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ABSTRACT. Generally, two causes are considered to be behind the phenomenon of secondary
consolidation: the presence of micropores and the viscosity of the adsorbed water layer. In this
research, Poiseuille’s equation is used to establish the velocity of the flow of water during
consolidation as a function of both the size of the pore and the viscosity of the fluid. In addition, a
porous model based on the pore size distribution is used to analyze the water flow through the
pores of soils. Using this approach, the proportion of flow occurring through large and small pores
can be established. It is found that the flow of water through the macropores generates primary
consolidation while secondary consolidation appears during the flow of water through the
micropores. In contrast, the effect of the viscosity of water is rather marginal. With this approach,
it is possible to evaluate both primary and secondary consolidation from the pore size distribution

of the soil. Some comparisons between experimental and numerical results show the adequacy of
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this approach. This procedure avoids the necessity of long-term consolidation tests to determine

the total settlement of structures built on clayey soils.

Keywords: primary and secondary consolidation, Poiseuille equation, porous model, soil-water

retention curves, pore size distribution.

1. INTRODUCTION

The phenomenon of secondary consolidation has been largely studied since the last century but still,
there is no general agreement on its origin. The two main causes attributed to this phenomenon are
the increase in viscosity of the adsorbed water layers and the presence of micropores. These two
main hypotheses have been explored by different authors. In some cases, rheological models with
dashpot elastic and plastic elements have been employed (Merchant [22]; Lo [18]; Wahls [30];
Christie [10]; Wu et al. [31]; Martins and Lacerda [21], among others). In other cases, exponential
equations as function of time have been used (Bjerrum [6]; Hansen [16]). Also, variable permeability
(Mesri [23]) or different permeabilities for the macro and microstructure in Terzaghi’s consolidation
equation have been explored (Figueroa [13]; Liu and Borja [17]). Some of these models result in
curves with two steps: one for primary and the other for secondary consolidation. Other approaches
result in a single step with secondary consolidation occurring at large times. Tests performed by
Martins [20] on a mixture of 90% kaolin and 10% Bentonite show two steps (Fig. 1). The first one for
primary consolidation ends at about 20 minutes. The second, for secondary consolidation,
practically ends after 23 months. Similar results were reported on an organic clay in a five-year test

by Andrade [3]. The end of primary consolidation was reached at about 20 minutes while the
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secondary consolidation approximately ended after 3.9 years. Similar results were obtained by
Cosenza y Korosak [8] on clay from Cubzac-Les-Ponts and by Berre and Iversen [5] on marine clay

with 45% clay.
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Fig. 1 Consolidation tests at different stresses after Martins (1992)

Among the most remarkable analyses are those performed by de Josselin de Jong [11], Figueroa
[13], and Liu and Borja [17]. De Josselin de Jong [11] proposed a probabilistic porous model formed
by cavities and bonds or channels of different sizes where the smaller pores retarded the flow of
water. This author observed that the results of this approach are essentially similar to those
obtained with rheological models. A similar porous model as the one proposed by de Josselin de

Jong is employed in this paper.
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The procedure followed by Figueroa [13] considers a bimodal structure of the soil. The
microstructure is formed by a group of aggregates with small pores and low permeability. These
aggregates are embedded in the macrostructure formed by larger particles with high permeability.
Then two different values for the coefficient of consolidation are considered, one for the
microstructure (C,,;,) and other for the macrostructure (C,,). In addition, the proportion between
the volume of the microstructure (V},,) with respect to the total volume of the soil (V3 =V + V},,),
where V), represents the volume of the macrostructure, is included. The results are presented as a
set of master curves plotted in the axes of the degree of consolidation versus the logarithm of time
(Fig. 2). These curves depend on two parameters: ay = Ty, /Ty, representing the ratio of the time
factors of the micro (Ty, = Cpp, t/H*?) and macrostructure (T, = Cyp t/H*?); and v =V, / V7,
representing the proportion of the volume of the microstructure with respect to the total volume
of the soil. The main disadvantage of this method is that the parameters of the model can only be
obtained by comparing the experimental results with the master curves. Therefore, only by
performing long-term consolidation tests, these parameters can be obtained. This represents an

important drawback to the practical applicability of this method.



76

77

78

79

80

81

82

83

84

85

86

87

88

89

90

o | ®-1 601 —&-001 -&-0.0001 -6 0.000001

c 0

2

® 0.2

8

8 0.4 g

S 0.6 'g

Y= N

S 03 B0 g0 000,

g e th,  PEg

8," 1 T9-0-0-0—8 A-aa B5aa8

(a] 0.00 0.01 1.00 100.00 10000.00
Time (h)

Fig. 2 Master curves for different values of parameter ay and r = 0.25 (after Figueroa 1996)

Liu and Borja [17] evaluated three possible causes of secondary consolidation either individually or
combined: viscoplastic behavior of the sample where a certain viscosity parameter for the soil is
considered; the flow of water through macro and micropores where two different permeabilities
are considered; and delayed compression due to creep as proposed by Bjerrum [6]. The first two
solutions result in finite deformations for the secondary consolidation. The second solution is similar
to the analysis made by Figueroa [13] and the resulting curves are also similar. The third solution
results in undefined deformations for secondary consolidation similar to Bjerrum’s solution which

considers a constant deformation rate with time.

Regarding the results obtained from the models proposed by the different authors listed above, the
doubt still subsists on which is the main cause of secondary consolidation. By adopting Poiseuille’s

equation for the flow of water in fine soils, it is possible to analyze the influence of both the size of
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pores and the viscosity of the fluid during the phenomenon of consolidation. In addition, it is known
that when soil deforms only the macropores reduce their size while the micropores remain about
the same size (Simms and Yanful [27]; Yu et al. [33]). This means that the evolution of the
porosimetry during loading is another factor that needs to be considered during the phenomenon

of consolidation (Crawford [9]; Alexandre and Martins [1]).

The influence of the viscosity of water can be observed from the experimental results reported by
Low [19]. This researcher measured the viscosity of water using three different methods with similar
results (Fig.3). These methods involved the viscous flow, self-diffusion, and neutron scattering of
the interlayer water. The results show that the viscosity of water for the first molecule attached to
a solid increases more than 10 times the viscosity of free water. For the second to the fourth
molecule, the increase is from 10 to 3 times the viscosity of free water (dotted vertical lines in Fig.
3). Considering that a pore is filled only by adsorbed water, a size of pore ranging from 0.0011 to
0.0022 pum is required to mobilize the second and fourth molecules of water, respectively. This
means that both variables viscosity and small pores could be behind the phenomenon of secondary

consolidation.
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Fig. 3 Variation of the viscosity of water with the distance to the solid particle (after Low 1979)

2. CONSOLIDATION EQUATION

Terzaghi’s one-dimensional consolidation analysis results in a hydromechanical coupled equation
for saturated materials during non-steady water flow. This equation is obtained by coupling three
different equations: Terzaghi’s effective stress equation, Darcy’s flow equation, and the equation
for one-dimensional settlement. Terzaghi considers two assumptions for the phenomenon of
consolidation: the first one establishes that solids and water are incompressible and the second one
is that only the solid skeleton deforms under the action of applied stresses. In this way, the
volumetric deformation of the soil results from the volume of water that flows outside the sample.
In turn, the flow of water is produced by the increase in water pressure during the loading of the
sample. When the resultant equation is solved through Fourier’s series, the evolution of the water

pressure (u,,) with time (t) and depth (z) can be obtained in the form
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Uy = Ady, Ymeo Ee “H sin (ai)] (1)

where Ag, represents the vertical increment of stress applied to the sample, C,, is the coefficient of
consolidation, H* is the equivalent height which depends on the drainage conditions of the sample,
and a = (2n + 1)m/2, with n representing the summation parameter in Eq. (1). In practice, this
equation is applied only for primary consolidation. In such a case, the consolidation curve is divided
into primary and secondary consolidation. At the time where 50% percent of primary consolidation
occurs (tsg), the coefficient of consolidation (C, = Tsq H*?/ts,) is computed and the evolution of
vertical displacements with time can be obtained. This procedure ensures that the computed
displacements approach the experimental results. In the following sections, the same hypotheses

as Terzaghi’s one-dimensional consolidation equation are assumed.
3. FLOW OF WATER IN FINE SOILS

In the case of fine soils, the flow of water is better represented by Poiseuille’s regime. In such a case,
the pores of the soil are initially considered as a bundle of capillary tubes of different sizes. Later
this model is extended to the case of a network of interconnected pores made of cavities and bonds.
For this analysis, the soil is considered to be homogenous. Fig. 4 represents the pore water pressure
against the height of a soil sample subjected to consolidation with drainage on the upper face. The
sample is split in small sections of thickness dz as shown in Fig. 4. Initially, it is considered that the

pores of the soil can be represented by capillary tubes of different sizes. Considering a capillary tube
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of size R; and length dz inside this section, the flow rate is q; and q; + %dz in the lower and upper

ends of the capillary tube. Knowing that the flow rate in capillary tubes is given by Poiseuille

Ty g

equation 4=, R? where, Y,, represents the unit weight of water, u is the viscosity of water,

i* and R; represent the hydraulic gradient and the radius of the capillary tube, respectively.

q1 +Edz

4

q1

Fig. 4 Pore water pressure profile during a consolidation process

. . . S , d
According to Fig. 4, the hydraulic gradient is given by i* = ” uWZ. Then the balance of flow can be
w
aq, a Rt & R} 9*
written as —dz = —(M ﬂ) =0 uzw dz, therefore, the variation of flow dg; in a
0z 0z 8u vy, 0z 8u 0z
capillary tube during non-steady flow is
__ mR} 0%u,,
dQl - 8[.l azz dZ (2)
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The term mR? represents the cross section (Ag;) of the tube. Then the volume of drained water

through the capillary is

AgiR? 0%u,,

AV = 8u 0z2

dz dt (3)

For a bundle of j capillary tubes of different radii, the volume of drained water (dV},,) in a section

with thickness dz is

Npi Api

, 2 52
av,, =Y’ Rl%dz dt (4)

T 4j=1 8u

where Np; represents the number of capillary tubes of size R;. Real soils show a very large variation

in pore sizes then, the above equation can be written as

Ay dz %u
AWy, = E?L-:OZ_# Agpi Ri2 ?zw dt (5)

Npi Agi

where A, is the area of voids in a cross-section of the sample and Agpp; = is a parameter

representing the relative area of all pores of size R; with respect to the total area of voids in a cross-

section of a homogeneous sample.
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Eq. (5) holds for water flowing through straight paths however, in real soils the flow of water
towards the boundaries follows twisting paths which reduce the velocity of flow. These paths are
formed by pores of different radii going from the draining pores to the boundaries. This
phenomenon is called tortuosity and can be included in the above equation using the porous model

presented in the next section.

4. THE POROUS MODEL

The flow of water in porous media can be studied through porous models (Fatt [12], Chatzis and
Dullien [7]). These models intend to reproduce the porous structure of different materials. In
general, these models are represented by a series of interconnected pores. The pores are formed
by two different elements: the cavities (or sites) and the bonds (or connectors). The cavities are
those pores that contain most of the void volume of the porous media while the bonds connect the
cavities and contain a very small volume. Because several bonds converge in a single cavity, the
radius of the former are always smaller than those of cavities. Fig. 5 represents the arrangement of
cavities and bonds for a bi-dimensional regular model. In this case, the cavities are represented by
circles while rectangles represent the bonds. Each cavity is connected to four bonds and therefore,
this number represents the connectivity (C) of the network. In the case of a regular three-
dimensional model, the connectivity is six. In this case, cavities are represented by spheres while
bonds are represented by cylinders. In general, the bonds show a minimal length compared with
their radius, and therefore the network is highly irregular similar to real soils. Also, a variable

connectivity can be used to generate more realistic models. In such a case it is sufficient to consider

11
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a certain percentage of bonds of size zero. Although these types of models represent the structure
of porous materials in a simplified manner, they have enough precision to study different aspects

of the flow of fluids in porous media (Chatzis and Dullien [7], Rojas et al. [25]).

Porosimetry tests indicate that most soils show a bimodal structure meaning that they have a
macrostructure and a microstructure (Simms and Yanful [27], [29], Yang et al. [32]). The
macrostructure is formed by large cavities (macrocavities) and large bonds (macrobonds) while the
microstructure is usually formed by aggregates with small cavities (microcavities) and small bonds
(microbonds). The distribution of pores sizes can be represented through logarithmic normal
distributions for both cavities and bonds. In the case of soils showing a bimodal structure, four
logarithmic normal distributions are required as they include cavities and bonds for the macro and
microstructure as represented in Fig. 6(a). This figure shows the PSD of a Montmorillonite clay
(Fleureau et al. [14]) on a plane formed by the axes of relative volume versus the logarithm of pore

radius.

12
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Fig. 5 The porous model

Normal distributions only require two parameters to be defined: the mean value and the standard
deviation. However, for double-structured soils, an additional parameter called relative volume
factor (pp) is required. This parameter represents the proportion of larger pores with respect to the
smaller ones. Therefore, this term only affects the pore size distribution (PSD) of macropores.
Because there is a one-to-one relationship between the PSD and the soil-water retention curves

(SWRCs), it is possible to simulate the last through a porous model as proposed by different authors

13



231

232

233

234

235

236

237

238

239

240
241

such as Androutsopoulos [4], Simms and Yanful [28], Rostami et al. [26]. Fig. 6(b) shows the SWRCs
obtained from the porous model proposed herein using the PSD presented in Fig. 6(a). Because the
PSD of soils is not currently determined in the laboratory, it is possible to invert this process and
obtain the PSD by fitting the experimental SWRCs using the porous model. This approach has
important advantages as it is possible to establish the shift of the SSWRCs along the suction axis
during loading by using the current PSD of the material. The current PSD can be determined by
relating the relative volume factor of macropores to the plastic volumetric strain of the material as

established by Rojas [24].
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Fig. 6 (a) PSD and (b) SWRCs of a Montmorillonite clay

Because water flows easily through the largest pores, then the bonds are the elements that restrict
the flow of water in soils. In addition, when an increment of stress is applied to a soil sample, only
the macropores deform, reducing their size while the micropores remain mostly unaffected (Simms
and Yanful [27], Yang et al. [32]). Therefore, when saturated soils are subjected to an increment in
stress, the macrocavities deform and drain water through the bonds connected to these cavities.
Then, other interconnected pores take this water to the boundaries. When solely continuous paths
of small bonds participate in this process, slow flow occurs. In contrast, when continuous paths of
large bonds take the flow of water to the boundaries, fast flow occurs. Therefore, the probability
that flow occurs through paths formed by large or small bonds is a fundamental parameter to

determine the volume of fast and slow flow.

Consider a cylindrical homogenous soil sample with a porous structure made of interconnected

pores of different sizes. The velocity of flow depends on the size of interconnected bonds in different
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directions. It is possible to determine the probability that continuous paths of small or large bonds
transport water to the boundaries by making use of the porous model. This probability of flow can
be established through the parameter B*(R;) which represents the probability of a bond being

smaller or equal to the size R;. For a single distribution, this value is given by the relationship

B*(R) = [ fa(R) dR (6)

where f5(R;) represents the frequency of bonds of size R; in a logarithmic normal distribution as

represented in Fig. 6(a). The function f3(R;) is defined as

(LRi‘erB)Z
ZLSBZ

fe(R) = e\/z—— (7)

TILSB

where Lp;, Lgp, and Lgp represent the logarithm of the radius of a bond of size R;, the logarithm of

the mean radius of bonds I?B, and the logarithm of the standard deviation, respectively. The above
definition ensures that fooo fs(R;) dR = 1. This means that the probability of finding pores of size

R; in a network for single-structured soils is

dB*(R;) = fg(R)) dR (8)
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As stated before, for the case of double-structured soils two logarithmic normal distributions are
required, one for the macro and another for the microstructure. These distributions are linked to
the PSD of the material where the relative volumes for the macro and microstructure can be
observed as shown in Fig 6(a). In such a case, the probability of finding a bond of size R; in the

network is

_ _opf(R)dR
dB(Rl) - B'(Rm)+B' (Ryy) (9)

where g is the relative volume factor, and subindex D represents either the macro (M) or the
microstructure (m) of soil. For the microstructure g,, = 1, while for the macrostructure g,; # 1.
additionally, B'(Ry) and B'(R,,,) represent the single distributions of the macro and microbonds
affected by the relative volume factor gp which, according to Eq. (6), can represented by the

relationship

B'(Rp) = 0p [y p fo(R) dR (10)

where R, and Ry represent the initial and final radius for each distribution. For the microstructure
R, =0, and Ry = Ry, while for the macrostructure R, = Ryycy4q, and Ry = oo, where Ry,
represents the maximum size of microbonds as shown in Fig. 6(a). Then, the distributions for the
micro (B(R,,)) and macrobonds (B(Ry)) are obtained by integrating Eq. (9) between the

corresponding limits of each distribution, in the form
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_ (Rr _ Ry _opfe(R)dR
B(Rp) = fRn dB(R.) = fRn B'(Rym)+B' (Rp) (11)

The above equation ensures that B(R,,) + B(R);) = 1. These equations are used in the following

section to determine the probability of finding paths for fast and slow flow.
5. CONSOLIDATION EQUATION FOR FINE SOILS

As stated before, during the compression of a saturated soil, water flows through continuous paths
of interconnected pores that link the contracting cavities to the boundaries of the sample. When
bimodal structured soils are considered, water flows at different velocities depending on the size of
the pores involved. If the flow of water happens through macrobonds then, fast flow occurs. On the
contrary, slow flow occurs when it happens through microbonds. The probability that bonds
participate in slow or fast flow depends on the PSD of the soil, and specifically depends on the
probability of finding continuous paths formed by slow or fast flow basic units as sketched in Fig. 7.
For the case of two-dimensional networks, the basic unit for slow flow or secondary consolidation
is made of one cavity connected to four microbonds as shown in Fig. 7(a). This arrangement ensures
that the flow of water necessarily occurs through microbonds. In addition, the basic unit for fast
flow or primary consolidation is formed by one cavity connected to at least one macrobond as

shown in Fig. 7(b). In this case, most of the flow occurs through the macrobonds.
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Fig. 7 Basic units for a) fast and b) slow flow
The conditions for a microbond of size R; (0 < R; < R,;,) to participate in continuous paths of slow
flow units that reach the boundaries of the soil sample are: a) at least two bonds have the specific
size R;. This condition ensures that water flows in and out of the cavity through a bond of size R;;
and b) all remainder pores converging to the cavity have a size equal or smaller than R;. This last
condition ensures that the flow of water occurs predominantly trough pores of size R;. The first
condition is represented by the term dB(R;)? as establish by Eq. (9). The second condition is

represented by the term B(R;)¢~2, where B(R;) is represented by the integral of Eq. (9), in the

form B(R;) = fORi dB(R;) = foRi%%. Therefore, the probability that microbonds of size

R; participate in the process of secondary consolidation (B, (R;) is represented by the product of

the two above conditions, as they must occur simultaneously

Pn(R;) = B(R))“2dB(R;)* (12)

Then, the probability to find continuous paths of microbonds of any size is P, =
Rm (Rm c-2 C . . .
Jo ™ f;™ B(R)“?dB(R) dB(R;) = B(R;,)¢, where B(Ry,) is given by Eq. (11), with R, = 0, and

Rf = Rpc. Then, Py, accounts for the tortuosity of flow during secondary consolidation.
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In addition, the condition for a bond of size R; to participate in continuous paths of fast flow units
((Py(R))) is represented by any combination of bonds except that given by Eq. (12), and can be

written as
Py (R;) = B(R)"*dB(R)) — Bn(R)) (13)

with 0 < R; < . Then the tortuosity factor for primary consolidation is Py, = B(R,)¢ —
B(R,,)¢ =1 —B(R,,)¢, where B(Ry,) = fooo dB(R;) = 1. Observe that the addition of Egs. (12)
and (13) for the full range of bonds becomes one, meaning that all possible combinations of flow
are covered with these two equations. Therefore, depending on the size of the analyzed bond, there
is a certain probability that this bond participates in primary or secondary consolidation. This
probability of flow dependent on the size of pores affects Eq. (5) because it is written precisely in

terms of the size of the pore R;. Therefore, Eq. (5) transforms into

Ay dz

o2 wi
o ArB; [Pu(R) + Pp(R)] RF = dt (14)

dW,, = Z?QOL:O

where the term B,,(R;) only applies in the range 0 < R; < R,,,, while Py, (R;) applies for the full
range of bonds. The inclusion of these terms modifies the velocity of flow due to the phenomenon

of tortuosity and depends on the size of the analyzed pore.
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In addition, the term Agp, depends on the number of bonds (Np;) of the specific size (R;) in a cross-

section of the sample. The value of Ng; can be obtained from the relationship

Np; = Ng fg(R;) AR (15)

where Ng represents the total number of bonds and AR is the increment in the size of pores used
to divide the PSD into different sections as represented in Fig. 6(a). The number of bonds depends
on the size and connectivity of the porous network. Moreover, in a cross-section of the sample, the
area of voids (4,,) is obtained from the addition of the area of all cavities and bonds of the section.

This value is given by the term

Ay =% o(Nei Aci(RY) + Np; Agi(R))) (16)

where Aq;(R;) and Ag; (R;) represent the areas of a single cavity and bond of size R;, respectively,

and N¢; is the number of cavities of size R;. Parameter N; is defined similarly as Ng; in Eq. (15)

Ne; = Ne fe(R;) AR (17)

where N, represents the number of cavities in the network and f(R;) is the frequency of cavities
of size R;. Parameter f(R;) is defined similarly as Eq. (7) using the logarithms of the mean size Lz
and standard deviation Lg. for cavities. Then, the relative area of bonds Ayp; of size R; with respect

to the total area of voids can be written as
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Ao = NpidBi Npi Api(R})
RBt Ay XR,=o[Nci Aci(R)+Np; Api(R)]

(18)

When the dimension and the size of the network are defined, then it is possible to compute the
number of cavities N and bonds Ny to finally obtain the value of parameter App; which is used in

Eq. (14) to quantify the volume of water that flows through a section during certain time.

Furthermore, the variation in volume (dV,,,,) of a section of soil with thickness dz produced by the
drainage of water can be obtained from the equation for vertical deformation multiplied by the

cross-section of the sample 4,,, in the form

Ay
1+€0

AV, = —

du,A,,dz (19)

where a,, represents the coefficient of compressibility of the soil. The disadvantage of the use of
parameter a,, in the above equation is that its value depends on the current stress applied to the
sample. However, it can be related to the elastoplastic compression index A, which remains
constant for stresses above the preconsolidation stress. Considering that the elastoplastic
compression of soils can be represented by a straight line in a logarithmic plane formed by the axes
of void ratio and vertical stress, the following relationship between the current vertical stress (o)

and void ratio (e) can be written (Rojas [24])
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£ = (ﬂ)h (20)

where g9 and ey represent the vertical stress and void ratio before the new increment of stress

has been applied, respectively. The derivative of the above equation writes

de = Aeaivda,, (21)
and because a,, = de/dao,,, it results that
a, = A G—i (22)
Then Eq. (19) can be written as
dv,,, = —A,~2m% gy (23)

€ o, (1+ey) W

By equating Eqgs. (14) and (23) and considering soil as a homogenous material such that 'ijzz =
1+eg . .
' the consolidation equation becomes
o0 Oy d?u,, duy,
im0 {5aArs; [Pu(R) + Pn(R)] RZ Tt = — T (24)
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This relationship is similar to Terzaghi’s consolidation equation except that the coefficient of

consolidation C,; = WL;ARBL' [Py (R)) + B, (R))] R? takes different values depending on the size

of the pore R; and the current effective stress. Therefore, the pore water pressure at a certain depth
(z) and time (t) produced by an increment of vertical stress Aag,,, can be determined from Terzaghi’s
original solution (Eqg. (1)). Accordingly, the pore water pressure u,,; for a certain C,; at a certain

depth z and time ¢, is given by the relationship

2Cvi t
Ui = Aoy, Yyo Ee BT sin (a i)] (25)

The pore water pressure as established in Eq. (25) depends on the size distribution of bonds through
the parameter C,;. This effect also appears when the soil is considered as a heterogeneous material
formed by a matrix with aggregates showing different permeabilities as considered by Figueroa [13],

and Liu and Borja [17], although in these cases only two different C,,; are considered.

The weighted mean pore water pressure at the center of a section located at depth z and formed
by pores of different sizes can be determined with the relationship u,,, = Z?ﬁ-:o uy,,; dB(R;). Then,

the variation in the void ratio (de,) for one section of the soil is obtained from Eq. (21) written in

the form

de, = =2e Bii=o(thwo — thwi) dB(R)) (26)
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where u,,o and u,,,; are the initial pore water pressure (equal to Ag,, ), and the pore water pressure
obtained from Eq. (25). According to Eq. (24), soils with a small microstructure show a small
deformation during secondary consolidation. On the contrary, soils with an important
microstructure produce large deformations during secondary consolidation. If the material is loaded
below the preconsolidation stress then, the elastic compressibility index k., replaces A,. The
introduction of the compression index instead of the coefficient of compressibility in Eq. (22), makes
this approach more practical. Finally, the reduction in the mean size of macropores during
consecutive loading in the consolidation process can be included in the porous model through
parameter gy to better simulate the experimental results. It can be established that during
consecutive loading, macropores reduce in size and therefore, the volumetric deformation for

primary consolidation also reduces.

In summary, to simulate the consolidation process, the soil sample is divided into small sections with
the same thickness, and the time is increased by steps, each time step doubles the previous. Also,
the size distribution curve for bonds is divided into sections of the same thickness and the mean size
of bonds for each section is established. Subsequently, the coefficient of consolidation is computed
for each range of sizes and the pore water pressure for each coefficient of consolidation is obtained.
Then, the change in void ratio for each section is computed and added to finally obtain the variation
in void ratio of the whole sample at certain time. To achieve this process, the following data are
required: the PSD of bonds, both the elastic and elastoplastic compression indexes, the initial void
ratio, the increment of vertical stress, the current vertical stress, and the preconsolidation stress.

Because the size distribution of bonds in most porosimetry techniques is rather elusive because of
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the small volume contained by these elements compared with that of cavities, it is convenient to
use an alternative procedure. In that sense, it is possible to obtain the PSD for bonds and cavities
of the material by fitting the experimental SWRCs at wetting and drying, with the numerical curves
obtained from the porous model described before. To this purpose, an initially proposed PSD is
successively modified until the best fit with the experimental SWRCs is obtained (Rojas [24]). The

experimental SWRC must be determined at the initial void ratio of the soil sample.

Fig. 8 shows some simulations of consolidation tests made for six different materials using the
procedure outlined above. The PSDs of the different cases (1 to 6) are shown in figures (a), the
SWRCs in figures (b), and the variations on void ratio with time is shown in figures (c). For these
materials, all parameters remain constant except the initial PSD. The initial height of the sample is
H =2 cm and it is drained at both ends (H*= 1). The initial void ratio of the sample is e, = 0.82 with
an initial stress of g,p= 0.01 MPa which is equal to the preconsolidation stress. The elastoplastic
compression index is A,= 0.16 and the increment of stress is Ag,= 0.25 MPa. For the first case, a
large microstructure and small macrostructure with a standard deviation of 3.5 for both elements
is considered (Fig. 8(1a)). The retention curves show a small section for low values of suction
produced by the macrostructure while most of the curve appears for suctions larger than 10 MPa
and is produced by the microstructure (Fig. 8(1b)). For this case, the consolidation curve shows two
steps: a small one for primary consolidation and a large one for secondary consolidation starting
about 5 days after the load increment is applied (Fig. 8(1c). The PSD of sample 2 shows a standard
deviation of 1.1 for the microstructure and 3.5 for the macrostructure (Fig. 8(2a)) which is now the

major proportion of soil. This PSD results in a retention curve that develops mostly for suctions
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below 1 MPa (Fig. 8(2b)). In this case, the consolidation curve shows a large primary consolidation
that ends at about 5 min then a large period of very small deformations followed by a small step for
secondary consolidation starting at about 6 months after the loading (Fig. 8(2c)). For sample 3, the
PSD shows a large proportion of microstructure with a standard deviation of 1.5 and 3.5 for the
macrostructure (Fig. 8(3a)). The SWRC develops mostly in the range of suction above 10 MPa (Fig.
8(3b)). In this case, the secondary consolidation shows a large step that starts about 3 months after
the loading (Fig. 8(3c)). Sample 4 shows the same standard deviations of 3.5 for both the micro and
macrostructure but with a small proportion in the microstructure (Fig. 8(4a)). In this case, primary
consolidation is predominant with a small secondary consolidation starting about 20 days after the
loading (Fig. 8(4c)). In cases 1 to 4 no overlap occurs in the PSD between the macro and
microstructure. In contrast, the PSD of case 5 shows an important overlap between the macro and
the microstructure with a standard deviation of 3.5 for the macro and 2.5 for the microstructure
(Fig. 8(5a)). The SWRC shows a shape similar to single-structured soils with small variations in the
degree of saturation for small values of suction (Fig. 8(5b)). The microstructure represents the major
proportion of the soil and large secondary consolidation is expected. In this case, the consolidation
curve shows a single step where it is difficult to differentiate the primary from the secondary
consolidation (Fig. 8(5c)). The PSD for case 6 also shows an important overlap between the micro
and the macrostructure (Fig. 8(6a)) but in this case, the macrostructure represents the major
proportion of the soil. The standard deviations for the macro and the microstructure remain the
same as for case 5. Similar to case 5, the consolidation curve shows a single step but, in this case, a
large instant deformation is observed and no clear distinction can be made between primary and

secondary consolidation (Fig. 8(6c)).
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From these simulations, it can be concluded that the shape of the consolidation curve depends on
the PSD which in turn defines the SWRCs of the soil. When the PSD is of the bimodal type with two
well-differentiated mean sizes with no overlap, the consolidation curve shows two steps, one for
primary and the other for secondary consolidation. The height and length of the step for primary
and secondary consolidation depend on the proportion and standard deviation of the macro and
microstructure of the soil, respectively. The mean sizes and standard deviations for the macro and
microstructures define the time at which primary and secondary consolation occur, respectively. On
the contrary, when the size distributions for the macro and micro structure overlap, then the
consolidation curve shows a single step and the limit between primary and secondary consolidation
is difficult to establish. Between these limits, different combinations of curves for the primary and
secondary consolidation can be obtained. Additionally, large standard deviations in the PSD of the
microstructure produces deformations with a continuous slope with respect to the logarithm of

time. In fact, deformations only end at time infinity as this model is based on Terzaghi’s solution.
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Fig. 8 Different cases for the (a) SWRC, (b) the PSD, and (c) consolidation curve of soils

Some limitations of the proposed porous model are the following: it only considers circles and
rectangles (2D), or spheres and cylinders (3D) for cavities and bonds, respectively. More realistic
shapes of pores are not considered. Another point is related to the connectivity of the cavities.
Although the value for connectivity (C) does not necessarily require an entire number, the model
considers a constant connectivity (C) while in general, real porous media show variable connectivity.
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This aspect can be covered by considering a certain proportion of pores of size zero. With respect
to the proposed consolidation equation more simulations including alternated large and small load

increments and different consolidation times are required to evaluate the precision of the model.

6. MATERIALS AND METHODS

A series of consolidation tests were performed using two different soils. The first one is a
homogeneous industrial kaolin. This material has a specific weight of solids of 2.53, a Liquid Limit
(LL), and Plastic Limit (PL) of 38% and 25%, respectively. The specific surface is 30 m?/g, the saturated
permeability is 8 x 10* cm/s and the soil is classified as low compressibility silt (ML). Initially, the
material was slightly compacted at a water content of 7% in the consolidation ring. Then, it was
saturated by capillarity showing an important collapse during this process. The initial void ratio of
the sample after saturation was 0.83 while the preconsolidation stress after saturation was 0.01
MPa. The consolidation test was performed for an increment of stress of 0.25 MPa with an initial
loading of 0.01 MPa to ensure that the sample started the loading stage above the preconsolidation

stress. The initial height of the sample was 2 cm.

The GSD in the axes of relative volume vs. the radius of the particle is shown in Fig. 9(a). This curve
shows that all solids are finer than sieve #100, and only 33% is retained in sieve #200. The
experimental SWRCs and their numerical simulation using the porous model are shown in Fig. 9(b).
The experimental points were obtained using the filter paper method. From the simulation of these
curves using the porous-solid model, the numerical PSD of the material was obtained as shown in
Fig. 9(c). This same figure shows the experimental results of porosimetry tests using the nitrogen

adsorption technique. The smallest pore radius that can be measured with this method is

32



602

603

604

605

606

607

608

609

610

611

612

613

614

615

616

617

618

619

620

621

622

considered to be around 0.002 um. However, according to Fig. 9(c) the maximum radius that can be
measured with this method is around 0.005 um, which makes that the smallest pores of this material
cannot be detected with this method. Notice that the curves for the GSD (Fig. 9(a)) and the PSD (Fig.

9(c)) are quite similar as observed by Alonso et al. [2] for different soils.

Once the initial PSD of the material is obtained, it is possible to simulate the consolidation tests
performed on this material. The experimental and numerical results for this test are shown in Fig.
9(d). The experimental results show a very quick primary consolidation ending at about 6 seconds
after the loading while for the numerical simulation, it takes about one minute. This difference is
generated by the larger standard deviation of the macropores in the numerical (N) PSD when
compared with the experimental (Ex) PSD as observed in Fig. 9(c). The step produced by secondary
consolidation starts around one week after loading and practically ends after four months. The
numerical simulation shows a slightly larger deformation during secondary consolidation than the
experimental results. Because the height of the step for secondary consolidation with respect to
primary consolidation depends on the proportion of fines in the soil, the secondary consolidation
results in a small step as could be anticipated from Fig. 9(c). Notice that in Fig. 9(d) there are two
numerical curves: one considering the normal viscosity of free water at 20° C for the adsorbed water
layer (v =1, in the figure) while the second one considers a viscosity of 10 times this value (v = 10).
Therefore, the increase in the viscosity of water is considered only for the microstructure. In the

figure, it can be observed that the increase in viscosity of water reduces the velocity of the
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Fig. 9 Experimental (Ex) and numerical (N) (a) GSD, (b) SWRCs, (c) PSD, and (d) consolidation test
for the kaolin sample considering two different viscosities (v) for the adsorbed water layer

deformation of the soil during the secondary consolidation but in the end, the final deformation is

the same for both cases.

The second tested material is clay from the Texcoco lake in Mexico City and was obtained at 19.5 m
in depth. This material shows a specific weight of solids of 2.26, a volumetric weight of 1.15 g/cm?,
a LL and PL of 268% and 164%, respectively. The soil is classified as silty sand (SM). The
preconsolidation stress of this material is around 0.03 MPa. It was decided to trim the sample 1 cm
in height to reduce the testing time. The GSD of the material is shown in Fig. 10(a) while the
experimental and numerical SWRCs at wetting and drying are shown in Fig. 10(b). Fig. 10(c) shows
the experimental PSD obtained from the nitrogen adsorption technique. In this same figure, the
initial numerical PSD (PSDi) obtained by fitting the SWRCs with the porous model is presented.
Again, the experimental results (Ex) obtained from the nitrogen adsorption technique show a
smaller proportion of micropores when compared with the numerical results. Once again, the
minimum radius of pores detected by this method is around 0.005 um. This figure also shows the
final numerical PSD (PSDf) at the end of the consolidation process generated by the first increment

of stress (0.25 MPa). Observe that the relative volume of micropores increases. This effect is
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produced by the reduction of the relative volume of macropores during the consolidation process.
Fig. 10(d) shows the experimental results of the consolidation test for two different increments of
stress. The first increment of stress was from 0.03 to 0.25 MPa while the second was from 0.25 to
0.75 MPa. The primary consolidation for both increments of stress occurs during the first 12 seconds
and overlaps with secondary consolidation which practically ends about 10 days after the loading.
In the same figure, the numerical results obtained from the proposed equations are shown. Again,
primary consolidation occurs faster than the numerical results predict. Observe that during the first
loading, the void ratio of the sample changes from 11.5 to 8.5, and this volumetric variation modifies
the PSD of the material (as shown in Fig. 10 (c)) which in turn affects the behavior of the soil during
the second loading. To observe the influence in the variation of the PSD of the sample during the
second loading, two numerical curves are shown. The dotted line represents the consolidation curve
when the PSD of the material is updated while the continuous line was obtained using the original
PSD of the material. When the variation in the PSD is considered for the second increment, the
numerical results approach better the experimental points. Finally, Fig. 10(e) shows the shift of the

SWRCs in the axis of suction at the end of the first loading.
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Fig. 10 Experimental (Ex) and numerical (N) (a) GSD, (b) SWRCs, (c) PSD, (d) consolidation tests for
Texcoco clay, and (e) shift of the SWRC after first loading. The letter c indicates that the current
PSD was used

CONCLUSIONS

It is proved that the PSD of soils is the main factor affecting the shape of the consolidation curve
during primary and secondary consolidation while the influence of viscosity is marginal. Primary
consolidation is generated by the flow of water through macrobonds while secondary consolidation
is produced by the flow of water through microbonds. When the size distribution of the macro and
microstructure shows no overlap, the consolidation curve shows two well-defined steps, one for

primary and the other for secondary consolidation. The height and length of the steps for primary
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and secondary consolidation depend on the proportion and standard deviation of the macro and
microstructure, respectively. The mean size and standard deviation of the macro and microbonds
define the position of the step for primary and secondary consolidation in the axis of time,
respectively. On the contrary, when the size distributions for macro and microstructure overlap, the
consolidation curve shows a single step and it is difficult to differentiate primary from secondary
consolidation. When successive loadings are applied to the sample and large deformations are
observed, it is convenient to employ the current PSD of the material for the next loading step. The
procedure presented in this research allows the simulation of the consolidation curve including both
primary and secondary consolidation from the pore size distribution of the soil. Therefore, this
procedure shows an important practical application for the computation of the total settlements of
structures built on clayey soils as long-term consolidation tests can be waived. More comparisons
with experimental data including small load increments and different consolidation times are

required to evaluate the precision of the model.
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FIGURE CAPTIONS

Fig. 1 Consolidation tests at different stresses after Martins (1992)

Fig. 2 Master curves for different values of parameter ay and r = 0.25 (after Figueroa 1996)

Fig. 3 Variation of the viscosity of water with the distance to the solid particle (after Low 1979)
Fig 4 Pore water pressure profile during a consolidation process

Fig. 5 The porous model

Fig. 6 (a) PSD and (b) SWRCs of a Montmorillonite clay

Fig. 7 Basic units for a) fast and b) slow flow

Fig. 8 Relative area of pores in a section of soil sample

Fig. 9 Different cases for the (a) SWRC, (b) the PSD, and (c) consolidation curve of soils

Fig. 10 Experimental (Ex) and numerical (N) (a) GSD, (b) SWRCs, (c) PSD, and (d) consolidation test
for the kaolin sample considering two different viscosities (v) for the adsorbed water layer

Fig. 11 Experimental (Ex) and numerical (N) (a) GSD, (b) SWRCs, (c) PSD, (d) consolidation tests for
Texcoco clay, and (e) shift of the SWRC after first loading. The letter c indicates that the current

PSD was used
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