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PERSPECTIVE

Patrick Zhang, Research  Director  - Beneficiation  & Mining

Although,  many new disposal/reclamation  approaches  for the phosphatic  clays have  been proposed  and
investigated,  the conventional  method  still  dominates. The  traditional  phosphatic  clay disposal  procedure  is
quite  simple.  Twenty-  to sixty-foot  high  dikes  are constructed  around  areas 300 to 800 acres in extent.
The clay slurry (3 to 5 pct solids)  is pumped  into  the impoundments at a rate of 20,000  to 80,000 gpm.
During  natural settling,  most  clays consolidate  to a 12 to 15% solids  level  within  3 to 30 months. After the
initial settling,  surface  water is drained  from the settled  material,  which  allows the solids  to desiccate  and
form a crust. Frequently,  sand tailings  and/or  overburden  materials  are used to cap the clays to promote
further  consolidation  and compaction.

As a result  of two decades of extensive  research,  several computer  programs,  based  on the finite strain
consolidation  theory,  have  been  introduced  to the phosphate  industry.  Several mathematical  models
describing  the consolidation  behavior  of the phosphatic  clays are in routine  use and have  proved  to be
helpful  tools  for planning  the size of required  settling  areas and as well  as for predicting  when reclamation
is technically  feasible. However,  none  of the existing  models  addresses  the desiccation  process  which  has a
significant  effect  on the eventual  volume  of consolidated  phosphatic  clays.

Recently,  a new theory  for modeling  desiccation  of soft soil  has been  developed  at the University  of
Colorado  at Boulder. This  new theory  involves  four components:  (1) consolidation  under  one-dimensional
compression,  (2) desiccation  under  one-dimensional  shrinkage,  (3) propagation  of desiccation  vertical
cracks  with depth,  and (4) desiccation  under  three-dimensional  shrinkage.

This  project  was originally  designed  to overlay  the new desiccation  theory  onto  au existing  phosphatic
clay consolidation  model. It consisted  of three  steps. First,  existing  literature  as well as field and
laboratory  observations  related to the desiccation  of phosphatic  clays will  be thoroughly  reviewed  in the
light of the new theory,  to make  sure that the numerical  model  will  properly  simulate  field conditions  and
observations. The  present  theory  will then  be modified,  if necessary,  to reflect  the desiccation
characteristics  specific  to the behavior  of phosphatic  clays. Finally,  the consolidation  model  SLURRY  will
be critically  examined  to correct  its deficiencies,  and a computer  program will  be formulated  to incorporate
the new theory  into  SLURRY.

As it turned  out,  a completely  different  model  from the SLURRY  was developed  for two  major  reasons:
1) it was technically  difficult  to overlay  the new clay desiccation  and crusting  theory  onto  SLURRY,  and 2)
the SLURRY  was not  very user friendly.

FIPR recently  sponsored  a workshop  for a hands-on  training  on the model. The participants  were
impressed  by the user friendliness  of the new model. Those  who had experience  in the SLURRY  agreed
that the new model  has many advantages  over SLURRY. This  product  can be used  as a stand-alone
consolidation  model. It could  also model  both consolidation  and desiccation,  if the required  desiccation
parameters  are properly  determined.
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Introduction

CONDES0 is a numerical algorithm for the analysis of the one-dimensional large strain consolidation and

desiccation of soft fine-grained soils using implicit finite difference method. It solves a non-linear second

order partial differential equation formulated for one-dimensional compression, three-dimensional

shrinkage, and propagation of vertical cracks in soft fine-grained soils. It provides the one-dimensional

time-dependent solutions of void ratio distribution (solid content distributions), layer thickness and gives

information on propagation and volume of cracks.

CONDES0 is written in FORTRAN. It can be used on any IBM compatible system. A PC with at least

8MB RAM is required and a 486DX2-66 processor is recommended for better performance. The

executable file “DOSXMF.EXE” is required for running CONDES0.
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Theory

Governing Equations

The basic assumptions in the one-dimensional large strain consolidation and desiccation theory are (Abu-

Heileh and Znidarcic, 1994, 1995):

1. the soft fine-grained soils remain fully saturated in one-dimensional compression and three-

dimensional desiccation until the void ratio reaches the void ratio at shrinkage limit, where the

soil shrinkage is terminated;

2. only one-dimensional vertical flow is considered, which results in vertical deformation during the

one-dimensional compression and vertical as well as lateral deformations during three-

dimensional desiccation;

3. the soil is horizontally homogeneous (one-dimensional assumption);

4. the soil skeleton exhibits no intrinsic time effects with incompressible water and solid phases (no

creep);

5. the desiccation process leads to uniform crack depth and crack spacing;

6. the lateral and vertical planes are principal stress planes through any point in the cracked and the

uncracked soil columns during the overall consolidation and desiccation processes.

Besides the assumptions stated above, the Darcy’s Law is also used along with the conservation of mass in

both one-dimensional compression and three-dimensional desiccation processes. The constitutive

relationships used in this analysis are:

one-dimensional compression void ratio-effective stress relationship (Liu and Znidarcic, 1991):

e = A1 (d+Z, )“I (1)

where e and o are the void ratio and the vertical effective stress respectively; AI, I?, and Z, are

empirical constants;
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three-dimensional desiccation void ratio-effective stress relationship (Abu-Hejleh and Znidarcic,

1995):

e = A1 (a’+Z2  )B2

where Az, I?2 and Zr are empirical constants;

hydraulic conductivity-void ratio relationship in one-dimensional compression and three-

dimensional desiccation (Somogyi, 1971):

K=CeD

(2)

(3)

where K is the hydraulic conductivity, C and D are empirical constants;

The governing equations in one-dimensional compression and three-dimensional desiccation are formulated

with the velocity functions and conservation of mass in Lagrangian coordinate system. The velocity

functions and conservation of mass are presented as:
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interface node:

conservation of mass:

: time

: Lagrangian coordinate systems

: Eulerian coordinate system

: cracking void ratio (see the definition in the Cracking Function below)

: void ratio at zero effective stress

: specific gravity of soil particles

: velocity function in cracking soil

: velocity function in uncracked soil

: ratio of the area of the element to its height

: unit weights of soil solids and water respectively

: evaporation rate from the top intact soil surface

: empirical parameter for determining evaporation from crack walls

(8)

The interface nodal conservation of mass is defined at the point of the crack tip. Above this point the

three-dimensional desiccation mechanism prevails and below it the one-dimensional compression

mechanism takes place. The interface formulation of conservation of mass is required between these two

mechanisms.

Special Functions

Cracking Function

The crack is assumed developing from the top surface of the soil and propagating downward. Cracking

function is defined as the relationship between total stress and cracking void ratio (e,,). The cracking void

ratio is defined as the void ratio where the three-dimensional shrinkage starts at a given total vertical stress.

It is an empirical function and all the parameters a, b, c, and d should be determined experimentally.
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(9)

The development and propagation of the crack depend upon the desiccation history. Any prior crack with

unknown desiccation history can not be analyzed properly with this theory.

a-Fmc tion

α-function is defined to characterize the proportion of vertical and lateral deformations along the

incremental isotropic effective stress paths from the beginning of three-dimensional shrinkage, where e=eC,,

to a current void ratio e. Simply, α-function is defined as the ratio of the area of the element to its height.

The small strain theory and an isotropic material are assumed for the following a-tinction.

(10)

Numerical Formulation

Governing Equations

The numerical descritization schemes for both 1D compression and three-dimensional desiccation are

obtained as:

a) one-dimensional compression:
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b) three-dimensional desiccation:

where

c)       interface node:
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Boundary Conditions

a) Neuman’s type:

A derivative of void ratio with respect to Lagrangian coordinate system is formulated from the velocity

functions:

one-dimensional compression

(16)

three-dimensional desiccation

7



b)     Dirichilet’s type

The void ratios at boundary are calculated using the void ratio-effective stress equations and then imposed

on the boundary. Both the applied loads and heads are converted into stresses using the effective stress

principle.
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Input and Output

The program requires the information of all the parameters in the constitutive relationships as well as the

information on the geometry, filling history and boundary conditions. These can be accepted by the

program in two ways: 1) the interactive mode under DOS command by following the instruction step by

step; or 2) constructed input file in advance. The detail of these two types of input format is addressed in

the CONDESO Input Instructions section of this manual.

CONDESO is capable of providing solutions to a single soil-with initially uniformly or non-uniformly

distributed void ratios (solid contents) in one-dimensional compression and three-dimensional desiccation

cases. Only processes in which monotonically increasing loading is encountered can be analyzed by the

program. Cases in which light expansion of soil may be encountered could be analyzed, but for such cases

the solution will be only approximate and the users should be capable of properly interpreting the results.

Analyzing the processes with large expansion in CONDESO will lead to pre-mature termination of the

program or wrong results.

The three-dimensional desiccation analysis must start with a non-crack condition. The case with pre-

existing cracks and unknown cracking history can not be analyzed with the current theory because the

cracking void ratio is required in the three-dimensional desiccation void ratio-effective stress relationship.

For the same reason a smaller maximum time step is needed in the three-dimensional desiccation analysis.

If a too large maximum time step is selected an error may accumulate through out the process to unknown

level.

Material Characteristics

- One-dimensional Compression (A1, B1, and Z1)

The one-dimensional compressibility and permeability characteristics of the material are required to model

the consolidation process. The compressibility is usually presented in the form of void ratio-effective stress
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relationship. The extended power function in the form of Eq.(1) proposed by Liu and Znidarcic (1991)

having three parameters Al, B1, and Z1 is implemented in CONDES0. Z1 has the unit of stress but A1

and B1 are dimensionless and depend upon the unit used for Z1.

- Three-dimensional Compression (A2 and B2)

Similar to the one-dimensional compressibility characteristics, the three-dimensional shrinkage

characteristics are also presented in a form of power function Eq.(2) (Abu-Hejleh, 1993). TWO

parameters, A2 and B2, are needed in the void ratio-effective stress relationship to model the three-

dimensional shrinkage process. In Eq.(2) the Z2 will be automatically calculated from the cracking

function by CONDES0 with the same unit used for Z1 in one-dimensional compressibility characteristics.

- Hydraulic Conductivity (C and D)

The other power function in the form of Eq.(3) is used for the void ratio-permeability relationship

(Somogyi, 1979). Two parameters, C and D, in which C has the unit of hydraulic conductivity

(length/time) and D is dimensionless, are used in this relationship.

- Cracking Function (a, b, c, and d)

In three-dimensional shrinkage process the lateral stress induced by the horizontal shrinkage will exceed

the lateral tensile strength of the soil at certain time during the shrinkage process. At that time the crack

starts to develop. The lateral tensile strength of the soil can be related to the undrained shear strength

(Abu-Hejleh, 1993) which is half of the unconfined compressive strength. By equating the tensile strength

to tensile stress at the crack tip, and by applying the effective stress principle, a cracking function, relating

cracking void ratio to the vertical stress, is obtained. The cracking function can be approximated with an

analytical expression using four parameters a, b, c, and d in the form of Eq.(9). These four parameters

have to be experimentally determined.

- Crust Void Ratio (CV)

The crust void ratio is defined as the void ratio at which the soil becomes strong enough to be considered a

part of the “crust”. This number needs to be experimentally determined.
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- Specific Gravity of Solid (Gs)

The specific gravity of solid is defined as the ratio of the density of soil solid particles to the density of the

water. It is a dimensionless number.

- Unit Weight of Water (Gw)

The unit weight of water can be input in any system of units. However, the unit has to be consistent with

the unit used in Z1 in the void ratio-effective stress relationship.

- Minimum Void Ratio (ME)

The minimum void ratio is the void ratio which can not be reduced any further by any means. It must be a

positive number.

Filling Data

- Height at Time 0 (H0)

The initial height of soil is the actual height of the soil at the beginning of the analysis. This value could be

zero at the beginning of the stage filling process.

- Number of Filling Stages (NS)

The number of the filling stages should cover the time from the start to the end of the simulation in the

current run. All the filling stages, such as zero filling rate, instantaneous tilling, and continuous filling

should be counted as separate stages. The plot of the nominal heights verses time is useful in the process

of determining the number of filling stages. Every segment in such a plot is considered as one stage.

(Fig. 1)

- Beginning Filling Time (TBF), End Filling Time (TEF), and Filling Rate or Height (FRH)

The staged loading information should cover all the times in the current run. The instantaneous loading at

the starting time is not acceptable. The instantaneous loading at beginning should be included in the initial

height. If the initial condition of an instantaneous loading of a layer of uniformly distributed void ratio is

placed on top of a layer with non-uniformly distributed void ratio, the initial condition with uniform and
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Table 1. Input Table for Stage Filling

non-uniform void ratios must be manually input. For each stage, the beginning time (TBF) and ending time

(TEF) should be input as well as the nominal filling rate (FRH) as shown in Table 1. For the case of an

instantaneous filling the beginning and ending times are identical and the filling rate (FTH) is replaced by

the nominal height difference.
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Boundary Conditions

- Boundary Condition at Top (BCT)

The boundary on top has two options: 1) the evaporation type, which is defined in a unit of velocity, and 2)

the surcharge type, which is in a unit of stress. The evaporation type is to simulate the situation with

constant water withdrawn from the top of the soil. The surcharge type simulates the condition with an

additional loading and a pervious layer on top. In the staged loading process only the zero surcharge

condition is acceptable for the top boundary condition. The desiccation analysis must be performed by

restarting the analysis from the end of consolidation process, In this case the analysis should be performed

in two steps, The first step is to perform the analysis to the end of the consolidation stage and then take

the soil condition (void ratio distribution) at the end as the initial condition of the desiccation analysis and

impose the evaporation rate on top boundary in the second step. Desiccation stages can start at anytime

during consolidation as long as the upward water velocity during consolidation is lower than the

evaporation rate. In the case that the desiccation analysis is started before the consolidation upward flow

is reduced below the evaporation rate, the program will continue the consolidation analysis until the time at

which consolidation flow at top soil surface becomes equal to the evaporation rate. At that time the

desiccation analysis will automatically start with the imposed evaporation rate.

- Boundary Condition at Bottom (BCB)

There are four options available for the bottom condition

1) The impervious boundary presents a no-flow boundary, for which a zero velocity is automatically

imposed by the program.

2) The velocity type is a more general case for the flow boundary, which gives the user more power to

simulate the field situation like dewatering scheme with a constant flow rate at the bottom of the slurry.

However, this option should be used with extreme care and requires a knowledgeable user capable of

interpreting the results.

3) The pervious boundary simulates a self-adjusting drained bottom boundary with a water head at bottom

always coinciding with the water level at top of the soil layer.

4) The pore pressure head boundary on the other hand features the boundary condition with a fixed but

arbitrary water head at bottom. Both positive and negative heads are acceptable. The user should be
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aware of the possible instability caused by the high pore pressure at bottom when the pore pressure

assigned exceeds the total stress at the bottom resulting from the soil weight. In all the cases when the

pore pressure head boundary condition is imposed at the bottom, it is assumed that the water level at

the top boundary coincides with the soil top surface. Different ponding depth could be simulated by

modifying the bottom head value, However, the user should be careful when assigning such values and

when interpreting the results.

- Velocity at Top (VT), Velocity at Bottom (VB), Load at Top (LT), and Head at Bottom (HB)

The coordinate system in CONDES0 is chosen as positive upwards and negative downwards. The

imposed dewatering flow rate on top (VT) is therefore positive and is negative at the bottom (VB).

Imposing flow rates with opposite signs will cause soil expansion and while the program will give the

approximate results, they should be interpreted with great care.

The additional loading (LT) on top is always positive. The pore pressure head imposed at bottom (HB) is

a relative height respective to the bottom elevation. Both positive (above bottom level) and negative

(below bottom level) values for head are acceptable.

- Side-wall loss parameter (η-parameter)

The parameter q is used for controlling the evaporation during the desiccation process through the side of

the crack. It is a factor by which the input evaporation rate is multiplied in order to get the evaporation

rate from the crack walls. This parameter needs to be experimentally determined. In general cases, a

positive number of η is used for evaporation from the side of crack.

Output

CONDES0 will provide the continuous time-settlement curve as well as the void ratio distributions (solid

content distributions) at each selected time for output in one-dimensional compression and three-

dimensional desiccation analyses. In addition to the void ratio distributions (solid content distributions),
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the steady state void ratio distributions will also be provided in one-dimensional compression analysis if it

exists. In the three-dimensional desiccation analysis, a continuous record of crack depths, soil heights,

total soil volumes, crack volumes, fluid loss volumes, side-wall loss, and simulated evaporation rates is

given.

The detailed information about the output format for the three output files is given in General Information

about Using CONDES0.
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Crack  Wall Loss

The fluid extracted from the soil sample in the one-dimensional compression with flow type of boundary

condition is either from the top or the bottom surfaces, which are intact soil surfaces. However, the fluid

extracted in the three-dimensional desiccation from the soil layer consists of two sources, 1) from the intact

top soil surface, and 2) the side-walls of the crack. The fluid loss from the intact top soil surface is

dominated by the evaporation rate, which is the top velocity assigned in the flow type boundary condition.

The fluid loss from the crack, which is from the side-wall of the crack, however has a very complicated

mechanism. The factors such as the crack depth, crack width, evaporation rate, wind speed on top of the

soil surface, temperature gradient in the soil, and humidity, affect the fluid loss from the crack. It is not

only very difficult to incorporate those factors into a simple model but determining the relevant model

parameters would also require a significant effort, Incorporating these factors would make the model

much more complicated and less attractive. The CONDES0 therefore incorporates a lump-sum parameter

77 which simplifies the imposed evaporation rate to simulate the loss from the crack. The governing

equation of three-dimensional desiccation is modified as:

conservation of mass: (7)

With the Eq.(7) , we are able to better simulate the mechanism of three-dimensional desiccation and more

closely monitor the development of the crack. The parameter tl is assumed a constant at this time and

could be expanded to a function for further study.

Eq.(7) is constructed based upon the conservation of mass in unit element. The fluid loss from the side-

wall of cracks in the unit element is proportional to the area of the side-wall, the evaporation rate, and

inversely proportional to the slope of crack side wall.
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Staged Filling Scheme

In the mining processes, the mine tailings are deposited into the sediment pond for sedimentation and

consolidation. The height of the deposited material is accumulated with time, which is different from the

one-time filling scenario. The stage filling scheme is therefore designed to simulate this time dependent

filling scenario.

The staged filling scheme has two major categories, First of all, the continuous filling, in which the

additional height of soil is added on top continuously with time, is simulating the case in which the mine

tailing is pumped into the sediment pond continuously at a more or less constant rate. A zero filling rate is

acceptable in CONDES0, which represents a period of no deposition activity. The second one is

instantaneous loading, which simulates certain amount of slurry being deposited during a very short period

of time or at a specific time.

A deposition chart of nominal height vs. time (Fig. 1) is recommended to simulate staged loading process

using CONDES0. The chart should cover all the activities from the beginning to the end of simulating

process. The non-constant rate deposition scenario should be approximated with several periods of

constant rates. The maximum of 50 periods including the constant rate depositions and instantaneous

depositions is acceptable. The following issues should be noticed before using staged loading function.

1. An instantaneous deposition at beginning of the current simulation is not allowed if the current

simulation is a continuation from previous analysis. The instantaneous filling should be incorporated

into the initial void ratio distribution (solid content distribution) to start with for the current simulation.

2. During the staged filling process, the top boundary condition is automatically assigned zero effective

stress. No desiccation analysis can be performed as a continuation of the filling process. At the end of

filling, a new analysis for desiccation is needed.

3. The time frame of staged filling scheme in input format should cover the complete analysis from

beginning to the end.
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CONDES0  Steady State Analysis

CONDES0 will provide the steady state solution whenever it exits. The steady state does not exist when

flow type boundary condition is used both on top and bottom boundaries, for example when a constant

evaporation rate is imposed at top boundary of a soil layer that is undrained at the bottom boundary. In the

cases with flow type boundary condition on top and at bottom of soil layer, the program will stop when

the minimum void ratio is reached at any point in the soil layer.

The steady state calculation is using the algorithm developed by Abu-Hejleh and Znidarcic (1992 and

1994). The steady state is calculated independently of transient state of the process, The calculation is

performed using the water level at initial height of soil layer for instantaneous filling or the final nominal

height of soil layer for stage filling. Therefore, the soil heights and void ratio distributions obtained from

the steady state analyses may be different from those calculated through the transient process in the cases

for which the head type boundary conditions are used at the bottom boundary. By changing the bottom

head boundary condition one can simulate various ponding depth above the soil layer. A good

understanding of the overall process is needed to conduct and interpret such analysis.

The steady state analysis will not be performed in the desiccation processes. The steady state analysis

results should always be interpreted with great care.
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Structure of CONDES0

Reading Input Data and Values Initialization

> reading input data

D calculating and assigning initial values

9 normalizing void ratios, heights, and times

& determining initial time step and initial height for staged loading scheme

Steady State Calculation (Subroutine SSC)

> calculate steady state void ratio distribution (solid content distribution) if it exists

Boundary Mesh Modification (Subroutine BOUNDMOD)

g check the Neuman type (flow type) of boundary condition

- add additional nodes if it is necessary at top and bottom

- assigning the initial values of void ratio and intervals to the additional nodes using linear interpolation

- reassigning the sequence of nodes

- warning sign will pop out and the program will stop if the number of additional nodes exceeds the

allowable total number of nodes

- calculate and assign the effective stresses to the nodes

Calculation Start

> output initial condition including void ratio distribution (solid content distribution)

> calculating marching time

> redistributing nodal information of current void ratio distribution (solid content distribution)

(subroutine NODREDIS)

- distributing current number of nodes evenly to current height of sample for staged loading scheme,

monitoring and recalculating additional nodes needed at bottom and top boundaries

- will not be activated during three-dimensional desiccation analysis

9 recording current nodal information

& performing staged loading analysis (subroutine STEP)

- adding incremental height to top of current deposition in accordance with marching time increment
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D

D

D

D

D

D

D

D

- redistributing nodal information evenly along the height after new deposition

reevaluating the necessity to modify the boundary mesh (subroutine BOUNDMOD)

recording current nodal information

assemble matrix coefficients (subroutine MATCOE)

- assemble the matrix coefficients in consolidation and desiccation cases using the normalized and

discretized governing equations

- interface element is added between the cracked and uncracking elements (if both exist)

- central difference is used for spatial discretization

impose boundary conditions (subroutine BOUNDCON)

- Neuman’s type

- Dirichlet’s type

- the pore water pressure types of boundary condition are checked for piping or heave problems;

program stops and message is displayed if a problem is detected

- the piping or heave problems are checked by inspecting the stress condition at bottom of the soil

column (the bottom pore pressure should not be greater than the total stress at bottom)

solve u-i-diagonal matrix (subroutine TRTDAG, from Numerical Recipes (Press et al., 1992))

reassigning nodal sequence due to the rearrangement of nodal sequence in tri-diagonal solver

impose dilation restriction criterion

- the void ratio can not exceed the original initial void ratio eo for all nodes and the void ratios on top

and bottom boundaries can not exceed the one obtained from previous time step in consolidation

analysis

- the void ratio can not exceed the one from the previous time step in three-dimensional desiccation

analysis for internal nodes

calculate the void ratio difference for the stopping criterion and the error for the corrector method

- the void ratio difference is calculated from the square of difference between the void ratios from the

current iteration and the previous time step

- the maximum difference among all pairs of void ratios (the current ones and the previous ones) is

selected to represent the marching difference for current iteration, which means by satisfying the

marching difference criterion every nodal void ratio has been changed at a rate lower than the

selected value of lo-*”
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- the error level is calculated from the difference square of the void ratios between two consecutive

iterations

- again, like the marching difference criterion, the maximum nodal difference is selected as the

representative error, which means by satisfying the error criterion every nodal void ratio difference

between two consecutive iterations is less than the value of error criterion of 10e2’

- calculate new total stresses for each node

9 check for cracking (if desiccation is considered)

- check the propagation of the crack by comparing the current void ratios with cracking void ratios

obtained from the cracking function

9  Corrector Method

- use the average void ratios from the previous time step and current iteration to characterize the

governing equation and calculate the matrix coefficients (MATCOE) for next iteration

- if number of iterations exceeds 600, the void ratios at the current iteration is used to characterize the

governing equation

- reduce the marching time interval by half if an instability occurs during the iteration in current time

step and restart the iteration with a half marching time interval from the previous time step

- the instability is defined when the current error level is greater than the previous error level

End of Iteration Loop

for the Neuman type boundary condition check if the self-weight consolidation induced flow rate is

larger than the imposed velocity; if it is, the analysis will follow the self-weight analysis until the

velocity becomes less than the imposed velocity

in three-dimensional desiccation problem, calculate the crack depth, soil height, total soil volume, total

crack volume, fluid volume, side-wall loss, and current evaporation rate

calculate the new time by using the new time interval as 1.5 times of the current one and if the new

time interval is greater than the pre-assigned maximum time step, use the maximum time step

continue marching to the next time step if the error criterion between two consecutive iteration is

satisfied, otherwise go back to the MATCOE and continue the iteration within the current time step

stopping criteria

- check the time to either continue the process or stop for output (refer to the marching difference

criterion stated above)
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Main Program Stops

Subroutine POSTPRO

> process the output data

- calculate secondary variables such as pore water pressures, solid contents, and alpha values

- write out the required information at each assigned output time

Subroutine CONPRO

> write out the void ratio distribution file as an input file for subsequent analysis

Subroutine BOUNDCON

> impose Neuman’s and Dirichlet’s types of boundary conditions

Subroutine TRIDAG

> solve the tri-diagnol matrix constructed using the governing equations

Subroutine BOUNDMOD

> check the boundary condition for the need of boundary mesh refinement and perform the mesh

refinement process if the condition calls for it in the Neuman’s type of boundary condition

- calculate the maximum allowable Lagrangian nodal interval with the boundary condition

- refine the first boundary nodal interval with the maximum allowable Lagrangian nodal interval

- reassign the nodal and interval sequences, linearly interpolate the void ratios, calculate the effective

stresses for additional nodes

Subroutine MATCOE

> calculate the coefficients of the tri-diagnol matrix to be used in the TRIDAG

- compose the tri-diagnol matrix using the discretized governing equations from one-dimensional

compression, interface, and three-dimensional desiccation.

Subroutine SSC

> calculate the steady state void ratio distribution (solid content distribution) if it exists in one-dimensional

compression analysis

- calculate the void ratio distribution (solid content distribution) using effective stress principle

- four basic scenarios are used to analyze the void ratio distribution (solid content distribution) at the

steady state, no flow, velocity is constant and known, velocity is constant but unknown and iteration

is needed, and impervious top boundary and pressure head at bottom.

Subroutine NODINT
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> convert the existing or given void ratio distribution (solid content distribution) to a distribution with finer

mesh

> linear interpolation is used between two given nodes

Subroutine STEP

> perform staged loading processes

- placing additional height of soil on top of the soil column to simulate the continuous and

instantaneous types of loading

- minimum 20 steps of loading within one continuous loading period, which is controlled by the number

of time steps

- the additional height of soil is product of deposition rate and time interval in continuous loading

- nodal information is rearranged according to the new height of soil into a new distribution with same

nodal height differences but at least two nodes are assigned to the top when additional height is

added

Subroutine NODREDIS

> reassign the sequence of nodal information such as void ratios, elevations, and Lagrangian nodal

intervals evenly along the current height of soil sample according to the current number of nodes

Functions - contain all the functions required in the main program and all the subroutines
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General Information about Using CONDES0

Input

The input data for program CONDES0 can be entered in the interactive mode. After starting the program,

CONDES0 will ask for all the necessary parameters one after another. Simply by following the

instructions appearing on the screen, the user can easily perform the analysis interactively with CONDES0.

After the last necessary input data is entered, the calculation starts immediately.

Alternatively, an input file can be created using an editor and the program is then executed by typing

CONDES0<filename. This mode of program execution is more convenient when modifying an existing

input file, but it is also recommended as the preferred mode of program execution. The procedure of

execution using this mode is introduced as follows:

Step 1: Construct an input file

1. Construct an input file following the format in the CONDES0 Input Instruction and name the input file

(for example: in1)

2. The parameters in the same line can be separated by comma or one space

3. The input tile can have any name except CONDES0.EXE, INPUT, TS.OUT, TC.OUT and VD.OUT.

These names are reserved for program generated files.

Step 2: Run the program

1. Under the DOS command, type CONDES0 < INI

Output

CONDES0 will automatically generate four output files, TS.OUT, TC.OUT, VD.OUT and INPUT.

VD.OUT - General output file containing:
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1. Output information including node numbers, elevations, corresponding void ratios, solid contents

and pore water pressures at each requested time. In addition to the requested times the file will

contain the same information for those times that are crucial to the analysis.

2. Steady state void ratio distribution (solid content distribution) if it is available.

3. a-value for each node for the desiccation analysis.

INPUT- all input information and void ratio distribution at the end of analysis

Part 1: General input information

- Containing the input information used for the current run

Part 2: Void ratio distribution (solid content distribution)

- Containing the void ratios and elevations at program stopping time

1. This file is designed for continuing the process with different boundary condition. For this case

the file name must be changed.

2. The parameters needed to be changed are Boundary Conditions, Initial Status, Number of

Output Times, Times of the Output , starting time, sample height, and three-dimensional

Desiccation Status if desiccation will be considered in the next run

3. If the three-dimensional desiccation will be considered in the next run, all the information needed

in the three-dimensional shrinkage analysis must be added according to the format in the

CONDES0 Input Instruction

Warning! Desiccation analyses must always be conducted in a single run. Continuing the

desiccation analysis from an already cracked profile will produce erroneous results.

TS.OUT - Time-settlement information

1. Containing complete time-settlement curves

2. At specified times, sample heights, average dry densities, accumulated flow volumes from top

and bottom boundaries, and crust thickness are given.

TC.OUT - Detail result from three-dimensional Analysis

1. Containing complete three-dimensional desiccation information
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2. The information includes times, crack depths, layer height, total intact soil volume, crack

volume, fluid loss from top intact soil surface, and fluid loss as well as the simulated evaporation

rate.

On the screen

CONDES0 will show the current running situation on the screen. The information includes:

1. Current time, which refers to the elapsed time in the field CONDES0 is simulating.

2. The marching difference, which refers to the maximum difference between the void ratios from

the current time step and previous time step.

3. Iteration information, which includes the iteration number and error level

4. Height difference in percentage between steady state and current state if the steady state is

available

5. Boundary mesh modification, which includes the additional numbers of nodes needed on top and

bottom boundaries

6. Total number of nodes at current time step

7. Crack depth and node number where the crack tip is

8. Warning signs:

- numerical instability

- failure to converge

- inappropriate combination of soil parameters and boundary conditions

- high pressure at bottom causing instability

9. Informative messages

- Boundary condition change from self-weight consolidation to imposed velocity when the

imposed velocity is initially less than the velocity induced by the self-weight consolidation

- Reaching the minimum void ratio

- Availability of the steady state
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CONDES0 Input Instruction

General Instruction

CONDES0 operates in DOS environment. An interactive input as well as a data file input are acceptable

to CONDES0. However, the interactive input is recommended for the first time users.

The Interactive Input

This is the most direct way of input. The users can simply type CONDES0 under the DOS command and

follow the instructions on the screen. Multiple numbers requested in the same line should be separated by

either a comma or a space. The CONDES0 will request all the necessary information and lead the users

through the input process. All the input information will be automatically stored in a data file called

INPUT after the conclusion of calculation. The users can inspect the input data in INPUT to verify that the

proper parameters were used in the analysis.

The Data File Input

This is the most efficient way of input. The users can simply construct an input data file with the file name

of users’ choice; and type CONDES0<filename under DOS command to start the calculation process. The

input data should have the format shown in the following section, Input Data File Format. Any multiple

numbers in the same line should be separated using either comma or space.

The file names, INPUT, TS.OUT, TC.OUT, VD.OUT as well as CONDES0.EXE must not be used as the

file name of the input data file.
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Input Data File Format

Line 1: A, B, C, D, Z

The material parameters for the void ratio-effective stress equation in one-dimensional compression

and hydraulic conductivity functions

Line 2: 1 for Yes, 2 for No

(Answer the following question: )

Is three-dimensional Desiccation considered in this case?

Line 2-1 to 2-4 are required if 1 is selected in Line 2

Line 2-1: A2, B2

The material parameters in three-dimensional shrinkage equation

Line 2-2: a, b, c, d

The material parameters of the cracking function

Line 2-3: vvakre

The side-wall evaporation factor, positive for losing, negative for gaining water from the side-

wall.

Line 2-4: CV

Crust void ratio

Line 3: Gs

Specific gravity of solids

Line 4: Gw

Unit weight of water

Line 5: H0

Initial height of slurry
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Line 6: 1 for Yes, 2 for No

(Answer the following question: )

Is stage filling considered in this case?

Line 6-1 to 6-2 are rewired if 1 is selected for Line 6

Line 6-1: NS

Number of filling stages

The number of filling stages should consider the time frame from the starting time to the ending

time of the simulation in the current run. Ail the loading schemes, such as zero loading,

instantaneous loading, and continuous filling should be counted The plot of the nominal loading

in soil height verses time is recommended. Every segment in this plot will be considered as one

stage. (see Fig. 1)

Line 6-2-1~Line 6-2-NS: TBF(i), TEF(i), FRH(i)

Stage  filling information:

TBF(i) - beginning time of filling stage i

TEF(i) - ending time of filling stage i

FRH(i) - rate of filling height of soil at initial void ratio E0

~ filling rate (height/time) for continuous filling

~ height for one-lime loading

Note: for instantaneous loading, TBF and TEF should be the same and specify the time

when this loading is applied. The FRH is the added height of the soil.

Line 7: BCT

Boundary condition at top

1 - Velocity type (Neuman type)

2 - Surcharge (Dirichelet type)

Line 8: VT or LT

The values corresponding to the types of boundary condition in Line 8

VT - the velocity when BCT=1, and a POSITIVE number for extracting water from the soil layer,

the unit has to be consistent with C in Line 1
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LT - surcharge, the unit has to be consistent with Z in Line 1

Line 9: BCB

Boundary condition at bottom

1 - Impervious Boundary (Velocity = 0.0) (skip Line 9-1)

2 - Pressure Head at Bottom (Line 9-1 is needed)

3 - Pervious Boundary (skip Line 9-1). The head is assumed to be equal to the water level on top

of the layer.

4 - Neuman Type (Velocity f 0.0) (Line 9-1 is needed)

Line 9-1 is required if 2 or 4 is selected in Line 9

Line 9-1: VB or HB

The values corresponding to the types of boundary condition in Line 9

VB - the velocity when BCB = 4, and a NEGATIVE number for extracting water from the soil

layer, the unit has to be consistent with C in Line 1

HB - the pressure head with respect to the elevation at bottom, the unit has to be consistent with

H0 in Line 5

Line 10: ME

The minimum void ratio, the program will stop when it reaches this value in any one of the nodes.

Line 11: TO

The starting time (It has to be consistent with the ending time of the last run if 1 is selected in Line

15.)

Line 12: NO

Number of requested output times

Line 13-1~Line 13-NO: T(i)

The times where the output information is required (They have to be larger than the starting time

T0 in Line 11 if 1 is selected in Line 15.)
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Line 14: MAXDT

The maximum time interval for performing calculation

The choice for MAXDT will depend on how precise the desiccation analysis needs to be and how

much time the user is willing to spend on performing calculation. MAXDT of 1 day is a good

starting value for desiccation analysis.

Line 15: 1 for Yes, 2 for No

(Answer the following question: )

Do you want to specify the initial void ratio distribution?

Line 15-1 to 15-2 are required if 1 is selected for Line 15

Line 15-1: ND

Number of the pairs of initial void ratio-elevation information

Line 15-2-1~15-2-ND E(i), ELV(i)

- The void ratios E(j), the elevations ELV(j)

- The void ratio distribution (solid content distribution ) in terms of void ratios and elevations

should be input in the descending order for elevations (i.e. from top to bottom of the layer). The

origin of the coordinate system is always assumed to be at the bottom of the layer.

- Starting from the void ratio and elevation at node ND, which is at the fop of the soil.
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Problem Shootings

When using CONDES0, numerical difficulties and faults may be encountered owing to unrealistic values,

erroneous input format, or inappropriate types of analyses. Warning signs and informative messages will

be displayed on the screen when these numerical difficulties and faults are encountered. The users must be

familiar with these difficulties and faults to correct the errors or enhance the power of analyses using

CONDES0.

The users also have to be aware that this theory is developed for fine grain materials with relatively high

compressibility and low permeability. Any attempts to analyze the coarse material with relatively low

compressibility or relatively high permeability is expected to result in numerical problems and possibly give

erroneous results. The problem shooting techniques and resolutions will be provided here.

- Numerical Instability

The numerical instability occurs when the error level between two iterations begins to increase. The

numerical instability will increase program running time and likely lead to higher error level in analyses.

CONDES0 will reduce the marching time to half of the current value and continue the calculation when

numerical instability is encountered. The solution will still be obtained, but prolonged execution time

should be expected.

The numerical instability usually occurs when velocity type (desiccation) boundary conditions are used for

extremely high evaporation rates. The users should check the imposed velocity values, material

characteristics and initial void ratio distributions for possible modification to eliminate the numerical

instabilities.

- Failure to Converge

The convergence problem occurs when the number of iteration is greater then 600. It means, the analysis

converges either at a very slow rate or does not converge at all (when accompanied by numerical
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instabilities). CONDESO will continue the analysis with the result at the 600th iteration and inevitably

generate greater error, The users should be alerted when the convergence problem message appears more

than 10 times at an error level higher than 10m12. This may cause unpredictable error in the results,

The users should first inspect the material characteristics and boundary conditions (types and values) for

possible modification to reduce the convergence problems.

- Inappropriate Combination of Soil Parameters and Boundary Conditions

This message will be displayed on the screen when the number of total nodes needed for analysis exceeds

20,000. It usually happens when a relatively high velocity is imposed on the boundary of a stiff soil with

low permeability. The remedy is to reduce the imposed velocity or possibly modify the material

characteristics including the compressibility and permeability. However, even with these modifications the

minimum void ratio could be reached very soon on the boundary after the process is started.

- Material Instability Due to High Pressure at Bottom

This message will be displayed on the screen when a pressure head type boundary condition is used at

bottom and the water pressure exceeds the total stress of soil at bottom. The users should immediately

reduce the value of water pressure head at bottom to be able to perform the analysis.

A positive non-zero pressure head boundary condition at bottom should be used with extreme care

especially when a very small or zero initial height is used.

- Reaching Minimum Void Ratio

CONDES0 will terminate the analysis when the minimum void ratio is reached at any node in soil. This is

a normal termination of program. However, if it appears that the minimum void ratio is reached too soon,

the users should inspect the boundary conditions and values. Usually the minimum void ratio will be

reached sooner when a high velocity is imposed on the boundary of a stiff soil with low permeability.
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- Domain Error or Divided by Zero

These messages will be displayed on the screen usually when the input number format, structure, or the

data generated by CONDES0 is not acceptable to the operation system of computers. The users should

always go back to the input data and inspect the data format and structure. The consistency of units

should also be checked. However, for certain sets of correct input data it is possible to generate

singularities in calculation. The resolution would be to change one or more numbers by a very small

amount to avoid the singularities. This message is usually a strong indication that the analysis of a

physically impossible situation is being attempted.

- Please Specify Initial Height Instead of Instantaneous Filling

At beginning of stage filling process, an instantaneous filling is not acceptable when a non-zero initial

height is used. In other words, when a pre-existing layer of soil prior to filling is included in the analysis

and an instantaneous filling is imposed at beginning of the process, this message will be displayed on the

screen and program stops.

The remedy is to incorporate the instantaneous filling at beginning into the initial void ratio distribution

with which to start the analysis.

- Calculation Terminates for Unstable Situation

The consolidation and desiccation are diffusive processes. The numerical oscillation within calculation is

very likely but it should attenuate with time. If the number of numerical oscillation between two iterations

within a time step is higher than 5 and with the amplitude greater than the initial void ratio, CONDES0 will

display this message on the screen and stop the analysis.

The users should check the input data for any inconsistency of units, incompatible material characteristics

such as a relatively high permeability, or a much too large time step.
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Example 1 - Instantaneous Filling Consolidation Analysis

Case Description

The slurried soil with the following compression and permeability characteristics is deposited into a

confined facility in a very short period of time with a height of 17.85 meters, The shrinkage limit of this

material is 0.5. The specific gravity of soil solids is 2.71. An impervious layer exists at bottom of the

confined facility. A layer of ponding water is always on top of the soil. The consolidation analysis is

requested for 60 years.

Required Data

The complete input file, output files such as TS.OUT and INPUT, and part of the VD.OUT are provided in

following pages. The time-settlement curve (Fig. EX1-1) and solid content distribution curve (Fig. EX1-2)

are also plotted.
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Example 1 - Input File
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Example 1 - TS.OUT
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Example 1 - INPUT
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Example 1 - VD.OUT
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Example 2 - Stage Filling Consolidation Analysis with Impervious Bottom Boundary

Case Description

The slurried soil with the following compression and permeability characteristics is deposited into a

confined facility with the stage filling schedule showing in Fig. EX2-1 (the nominal height - time plot). The

detailed filling information is in Table EX2-1. The shrinkage limit of this material is 0.5. The specific

gravity of soil solids is 2.71. An impervious layer exists at bottom of the confined facility. A layer of

ponding water is always on top of the soil. The consolidation analysis is requested and information is

needed for 55 years.

Required Data
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Input and Output

The complete input file, output files such as TS.OUT and INPUT, and part of the VD.OUT are provided in

following pages. The time-settlement curve (Fig. EX2-2) and solid content curve (Fig. EX2-3) are also

plotted.
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Example 2 - Input File
.
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Example 2 - TS.OUT
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Example 2 - INPUT
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Example 2 - VD.OUT
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Figure EX2-2 Time-Settlement Curve
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Example 3 - Stage Filling Consolidation Analysis with Pervious Bottom Boundary

Case Description

The slurried soil with the following compression and permeability characteristics is deposited into a

confined facility with the stage filling schedule showing in Fig. EX3-1 (the nominal height - time plot). The

detailed filling information is in Table EX3-1. The shrinkage limit of this material is 0.5. The specific

gravity of soil solids is 2.71. An pervious layer exists at bottom of the confined facility. A layer of

ponding water is always on top of the soil. The consolidation analysis is requested and information is

needed for 55 years.

Required Data
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MAXDT = 1.0 year (arbitrary number, approximately l/50 of time span)

Boundary Conditions: Top - zero surcharge
Bottom - pervious

Analysis Status: Consolidation (No desiccation)
Stage filling
New analysis

The complete input file, output files such as TS.OUT and INPUT, and part of the VD.OUT are provided in

following pages. The time-settlement curve (Fig. EX3-2) and solid content curve (Fig. EX3-3) are also

plotted.

59



Example 3 - Input File
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Example 3 - TS.OUT
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Example 3 - INPUT
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Example 3 - VD.OUT
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Figure EX3-2 Time - Settlement Curve
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Figure EX3-3 Solid Content Curve
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Example 4 - Instantaneous Filling Consolidation Analysis with Dewatering Scheme at Bottom

Case Description

The slurried soil with the following compression and permeability characteristics is deposited into a

confined facility in a very short period of time with a height of 17.85 meters. The shrinkage limit of this

material is 0.5. The specific gravity of soil solids is 2.71. A dewatering scheme is estimated to withdraw

0.5 m”/year  from the deposited material bottom per meter square of the bottom area. A layer of ponding

water is always on top of the soil. The consolidation analysis is requested and information is needed for 50

years.

Required Data

A1 = 13.49
B1 = -0.319
Z1 = 0.064 kpa
C = 1.211E-4 m/year
D = 3.5

Gs = 2.71
H0 = 17.85 m
Gw = 9.81 kN/m3

ecrnh)  = 0.5
T0 = 0.0
T=0.2, 0.5, 0.7, 1, 1.3, 1.6, 2, 2.5, 3, 4, 5, 7, 10, 13.13, 16, 20, 25, 30, 40, 50
MAXDT = 0.5 year (arbitrary number, approximately 1/100 of time span)

Boundary Conditions: Top - zero surcharge
Bottom - dewatering at the rate of 0.5m/year

Analysis Status: Consolidation and dewatering (No desiccation)
No stage filling
New analysis

The complete input file, output files such as TS.OUT and INPUT, and part of the VD.OUT are provided in

following pages. The time-settlement curve (Fig. EX4-1) and solid content curve (Fig. EX4-2) are also

plotted.
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Example 4 - Input File
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Example 4 - TS.OUT
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Example 4 - INPUT
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Example 4 - VD.OUT
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Example 5 - Stage Filling Consolidation and Desiccation Analysis

Case Description

The slurried soil with the following compression and permeability characteristics is deposited into a

confined facility with the stage filling schedule showing in Fig. EX5-1 (the nominal height - time plot). The

detailed filling information is in Table EX5-1. The shrinkage limit of this material is 0.5. The specific

gravity of soil solids is 2.71. An impervious layer exists at bottom of the confined facility.

During the filling period (0.0 to 13.13 years, consolidation process), a layer of ponding water is always on

top of the soil. Starting from the end of 13.13 year, the ponding water on top of soil is removed and the

desiccation process starts. The average evaporation rate in Florida (1.05 m/year) is used in this example

for the desiccation process.

The consolidation analysis is requested and information is needed for 13.13 year. The information about

the desiccation process is needed to year 55.

Required Data
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D = 3.5

A2 =13.49
B2 = - 0.319

Gs = 2.71
Gw = 9.81 kN/m3

e(min) = 0.5

Because two different boundary conditions required on top of soil in this analysis, the zero effective stress

for stage filling and evaporation rate for desiccation, two consecutive analyses (consolidation and

desiccation) should be performed separately,

Step 1: Consolidation analysis from 0.0 to 13.13 years

H0 = 0.0
T0 = 0.0
MAXDT = 0.5 year

The information requires at T=0.2, 0.5, 1, 1.5, 2.5, 4, 4.1, 4.5, 5.0, 5.5, 6, 7, 8, 9.13, 9.2, 10, 10.5, 11.5,
12.5, 13.13.

Boundary Conditions: Top - zero surcharge
Bottom - impervious

Analysis Status: Consolidation (No desiccation)
Stage filling
New analysis 

Input and Output

The complete input file, output files such as TS.OUT and INPUT, and part of the VD.OUT are provided in

following pages. The INPUT file will be modified to the input file for desiccation analysis (Step 2).
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Example 5 - TS.OUT (Step 1 - Consolidation Analysis)
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Example 5 - INPUT (Step 1 - Consolidation Analysis)
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Example 5 - VD.OUT (Step 1 - Consolidation Analysis)
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Step 2: Desiccation analysis from 13.13 to 50 years

HO = 8.4138 m
TO = 13.13 year
CV = 0.7 (Crust Void Ratio)
TJ = 1.1 (Crack Side-Wall Loss Parameter)
Cracking Function Parameters (Fig. EX5-2): a = 0.0002

b = 0.001
c = 0.29
d = 0.3

MAXDT = 0.01 year (approximately 3.5 days, see CONDES0 Input Instruction)

The information requires at T = 13.4, 13.8, 14, 14.5, 15, 15.5, 16, 16.5, 17, 17.5, 18, 18.5, 19, 19.5, 20,
21, 23, 26, 30, 40.

Boundary Conditions: Top - evaporation rate (1.05 m/year)
Bottom - impervious

Analysis Status: Desiccation
No stage filling
Continuous analysis (void ratio distribution is needed at the end of input file)

The input file for Step 2 can be generated from INPUT obtained from Step 1. The INPUT from Step 1

contains the void ratio distribution at year 13.13, which is required for desiccation analysis.

Input and Output

The complete input file, output files such as TS.OUT, TC.OUT and INPUT, and part of the VD.OUT are
provided in following pages. The time-settlement curve (Fig. EX5-3), solid content curve for desiccation,
(Fig. EX5-4), time-crack depth curve (Fig. EX5-5), and time-crack volume curve (Fig. EX5-6) are also
plotted.

85



86



87



Example 5 - TS.OUT (Step 2 - Desiccation Analysis)
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Example 5 - TC.OUT (Step 2 - Desiccation Analysis)
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Example 5 - VD.OUT (Step 2 - Desiccation Analysis)
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Figure EX5-3 Time - Settlement Curve
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CONSOLIDATION  CHARACTERISTICS  OF PHOSPHATIC CLAYS

By A. Naser Abu-Hejleh,1 Associate Member, ASCE,
Dobroslav ZnidarlSi6:  Associate Member, ASCE, and Bobby L. Barnes3

ABSTRACT: Reliable and convenient testing technique and analysis are used to evaluate the void ratio-effective
stress and void ratio-permeability relations for several types of very soft phosphatic waste clays. The technique
is based on the seepage-induced consolidation test in which a soft soil sample is subjected to a constant down-
ward flow rate and its final consolidated height and bottom effective stress are measured as the sample reaches
steady state conditions. These two data points and the measured zero effective stress void ratio represent three
reliable experimental data in the low range of effective stress, where the consolidation constitutive relations are
highly nonlinear. In the higher effective stress range, the loading and permeability tests are used to determine
the coefficient of permeability and effective stress corresponding to a given void ratio. An efficient algorithm
to describe the steady-state flow in soft soils and a parameter-estimation scheme are employed for the deter-
mination of the soil consolidation parameters needed in the finite strain consolidation theory. The laboratory
data of the restricted flow test and the transient seepage-induced consolidation test and the field measurements
in three phosphatic clay settling ponds confirm the results obtained from the seepage-induced consolidation
testing and analysis.

INTRODUCTION

It is estimated that 30% of the world’s phosphate is pro-
duced in the state of Florida, leading to the creation of large
quantities of very soft, fine, and highly plastic phosphatic
waste clays (McVay et al. 1986). According to Carrier et al.
(1983). more than 50,000.000 t (dry weight) of such waste
materials are generated annually in Florida’s phosphate indus-
try. The resulting slurry waste clay is typically pumped into
large retention ponds at an initial void ratio of between 40 and
130. Within a few days to a few weeks after deposition, the
sedimentation of the suspended soil particles brings the slurry
clay to the zero effective stress void ratio, e% at which a soil
is formed and the effective stress principle begins to apply. At
that point, the very long consolidation process starts and might
continue for decades. The soil formation void ratio, cot is not
a material constant but depends on the initial slurry void ratio
(Liu 1990). Carrier et al. (1983) listed typical values of e. for
various fine-grained waste materials, with a value of around
30 for the phosphatic waste clays. The magnitude of densifi-
cation that a deposit of soft soil undergoes during the consol-
idation phase is directly dependent on the soil void ratio-ef-
fective stress relation and the time-dependent progress of
densification is directly dependent on the soil permeability-
void ratio relation. Many computer models, based on finite
strain consolidation analysis, have proven to be valuable tools
in planning disposal site capacity, predicting the time at which
site reclamation is technically feasible, and predicting the de-
velopment of soil shear strength. However, the success of such
analyses depends on the accuracy of the input data, especially
the consolidation constitutive relations.

The changes of void ratio and permeability with the effec-
tive stress are very significant for soft phosphatic waste clays
and other fine-grained materials, especially in the early stages
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of consolidation when the effective stresses are low. The direct
determination of the consolidation characteristics for such soils
is difficult if not impossible to achieve (Znid&iC  1982). For
example, the application of a constant hydraulic gradient
across a sample to measure its permeability results in a varying
effective stress along the sample depth. For a very soft soil
sample in the low effective Stress range, this variation in ef-
fective stress produces a nonuniform void ratio distribution,
and, therefore, the permeability within the sample changes sig-
nificantly and can’t be assumed constant. McVay et al. (1986)
also concluded that the laboratory measurements for determin-
ing the permeability relationships of phosphatic clays were
deficient, but that acceptable results for their compressibility
relationships could be obtained from the tests. Indeed, reliable
effective stress-void ratio relations for soft soils could be de-
termined from the field measurements or laboratory tests, but
only if the soil layer (or soil sample) is fully consolidated (e.g.,
Cargill 1986). Obtaining such data, however, requires exces-
sive testing time for fine-grained soils. For example, Carrier
et al. (1983) reported that the time needed to conduct a direct
stress-controlled slurry consolidometer test on a Florida phos-
phatic clay sample is 6-7 months. To provide more practical
and reliable methodology for the determination of the consol-
idation characteristics of soft soils, Znidar&?  (1982) intro-
duced the concept of the inverse solution (or indirect) ap-
proach, in which the variation of void ratio across the sample
is recognized. in the analysis.

Imai (1979) proposed a seepage induced consolidation test,
in which, besides the self-weight of the specimen, a downward
seepage force is imposed by creating a constant head differ-
ence across the specimen. The pore-water pressure within the
sample is measured during the experiment and the void ratio
distribution is obtained at the end of the test by slicing the
specimen. From the obtained test data, the soil permeability-
void ratio and effective stress-void ratio relations can be de-
termined. Huerta et al. (1988) presented a new analysis for the
seepage induced consolidation test, in which the inverse so-
lution algorithm is adopted. While the two methods have en-
hanced our ability to determine the consolidation characteris-
tics of soft soils, especially the permeability relation, they have
not been widely used in practical applications. Both have some
shortcomings that make their application difficult, or at least
cumbersome. Imai’s approach requires specialized equipment,
for which the quality of the measured data is operator-depen-
dent. In addition, the process of the determination of void ratio
distribution is unreliable and may produce erroneous results.
The analysis of the constant rate deformation technique sug-
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gested by ZnidarEiC  et al. (1986) is based on the linearized
consolidation theory, which may not be appropriate for very
soft, cohesive soils. In addition, the sensitivity of the devel-
oped equipment limits its application to stress levels above 1
kPa. The method proposed by Huerta et al. (1988) is the most
comprehensive one, but still requires a direct measurement of
the void ratio at the bottom of the sample and a precise de-
termination of the steady-state flow rate. Both of these re-
quirements make it a difficult and operator-dependent proce-
dure. In addition, the associated analysis of the test results is
inconvenient,

A reliable testing technique to evaluate the highly nonlinear
consolidation constitutive relations of soft, cohesive soils was
developed by ZnidarEiC and Liu (1989). The technique is
based on the seepage induced consolidation test suggested
originally by Imai (1979). This experiment has been enhanced
and a new analysis has been developed (Abu-Hejleh and Zni-
dari% 1992; ZnidarU  et al. 1992; Abu-Hejleh et al. 1992;
and Abu-Hejleh and Znidarcic  1994). The new procedure
eliminates most of the limitations of the existing methods. This
paper presents the new version of the seepage induced con-
solidation testing and analysis and demonstrates its advantages
over existing methods. Consolidation characteristics for sev-
eral samples of very soft phosphatic clays obtained by the new
procedure are also included. These characteristics are verified
by utilizing independent experimental and field measurements.

EXPERIMENTS
The experimental part of the procedure consists of three

distinct phases that all provide data for the test analysis. These
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include the determination of the zero effective stress void ratio,
eo. the steady-state stage of the seepage induced consolidation
test, and the step loading test with the direct permeability
measurements at high effective stresses.

A sufficient amount of the soft clay is thoroughly mixed at
the consistency corresponding to the deposited characteristics
at the beginning of the disposal. For the q determination, two
laboratory jars are filled with a 25 mm (1 in.) thick layer of
the slurry clay and covered to prevent evaporation. The slurry
clay is left for several days to settle. At the end of its consol-
idation, any supernatant is carefully removed and few samples
are taken from the surface of the settled clay, where the ef-
fective stress is very close to zero, to determine eo. The overall
contribution of the sedimentation process in densifying the
slurry clay can be estimated by the difference between the
initial mixing void ratio and e,.

The testing system for the seepage induced consolidation,
step loading, and permeability tests consists of five major
parts: a triaxial cell unit with a differential pressure transducer,
a pressure control panel, a loading system, a flow pump, and
a data acquisition system. A schematic diagram of the experi-
mental apparatus is shown in Fig. 1. The testing system is
self-contained and requires only electrical power and an air-
pressure supply. The cell unit contains a transparent sample
ring for housing the soft soil sample, a plastic piston, and a
bottom seat that are equipped with a coarse porous plate, a
loading shaft, and a dial gauge to measure the sample height.
The pressure control panel has a dual purpose: to apply the
necessary back pressure and to control the air pressure in the
air cylinder for loading the sample in the step loading test.
Two ports beneath the bottom seat connect the pore water at
the bottom of the soil sample to the flow pump and to the
transducer. The use of the flow pump facilitates a precise con-
trol of the flow rate through the sample. The pressure differ-
ence across the sample is measured with the precision differ-
ential pressure transducer connected to a personal computer-
based data acquisition system to collect the data of pressure
changes with time.

The slurry clay is poured into the transparent container and
the loading piston is allowed to rest freely on top of the sam-
ple. The triaxial cell is filled with water and the entire testing
system is saturated under a back pressure of 200 kPa. The
slurry soil sample is left to consolidate overnight under both
its own weight and the top effective stress produced by the
plastic piston. Due to the piston’s buoyancy, an effective stress
of only 0.1 kPa is applied to the top sample boundary. This
small surface load is used to prevent the creation of flow chan-
nels during the seepage induced consolidation test that would
otherwise form in the sample (You 1993).

In the seepage induced consolidation test, a constant flow
rate is imposed across the sample by withdrawing water from
the bottom of the sample using the flow pump. Due to the
downward flow of water, the sample consolidates and the re-
sulting pressure difference across the sample increases with
time. The pressure difference is continuously measured with
the pressure transducer and recorded by the data acquisition
system (Fig. 2). The same flow rate is maintained until the
steady state condition is reached where no further consolida-
tion takes place and the pressure difference across the sample,
AP= becomes constant. The water flux across the sample, V,
is constant at the steady state, and it is calculated as the im-
posed flow rate divided by the sample area, Ax,. At that stage,
the sample height, H,, is measured and AP, is used to evaluate.
the sample’s bottom effective stress, o:, as

u: = UC; + y,&(G,  - 1) + AP, (1)

where u; = effective stress produced by the loading piston; yW
= water unit weight; G, = specific gravity of solids; and H, =
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height of solids contained in the sample calculated as W,/
(G,y,A,), in which W,, is the dry weight of the sample.

Once the steady-state conditions under a given flow rate are
reached, the seepage-induced consolidation test with a higher
flow rate can be performed. This will produce further com-
pression of the sample and a higher pressure difference. The
seepage-induced consolidation test should be performed under
relatively high flow rate that will produce significant variations
of void ratio and effective stress across the specimen. This
provides more reliable values of v, 0:. and Z$,  for the analysis
of test results. Based on experience, the flow rate should be
increased from low flow rate until the resulting pressure dif-
ference is between 2 kPa and 5 kPa, and not less than 0.3 kPa
or more than 10 kPa. Note that only one set of v, a;, and HI
is needed for the analysis of test results.

To obtain compressibility and permeability data in the
higher effective stress range, step loading and permeability
tests are performed. At the conclusion of the seepage-induced
consolidation test, the sample is consolidated under a large
vertical effective stress, a:. At the end of its consolidation, the
sample height is measured and the corresponding uniform void
ratio of the compressed sample, es, is calculated. A small
downward water flux is imposed across the sample with the
flow pump. The resulting pressure change across the sample
is obtained and used to calculate the permeability of the sam-
ple, k, (Aiban and ZnidarEic 1989). The two tests can be re-
peated several times under increasing loads in order to obtain
redundant data, but only one set of a:. e,, and k, are needed
for the analysis. The sample is removed from the testing ap-
paratus and the weight of solids, Wd, is determined.

TEST ANALYSIS

An extended power function (Liu and Znidarlsic  1991) is
used to relate the vertical effective stress, a:, to the void
ratio, e

e = A(o: + 2)” (2)

This form, representing an expanded form of a widely used
power function, removes all major deficiencies of the conven-
tional logarithmic models. Namely, the void ratio is well de-
fined at zero effective stress and, irrespective of the stress mag-
nitude, the void ratio never becomes negative. The conven-
tional form of the power function is used to relate the coeffi-
cient of permeability, k, to the void ratio

k = CeD
(3)

This form describes the permeability relations for soft soils
quite well, as demonstrated by Somogyi (1979) and Al Tabaa
and Wood (1987). The empirical parameters A, B, C, D, and
Z are the consolidation constitutive parameters to be deter-
mined for a given soil. An efficient solution describing the
steady state conditions in the seepage induced consolidation
test and a parameter-estimation algorithm are developed and
coded in the computer program SICTA (Seepage Induced Con-
solidation Test Analysis). The parameters A, B, C, D, and Z
are determined in program SICTA from the test results. A brief
description of the overall analysis procedure follows.

The consolidation of soft phosphatic clays and other cohe-
sive materials is properly described by the finite strain con-
solidation theory (Gibson et al. 1967; McVay et al. 1986). The
governing equation for the process can be written in the ma-
terial coordinate system as:

where the material coordinate z is taken positive in the direc-

tion of gravity, and t = time. For the steady-state condition the
right-hand side of the equation is equal to zero, since there is
no further change of the void ratio with time. The equation is
thus written in the form

This new equation describes, together with the appropriate
boundary conditions, the steady-state flow of water through a
soft soil layer. Its solution gives the void ratio distribution at
steady state, from which the effective stresses and layer height
can be determined. It is clear from (5) that both the compress-
ibility and permeability constitutive relations influence the
steady-state void ratio distribution. Thus, the steady state in
the seepage induced consolidation experiment is also an ap-
propriate and sufficient test from which the consolidation con-
stitutive properties can be determined. The use of the steady
state, rather than the transient part of the test, has several ben-
efits. It is easier to make reliable measurements in the steady
state than during the transient part of the test. The delay in the
instrumentation response, caused by the system compliance,
has less effect on the quantities measured in the steady state
than during the transient phase of the test. The analysis of the
steady-state flow is also much simpler and involves less com-
putational effort. The use of the steady state as the basis for
the determination of the consolidation characteristics of soft
soils distinguishes this method from others that are based on
the analysis of transient tests (Been and Sills 1981).

At the steady-state condition in the seepage-induced con-
solidation test, the velocity of the sample solid phase is zero
(no vertical deformation) and the apparent velocity of the wa-
ter phase is constant along the sample depth and does not
change with time. Hence, the steady-state apparent relative ve-
locity between the water phase and the solid phase is the ap-
plied water flux, v. By combining the equilibrium equation,
the principle of effective stress, and Darcy’s Law in terms of
the relative apparent velocity between the water and solid
phases, an expression for v can be obtained as

0%

Note that (6) is equivalent to (5). but the use of (6) to simulate
the test is more convenient since the steady-state water flux,
v, is known. The material coordinate, z, identifies the height
of solids from the top of the sample, where r. = 0, to the point
of interest; note that z = H, at the bottom of the sample. The
rearrangement of (6) followed by the integration from z = 0
to any z leads to

The integral equation, (7), relates the vertical effective stress
at any material depth z in the soil sample (or a soil layer) at
steady state to the sample void ratio distribution above z. The
effective stress and permeability in the integral equation are
expressed in terms of the void ratio using (2) and (3). A simple
iterative numerical solution for the integral equation was de-
veloped and used to describe the steady state conditions in the
seepage induced consolidation test. With the known values of
H,, a& v, em G,, and yw, the numerical solution predicts the
steady-state sample bottom effective stress, &, and height,
Ha, for any set of parameters A, B, Z, C, and D. The numerical
solution is very accurate and always stable irrespective of the
degree of nonlinearity of the consolidation constitutive
relations.

With the measured zero effective stress void ratio and the
compressibility and permeability data in the higher effective
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stress range, the number of parameters needed to be estimated
is reduced from five to two. Parameters B and D are chosen
to be the free parameters and the other parameters are deter-
mined as

By utilizing the steady-state results of the seepage induced
consolidation test and their numerical predictions for any set
of consolidation constitutive parameters, parameters B and D
are determined by minimizing the objective function, Q, de-
fined as

An iterative parameter estimation algorithm, based on the
Newton method coupled with the line search procedure (Den-
nis and Schnabel 1983). is used to minimize Q by calculating
improved values for A, B, C, D, and Z in each successive
iteration until an arbitrary small value of Q is reached. Both
the efficiency of the numerical simulation of the test and the
requirement that only two free parameters need to be deter-
mined prevent the parameter estimation analysis from con-
verging to inaccurate optimized constitutive parameters. The
complete analysis of any set of experimental data with the
SICTA program usually requires between 3 and 20 iterations
and can be completed within a few seconds on any personal
computer.

The seepage-induced consolidation test with the controlled
flow rate has many advantages when compared to the con-
trolled head difference techniques (Imai 1979; Huerta et al.
1988). First, the flow pump facilitates a precise determination
of the steady-state flow rates with a resolution in the range of
lO-‘j  mL/s, that is four orders of magnitude better than with
the conventional methods of volume change measurement
(Alva-Hurtado and Selig 1981). Second, the precise control of
low flow rates with the flow pump enables testing under small
gradients that are easily measured with the sensitive pressure
transducer. This leads to more reliable results in the low ef-
fective stress range for soft cohesive soils. Third, since the
response of the transducer is essentially instantaneous, the
steady-state condition will be detected as soon as it is reached
in the experiment. This is a major advantage over the constant
head test in which a sufficient water quantity has to be accu-
mulated for a reliable calculation of the steady-state average
flow rate. Thus, the constant head test has to be extended for
some time into the steady-state regime, leading to prolonged
tests.

TEST AND ANALYSIS RESULTS FOR PHOSPHATIC
CLAYS

The consolidation characteristics for samples of very soft
and cohesive waste phosphatic clay were determined with the
presented seepage-induced consolidation testing and analysis.
The samples were obtained from several phosphate mines in
Florida. The specific gravity, plastic limit, and liquid limit for
the samples are included in Table 1. The results of all three
phases of the testing programs are summarized in Table 2, and
an example of the recorded pore water pressure during the
seepage induced consolidation test is given in Fig. 2. The sev-
eral pressure drops noticed in Fig. 2 were caused by the re-
setting of the flow pump at the end of its travel distance. The
data indicate that the short flow interruptions do not affect the
pore pressure response significantly. The test data from Table
2 are used as the input variables for the SICTA program and
the analysis results, constitutive parameters, are listed in Table
3. Graphical presentations of the obtained compressibility and
permeability relations are shown in Figs. 3 and 4. respectively.
The low permeability of the phosphatic clays and their high
compressibility are demonstrated in these figures.

VERIFICATION RESULTS
Three types of independent measurements are used to verify

the seepage-induced consolidation teat and analysis results for
the phosphatic clays. The obtained consolidation constitutive
relations are first compared with the results of the restricted
flow consolidation test which produces the same relations with
a completely different testing procedure and analysis. Second,
the obtained consolidation characteristics are used in the con-
solidation analysis to simulate the transient phase of the seep
age-induced consolidation test and to predict the field condi-
tions in several phosphatic clay settling ponds for which some
direct measurements are available. The transient finite strain
consolidation analysis is conducted with the CADA program
(Abu-Hejleh 1993). in which an efficient, nonlinear, finite-el-
ement solution algorithm for (4) is implemented.

The testing technique and analysis procedure for the re-
stricted flow consolidation test are documented in the report
by Sills et al. (1984). In the analysis, the experimentally ob-
tained compressibility and permeability data are fitted to the
exponential curves, which correspond to linear functions in
double log scale. The data from this test on sample A-9 and
the fitted linear curves on double log scale plots are shown in
Figs. 5 and 6, together with the obtained compressibility and
permeability curves from the seepage-induced consolidation
test and analysis. A good agreement between the two sets of
results is noted with the only notable deviation in the low
effective stress range. The data reported for the restricted flow
consolidation test show substantial scatter in that range, indi-
cating that the procedure may not be reliable for the low ef-
fective stress level. The seepage-induced consolidation test
produces less ambiguous results at low effective stresses. In
addition, a simpler power function is fitted to the compressi-
bility data from the restricted flow test, while an expanded
power function is used in the analysis of the seepage-induced
consolidation test. Since the simple power function does not
recognize the maximum void ratio for a given sample, the
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obtained data in the higher effective stress range are extrapo-
lated to the low effective stress range, leading to a further
disagreement between the two techniques.

In the seepage-induced consolidation test, the soil sample
passes through a transient phase of consolidation before reach-
ing the steady-state conditions. Thus, the obtained data in this
phase gives the opportunity for an independent verification of
the obtained consolidation characteristics in the low range of
effective stresses. Note that the consolidation characteristics
were obtained using only the steady state results of the seepage
induced consolidation test. With the known testing conditions
and measured consolidation material characteristics of the
phosphatic clays, the CADA program is used to simulate the
seepage induced consolidation tests. The measured test data
on samples A-l and S-l and their numerical predictions are
shown in Figs. 7 and 8. These figures show a good agreement
between the test data and their numerical predictions, confirm-
ing the accuracy of the obtained consolidation characteristics
of phosphatic clays in the low effective stress range.

Using the piston tube sampler, profiles of void ratio with

depth were obtained from the phosphatic clay settling ponds
where samples A-l, C-l, and S-l, were taken, and these are
shown graphically in Figs. 9- 11. In order to predict these field
data numerically using the experimentally obtained consoli-
dation characteristics and the CADA program, information that
describes the boundary conditions and the slurry deposition
history of the phosphatic clays is needed. It was given that the
bottom surface of the settling ponds can be assumed imper-
vious and that the phosphatic clay deposits had been covered
with water. Thus, the measured zero effective stress void ratio
in our laboratory is assumed for the surface of the deposits,
where the effective stress is zero, and it is included in the
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FIG. 10. Field Measurements for Void Ratio Distribution in
Settling Pond C-l and Their Numerical PredictIons

presented void ratio profiles in Figs. 9-11. In addition, the e.
value is used to represent the initial void ratio of the slurry
phosphatic clays at the beginning of consolidation. For the
stated boundary and initial conditions, the only source of the
slurry phosphatic waste densification is the self-weight con-
solidation.

Since we could not obtain information on the slurry filling
rates and periods, such information was either estimated or
investigated with the available field data and the CADA pro-
gram. The measured data of void ratio with depth were used
to estimate the height of solids contained in each profile, H,.
Then, the uniform deposition rate, in terms of volume of de-
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posited waste clay per unit area and per unit time, DR, during
a filling period F is estimated as:

DR = HJF (10)
The height of the unconsolidated slurry column, Hm for each
deposit can be calculated as H,( 1 + e o), and the corresponding
filling rate is Ho/F. For example, the estimated values of H,
and Ho for deposit S-l are 0.516 m and 17.3 m, respectively.
For each deposit, the self-weight consolidation of the uncon-
solidated slurry column with a total height of Ho is modeled.
The deposition conditions were simulated with the instanta-
neous tilling and with varying uniform filling rates. A sample
of the obtained settlement response for deposit S-1 is shown
in Fig. 12. The graphical results indicate that the soil layer
height during the self-weight consolidation could be assumed
independent of the filling rate, especially when the filling rate
is high. A similar result was obtained by Carrier et al. (1983).
Therefore, it is assumed that the phosphatic clay conditions at
the time of sampling are independent of the filling rate history
and are related only to the elapsed time from the beginning of
the slurry deposition operations, T,.

The consolidation analysis results for the instantaneous fill-
ing am used to predict the void ratio profiles in the phosphatic
clay deposits. The value of T, corresponding to the sampling
time, designated as the deposit age, was estimated with the
measured soil layer height. For example, the age of deposit S-
1 at the time of sampling is estimated as 13.13 years, since at
that time the predicted soil layer height from Fig. 12 is 7.62
m, which is equal to the measured height of profile S-1 shown
in Fig. 11. The void ratio profiles cotresponding to the sampling
time for the three phosphatic deposits are then obtained, and
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they are presented in Figs. 9- 11. The graphical results show a
good agreement between the measured field data of void ratio
with depth and their numerical predictions. ‘Ibis represents fur-
ther evidence of the reliability of the obtained consolidation
characteristics from the seepage induced consolidation test and
analysis, and supports the use of such results in the consolida-
tion analysis of real field situations. Fig. 10 indicates that the
upper portion of deposit C-1 is relatively unconsolidated, im-
plying that this deposit was relatively young at time of sam-
pling. This is not the case for deposits A-1 and S-1.

CONCLUSIONS
The seepage induced consolidation test and analysis provide

a rational method for the determination of the consolidation
constitutive relations for soft phosphatic clays and other fine-
grained materials. The analysis procedure is consistent with
the finite strain consolidation theory that is routinely used in
the analysis of field conditions in the settling ponds at phos-
phate mines. The presented methodology solves the difficult
problem of material characteristics determination, usually the
most critical aspect of any field prediction.

The advantages of the presented methodology include the
precise control of the steady-state flow rate using the flow
pump, the accurate measurements of the pressure difference
across the sample with the sensitive differential pressure trans-
ducer, and an efficient analysis of the test results without any
restrictive assumptions. The quality of the obtained results is
verified by the comparison with three types of independent
measurements including the field data.
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DESICCATION THEORY FOR SOFT COHESIVE SOILS

By A. Naser Abu-Hejleh1 and Dobroslav ZnidarciC,* Associate Members, ASCE

ABSTRACT: A new desiccation theory is developed that provides a rational framework for the consolidation
and desiccation analysis of soft fine-grained waste soils. The theory includes four consecutive segments that
correspond chronologically to the phases that a soft soil layer undergoes in the field after deposition: con-
solidation under one-dimensional compression; desiccation under one-dimensional shrinkage: propagation of
vertical cracks and tensile stress release; and desiccation under three-dimensional shrinkage. A general form
of the finite strain governing equation of the overall consolidation and desiccation process is formulated. It
includes the cracking function and the nonlinear constitutive relations. The experimentally obtained consol-
idation and desiccation characteristics for soft china clay. which are needed for the overall analysis of a given
field problem, are presented. The predictions of this theory for the response of a hypothetical soft china clay
layer undergoing self-weight consolidation, seepage consolidation, and desiccation due to lowering of the
ground-water level or surface drying are presented and discussed.

INTRODUCTION

Significant amounts of slurried fine-grained waste soils are
produced in the mining and dredging operations and depos-
ited hydraulically in large disposal facilities. For example,
more than 50,000,000 t (dry weight) of highly plastic phos-
phatic clays are produced annually in Florida’s phosphate
industry (Carrier et al. 1983). Quantities of sediments, ap-
proaching 400,000,000 m3 are dredged annually from the
navigable waterways of the United States (Poindexter and
Walker 1988). These and other soft wastes have unconven-
tional consolidation properties such as high water content,
high compressibility, and low strength and permeability. Hence,
densification of the waste is required either at the time of
deposition or later. The densification maximizes the disposal-
site capacity, stabilizes the disposal-facility structure, and al-
lows for the reclamation of the disposal site for subsequent
land use by increasing the soil shear strength and reducing
the long-term settlements. Out of several densification tech-
niques reported (Johnson et al. 1977; Mitchell 1988), desic-
cation due to surface drying and lowering of the ground-water
level is of interest in the present paper.

Due to desiccation, the surface of the soil layer settles, and
cracks initiate and propagate downward forming cracked soil
columns with a desiccated surface crust. According to Blight
(1988), surface drying has the effect of considerably reducing
the void ratio of the deposited slurry materials and increasing
the solid storage capacity of the impoundments. East et al.
(1987) argued that surface drying can fully consolidate the
slurry soil during the subaerial deposition (i.e., when the
surface water on the top of the soil layer is removed), thus
reducing the long-term settlement to a minimum. Often, the
reclamation operations for soft cohesive waste-disposal sites
require the development of a desiccated surface crust with
an adequate strength in order to support workers and equip-
ment (Carrier and Bromwell 1983; Johnson et al. 1977). The
depth of the surface crust depends on the climatic conditions
(i.e., evaporation rate), the final ground-water level, and veg-
etation (Mitchell 1988).

There are many reasons why a rational method to predict
the response and behavior of soft cohesive soils undergoing
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desiccation is needed. First, the available models in the lit-
erature for the analysis of desiccation of soft soils are em-
pirical or semiempirical. For example. Swarbrick and Fell
(1992) described a semiempirical one-dimensional model of
sedimentation and desiccation that includes restrictive as-
sumptions, such as a uniform distribution of water content
with depth throughout the desiccation process. The U.S. Army
Engineer Waterways Experiment Station (WES) model (Car-
gill 1985) is also empirically based and can be used only in a
limited number of field situations. Second, only a few over-
simplified models for the three-dimensional shrinkage are
available. For example, the Bronswijk (1988) model might
be applicable only for relatively stiff soils, where small strains
occur and the changes in the total vertical stresses are neg-
ligible. These conditions are unjustified for modeling three-
dimensional shrinkage of soft fine-grained soils. For example,
McNeilan and Skaggs (1988) reported observations for a dried-
out surface of a hydraulic landfill in Los Angeles. Orthogonal
desiccation crack patterns with 0.3-m width and as much as
1.5-2.1m depth were noted, and the total settlement in the
softest area of the landfill from spring 1983 to spring of 1987
was 1.8 m. Third, a complete study on desiccation cracking
of soft soils or a model that incorporates the desiccation crack-
ing analysis in the transition from one-dimensional to three-
dimensional shrinkage is not described in the literature. Fourth.
the constitutive and cracking relations for soft fine-grained
soils undergoing desiccation are not reported in the literature.
For all these reasons, many researchers stressed the need for
more work in the area of desiccation of soft soils (Johnson
et al. 1977).

A new theory for modeling the overall consolidation and
desiccation process of soft fine-grained soils after deposition
was developed (Abu-Hejleh 1993). It eliminates all the stated
shortcomings of existing studies. The theory was implemented
in a finite-element computer program, and laboratory tests
were developed to provide all the necessary desiccation con-
stitutive relations for soft cohesive soils. The present paper
describes the main components of the theory and the exper-
imentally obtained consolidation and desiccation character-
istics for soft china clay that are needed for the overall anal-
ysis. The predictions for the response of a hypothetical soft
china clay layer undergoing self-weight consolidation, seep-
age consolidation, and desiccation due to lowering of the
ground-water level or surface drying are also included.

THEORETICAL DEVELOPMENT

While the proposed desiccation theory overcomes most of
the limitations of existing analyses reported in the literature.
several assumptions were used in order to proceed with the
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analysis for solving this complex problem and to provide a
practical approach for analyzing soft waste-disposal sites. First,
the theory is based on the assumption that soft fine-grained 
soils undergoing desiccation remain saturated until the void
ratio reaches the shrinkage limit void ratio, that is, the void
ratio at which soil shrinkage is terminated. Thereafter, the
desiccated soil becomes rigid and its response is not modeled
in the present theory, The experimental results obtained by
Bronswijk (1988) show that soils with high clay content (co-
hesive soils) remain staurated over a wide range of water
contents during desiccation and low clay content soils show
residual shrinkage; that is, the reduction in soil volume is
smaller than the water volume lost during the desiccation
process. Fox (1964) reported that air entered a desiccated
clay sample at a suction of 1.000 kPa, whereas Yule and
Ritchie (1980) gave a value of 1.500 kPa. The experimentally
obtained shrinkage data, void ratio versus water content, for
soft china clay are shown in Fig. 1. They suggest that soil
shrinkage can be modeled with two stages: (1) normal shrink-
age. where the soil remains saturated from the initial void
ratio to the shrinkage limit void ratio, e = 0.96; and (2) zero
shrinkage. where the soil does not show any volumetric change
from the shrinkage limit void ratio to the end of the desic-
cation process. Consequently, this assumption can be justified
for soft fine-grained soils, which are of primary interest in
the present paper. since this type of material undergoes a
large volume decrease when the moisture content is reduced
(Johnson et al. 1977).

Second. the theory considers a homogeneous soil that does
not vary in properties from point to point horizontally, which
is a common assumption in many theories. This assumption
allows for modeling a simultaneous development of desic-
cation cracks at different locations, which propagate vertically
to the same crack depth forming cracked soil columns with
equal crack spacing (Lachenbruch 1962).

Third, the soil skeleton exhibits no intrinsic time effects
with incompressible water and solid phases, which is assumed
in most classical small- and large-strain consolidation analyses
(McVay et al. 1986). For soft soils undergoing desiccation,
the presented assumptions allow for the application of the
effective stress principle and allow the material constitutive
relations to be a function of the void ratio only for a given
stress path (Gibson et al. 1967).

Fourth, during the overall consolidation and desiccation
process. the lateral and vertical planes through any point in
the cracked and the uncracked soil columns are principal
planes (Miller 1975). This assumption simplifies the analysis
of three-dimensional shrinkage, as is discussed in subsequent
sections of the present paper.

The overall consolidation and desiccation process of soft
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soils is modeled in the theory with four consecutive segments.
which correspond chronologically to the phases that a soft
soil layer undergoes in the field after deposition. These phases
are consolidation under one-dimensional compression, one-
dimensional shrinkage, propagation of desiccation vertical
cracks with tensile stress release, and three-dimensional
shrinkage. The total and effective stress paths during these
four phases for a typical soil element are presented in Fig. 2.
At the beginning of the consolidation process, when the ef-
fective stresses acting on the slurry soil element are zero, the
element is at the effective stress state O and the total stress
state W. The initial positive pore-water pressure acting on
the soil element, equal to the total vertical stress, is the dis-
tance on the graph between the total stress state W and the
effective stress state O. Due to consolidation and desiccation,
this initial positive pore-water pressure decreases. While the
stress paths are presented in the following for an element
experiencing a constant total vertical stress. the theory is not
restricted to this case and the analysis properly accounts for
the change in the total vertical stresses throughout the con-
solidation-desiccation process.

In the development of this theory, it is convenient to con-
sider the soil deformation as consisting of two components.
One is associated with the change in the pore-water pressure.
and the other results from the change in total stresses. The
first is termed free strain, since it is the only strain component
that occurs during desiccation of unconfined soil element, and
the other is termed the mechanical strain, The sum of free
and mechanical strains is the net strain, which arises due to
change in effective stresses. Before the initiation of cracks,
the net lateral strain for any soil element remains zero, and
SO the effective stress path during consolidation and desic-
cation must follow KU line where Ku is the coefficient of lateral
earth pressure at rest. Due to the reduction of pore-water
pressure, the lateral total stress decreases, while, for illustra-
tion purposes only, the total vertical stress is assumed to
remain constant. Therefore, the total stress path at this phase
has a slope of -3/2 in the coordinate system shown in
Fig. 2.

Along the total stress path WK and effective stress path
OK, the pore-water pressure remains positive, and thus con-
solidation under one-dimensional compression takes place.
Along the total stress path KM and the effective stress path
KB, the pore-water pressure is negative while the soil under-
goes one-dimensional shrinkage. For modeling the consoli-
dation process, the compressibility and permeability relations
are defined as
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u:. = F1(e); k = Q1(e) (1)

where a:, = vertical effective stress; e = void ratio; and k =
coefficient of permeability. The constitutive relations needed
for modeling the one-dimensional shrinkage are

u ;, = F,(e); k = Qde) (2)

Soils start cracking during one-dimensional shrinkage when
total lateral tensile stress at the crack tip reaches the soil
tensile strength

-0, = 0, (3)

where CT,,  = total lateral stress; and u, = tensile strength.
The lateral mechanical tensile strain and the corresponding
total lateral tensile stress are developed during one-dimen-
sional shrinkage, since zero net lateral strain is maintained.
This type of restraint causes the development of shrinkage
cracks in concrete (Penev and Kawamura 1993) and in perma-
frost regions (Lachenbruch 1962). Corte and Higashi (1964)
used (3) to predict the development of desiccation cracks in
soft soil samples. Lambe and Whitman (1969) used (3) to
predict the crack depth due to lowering of the ground-water
level for a normally consolidated soil layer that has a zero
tensile strength. In a soil having no tensile strength, vertical
desiccation cracks can open only when the total lateral stress
vanishes, that is, only atmospheric pressure acts on the face
of an open crack. Thus, the total stress state for this case is
at N, which is on the u,, = 0 line (Fig. 2). However, the
effective stress state is at Z, where the lateral effective stress
is compressive and equal to the suction (negative pore-water
pressure) at the moment the cracks open. If the soil possesses
some tensile strength, a larger suction is needed to create
cracks. In this case, the cracking criterion is reached at the
total stress state M and the effective stress state B, as shown
in Fig. 2. At that point, the soil element is at the cracking
void ratio e,, and the cracking vertical effective stress u:, =
F&,)  .

The lateral effective stress is equal to I&u,‘,,  and the pore-
water pressure is equal to u,, - u:,, The lateral tensile stress
-u,, at any depth is thus related to the vertical effective stress
and the total vertical stress by

Oh = 0,. + (& - l)ul, (4)
Hence, a crack at any depth, which is characterized by a total
vertical stress cr,.,  initiates once the void ratio at that depth
is reduced enough to reach the cracking void ratio e,,, which
can then be related to the total vertical stress by a cracking
function G

ecr = G(u,J (5)
The cracking function is determined from (3) and (4) and the
e-u:,  relation during one-dimensional shrinkage.

Theoretically, the cracks should develop at the surface and
propagate downward simultaneously and uniformly for a ho-
mogeneous soil layer. However, reported field observations
indicate that a network of more or less regularly spaced cracks
develops. Their spacing and pattern is influenced by small
lateral variations in material characteristics (Lachenbruch 1962;
Corte and Higashi 1964). Such variations should be expected
in any natural soil deposit. At the beginning of crack opening,
a fracture zone of small thickness develops in the weakest
points of the soil layer, where the cracks later develop, and
the soil is unloaded elastically from the lateral total tensile
stresses outside the fracture zone (the unfractured zone), which
later forms the cracked soil column. In the fracture zone, the
total lateral tensile stress starts to decrease, and once this
stress drops to zero (at point N in Fig. 2), the cracks fully
develop or open, and the cracked soil columns separate com-

pietely (Abu-Hejieh 1993. Hillerborg et al. 1976). The total
lateral tensile stresses in the fractured and unfractured zones
drop uniformly. so that no lateral and vertical shear stresses
arise in the soil mass during and after the development of
cracks. Therefore, the drop of total lateral tensile stresses in
any vertical plane during the development of cracks can be
represented by the total stress path MN in Fig. 2. where the
total stress state N indicates that the cracked soil columns are
free from lateral stresses. Assuming that no suction changes
occur during the development of cracks. the effective stress
path during the tensile stress release can be represented by
BV, which is parallel to the total stress path MN as shown
in Fig. 2.

Along path MN or BV, the soil layer is unloaded, and any
associated volumetric changes could be neglected. This is a
realistic assumption for desiccation of soft soils, for which
these unloading strains are much smaller than the large strains
during loading. Furthermore, these strains are insignificant
when compared to those caused by a change in suction during
three-dimensional shrinkage along effective stress path VS.
Neglecting the volumetric changes during the development
of cracks implies that the desiccation cracks initiate and open
at the same void ratio err. Eq. (5) can be used to calculate
the distribution of e,, along depth characterized by total ver-
tical stress a,.. With the known void ratio distribution e in the
soil column (from the solution of the governing equation),
the cracks propagate to a depth where e = e,,. This depth
defines the horizontal boundary between the cracked (e <
e,,) and uncracked (e > ecr) soil columns.

Neglecting the volumetric changes during the development
of cracks implies also that the three-dimensional shrinkage
in the cracked soil columns can be represented with the in-
cremental isoptropic effective stress path BU shown in Fig.
2. This “free” three-dimensional shrinkage is attributed to
change in suction only under a constant total vertical stress.
For soil elements under different total vertical stresses, con-
solidation and desiccation follow the K,, line up to cracking,
and then three-dimensional shrinkage starts at different val-
ues of e,, [determined by (5)] and uJ, [determined as F2(e,.,)],
and continues along different incremental isotropic effective
stress paths. Some difference in the constitutive relations for
one-dimensional shrinkage along the K,, line and three-di-
mensional shrinkage along the incremental isotropic effective
stress paths could be expected. One-dimensional shrinkage
should produce a more dispersed structure with the parallel
orientation of the particles, while during the three-dimen-
sional shrinkage a flocculated structure could be expected,
since lower shear stresses should develop at the particle in-
terfaces. Thus, unlike the unique void ratio-vertical effective
stress relation used to represent the compressibility relation
along the I& compression line, the void ratio-vertical effec-
tive stress relations along different incremental isotropic ef-
fective stress paths are expected to be a function of the void
ratio at which the three-dimensional shrinkage starts

u ;, = F3(e7 e,) (6)

The compressibility functional predicts only the current
void ratio during three-dimensional shrinkage. Another func-
tional, ate, e,,), is defined to characterize the proportion of
vertical and lateral deformations along the incremental iso-
tropic effective stress paths from the beginning of three-di-
mensional shrinkage where e = e,, to a current void ratio e
(e.g., from state B to state U in Fig. 2). For a soil element
with a unit initial area and a unit solid volume, the three-
dimensional free shrinkage reduces its volume from 1 + e,,
to 1 + e and the height from 1 + e,, to (1 + ecr) [1 - E,,(e,
%)I,  where s,.(e, e,,) is the vertical strain from the beginning
of three-dimensional shrinkage. Functional u(e, e,,) is defined
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as the area of this element, or the volume of this element
over its height

Formulation of Governing Equation

The derivation of the governing equation for the overall
consolidation and desiccation process follows the lines of Gib-
son et al. (1967). The main difference is the treatment of the
desiccation process under three-dimensional shrinkage. The
soil column at the origin of time t = 0 and the deformed soil
column at some subsequent time t are shown in Figs. 3 (a and
b). respectively. As shown in these figures, the vertical La-
grangian (initial) and current coordinates, designated as n,
and {,, respectively, are taken positive against the gravity
from a reference datum plane, where the vertical deforma-
tions are zero; and the reference datum plane for the lateral
(radial) Lagrangian and current coordinates, designated as a,!
and &, respectively, are taken from the centerline of the soil
columns, where the lateral deformations are zero. The
derivation is presented for an element WXYZ in the initial
and deformed soil columns whose boundaries always encom-
pass the same volume of soil solid particles. At t = 0, the
soil element is located at the Lagrangian coordinate u,, has
a unit area, a thickness of &I,  and a void ratio of ei. The
deformed soil element at time t is located at the current co-
ordinate {,, has an area equal to a (see the definition of a),
a thickness of St,, and a current void ratio of e. Since the
same volume of solids is encompassed by the element in the
initial and current conditions

The equilibrium equation, the flow equation. the effective
stress principle, and the continuity equation are used in the
derivation of the governing equation.

Since no lateral shear stresses develop in the soil mass
during three-dimensional shrinkage, the total vertical stresses
are equal at all radii of the soil column. The vertical equilib-
rium equation is given as

where y, y,,, and 1: = unit weights of water-solid mixture,
water phase, and solid phase, respectively. With (10), the
equilibrium equation in Lagrangian coordinate system is ob-
tained as

where q,, q2 = apparent relative velocities between the water
and solid phases in the vertical and lateral directions, re-
spectively; n = porosity; u,~ and II,, = velocities of the water
and solid phases in the vertical direction; and v,,,~  and v,~ =
velocities of the water and solid phases in the lateral direction.
The v,, and v,,,~  are zero during consolidation and desiccation
up to cracking, and are assumed equal to each other during
three-dimensional shrinkage, so that the relative flow velocity
between the water and solid phases in the lateral direction 92
is always zero. Consequently, the excess pore-water pressures
as well as the vertical effective stresses are equal at all radii
of the cracked and uncracked soil columns. The flow equation
in the vertical Lagrangian coordinate system can be obtained
from (14), (13), and (10) as

For any values of e and ecr, ao:.tae, and au:.tae  can be de-
termined from (6). and de,,ldu,.  can be determined from (5).
The ao:,tae,, arises from the fact that the void ratio-effective
stress relation is not a unique function for the material during
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three-dimensional shrinkage but depends on the void ratio at
which the three-dimensional shrinkage starts. Thus, in cal-
culating the gradient of the effective stress, the chain rules
of derivatives are observed.

Finally, the continuity equation of the mixture of water and
solid phases is derived for element WXYZ. This element is
deforming in the space with a speed of a&/at in the vertical
direction and a speed of ag,lat in the lateral direction. Since
the volume of solids in this element does not change with
time, that is, no solid flows into or out of the element in the
vertical and lateral directions, it is required that v,, = a&/at
and v,, = aS2tat.  Also, since ~1,~ = v,,, there is no flow of
water into or out of element WXYZ in the lateral direction.
The volume of water that flows into the element shown in
Fig. 3(c) through section YZ in a period of 6t is

It is considered in the derivation of (22) that there is no
flow of water relative to the solid phase across the crack sides
[see Fig. 3(c)]. This is not the case with (23) [see Fig. 3(d)],
since a flow of q,Aa is lost across the crack sides of the
element, where Aa is the projected area of the element crack
sides in the vertical direction. The condition represented by
(22) is suitable for modeling desiccation due to lowering the
ground-water level, where the downward water flow is limited
to the soil matrix, and the crack sides can be considered
impermeable. Since the water is lost through evaporation
from both the soil layer surface as well as the crack sides, the
condition represented by (23) should be reasonable for mod-
eling desiccation due to surface drying, especially if the evap-
oration rate from the crack sides is close to the calculated
water flux in the soil matrix near to the crack sides. For the
former case, it is found that both continuity equations lead
to almost identical results, and, therefore, (23) is adopted in
the further analysis.

While (25) models the one-dimensional soil response during
the consolidation and desiccation processes in the uncracked
soil columns, (24) is the governing equation for the overall
consolidation and desiccation process in the cracked and un-
cracked soil columns.

EXPERIMENTAL RESULTS

As stated in the theoretical development and in the deri-
vation of the governing equation, several material functions
are required in the solution process of a certain field situation.
These included three pairs of compressibility and permea-
bility relations for consolidation, desiccation under one-di-
mensional shrinkage, and desiccation under three-dimen-
sional shrinkage. In addition, the cracking function G and
the (Y functional are required. All of these constitutive and
cracking functions are determined from laboratory tests that
were developed earlier or from new experiments developed
as a part of this research. The void ratio-effective stress and
void ratio-permeability relations during the consolidation phase
of the process are obtained from the seepage-induced con-
solidation testing and analysis (ZnidarEiC and Liu, 1989; Liu,
1990; Abu-Hejieh and ZnidarM,  1994).

The desiccation compressibility and permeability charac-
teristics are obtained from a suction test in which the water
is removed from the bottom of a sample in the oedometer
using a flow pump to control precisely the outflow rate (Abu-
Hejleh 1993). Capillary menisci develop at the sample top,
creating an effective stress increase and the corresponding
sample compression. Since the sample remains saturated in
the test, the sample volume change is equal to the withdrawn
volume of water, and this change is used to estimate the
sample average void ratio at various testing times. The applied
suction at the bottom of the sample is measured with a pre-
cision transducer and used to estimate the sample bottom
effective stress at various testing times. For the slow with-
drawal flow rate, the effective stress within the sample is
uniform, and, therefore, the desiccation effective stress-void
ratio relation is determined directly from the obtained test
results. Desiccation compressibility characteristics along the
K0 line are obtained from samples that are laterally confined
in order to produce one-dimensional shrinkage response only.
Desiccation compressibility characteristics along the isotropic
effective stress path (after cracking) are obtained from un-
confined samples that are allowed to shrink freely in the lat-
eral and vertical directions. To obtain material characteristics
for varying cracking void ratios, several preconsolidated sam-
ples with different void ratios are prepared and then tested.
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A suction test with a higher withdrawal flow rate is per-
formed on the same material in order to produce a measure-
able pore pressure gradient within the sample. The generated
gradient depends on the material permeability characteristics.
With the known desiccation effective stress-void ratio rela-
tion, the obtained experimental results under the higher flow
rate are used to evaluate indirectly the desiccation void ratio-
permeability relationship. The test analysis follows the in-
verse problem solution algorithm equivalent to the one used
in the analysis of the seepage induced consolidation test (Abu-
Hejleh and Znidarcic 1994).

The obtained void ratio-effective stress relations for soft
china clay during consolidation, one-dimensional shrinkage,

and three-dimensional shrinkage are presented in Fig. 4. The
graphical results indicate that these three relationships are
very close to each other and could be assumed identical. The
obtained permeability characteristics for soft china clay dur-
ing consolidation and desiccation under one-dimensional
shrinkage are presented in Fig. 5. Again, similar permeability
characteristics during consolidation and desiccation can be
noticed. While accepting that these two last conclusions lead
to a simpler analysis, the obtained results for a single material
should not be taken as a general rule. More tests on other
soft cohesive materials should be made before general con-
clusions regarding their consolidation and desiccation behav-
ior is made. The permeability during three-dimensional
shrinkage is assumed to have the same permeability-void
ratio relationship as during one-dimensional shrinkage. This
assumption is justified by the similar compressibility char-
acteristics for the two desiccation phases of the process.

The free shrinkage test provides the experimental data
needed for the determination of functional a (Abu-Hejleh
1993). In this test, a soil sample is left to shrink vertically and
laterally freely without the presence of any external con-
straint, and both vertical and lateral deformations are mea-
sured. Preconsolidated soil samples, with different void ra-
tios, are prepared for this test. The experimentally obtained
values of a(e, ecr)  for three soft china clay samples, with three
different initial void ratios, were fitted with an analytical func-
tion. Fig. 6 shows the data of a together with the fitted func-
tional.

Finally, the evaluation of the tensile strength function and
the corresponding cracking function G are needed in the anal-
ysis. The tensile strength, like the shear strength, is a function
of the vertical effective stress or void ratio. Its experimental
determination is quite difficult and no routine tests exist for
its measurement. Thus, the tensile strength is here related to
the shear strength that could be determined from routine
tests. The factor F is defined as F = a,/S,,, where S,, is the
undrained shear strength. For example, the experimentally
obtained undrained shear strength-void ratio relation for china
clay by Znidarcic et al. (1992) was used to estimate the tensile
strength-void ratio relation as

(TI = jqo”.945-em.4435) (26)

The exponential relation between the tensile strength and
void ratio in (26) confirms the published data (Williams and
Sibley 1992; Farrel et al. 1967). While the lower limit for F
is zero, the range of unconfined compressive strength to ten-
sile strength reported by Lau (1987) suggests that an appro-
priate upper limit value for F is 0.5.

To relate the development of the total lateral tensile stresses
in china clay to the void ratio and the total vertical stress
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FIG. 10. Progress of (a) Crack Depth and (b) Volume of Cracks
per Unit Area with Time during Lowering Ground-Water Level

only, the experimentally obtained K,-, value of 0.67 (Hutapea
et al. 1992) and e - 0:. function during one-dimensional
shrinkage are substituted in (4). Subsequently, the cracking
function for china clay, e,, - σv. relation, is obtained by sub-
stituting (26) and (4) in (3). Graphical forms of the obtained
cracking functions for china clay with F = 0, F = 0.25, and
F = 0.5 are shown in Fig. 7. Alternatively, the cracking
function can be evaluated from desiccation experiments in
which a soil sample is allowed to crack during the desiccation
process. Since the cracking characteristics are dependent on

the stress level, as (5) implies. a convenient way for obtaining
these characteristics is to conduct the desiccation experiment
in the geotechnical centrifuge under an increased gravity level
that properly simulates the stress level in the field.

EVALUATION OF THEORY

The theory has been implemented in an efficient nonlinear
finite-element computer program. called CADA (Consoli-
dation And Desiccation Analysis). The numerical solution
predicts profiles of void ratio. cracking void ratio and total
vertical stress along the vertical Lagrangian coordinate at each
time step. By transforming the coordinates from Lagrangian
to the current coordinates as expressed in (10). the settlement-
time curve and profiles of effective stress. void ratio. pore-
water pressure, and the specific area of cracks along the cur-
rent depth are determined. The depth of vertical desiccation
cracks is determined by the location of e = e,.,. The specific
volume of cracks, defined as the volume of cracks per unit
area, is evaluated by the numerical integration of the distri-
bution of specific area of cracks along the crack depth.

A hypothetical soft china clay disposal site was used to
demonstrate main features of the theory. The initial height
of the soil layer is 6 m and the initial uniform distribution of
void ratio corresponds to the zero effective stress void ratio
for the soil, e = 3.53. The experimentally obtained consol-
idation and desiccation constitutive relations and cracking
function for soft china clay are used in the analysis. Fig. 8
shows the time-settlement curves for the self-weight and seep-
age-induced consolidation of the layer. For the self-weight
consolidation an undrained bottom boundary was assumed.
and for the seepage induced consolidation a bottom drainage
layer with zero pore pressure was considered. For both cases.
zero effective stress void ratio, e = 3.53, is imposed at the
top boundary throughout the process. since the soil layer
surface should remain covered with water in these two sce-
narios. The beneficial effect of the bottom drainage layer in
accelerating the rate of consolidation is evident in Fig. 8.

Lowering Ground-Water Level

Fig. 8 also presents the time-settlement curve for the case
in which the downward water flow causes the lowering of the
ground-water table. Initially, the boundary conditions are equal
to those in the seepage-induced consolidation case. Once the
upward flow at the top boundary ceases. an impervious
boundary is imposed. That reflects the absence of any evap-
oration from, or additional infiltration into, the soil layer.
Capillary suction develops at the surface with time. and the
ground-water table with zero pore pressure moves downward.
Ultimately, the water table reaches the bottom boundary and
the hydrostatic suction distribution is established within the
layer. Pore-pressure profiles are presented in Fig. 9. while
the development of crack depth and specific volume with time
are presented in Figs. 10(a and b). The results show that the
suction will develop at the surface after 620 days and that the
tensile strength, as related to the F-value, has only a slight
influence on the progress of settlement as well as on the crack
depth and specific volume of cracks,

Surface Drying

Surface drying is caused by the evaporation at a rate that
depends on the climatic conditions at a given site. The evap-
oration has no effect as long as the upward surface-water
flow, resulting from the self-weight consolidation of the soil
layer, exceeds the evaporation rate. Once the flow rate drops
below the evaporation rate, the desiccation process starts and
continues until the top void ratio reaches the shrinkage limit.
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At that point, the soil starts to desaturate but without any
associated volume change, as demonstrated in the shrinkage
curve shown in Fig. 1. The present theory does not model
this phase and the numerical analysis is terminated at that
point. It should be noted that the actual physical process
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terminates as well, shortly after the shrinkage limit is reached,
since the permeability of the desaturated soil at the surface
is drastically reduced, creating an impervious crust that pre-
vents further evaporation (Johnson et al. 1977).

The surface drying of the soft china clay layer is modeled
with three surface evaporation rates: a low value of 1.87 x
lo-” m/s, a medium value of 4 x 1O-x  m/s, and a high value
of 8.5 x lo+’ m/s. The bottom boundary is assumed imper-
vious while the top boundary has zero effective stress for the
consolidation phase (as in the self-weight consolidation) and
an imposed outflow rate equal to the evaporation rate in the
desiccation phase. The results of the analyses are presented
in Figs. 11-14. The void-ratio and pore-water pressure dis-
tributions clearly indicate the creation of a desiccated crust
at the soil surface whose thickness and strength (void ratio)
depend on the evaporation rate. The slower the evaporation
rate, the thicker the crust. The time settlement and the crack-
depth curves demonstrate that the shrinkage limit void ratio.
e = 0.96, is reached at the surface faster under the higher
evaporation rates and that the desiccation process is termi-
nated sooner. This might lead to the apparent paradox that
the lower evaporation rate creates a larger overall compres-
sion. Again, this is easily explained by the sealing effect of
the desiccated crust at the shrinkage limit. For example. as
Figs. 11-13 indicate for the high evaporation rate, the desic-
cated crust can seal the soil surface even before the self-weight
consolidation is completed, leaving a soft unconsolidated soil
zone under a thin crust and preventing further dissipation of
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the excess pore-water pressures. Thus, the higher evaporation
rates can have a detrimental effect on the overall consoli-
dation and desiccation process.

As demonstrated in Figs. 14 and 15, the higher evaporation
rate creates more-shallow cracks with smaller volume than
the lower rate. Since the crack spacing is related directly to
the crack depth (Lachenbruch 1962), a thin and highly frac-
tured crust should be expected for this case, and thicker crust
with more widely spaced cracks should be expected under
the lower evaporation rates. The volume of cracks resulting
from surface drying increase with the decrease of the evap-
oration rate.

CONCLUSIONS

The described desiccation theory provides a rational frame-
work for the analysis of the overall consolidation and desic-
cation process of soft fine-grained soil in the field after dep-
osition. The presented experimental results support the
fundamental assumptions of the theory. The numerical anal-
ysis provides the rate of vertical and lateral deformations for
a soil layer undergoing consolidation and desiccation, void-
ratio and pore-water pressure distributions throughout the
process, and the thickness and strength (from the void ratio)
of the desiccated crust that forms at the soil surface.

  The presented examples demonstrate that the theory is in
qualitative agreement with the reported observation of the
behavior of desiccating soil layers. The predicted relation
between the evaporation rate and the thickness of the surface
crust, as well as the depth and intensity of cracks are con-
firmed by many field observations (Mitchell 1988; Blight 1988;
Johnson et al. 1977; Lachenbruch 1962; Corte and Higashi
1964). However, the quantitative verification of the theory
requires additional experimental work in which a soft material
is tested to obtain relevant material characteristics, and then
the analysis results are compared to a well-controlled model
experiment and ultimately to a field case. The centrifuge mod-
eling technique provides an excellent tool for the confirma-
tion, especially in terms of verifying the crack-formation
mechanism. Short of an actual well-controlled field case, it
is probably the only technique available to study crack de-
velopment, since the field stress conditions that control crack
propagation are properly simulated in the centrifuge models.

Several benefits are envisioned in applying the developed
theory to analyzing various strategies in mine and dredging
waste disposal. First, the theory can provide information on
how to maximize simultaneously the benefits of the self-weight
consolidation and desiccation for varying environmental
evaporation conditions and slurry deposition rates. The sec-
ond application is in predicting the strength and thickness of
the desiccated crust for the final reclamation of the disposal
site as well as in the intermediate stages in the staged filling
operations. The third. and possibly the most beneficial, ap-
plication is in providing a rational tool for evaluating possible
aggressive disposal-management strategies prior to their trial
implementation in the field. For example, the benefits of
intermediate drainage layers sandwiched between the layers
during the slurry deposition in accelerating the consolidation
process and extending the influence of surface drying to larger
depths inside the soil layer could be evaluated.
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