compression line for 
which 0vε =  is called the “end of secondary” line.

It is worth saying that the term “secondary consolidation” 
is used herein just to refer to the period of the consolidation 
process which starts when the excess pore pressure 
becomes too small to be measured (i.e., negligible). The 
term “primary consolidation” is used to refer to the period 
from the beginning of the consolidation process until pore 
pressure becomes negligible. Obviously, the definition of how 
small pore pressure should be to be considered negligible is 
somewhat subjective. Nevertheless, although the article is 
focused on the “secondary consolidation” period, Equations 
1 and 2 hold for the whole consolidation process, since 
the viscous phenomena (i.e., transference of σ’η to σ’s) is 
assumed to occur throughout the whole process, i.e. during 
both “primary” and “secondary” periods. This article is 
based on the assumption that clays behave according to 

hypothesis B (Jamiolkowski et al., 1985), following a unique 
stress-strain-strain rate relationship as proposed by Taylor 
(1942), Bjerrum (1972) and Leroueil et al. (1985).

According to the described mechanism, as secondary 
consolidation progresses along line GH (Figure 2), vε  and 
σ’η decrease towards 0vε =  and σ’η = 0 (see Taylor, 1948, 
p. 246). Therefore, σ’η is associated to vε  and, when 0vε = , 
σ’η = 0 (Point H).

In Figure 2, points K, I and H lie on the 0vε =  compression 
line. As σ’η = 0 on this line, the end of secondary line is the 
locus for which σ’ = σ’s, e.g., σ’K = σ’sK, σ’I = σ’sI and σ’H = σ’sH. 
Thus, on the end of secondary line, σ’s can be expressed as an 
exclusive function of void ratio e, i.e. σ’s = σ’s (e). The smaller 
the void ratio, the higher the σ’s value. Since σ’η decreases 
during secondary consolidation and vanishes at the end of the 
process (point H), the current value of σ’η corresponds to the 
horizontal distance from GH line and the end of secondary 
line (see Taylor, 1948, p. 245). Consequently, along a path 
following a fixed horizontal line (e = constant) there would be 
only changes in σ’η, which means σ’s = constant. This suggests 
that, for a fixed void ratio e, whatever the vε  value, there is 
one and only one value of σ’s and vice versa. From now on 
this will be used as a working hypothesis.

Considering points G and K (Figure 2), as both have the 
same void ratio, both are assumed to have the same σ’s. Thus, 
σ’ at point G (σ’G) minus σ’ at point K (σ’K) corresponds to 
σ’η at point G (σ’ηG). Similarly, σ’ at point J (σ’J) minus σ’ at 
point I (σ’I) corresponds to σ’η at point J (σ’ηJ) . This means 
that for every point to the right of the “end of secondary” line, 
σ’η at a given point corresponds to the horizontal distance 
from the considered point to the “end of secondary” line 
(see Taylor, 1948, p. 245).

On the other hand, take the points L and J on the line 
v vBε ε= =   constant (Figure 2). σ’η at point L (σ’ηL) is:

' ' '
L L Kησ σ σ= −  	 (3)

and σ’η at point J (σ’ηJ) is:

' ' '  J J Iησ σ σ= −  	 (4)

Considering the constantvε =  lines are parallel on the 
e vs. σ’(log) plane:

( ) ( ) ( ) ( )' ' ' 'log log log log  L K J Iσ σ σ σ− = −  	 (5)

''

' 'log log JL

K I

σσ
σ σ

  
=      

   
 	 (6)
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''

' '   JL

K I

σσ
σ σ

=  	 (7)

Substituting the σ’L and σ’J values given by Equations 3 
and 4 into Equation 7:

' ' ' '

' '

    
 L K J I

K I

η ησ σ σ σ

σ σ

+ +
=

 	 (8)

and then:

' '

' '  L J

K I

η ησ σ

σ σ
=

 	 (9)

Combining Equations 7 and 9:

' '

' '  L J

L J

η ησ σ

σ σ
=

 	 (10)

As σ’J >σ’L (Figure 2), hence σ’ηJ >σ’ηL. As points J and 
L rest on the same vε  line and σ’ηJ >σ’ηL, σ’η cannot be an 
exclusive function of vε , but is also a function of the void 
ratio. This also shows that, for a given constantvε = , the 
smaller the void ratio, the greater the σ’η .Thus, ( )' ' , veη ησ σ ε=   
and σ’s = σ’s (e), meaning that σ’η and σ’s are respectively 
functions of ( ), ve ε  and (e). Hence, Equation 1 can be 
rewritten as:

( ) ( )' ' ,  s ve e uησ σ σ ε= + +  	 (11)

From this mechanism, one point should be brought to 
discussion regarding the Principle of Effective Stress stated 
by Terzaghi (1936): since, during secondary consolidation, 
volumetric strains keep occurring under constant σ’, volume 
changes cannot be assigned to changes in effective stress as a 
whole. Considering σ’η is being transferred to σ’s, volumetric 
strains would be associated with changes of σ’s and not with 
changes in effective stress as a whole.

On the other hand, what would be expected if drainage was 
closed at the “end of primary” (point G in Figure 2), keeping the 
applied isotropic total stress constant? This type of test, called 
herein undrained isotropic stress relaxation test, was carried out 
on different clays and described by various researchers such 
as Bjerrum et al. (1958), Walker (1969), Arulanandan et al. 
(1971), Holzer et al. (1973), Vaid & Campanella (1977). The 
main result observed in all tests, following the closure of 

drainage, was an increase in pore pressure over time, assigned 
to the arrest of secondary consolidation.

Two additional features were observed by Arulanandan et al. 
(1971) and Holzer et al. (1973) on such a type of test carried 
out on San Francisco Bay Mud samples: (1) the greater the 
isotropic consolidation stress, the higher the pore pressure 
that developed, and; (2) the longer the specimen was left 
under secondary consolidation before closing drainage, the 
lower the pore pressure that developed.

It was suggested that the pore pressure build-up was 
possibly caused by drainage of water from micropores into 
macropores (see De Jong & Verruijt, 1965), a possibility 
that Wang & Xu (2007) showed to be inadequate to explain 
secondary consolidation.

It is worth noting that undrained isotropic stress 
relaxation does not obey the original PES (Terzaghi, 1936) 
since, if the pore pressure increases under constant total 
stress, the effective stress must decrease. According to the 
interpretation of the original PES (see for example Atkinson 
& Bransby, 1978, pp. 21-25), this would cause the specimen 
to expand, which does not occur since the drainage is closed.

As far as secondary consolidation is concerned, 
according to the original PES, the specimen is not expected to 
compress under constant isotropic effective stress. Therefore, 
isotropic secondary consolidation is also outside the original 
PES framework.

Lastly, although isotropic secondary consolidation and 
undrained isotropic stress relaxation cannot be explained by 
the original PES (Terzaghi, 1936), they can be explained by 
Terzaghi’s (1941) and Taylor’s (1942) extended concept of 
effective stress, as will be discussed further.

3. Experimental program and discussions

3.1 Tests on laboratory-manufactured samples

Thomasi (2000) carried out two isotropic consolidation 
tests in triaxial apparatus on a laboratory-fabricated sample of 
kaolin (80%) and bentonite (20%), by weight. Water was added 
to the mixture to produce a sample with a water content (w) 
of twice its liquid limit. It was then consolidated in two CBR 
test cylinders to a vertical stress of 30 kPa. Characterization 
test results showed: wL = 93%, wP = 22% (IP = 71%) and 
Gs = 2.62. The characteristics of the two 140 mm high and 
70 mm diameter cylindrical specimens, trimmed from the 
consolidated samples, are shown in Table 1.

To impose a state of stress as close to isotropic as 
possible throughout the specimens, “free ends” were used 
following the techniques suggested by Rowe & Barden 
(1964). Only radial drainage was allowed to provide uniform 
consolidation along the specimen height. Two slotted filter 
paper drains were placed around the specimens in contact 
with the upper porous stone, which was separated from the 
top of the specimen by an acrylic disc inserted between them. 
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The specimens were enclosed in two rubber membranes. 
The excess pore pressure was measured in the center of the 
specimen bottom (an undrained boundary). Both specimens 
were subjected to a stage of back-pressure (ub) application 
to 50 kPa, attaining B-coefficient values (Skempton, 1954) 
greater than 0.98. The specimens then underwent isotropic 
consolidation (see Table 2). The all-around consolidation 
stress (σ’c) was set to three times the vertical effective stress 
of 30 kPa used for the one-dimensional consolidation during 
sample preparation in order to minimize stress-induced 
anisotropy (Wroth & Houlsby, 1985). Both tests were carried 
out under the temperature of 19 ± 1°C.

After the “end of primary” consolidation, drainage 
was closed and pore pressure was observed to increase over 
time (Figure 3). Such pore pressure increase is denoted by 
Δuη. It is observed that the higher the volumetric strain rate 
( vε ) when drainage was closed, the higher the pore pressure 
that developed.

Such pore pressure build-up over time after drainage 
closure can be explained in light of Equation 11 as follows:

As the applied isotropic total stress σ is kept constant, 
taking derivatives with respect to time of both sides of 
Equation 11 gives:

''

''

0, 

thus :

s

s

dd du
dt dt dt

dd du
dt dt dt

η

η

σσ

σσ

+ + =

 
 = − +
 
 

 	 (12)

As previously discussed, based on the mechanism 
proposed by Terzaghi (1941), during secondary (isotropic) 
consolidation, the volumetric strain must be associated 
with changes in the solid component of effective stress σ’s 
and not with changes in effective stress as a whole. This 
is in agreement with Equation 12 since, during secondary 
consolidation, as / 0du dt =  then ' '/ /sd dt d dtησ σ= − .

Since volumetric strains are associated with changes 
in σ’s, the coefficient of volumetric compressibility must be 
defined in terms of σ’s as '/vs v sm d dε σ= , thus /vd dtε  can 
be written as:

' '

'

'

  or ,  

1thus :    

v v s v s
vs

s

s v

vs

d d d d d
m

dt dt dt dtd

d d
dt m dt

ε ε σ ε σ
σ

σ ε

= =

=

 	 (13)

Table 1. Initial characteristics of the specimens of 80% kaolin and 20% bentonite (Thomasi, 2000).

Test w γ e Sr

(%) (kN/m3) (%)
T5 101 14.2 2.65 99.9
T6 106 14.0 2.78 99.9

Table 2. Data from tests on specimens of 80% kaolin and 20% bentonite (Thomasi, 2000).

Test σ’c Δt-c ec
vε Δt-u Δuη

(kPa) (min) (10−8 s−1) (min) (kPa)
T5 90 4705 1.38 1.5 12628 14.1
T6 90 10391 1.39 0.3 14382 8.3

Figure 3.  Pore pressure build-up after drainage closure on specimens of 80% kaolin and 20% bentonite (adapted from Thomasi, 2000).
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Substituting ' /sd dtσ  given by Equation 13 into 
Equation 12:

'
v

vs
dd dum

dt dt dt
ησε  

 = − +
 
 

 	 (14)

On the other hand, during undrained isotropic stress 
relaxation, as the soil is saturated and considering solid grains 
incompressible, water content is constant and volume changes 
can only be assigned to pore water volume changes due to 
pore water compressibility, no matter how small it is. Thus:

 v vd d du
dt du dt
ε ε

=  	 (15)

Denoting the coefficient of compressibility of water 
by /w vwm d duε= , εvw being the volumetric strain of water, 
the volumetric strain of a saturated soil with porosity n, 
under undrained conditions, is εv = n εvw. But the rate of 
change of εv with respect to pore pressure u can be taken 
as: ( )/ /v vwd du n d duε ε≅  (see Appendix 1), and therefore 

/  v wd du nmε ≅ . Substituting this expression into Equation 15:

   v
w

d dunm
dt dt
ε

≅  	 (16)

Substituting /vd dtε  given by Equation 16 into 
Equation 14:

'1  
1  w

vs

ddu
dt dtmn

m

ησ≅ −
 
+ 

 

 	 (17)

Bs

The above derivation of coefficient Bs follows similar 
steps of the derivation of the Skempton’s (1954) pore pressure 
coefficient B.

In soft clays, as mw is much lower than mvs and n is 
always smaller than 1, Bs can be taken as 1, hence:

'

  
ddu

dt dt
ησ≅ −  	 (18)

After closing drainage, pore pressure is experimentally 
observed to increase with time (see Figure 3). As a consequence, 
according to Equation 16, soil volume changes keep occurring 
due to the water compression caused by the pore pressure 
increase, with constant water content. However, although 

/du dt  is measurable, since water compressibility mw is 
extremely small, /vd dtε  is imperceptibly small and so is εv. 
That is the reason why, for practical purposes, saturated soil 
specimens are assumed to suffer no volume changes under 
undrained conditions.

During secondary consolidation, soil volume changes 
are due to water content reduction, whereas, after closing 
drainage (undrained stress relaxation), soil volume changes 
are due to water compression (with constant water content), 
being so small that can be considered negligible. After 
drainage closure, the rate of pore pressure build-up ( )/du dt  
is experimentally observed to decrease with time and is 
expected to approach a zero value (see Figure 3). Being so, 
according to Equation 16, at drainage closure, volumetric 
strain rate does not instantaneously drop to zero, but also 
decays gradually, approaching zero with time. Rearranging 
Equation 17:

'  
  w

vs

d nmdu du
dt dt m dt
ησ + ≅ −  	 (19)

Substituting Equation 19 into Equation 12:

'  
  s w

vs

d nm du
dt m dt
σ

≅  	 (20)

Again, in soft clays, as mw is much lower than mvs and 
n is always smaller than 1, n (mw / mvs) is so small that it 
can be considered negligible. Therefore, during undrained 
isotropic stress relaxation, although ( )/du dt  is measurable, 

' /sd dtσ  is negligible. As /vd dtε  is also negligible, as already 
demonstrated by Equation 16, both σ’s and void ratio can be 
considered constant for practical purposes.

During undrained isotropic stress relaxation, as the total 
stress σ is kept constant and σ’s can be assumed constant, 
according to Equation 11, the sum σ’η + u can also be assumed 
constant. According to Equation 18, during undrained 
isotropic stress relaxation, as pore pressure u increases, 
σ’η decreases by the same magnitude. In the beginning of 
the undrained isotropic stress relaxation stage, excess pore 
pressure build-up due to the transference of σ’η, denoted by 
Δuη, is zero and, at the end of the stress relaxation stage, it 
must reach a value corresponding to the value of σ’η at the 
instant of drainage closure, provided the stage lasts enough 
to make ( )/du dt  equal to zero.

According to the described mechanism, secondary 
consolidation takes place by transferring σ’η to σ’s, during 
which volumetric strain rate ( vε ) decreases over time. 
Thus, the longer the time between the “end of primary” 
consolidation and the drainage closure, the more secondary 
consolidation that has already taken place and the lower the 
values of σ’η and vε  at drainage closure (Figure 2). Hence, 
the later the drainage closure after primary consolidation, 
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the lower the expected pore pressure build-up during an 
undrained isotropic stress relaxation stage (see path GJI in 
Figure 2). This can be observed by comparing the results 
of tests T5 and T6 (Figure 3 and Table 2). After the end of 
secondary consolidation, there would be no remaining σ’η 
to be transferred to σ’s. Therefore, no pore pressure build-up 
would be expected if drainage was closed after the end of 
secondary consolidation (point H in Figure 2).

3.2 Tests on undisturbed clay samples from Sarapuí II 
Test Site

Aguiar (2014) ran a test program on undisturbed soft 
clay samples from the Sarapuí II test site, a swampy area next 
to Guanabara Bay, on the left bank of Sarapuí River, about 
7 km north of the Rio de Janeiro city limits (see Ortigão et al., 
1983; Danziger et al., 2019). The soft clay deposit extends 
from the ground surface to depths varying from 6.5 m to 
10 m. The water table coincides with the ground surface. 
Characterization test results throughout the clay layer are 
shown in Figure 4 (Jannuzzi et al., 2015).

Samples were taken between 3.0 m and 4.0 m depth 
from borings two meters apart. Characterization test results 
are shown in Table 3. All specimens were trimmed between 
the depths of 3.25 m and 3.66 m. Average values of water 
content (w), unit weight of soil (γ) and void ratio (e) 
obtained from 13 specimens are shown in Figure 4. Between 
3.0 m and 4.0 m depth, Jannuzzi et al. (2015) estimated 
an effective overburden stress of 11 kPa and obtained a 
preconsolidation stress of 25 kPa from standard incremental 
loading oedometer tests and an average undrained shear 
strength of 11 kPa from field vane tests. The clay fraction 
consisted of 16% illite, 36% smectite and 48% kaolinite 
by weight. The activity was 1.6.

The samples were taken with brass tube samplers 
with wall thickness of 1.5 mm, inside diameter of 98.3 mm 
(without clearance) and net length of 650 mm.

CIU triaxial tests were carried out on 140 mm high and 
70 mm diameter specimens. Saturation was accomplished 
by applying a backpressure at the top of the specimen in two 
stages of 25 kPa each, giving a final backpressure of 50 kPa. 
A B-coefficient value greater than 0.98 was measured on all 

Figure 4.  Geotechnical profile of Sarapuí II clay deposit (adapted from Jannuzzi et al., 2015).

Table 3. Data of Sarapuí II clay deposit from 3.0 m to 4.0 m depth (from authors).
Grain size Atterberg Specific

Distribution Limits Gravity
Clay Silt Sand wL wP IP Gs(%) (%) (%) (%) (%) (%)
85 8 7 187 51 136 2.56
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specimens. During consolidation, drainage was provided 
through the top and the slotted filter paper placed around 
the specimen. Pore pressure was measured at the specimen 
bottom through a 10 mm diameter porous stone installed 
at the center of a 70 mm acrylic disk placed between the 
specimen bottom and the pedestal. A 70 mm diameter rubber 
membrane with a center hole slightly larger than 10 mm and 
lubricated with graphite powder on its lower surface was 
placed above the acrylic disk, providing a “free end”. The 
specimen was wrapped in one rubber membrane sealed to 
the pedestal and to the top cap. Silicone oil was used as cell 
fluid instead of water in order to minimize potential diffusion 
from the chamber into the specimen. All tests were carried 
out under the temperature of 19 ± 1°C.

Specimens were isotropically consolidated to 80, 140 
and 200 kPa. The lowest value is higher than three times 

the preconsolidation stress so as to reduce structure and 
anisotropy effects.

In four tests (A1.1, A2.1, A3.1 and A6.1), drainage 
was closed when the excess pore pressure measured at the 
undrained boundary was less than 1% of the consolidation 
stress (σ’c) and pore pressure was observed over time. The 
initial characteristics of these specimens are shown in Table 4 
and test results are shown in Table 5 and Figure 5.

As observed by Arulanandan et al. (1971) and Thomasi 
(2000), pore pressure increased over time (see Figure 5), being 
greater for higher consolidation stresses. Such results along with 
Figure 2 suggest that, provided the volumetric strain rates ( vε ) 
at the time of drainage closure are the same, during undrained 
isotropic stress relaxation, the pore pressure build-up plotted 
with time can be normalized respective to the consolidation 
stress, based on the following derivation (see Figure 2):

Table 4. Initial characteristics of the undisturbed Sarapuí II clay specimens (Aguiar, 2014).

Test w γ
e Sr

(%) (kN/m3) (%)
A1.1 171 12.7 4.38 100
A2.1 182 12.5 4.66 100
A3.1 185 12.5 4.74 100
A6.1 184 12.5 4.71 100

Table 5. Data from tests on undisturbed Sarapuí II clay specimens (Aguiar, 2014).

Test σ’c Δt-c ec
vε Δt-u Δuη

(kPa) (min) (10−7 s−1) (min) (kPa)
A1.1 80 1440 2.44 3.9 17316 23.6
A2.1 140 1440 2.20 2.6 17137 35.6
A3.1 200 2400 2.02 0.3 16163 46.3
A6.1 80 1440 2.62 3.1 29166 25.0

Figure 5.  Pore pressure build-up after drainage closure on undisturbed Sarapuí II clay (Aguiar, 2014).
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( ) ( ) ( ) ( )' ' ' 'log log log log  G L M Jσ σ σ σ− = −  	 (21)

Thus:

' '

' '
G M

L J

σ σ
σ σ

=  	 (22)

Therefore:

' ' ' '

' '  G L M J

L J

σ σ σ σ
σ σ
− −

=  	 (23)

and:

' ' ' '

' '
G L M J

G M

σ σ σ σ
σ σ
− −

=  	 (24)

Where (σ’G – σ’L) is the pore pressure build-up (Δuη) 
developed between points G and L and (σ’M – σ’J) is the pore 
pressure build-up (Δuη) developed between points M and J. 
This derivation remains valid for any pair of paths from G 
and M on the same isotache line, provided they extend to 
corresponding points L and J on another isotache line. The 
remaining question is whether the time taken from G to L is 
the same as that from M to J. The results shown in Figure 6 
seem to support this hypothesis (test A3.1 result is not included 
since its vε  is about ten times smaller).

3.3 Tests on reconstituted Onsøy clay samples

A similar testing program consisting of ten triaxial 
tests was performed on reconstituted Onsøy clay samples 

at the Schmertmann Research Laboratory (Norwegian 
Geotechnical Institute, Oslo), at a temperature of 23 ± 1°C. 
The characterization and the engineering properties of 
the natural in situ Onsøy clay deposit were described by 
Lunne et al. (2003).

The 141 mm high and 72 mm diameter cylindrical 
specimens were trimmed from reconstituted Onsøy clay 
block samples: two prepared from the same slurry in 2016 
by Suzuki  et  al. (2017) and a third one prepared from 
another slurry in 2017. A homogeneous slurry with water 
content of about twice the liquid limit was made by mixing 
amounts of disturbed Onsøy clay samples with deaired 
water with a salt content of 12 g/l, as in situ. The slurry 
was then consolidated in a large box in four stages up to a 
vertical effective stress (σ’v) of 50 kPa in about four weeks 
(see Suzuki  et  al., 2017). Suzuki  et  al. (2017) obtained 
the following index properties for the material: Gs = 2.80, 
wP = 29% and wL = 68% (IP = 39%).

The specimens, whose characteristics after trimming 
are shown in Table 6, were prepared and mounted according 
to NGI procedures (Berre, 1982; Lacasse & Berre, 1988). 
All specimens were wrapped in two rubber membranes. 
Silicone oil was used as cell fluid (except in tests SRL1.2 
and SRL2.2, in which distilled water was used) to reduce 
possible diffusion from the cell fluid into the specimen.

Drainage was provided by porous stones on the top 
and bottom of the specimen and by four equally spaced filter 
paper strips placed in helical with a slope of 1V:1.3H along 
the specimen’s lateral surface, from the top to the bottom 
porous stone. Specimen saturation was accomplished by 
applying a backpressure in three stages, two of 50 kPa and a 
final one of 100 kPa, giving a final backpressure of 200 kPa. 
A B-coefficient value higher than 0.98 was measured in all 
specimens. The specimens were then isotropically consolidated 
to the stresses indicated in Table 7.

Figure 6.  Normalized pore pressure build-up (Δuη /σ’c) after drainage closure on undisturbed Sarapuí II clay (Aguiar, 2014).
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In all tests, drainage was closed after the end of primary 
(isotropic) consolidation and pore pressure measured over 
time. Drainage was closed when vε  attained 10−7 s−1, 10−8 s−1 
or 10−9 s−1 (Table 7). Test results are shown in Table 7 and 
in Figures 7 to 12.

Figure 7 shows that, for a constant σ’c, the greater the 
vε  when drainage was closed, the greater the pore pressure 

build-up Δuη. According to the mechanism already described, 
such pore pressure build-up is caused by the transference 
of σ’η to pore pressure. As the higher the vε  at the instant of 
drainage closure, the higher the σ’η acting at that moment, 
thus higher Δuη values are expected to develop after drainage 
closure. These results confirm why σ’η must be written as a 
function of vε  in Equation 11.

Figures 8 and 9 show that, for a fixed  vε  when drainage 
is closed, the greater the σ’c, the greater the pore pressure 
build-up. For a given isotache ( vε = constant) line, as a higher 
σ’c means a smaller void ratio, the smaller the void ratio at the 
instant of drainage closure (ec), the higher the Δuη developed, 
which means a higher σ’η acting at drainage closure. These 
results confirm why σ’η must also be written as a function of 
void ratio in Equation 11. Moreover, as observed in Sarapuí 
II clay, Figures 10 and 11 seem to support the hypothesis 
already discussed, namely: pore pressure build-up plotted 

with time can be normalized to the consolidation stress, 
provided the undrained isotropic stress relaxation stages 
start from points on the same isotache (  vε = constant) line.

If the undrained relaxation stress stages had lasted long 
enough, it would be expected that the value of Δuη developed 
would become constant and correspond to the value of 
σ’η acting at the moment of drainage closure. Moreover, 
according to Equation 9, for a fixed vε  when drainage was 
closed, the value of σ’η (and also the final Δuη value) would 
be expected to normalize respective to the solid component 
of the consolidation stress (σ’s). Unfortunately, this could not 
be checked due to the limited duration of the stress relaxation 
stages, even in Test 9.1, that lasted for more than 100 days 
(see Figure 12).

4. Discussion of the main points

The following aspects linking the experimental results 
to the theoretical background are highlighted below:

(a)	 Figures 3 and 7 show that, for a fixed σ’c, the greater 
the vε  at the beginning of an undrained isotropic 
stress relaxation stage (drainage closure), the greater 
the Δuη value developed with time. This observation 
can be explained by the following reasoning. 

Table 6. Initial characteristics of the reconstituted Onsøy clay specimens.

Test w γ
e Sr

(%) (kN/m3) (%)
SRL1.2 57.1 16.3 1.65 97.0
SRL2.2 56.6 16.6 1.60 99.4
SRL3.1 59.3 16.3 1.68 98.7
SRL4.1 58.0 16.5 1.62 100
SRL4.2 57.8 16.5 1.62 99.6
SRL5.1 57.9 16.4 1.64 99.1
SRL5.2 57.5 16.5 1.63 99.1
SRL7.1 59.2 16.4 1.67 99.5
SRL7.2 58.8 16.4 1.66 99.2
SRL9.1 59.3 16.3 1.68 98.8

Table 7. Data from tests on reconstituted Onsøy clay specimens.

Test σ’c Δt-c ec vε Δt-u Δuη

(kPa) (min) (s−1) (min) (kPa)
SRL1.2 160 1580 1.33 0.9 × 10−7 8919 40.9
SRL2.2 160 4500 1.29 1.0 × 10−8 14809 29.1
SRL3.1 160 38604 1.30 0.9 × 10−9 12839 15.7
SRL4.1 160 1454 1.31 0.7 × 10−7 16432 35.0
SRL4.2 164 4800 1.30 1.1 × 10−8 20100 31.1
SRL5.1 92.5 1440 1.44 1.1 × 10−7 23394 24.9
SRL5.2 92.5 1380 1.42 1.1 × 10−7 25920 28.4
SRL7.1 106 4860 1.40 0.6 × 10−8 5190 12.4
SRL7.2 160 4620 1.31 0.7 × 10−8 995 12.0
SRL9.1 160 37351 1.30 1.0 × 10−9 141515 36.0
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Figure 7.  Pore pressure build-up after drainage closure after consolidation under σ’c = 160 kPa on reconstituted Onsøy clay.

Figure 8.  Pore pressure build-up after drainage closure with  vε  on the order of 10−7 s−1 on reconstituted Onsøy clay.

Figure 9.  Pore pressure build-up after drainage closure with  vε  on the order of 10−8 s−1 on reconstituted Onsøy clay.

https://creativecommons.org/licenses/by/4.0/
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Figure 10.  Normalized pore pressure build-up (Δuη /σ’c) after drainage closure with  vε  on the order of 10−7 s−1 on reconstituted Onsøy clay.

Figure 11.  Normalized pore pressure build-up (Δuη /σ’c) after drainage closure with vε  on the order of 10−8 s−1 on reconstituted Onsøy clay.

Figure 12.  Pore pressure build-up after drainage closure with vε  on the order of 10−9 s−1 on reconstituted Onsøy clay.
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Consider first an undrained isotropic stress relaxation 
stage following GK line in Figure 2. Since the process 
is undrained with pore pressure generation, there must 
be pore water volume decrease (with constant water 
content). However, as the water compressibility is 
extremely small, path GK can be considered horizontal 
(εv ≅ 0), as it is usually presumed in soil mechanics. 
At the beginning (point G), σ’η is represented by the 
GK segment (σ’ηG). As stress relaxation progresses, 
according to Equation 18, an increase in pore pressure 
corresponds to an equal decrease in σ’η. At the end of 
the process (point K), Δuη generated must be equal 
to σ’ηG. Next consider an undrained isotropic stress 
relaxation stage following the JI segment in Figure 2. 
At the beginning (point J) σ’η is represented by the 
JI segment (σ’ηJ), which is smaller than GK segment 
(σ’ηJ <σ’ηG). At the end of the process (point I), Δuη 
generated must be equal to σ’ηJ, and, therefore, 
smaller than the Δuη generated at the end of GK stress 
relaxation. As σ’c at point G and at point J are the 
same, but vε  at point G is greater than vε  at point 
J, this means that, for a fixed σ’c, the greater the vε  
at the beginning of an undrained stress relaxation 
stage (drainage closure), the greater the expected 
Δuη value at the end of the process. Although the 
tests were not long enough for fully stable Δuη, this 
is the trend shown in Figures 3 and 7.

(b)	 Figures 5, 8  and 9 show that, for a given vε , the 
greater the σ’c at the beginning of an undrained 
isotropic stress relaxation stage (drainage closure), the 
greater the Δuη value developed with time. Moreover, 
Figures 6, 10 and 11 suggest that Δuη vs. t curves are 
proportional to σ’c. This observation can be explained 
by the following reasoning. Consider two undrained 
isotropic stress relaxation stages starting from points 
on the same isotache line but different σ’c, for instance 
points L and J on vBε  line in Figure 2. Assuming 
parallel isotache lines, the Δuη value expected at 
the end of both processes are proportional to σ’s 
during the stress relaxation (σ’K =σ’sK and σ’I =σ’sI in 
Figure 2), as Equation 9 shows. However, according 
to Equation 10: σ’ηL /σ’L = σ’ηJ /σ’J . This means that, 
for a fixed vε , the greater the σ’c at the beginning of an 
undrained isotropic stress relaxation stage (drainage 
closure), the greater the expected Δuη value at the 
end of the process. Although the tests were not long 
enough, that is the trend shown in Figures 5, 8 and 9. 
Equation 10 also shows that the expected Δuη value 
is directly proportional to σ’c provided the starting 
points are on the same isotache line. In this case, the 
curves Δuη vs. t  can be normalized respective to σ’c 
as suggested by Figures 6, 10 and 11.

(c)	 If it is assumed that the void ratio is constant during an 
undrained isotropic stress relaxation stage (GK segment 
in Figure 2), thus vε  should be zero. If it was the case, 

as ( )' , vf eησ ε=  , σ’η should not be expected to vary 
during stress relaxation. This apparent inconsistency 
can be cleared up by the following discussion. As 
pore pressure is observed to increase with time 
( )/ 0du dt > , according to Equation 16, volumetric 
strain is not zero ( )/ 0vd dtε > , although water 
content is constant. However, as water compressibility 
(mw) is extremely small and the porosity (n) is less 
than 1, the product ( )  /wnm du dt  is negligible. As 
already demonstrated, /  v wd du n mε ≅ . Therefore:

( ) ( )

0 0
 

v t u t
v wd nm du

ηε
ε

∆
≅∫ ∫  	 (25)

Assuming n and mw changes are of secondary order 
when compared to pore pressure changes, both n and mw can 
be assumed constant, thus:

( ) ( )

0 0
 

v t u t
v wd nm du

ηε
ε

∆
≅∫ ∫  	 (26)

and

( ) ( )  v wt nm u tηε ≅ ∆  	 (27)

For example: For test SRL 9.1 shown in Figure 12, since 
the void ratio (ec) is 1.30, the porosity (n) is 0.57. For the 
time corresponding to the end of the test, Δuη was 36.0 kPa 
(see Table 7 and Figure 12). Taking the compressibility of pure 
water (mw) (without dissolved gas) equal to 5 × 10−7 kPa−1, 
thus, at that time:

7 5 30.57  5 x1 0   36 1.03 x1 0 1.03 x1 0  %vε
− − −≅ ⋅ ⋅ = =  	 (28)

Therefore:

( )5 51.03 x1 0   1 1 .3 2.36 x1 0e − −∆ = ⋅ + = . 	 (29)

These values of εv and Δe are negligible.
(d)	 The experimental results show that, during undrained 

isotropic stress relaxation, under constant total stress, 
the pore pressure increases making the effective 
stress to decrease with negligible volume change 
(zero volume change for all practical purposes).

(e)	 Considering isotropic secondary consolidation (GH 
line in Figure 2), during which σ’c is constant and 
σ’η is assumed to be transferred to σ’s, the smaller 
the vε , the smaller the σ’η . The magnitude of σ’η 
corresponds to the horizontal distance between the 
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(e, σ’c) point and the end of secondary line. At point 
G, where v vAε ε=   (Figure 2), σ’η, denoted by σ’ηG, is 
represented by the GK segment. At point J, where 

v vBε ε=  , σ’η, denoted by σ’ηJ, is represented by the 
JI segment. When secondary consolidation reaches 
point H, σ’η is zero and secondary consolidation 
ends. According to Equation 12, since, during 
isotropic secondary consolidation, / 0du dt = , thus 

' '/  /sd dt d dtησ σ= − . This shows that secondary 
consolidation takes place by transferring σ’η to σ’s, 
being in accordance to Terzaghi’s (1941) proposition. 
Moreover, it shows that, during isotropic secondary 
consolidation, volumetric strains should be assigned 
to changes in the solid component of effective stress 
(σ’s), which increases during the process, and not to 
changes in the effective stress as a whole, which is 
kept constant.

5. Conclusion

a)	 When dealing with soil mechanics phenomena which 
do not obey the original Principle of Effective Stress 
(PES), the usual approach is to develop a special tool 
to tackle the specific problem. In this paper, a broader 
concept of effective stress introduced by Terzaghi 
(1941) and Taylor (1942) is used to explain secondary 
consolidation and undrained stress relaxation under 
isotropic stress states in saturated plastic soils.

b)	 In this approach, the effective stress is split into two 
components: a solid component (σ’s), transmitted 
by the solid contacts between grains, and a viscous 
component (σ’η), transmitted by the highly viscous 
adsorbed water surrounding the grains. Theoretical 
reasoning supported by experimental evidence 
shows that σ’s is an exclusive function of void ratio 
(e), whereas σ’η, is a function of volumetric strain 
rate ( vε ) and void ratio (e).

c)	 In the light of this approach, isotropic secondary 
consolidation takes place under constant effective 
stress (σ’) by transferring σ’η to σ’s. Thus, volumetric 
strains should be associated with changes in σ’s, 
which increases during the process, and not with 
changes in effective stress as a whole (σ’), which 
remains constant.

d)	 If drainage is closed after the “end of primary” isotropic 
consolidation, starting an undrained isotropic stress 
relaxation, pore pressure is observed to increase 
with time. As total stress is kept constant, effective 
stress decreases with negligible volume decrease 
(with constant water content) due to the extremely 
low compressibility of the water, showing again that 
volumetric strains cannot be associated to changes in 
effective stress as a whole. According to this approach, 
such pore pressure build-up can be explained by the 
transference of σ’η to pore pressure, with constant σ’s.

e)	 Conclusions (c) and (d) combined suggest that, under 
isotropic stress states, whenever there is change in σ’s, 
there must be change in void ratio, and conversely.

f)	 Undrained isotropic stress relaxation tests carried 
out on three different clays by closing the drainage 
after the “end of primary” isotropic consolidation 
showed the following features: (i) For a fixed value of 
consolidation stress (σ’c), the greater the volumetric 
strain rate ( vε ) at drainage closure, the higher the 
pore pressure Δuη that developed. (ii) For a fixed vε  
at drainage closure, the greater the σ’c value (i.e. the 
smaller the void ratio), the greater the pore pressure 
(Δuη) that developed. In case (ii), Δuη (t) seems to 
normalize respective to σ’c.

g)	 During undrained isotropic stress relaxation, a pore 
pressure increase corresponds to a σ’η decrease of the 
same magnitude (Equation 18). As a consequence 
and to provide the balance of Equation 11, pore 
pressure (Δuη) must rise with time towards the value 
of σ’η existing at drainage closure. On the other 
hand, at the end of secondary consolidation, σ’η = 0. 
Therefore, if drainage was closed after the end of 
secondary consolidation, no pore pressure build-up 
would be expected, since there would be no σ’η to 
be transferred to pore pressure.

h)	 The proposed mechanism, based on Terzaghi (1941) 
and Taylor (1942), does not invalidate the Principle 
of Effective Stress, but extends it to explain isotropic 
secondary consolidation and undrained isotropic 
stress relaxation in saturated plastic soils within a 
unique framework. The authors have been working 
to extend this approach to general stress states.
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List of symbols and abbreviations

d	 Distance from clay grain surface beyond which 
	 adsorbed water turns into free water
e	 Void ratio
ec	 Void ratio when drainage was closed (after primary 
	 consolidation)
mvs	 Coefficient of volumetric compressibility of soil 
	 related to σ’s
mw	 Coefficient of volumetric compressibility of water
n	 Porosity
t	 Time
u	 Pore pressure
ub	 Back-pressure
w	 Water content
wL	 Liquid limit
wP	 Plastic limit
Bs	 Pore pressure coefficient similar to Skempton’s 
	 pore pressure coefficient B
Capes	 Coordenação de Aperfeiçoamento de Pessoal de 
	 Nível Superior

Coppe	 Instituto Alberto Luiz Coimbra de Pós-graduação 
	 e Pesquisa de Engenharia
Cc	 Compression index
Cα	 Rate of secondary consolidation
Faperj	 Fundação Carlos Chagas Filho de Amparo à Pesquisa 
	 do Estado do Rio de Janeiro
Gs	 Specific gravity
IP	 Plasticity index
NGI	 Norwegian Geotechnical Institute
PES	 Principle of Effective Stress
Sr	 Degree of saturation
SRL	 Schmertmann Research Laboratory
UFRJ	 Universidade Federal do Rio de Janeiro
V	 Total volume of soil
Vv	 Volume of soil voids
Vw	 Volume of water that fills the soil voids
Δt-c	 Time during which consolidation was allowed
Δt-u	 Time during which drainage valve was kept closed 
	 after consolidation
Δu	 Excess pore pressure
Δuη	 Pore pressure build-up due to the transference of 
	 σ’η to pore pressure
εv	 Soil volumetric strain
εvw	 Water volumetric strain

vε 	 Soil volumetric strain rate (equal to dεv /dt)
γ	 Unit weight of soil
σ	 Νormal total stress / isotropic total stress
σ’	 Normal effective stress / isotropic effective stress / 
	 current value of isotropic effective stress
σ’c	 Consolidation stress
σ’s	 Solid component of normal (isotropic) effective stress
σ’v	 Vertical effective stress
σ’η	 Viscous component of normal (isotropic) effective stress
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Appendix 1. Derivation of /  /v vwd du nd duε ε≅ .

This appendix shows the derivation of /  /v vwd du nd duε ε≅ , where εv is the soil volumetric strain, n is the soil porosity 
and εvw is the water volumetric strain.
Firstly, it is worth recalling that, for a saturated soil: εv = n εvw . Therefore:

( ) vwv vw
vw

d nd ddn n
du du du du

εε ε
ε= = +  	 (30)

Being saturated soil, Vv = Vw, where Vv is the volume of voids and Vw is the volume of water that fills the voids. Hence, 
the porosity n is n = Vw /V, where V is the total volume of soil. Thus:

( )
2

/ 1w w w
vw vw vw

d V V dV Vdn dV
du du V du duV

ε ε ε  = = − 
 

 	 (31)

And, therefore, Equation 31 can be rewritten as:

w
vw vw

w

dVdn n n dV
du V du V du

ε ε
 

= − 
 

 	 (32)

As /vd dV Vε =  and /vw w wd dV Vε = , hence Equation 32 is rewritten as:

vw v
vw vw

d ddn n n
du du du

ε ε
ε ε  = − 

 
 	 (33)

Substituting Equation 33 into Equation 30:

v vw v vw
vw

d d d d
n n n

du du du du
ε ε ε ε

ε  = − + 
 

 	 (34)

Rearranging Equation 34:

( )
( )

1  
1  

vwv vw

vw

d d
n

du du n
εε ε
ε

+
=

+
 	 (35)

As εvw is extremely small when compared to 1 and n < 1:

( )
( )

1  
1 

1  
vw

vwn
ε
ε

+
≅

+
 	 (36)

And finally:

v vwd d
n

du du
ε ε

≅  	 (37)
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