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ABSTRACT

The damage triggered by shrink-swell soil movements (SSSM) on structures built on top
of them continues being a source of problems for the construction industry worldwide that can be
measured in millions of dollars annually. In order to maintain the serviceability of the structure,
special concerns on the SSSM are required during the design process. This research focuses on the
estimation of the depth of active zone (DAZ), as one of the key parameters in when dealing with
shrink-swell soils. A fully coupled hydro-mechanical finite element program CODE BRIGHT is
adopted to investigate the extent of the DAZ numerically. The analyses focused on the estimation
of the DAZ under different conditions, such as, position of the water table, soil permeability and
environmental conditions. Besides, a survey involving geotechnical consultants was conducted to
learn about the local knowledge and practice about the determination of the DAZ in different cities
in Texas. The DAZ values collected from the survey agree well with the DAZ results obtained
from numerical models that replicated the local conditions reported in the survey. The simulation
results also show a good correlation between the permeability, ground water table, weather history

and the depth of the active zone.
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1. INTRODUCTION

1.1. Background and objective of the research

Shrink-swell soil (SSS), also named expansive or swelling soils, is a type of soil that
exhibits large volume changes when subjected to wetting or drying processes. Soils are usually
considered SSS if variations in water content (or suction) induce volumetric changes > 10% (Chen,
1975; Nelson & Miller, 1997). SSS movements are the source of several and serious problems in
buildings and civil infrastructures. SSS are very common in the USA and the other countries. They
brought a worldwide challenge to the geotechnical engineering industry (Jones & Jefferson, 2012).
Therefore there is a global ad growing interest to improve the current understanding of this
complex type of soil and provide possible solutions for the related problems. The ASCE estimates
that 1/4 damaged infrastructures were due to the movement of SSS, and the annual damage of
infrastructures exceeds $22 billion, as presented in Table 1.1. Nelson and Miller (Nelson & Miller,
1997) point out that the SSS cost grater finical loss to the property owner and the combination of
earthquake, floods, hurricane, and tornado. In other countries, the shrink-swell soil also brought a
tremendous loss. Some of the reported examples are £400 million in the United Kingdom (Driscoll

& Crilly, 2000), € 3.3 billion in France (L D Johnson, 1973), ¥100 million in China (Ng et al.,

2003), and $150 million in Victoria, Australia (Osman et al., 2005).



Table 1.1 Annual lost due to soil movement (Jones Jr & Holtz, 1973)

Estimated averaged annual loss

Construction category [in millions of USD]

Single-family home 300
Commercial buildings 360
Multi-story buildings 80
Walks, drives. Parking areas 110
Highway and streets 1,140
Underground utilities and service 100
Airports 40
Urban landslides 25
Others 100

Total: 2,255

The United States has widespread shrink-swell soil. Particularly in the middle and east
southern parts of the country, such as states of Texas, Arizona, New Mexico, and part of California
(the blue and red in Figure 1.1). The geotechnical industry spared no effort to eliminate the

damaging movement induced by the shrink-swell soil.



500 Miles
]

o

Figure 1.1 Swelling clay map of the United States (Olive et al., 1989)

At the present moment, numerous works had been conducted to seek an advanced
understanding of shrink-swell soil behavior and further to carry out a more accurate prediction to
solve such problem (e.g., Delwyn G. Fredlund, 1983; Delwyn G. Fredlund et al., 1980; Houston
& Nelson, 2012; Lytton, 1994; Pedarla et al., 2016; Tu & Vanapalli, 2016; Vanapalli et al., 2010;
Vu & Fredlund, 2004; Wray et al., 2005 but not limit). Two factors are considered as the main
driven force to induce the shrink-swell soil movement, which are (1) suction (Aitchison & Martin,
1973; Alonso et al., 1990; Chiu & Ng, 2003; Fityus & Smith, 1998; Fredlund & Rahardjo, 1993)
and (2) water content (Adem & Vanapalli, 2016; Briaud et al., 2003; J. Zhang et al., 2019; X.
Zhang & Briaud, 2010). The suction driven movement relatives to the variation of stresses. Thus,

the analysis of this movement problem can refer to other well-adopted constitutive models, which
3



makes suction driven analysis more popular among researches. The water content driven
movement problem can be connected with the soil suction via the soil-water retention curve
(SWRC) also known as soil-water characteristic curve (SWCC). The water content method is more
practical and easier to operate in real projects as the water content measurement is one the most
comment practice in geotechnical project. By considering the suction or water content variation,
some of the semi-empirical methods had been proposed based on the researches on the surface
movement of shrink-swell soil (BRAB, 1968; Nelson & Miller, 1997; Snowden, 1981a, 1996;
Standards Association of Australia, 2011; Wang et al., 2016) and well accepted by the industry.
These methods, which will be detail described in the following chapter, help to provide a logical
framework on the analysis to the shrink-swell soil movement problem.

During the soil movement estimation, it is critical to determine the depth of soil to be
considered, as known as the depth of active zone (DAZ). The role of the DAZ can be analogized
to the zone of influence in the well-known soil settlement problem, which is the depth of soil that
will affect by the suction/water content variation and induce movement. However, there are very
few descriptions on how to estimate or determine the DAZ in the design methods mentioned
previously or design standards. An over-estimated DAZ will lead to a costly conservatism design,
while an under-estimated DAZ will induce a tremendous damage to the structure by a differential
movement or distortion. Thus, a proper estimation value of DAZ is the first thing to do in the SSS
movement problem.

The determination of the DAZ is challenging because of the fully-coupled hydro-
mechanical analysis and the need to properly consider the in-situ conditions, such as, depth of
water table, weather history, soil, water retention curve, saturated/unsaturated permeability, long-

term analysis, among others. By assigning the depth of water table, soil properties, the numerical
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simulation will provide a solution with the length of the weather history applied. The FEM result
will help to determine the DAZ of the SSS through a period of time and will also estimate the
corresponding surface movement.

Besides the depth of the active zone and the amount of movement (refers to swelling
potential, Ps), the swelling pressure (SP) of soil is also important in the shrink-swell soil problem.
The swelling pressure can analogy to the reaction force of a spring, depend on the type of spring,
a small movement (Ps) can induce a large reaction force (SP). In this case, some of the methods
eliminating the movement accomplish with additional surcharge may not be sufficient. Although
the swelling potential is the most interested parameters in SSS problem, proper estimation method

for the swelling pressure is also important in such the point of view.



1.2. Objectives
The underlying goal of this research is to advance the current understanding of the behavior
of SSS, with particular emphasis on the depth of the depth of active zone. The DAZ is one of the
most critical parameters when dealing with SSS, and its relevance can be assimilated to the stress
influence zone when studying building settlements. The development of the active zone involves
simultaneous and strongly coupled hydro-mechanical processes, as for example, unsaturated flow
triggered by suction gradients, together with swelling/contraction processes associated with ability
of this type of clay to absorb/release large amount of water during wetting/drying process. Suction
gradients develop as a result of the interaction between the ground and the atmosphere. Therefore,
proper estimation of the extent of the active zone requires long-term analysis and fully coupled
hydraulic-mechanical analysis, where the local weather history provides the environmental
(boundary) conditions to be used in the numerical model. This thesis integrates all of these
components to achieve the main following objective:
e Gain a better understanding of the different factors and soil parameters affecting the
behavior of SSS.
e Investigate the main factors affecting the extent of the active zone in SSS.
e Evaluate the impact of the DAZ and other factors on SSS movements.
e Proposed a quantitative definition for the depth of the active zone
e Validate the use of FEM analysis to determine the development of DAZ

e Prepare recommendations for remedial solutions and the design of foundations in SSS



1.3. Organization of the dissertation

This dissertation has nine sections. The main content of each section is introduced as
follows:

Section 1 presents the introduction of the study. It states the study purpose, the overview,
and the organization of this dissertation.

Section 2 is the literature review of comparative researches and works. This section
includes some of the well-known design methods for foundations lying on shrink-swell soil. The
surface movement is determined as the first step during the foundation design. Additional surface
movement estimation methods are reviewed and compared to the corresponding part of the design
methods. The mathematical framework in the porous medium problem is also introduced in this
section. The mathematical framework adopts the mass balance equation to describe the mass flow
within the medium and calculate the mechanical behavior simultaneously by constitutive equations.
The constitutive model adopted in this works is the well-validated Modified Barcelona Basic
(BBM), which is also described in this section.

Section 3 collected two cases history. The first case history is the foundation design on
SSS. The design methods mentioned previously use the SI data of the first case history and perform
foundation design. The design results are then compared to the actual design value of the
foundation to present the conservative of different methods. The second case history focuses on
the surface moment estimation. Again, the design methods are estimating the surface movement
by using the SI data from the second case and then compared to the measured movement values.

Section 4 provides some comments and recommendations after revisiting the well-adopted
methods mentioned in Section 2. Because of the particle methods had been used for a period of

time, it is worth to take a back look into the methods again and discuss some of the assumptions
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behind the processes. Additional explanations to the design methods are also included intend to
have a better understanding of the design procedure is also included in this section.

Section 5 is devoted to the definition of the depth of the active zone. This section first
compares the shrink-swell soil movement problem with the settlement problem to conclude a
logical framework in solving the problem. By using the analogy result, the design procedure
described in the previous section had been reorganized and demonstrated. The results point out
that there is a consistency of the logic when considering the SSS problem and the settlement, and
the importance of DAZ as well. Then, we summarized some of the definitions proposed in other
literature. Based on our findings, we proposed a quantitative definition to the depth of the active
zone. Although the criterion proposed in this work has a given value, they are not subjected to be
fixed. Modification on the criterion for a more precise measurement or a rougher estimation is
possible.

Section 6 presents a proposed empirical method to estimate the swelling pressure of the
SSS. The swelling pressure is an important factor in the foundation design. A foundation lying on
the shrink-swell soil is similar to a board sitting on a top of a vertical spring. The vertical
displacement may be small, while the amount of reaction force may be large and damage the
foundation. This section presents an empirical relationship between fundamental soil parameters
and swelling pressure. Besides, some of the classification methods for the shrink-swell soil had
been reviewed by using the data collected. The revision of the methods points out that with the
same classification of the shrink-swell soil, the parameters such as swelling potential and swelling
pressure may still be different.

Section 7 presents the numerical simulation to determine the depth of the active zone. The

finite element code CODE BRIGHT is adopted, and one of the most widely distributed
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elastoplastic models for unsaturated soils, the Barcelona Basic Model (BBM), is implemented. The
simulation is focusing on the sensitivity analysis of the soil parameter and weather conditions
affecting on the DAZ. Further, by using the numerical tools, it is possible to investigate one of the
remedial solutions of the SSS. The numerical tools can provide an economical solution to the SSS
by replacing a certain amount of soil, such solution also refers to the optimum replacement depth.
Section 8 presents a summary of the practical value of DAZ within the State of Texas,
collected from experienced consultant engineers. The empirical values may not be the best
estimation value for the active zone depth but play as a reference value when there is no additional
information provided. Also, the contour map of the collected data is presented to show the
distribution of the DAZ. It will assist the site engineer in making a rough engineering judgment.

Section 9 is the overall conclusion of this work.



2. LITERATURE REVIEW
The literature review mainly divided into three part. The first part is the review of the
empirical design methods for the slab-on-grade sitting on shrink-swell soil to resist the soil
movement and maintain the serviceability of the infrastructure. The surface movement estimation
is the first step among all the design methods, in the second part, alternative methods to estimate
the surface movement are included. The third part is a general description of the numerical

procedure adopted in the analysis.

2.1. Slab-on-Grade Design Methods

The design method BRAB method, proposed by the Building Research Advisory Board in
1957. It is the very first method dealing with the foundation design considering the soil movement.
The WRI method proposed by Wire Reinforcement Institute in 1981 was developed based on the
BRAB method and simplified
2.1.1. Building Research Advisory Board Method (BRAB Method)
2.1.1.1. Method Overview

The BRAB method was proposed in 1957 by the Building Research Advisory Board
(BRAB) under a contract between the Federal Housing Administration and the National Academy
of Sciences, to determine criteria for proper design and construction of slabs-on-ground to ensure
structural soundness. In this report, only the depth of the stiffening beams is discussed. The design

method is summarized as Figure 2.1 and detailed describe as follows,
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Figure 2.1 Design procedure of the BRAB method

Determine the
design area
loading, w
Unconfined qu/w and P1
compression
strength, qy
Graphical
Plasticity determined
index, PI climate rating
index, Cy
2.1.1.1.1. Design Steps

e Step 1 Site investigation, at least one test boring should be performed per slab site to a
depth of 15 feet below the existing ground surface or below the bottom of the slab. If the
soil USCS classification is GW, GP, GM, GC, SW, SP, SM, SC, ML, MH, there is no need
for stiffening beams.

o Step 2 Determine the plasticity index (PI). The plasticity index used in this method is a
weighted average PI value over the 15 feet of soil immediately below the lowest elevation
of the slab. The weight factors 3, 2, 1 are used for every 5 feet with depth. A sample

calculation, as shown in Figure 2.2.
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Figure 2.2 Hypothetical soil profile with variable PI (BRAB, 1968)

o Step 3 Estimate the average total load W (unit converted)

w=w, +w 2.1

wa Dead load empirically determined as wq= L+1.5 kPa
L Long side of the rectangular slab in m
ws Superstructure load, 1 kPa of floor area, 0.5 kPa of roof area

o Step 4 Determine the climate rating index C,, based on the location of the construction
project in Figure 2.3. The climate rating was determined from the U.S. Weather Bureau
information, including the yearly annual precipitation, the number of times precipitation
occurs, the duration of each occurrence and the amount of rainfall at each occurrence. The
larger the numerical rating, the higher the abundance of moisture. (Nelson & Miller, 1997)
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Figure 2.3 Climatic ratings Cw for the continental United States (shallow areas are extreme
values) (BRAB, 1968)

o Step 5 Determine the lowest unconfined compressive strength q,, of undisturbed samples
within the top 15 feet (4.5m) below the lowest point of the slab. Determine the type of
foundation needed basing on the qu/w value and the climate rating as follows.

Table 2.1 Foundation recommendations (BRAB, 1968)

qu/w Value Chngate Recommendation of Foundation
Rating
<25 All Structural support (no longer directly support on the ground)
2.5, 73] CA<IL 5 Reinforced and stiffened
>7.5 & PI>15 Y
Cuz45 Lightly reinforced
>7.5 & PI<1S All

13



o Step 6 Determine the support index C of the soil according to the PI and Cy values
according to Figure 2.4

S
| B
¢
3 %
© o
><“ 2\
: B
2 o c
o NS
g N
3 G
A 25
) G
I
o C, =15 —
< >
10 20 30 40 50 60 70 80 90 PIL
\ \ | | | \ \ \ | .
1.1 3.0 4.8 6.4 7.7 8.9 10.0 1.0 12.0 PVC
\ | | | | | | | | .
1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0 9.0 Swell Index (%)

Figure 2.4 Support index C based on the criterion for soil sensitivity and climatic rating Cw
(BRAB, 1968)

If the qu/w value is within 2.5 to 7.5 (quwe|[2.5, 7.5]), the support index C should be

reduced to C; as follows.

C :(2,5—&10.13—0.2[% +CH+(O.65— Wcj for C>0.65-2¢ 2.2)
w w w w
C =C for C<0.65-2c (23)
w

qu Unconfined compressive stress, in kPa
we Total concentrated dead and live loads distributed on the slab, in kPa
w  Total slab dead and live load averaged over the entire slab area, in kPa

e Step 7 Divide slabs of irregular shape into overlapping rectangles with the long length of
L and the short length of L’. Calculate the maximum bending moment, shear force, and
deflection as follows.
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wL’L'(1-C)
8
wLL'(1-C)

M [kN~m]=

max

Vi [fN] = (2.4)

wL'L'(1-C
o )=

o Step 8 Design the beam depth by limiting the deflection in Eq.(2.4) to an acceptable value.
2.1.1.2. Guidelines from the Texas ASCE (TxASCE, 2007)

In Eq. (2.4), the calculation involves the entire length of the slab. If the slab has a very long
side, the design force would be considerable. Thus, the Texas ASCE guidelines recommend

limiting the design by the BRAB method to a maximum of 50 ft. (Clause 5.2.2.1)
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2.1.2. Wire Reinforcement Institute (WRI Method)
2.1.2.1. Method Overview

The WRI method was proposed by Walter L. Snowden (1981, 1996). It is an empirical
method developed after observing slab performance and modifying equations to give results
approximating the foundations that had been found to provide satisfactory results. The WRI
method follows approximately the same procedure as the BRAB method mentioned previously.
However, Snowden (Snowden, 1981b) suggested that the beam depth by the BRAB method might
become extremely large because it considers the entire length of the slab. Thus, in the WRI method,
new design charts are proposed to maintain a reasonable ratio between cost and efficiency. The

design method of the slab is summarized as Figure 2.5 and detailed describe as follows.

Slope correction Corrected Slab Cantilever
P o PLwith Cs, ooy ¥ modification
e Cy and PI, g y factor, k
\ 4
.. Unconfined i
Plasticity | | : .| Cantilever MO(.hﬁed .| Beam
index, P1, compression > eneth. 1 cantilever > denth. b
strength, qu ength, L length, kI P,
¢ 7y
Consolidation Climate B
=gl correction — | rating index, — ¢ aceizrllm S
coefficient, Co Cw pacing,
Figure 2.5 Design procedure of WRI method
2.1.2.1.1. Design Steps

o Step I Site investigation. A minimum of one boring is recommended for each isolated site
and at least two borings where shrink-swell clay is found. Samples are taken at 0.5m
intervals to a depth of at least 4.5m or deeper. The unconfined compression strength of at
least 95 kPa is usually sufficient for single-story frame houses with 190 kPa usually
adequate for commercial buildings and multi-story dwellings.
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e Step 2 Determine the “effective PI.” First, determine the weighted average PI within the
top 15 feet as in the BRAB method shown in Figure 2.2. Second, consider the effect of the
slope of the natural ground and the increase in unconfined compression strength due to the
consolidation process. Figures 8 and 9 give the slope correction coefficient Cs and
consolidation correction coefficient Co.

2.0

L1 k1

/

| .

. _—'//

0 10 20 30
Slope % (of natural ground)

Figure 2.6 Slope of natural ground vs. slope correction coefficient (Snowden, 1981)

2.0
1.8 -
1.6 -
1.4

0 1 2 3 4 5 8 T 8 9 10
Unconfined Compressive Strength (g,) TSF

Figure 2.7 Unconfined compressive strength vs. consolidation correction coefficient
(Snowden, 1981)

17



The effective PI is then
PIoz P]Equivalent XC;XC; (25)

Cs Slope correction coefficient
Co Consolidation correction coefficient

For example,

The equivalent (or weighted) PI =30
10% ground slope (Cs) =1.1
Unconfined compression strength (Co) =1.2
Then the effective plasticity index PI, is

PI, =30x1.1x1.2=39.6(use 40)
o Step 3 Determine the loading conditions. A uniform load assumption is considered

adequate for 1 to 3 stories of a wood-frame building. Attention should be paid when there
are large concentrated loads and numerous columns.

o Step 4 Determine the climate rating index C,. This is the same index as in the BRAB
method (Figure 2.3), based on the location of the project.

o Step 5 Determine the cantilever length [., beam spacing s, based on the climate rating
index Cy, and the effective PI in Figure 10.
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Figure 2.8 PIo vs. Cantilever length (I, ft), beam spacing (s, ft) and slab reinforcement
(Asxfy) (Snowden, 1981)

o Step 6 Determine the modification factor for cantilever length k. In this step, slabs of
irregular shape are divided into overlapping rectangles with long length L and short length
L’. Then find the k value from Figure 11. Use the designation k; for the k value
corresponding to the long length L and kg for the length L.
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Figure 2.9 L or L’ vs. modification factor k (Snowden, 1981)

o Step 7 Modify the cantilever length in both directions. In the long direction, the cantilever
length is ki and in the short direction ksL’

o Step 8 Calculate the number of beams in both directions

Lor L'
S

+1 (2.6)

N Number of beams
Lor L’ Length of the slab, in m
S Spacing from Figure 2.9, in m

o Step 9 Assume a beam width, calculate the sum B of all beamwidth in each direction

o Step 10 Calculate the maximum bending moment and shearing force

20



Y M)
max 2
Vmax = WLCL > (2~7)

. Sl‘€p 11 Calculate the beam deplh (note: the empirical relationship based on the imperial unit)

d= ,3/ 6642/IL“ (Reinforced steel )

(2.8)
553Mi
d=3 L (Prestressed )
B
d Beam depth, in inch
B Sum of all width, in inch
M Moment, in kipseft
L. Cantilever length modified by k, in ft
o Step 12 Calculate the deflection for each direction,
L'L'
mMZW” (2.9)
4E 1

w  Uniform distributed the load, in kPa

L. Modified L. with kr, or ks, in m

Ec Elastic creep modulus of concrete, in kPa
I Moment inertia of section, in m*

2.1.2.2. Guidelines from Texas ASCE (TxASCE, 2007)
From Eq. (2.7) to Eq. (2.9), the calculations involve the length of the slab in the short
direction and the cantilever length. The Texas ASCE guidelines suggest the slab length be limited

to 15m and that the cantilever length should be more significant than 1.8m (Clause 5.2.2.4).
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2.1.3. Australian Standard AS 2870
2.1.3.1. Method Overview

The Australia Standard AS 2870 method was prepared by the Standards Australia
Committee BD/25 on Residential Slab and Footings to supersede AS 2870.1-1996, and the most
updated version is AS 2870.1-2011. The AS 2870 emphasis is on the design of foundations on
reactive clay sites subject to significant ground movement due to moisture changes. The procedure

of AS 2870 method is summarized in Figure 2.10 and detailed described as follows:

Soil instability
index, I
Thornthwaite . o
Moisture Index, | i Depth of active > Characteristic | E Beam
zone, Hy movement, y; depth, h
L, (TMI)
Suction change,

Au

Figure 2.10 Design procedure of AS 2870 method

2.1.3.1.1. Design Steps
e Step I Determine the depth of suction change Hs. AS 2870 divides Australia into 6 climate

zones and recommends the Hs value based on the Thornthwaite Moisture Index (TMI)
(Table 2.2).
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Table 2.2 Depth of design suction change for different climatic zones (AS 2870, 2011)

Climate Zone TMI Hg (m)
1 >10 to 40 1.5
2 >-5to 10 1.8
3 >-15to<-5 23
4 >-25t0<-15 3.0
5 > -40 to <-25 4.0
6 <40 >4.0

o Step 2 Determine the free shrinkage index or instability index I,s. The instability index is
defined as the percentage of vertical strain per unit change in suction (in a unit of %/pF).
The soil depth (usually the thickness of Hs) is divided into sublayers with similar soil
properties, e.g., similar PI value.

o Step 3 Determine the depth from the ground level to the uncracked zone z. Typically, the
thickness of the cracked zone can be estimated as

z~033H, to 1.0, (2.10)

o Step 4 Determine the effective instability index I, which is the percentage of vertical
strain per unit change in suction in pF, including the allowance for lateral restraint and
vertical load.

I,=axl, (2.11)
a is a constant determined by the elevation of the point considered,

o=1 In the cracked zone (unrestrained)
a=2-z/5 In the uncracked zone (restrained)

e Step 5 Determine the suction change Au at depth (z) from the surface in pF.
o Step 6 Determine the characteristic movement y; (mm) by summing the movement for
each layer as follows

1Y,
y, —m;(]ﬁAuh) (2.12)

n

ys  Characteristic surface movement, in mm

It Instability index, in %/pF

N Number of soil layers within the design depth
Au  Soil suction change averaged over the thickness of the layer under consideration, in pF
h  The thickness of the layer under consideration, in mm
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o Step 7 Determine the maximum allowable deflection A based on different types of
structures. AS 2870 provides the maximum permissible deflection as a function of the span
length L as well as a maximum deflection value, as shown in Table 2.3

Table 2.3 Maximum design differential footing deflection for the design of footing and rafts
(AS 2870, 2011)
Maximum differential
deflection A, as a function of

Maximum differential

Type of constriction deflection, A

span
mm mm
Clad frame L/300 40
Articulated masonry veneer L/400 30
Masonry veneer L/600 20
Articulated full masonry L/800 15
Full masonry L/2000 10

o Step 8 Calculate the movement ratio ys/A
o Step 9 Graphically determine the unit stiffness

log{Z(Bvéfj/W} (2.13)

Bw Beamwidth, in mm
D  Overall depth of the beam, in mm
W  Overall width of the slab normal to the direction of the beams, in m

The stiffness is graphically determined based on the movement ratio (Figure 2.11),
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Figure 2.11 Movement ratio vs. unit stiffness (AS 2870, 2011)

o Step 10 Calculate the beam depth. Based on the design width of the slab and the width of
the beam, calculate the depth of the beam D expressed in unit stiffness, which defined as

oo 2%}

25



2.1.4. Post-Tensioning Institute (PTI Method) (PTI 2012)
2.1.4.1. Method Overview

The PTI method has evolved since the first version in 1980. The PTI methods of 1996 and
2004 are similar to each other. But the newest version, PT12012, should not be used in conjunction
with any previous manual editions or standards issued by PTI.
The PTI method is based on principles of unsaturated soil mechanics for predicting support
conditions. It does not address stable, compressible, or collapsible soils. The design procedure for
the PTI 2012 method is summarized below.

Modified Edge moisture
Plasticity | Soil fabric unsaturated | Y %aria?ion |
index, PI factor, F¢ diffusion .
. distance, e,
coefficient, o
Liquid limit Soil volume
lquilel >—»  change Resultant force, Modify slab geometry
factor, yo Slab geometry — e.g. movement, —¥»  (beam depth) to
Thornthwaite shear sustain resultant sress
Moisture Index, —
Percentage L (TMI)
of fine
particle, %/f, Differential
> soil —
| | movement, Y,
Suction Suction Active zone :
change, A % change depth, Z, |
ge, au factor, SCF PLh, Za
Figure 2.12 Design Procedure of PTI Method
2.1.4.1.1. Design Steps

e Step 1 Determine the soil criterion

Soil should satisfy the following criteria to be considered as expansive soil based on PTI (2012)
method.

Criteria 1: Using a weighting procedure similar to the one described in Figure 2.2, determine

the weighted plasticity index (ASTM, D4318) 1) PI>15%; 2) more than 10% of soil particles less
than 75 um (#200 sieve) more than 10% of the soil particles less than 5 um.
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Criteria 2: Using a weighting procedure similar to the one described in Figure 2.2, determine
the weighted expansion index (ASTM, D4829) EI>20, where the expansion index defined as
AH /| H;x1000 in the swelling test.

o Step 2 Determine the edge moisture variation distance en.

The edge moisture variation distance is the distance beneath the edge of a shallow foundation
within which the moisture will change due to the wetting or drying influence around the perimeter
of the foundation. It depends on the soil suction, permeability, and cracks in the soil. The en value
is more significant for the center lift case and smaller for the edge lift case (Figure 2.13). The
details of how to obtain the edge moisture distance are detailed below.

PERIMETER PERIMETER

Ym
Y
- m SLAB LENGTH >
CENTER LIFT
P P
—
; UNIFORM LOAD Ym
A,
e A e e o o o o o g L
\!
) K
I €m '
EDGE LIFT

Figure 2.13 Cases of center lift and edge lift (PTI, 2012)
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Step 2.1 Determine the moisture active zone z,, which is the depth below the ground
surface at which the suction varies less than 0.027 pF/ft.

Step 2.2 Determine liquid limit (LL), plastic limit (PL), and plastic index (PI) in accordance
with ASTM D4318 for each distinct soil layer within the depth z,..

Step 2.3 Determine the percentage of soil passing No. 200 (75 um) (%-#200), the
percentage of soil finer than 2 um (%-2n) for each distinct soil layer within zm, then
calculate the percentage of fine clay as

o/ __
% :(ijm% (2.14)
%—#200

Step 2.4 Determine the matrix suction compression index yn, which describes the change
of soil volume for a unit change in suction corrected for the actual percentage of fine clay,
for swelling and shrinkage in accordance with one of the following methods.

Method 1. Mineral classification and zone chart method.

Ml.1

Determine the mineral classification zone in Figure 2.14 based on LL and PI.

Ll AA00) LA AL YT | SAALS LA T LRAAE LALLI RAAAS ALARE LELLS LALLS TrrTYYTY Y

& 8
Ty

s 3

<2

0

Plasticity index
%\
AN
s N\
\\\ \\_\\
\\\ A\ \ |

o
-t

Liquid Limit

Figure 2.14 Mineral classification chart (PTI, 2012)
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No values are above the U-line, and if the PI is less than 7, use y0=0.01, where vy is the change of
soil volume per unit change in suction for 100% fine clay.

M1.2 Determine the change of soil volume per unit change in suction for 100% fine clay o for
five different mineral zones in the corresponding chart.

4.0

2.5 \
e —

207 S——0.20

1.5 4 =~ 2
e

'/

Figure 2.15 Chart for zone I (PTIL, 2012)
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Figure 2.17 Chart for zone 111 (PTI, 2012)
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Figure 2.16 Chart for zone II (PTI, 2012)
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Figure 2.18 Chart for zone 1V (PTI, 2012)
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Figure 2.19 Chart for zone V (PTL, 2012)  Fjgyre 2.20 Chart for zone VI (PTI, 2012)

M1.3  Correct yo for the actual percentage of fine clay

_ Yox%J.

2.15
Vh 100 ( )

M1.4 Calculate yh-swen and yn-shrink, change of soil volume per unit suction change corrected for
actual percent of fine clay, for edge lift or center lift case respectively

}/h—swell = 7//16“ (Edge llft Swelllng)

(2.16)
Vs = Vi€ " (Center lift, Shrinkage)
Method 2 Expansion index (EI) procedure

The EI procedure uses a remolded sample approximately equivalent to the process of soil
expansion (ASTM D4829). The procedure states as follows.

M2.1 Calculate the expansion index EI as ASTM D4829

(Final thickness) -(Initial thickness)

EI=1000x (2.17)
(Initial thickness)
M2.2 Calculate the value of yn, but only in the swell condition,
EI
= 2.18
?/h,swell 1700 ( )
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Method 3 Consolidation-Swell Pressure Test Procedure. This method is lengthy and involves a
time-consuming test, but the results are reasonably reliable (PTI, 2012). The procedures are
described below.

M3.1 Obtain the following parameters by using ASTM D4546 (Figure 2.21).

C = 4" (2.19)
log £, —log A
0.7xC
=5 2.20
h,swell 1+€2 ( )

Cs The slope of the rebound curve
erand e2  Void ratios
Py and P> Respective vertical effective stress

lag P, . log P,

“
log P, log P,

log P

Figure 2.21 Void ratio vs. overburden pressure (PTI, 2012)
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Method 4. Overburden Pressure Swell Test Procedures. This test also requires undisturbed samples
and an effort approximately equivalent to the hydrometer and Atterberg limits procedures. The
procedures are described below.

M4.1

AH/H

—_— 2.21
1.7-log,, P @20)

7/ h,swell =

AH/H Decimal change of specimen height divided by the initial height
P Overburden effective pressure in psi
o Step 2.5 Obtain yh-swrink. Note that methods 2, 3, and 4 do not give Ynshrink. Thus, a
converting method is provided in Figure 2.22.

025 —,.n-"f
020 /

D16 //

Vi
0.10 7

¥ b vk

0.05

0.00 _
6 01 0z 08 04 05 08

Y hamul

Figure 2.22 Suction compression index relationship between shrinkage and swelling (PTI,
2012)

o Step 2.6 Determine the Modified Unsaturated Diffusion Coefficient a.’. This coefficient
is calculated by using either ynswen Or ynshink, Which were obtained in step 2. The
procedures are summarized below,
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2.6.1 Determine the soil fabric factor Fr. This factor deals with the presence of horizontal and

vertical moisture flow paths, such as roots, desiccation cracks, layers, fractures, and joints. It
ranges from 1.0 to 1.2 (Table 2.4).

Table 2.4 Soil fabric factor Fr(PTI, 2012)
Condition Fr¢

Non-CH Soils 1.0

Profile with one root, crack, sand/silt seam all <1/8”

width/dimension in any combination 1.0
CH Profile with two to four roots, cracks, sand/silt seam all >1/8"
) . ) .. o 1.1
Soils width/dimension in any combination
Profile with more than four roots, cracks, sand/silt seam all >1/8” 10

width/dimension in any combination

2.6.2 Calculate the slope of the suction versus volumetric water content curve S; as follows.
S, =-20.29+0.1555(LL)—0.117(PI)+0.0684 (% —#200) (2.22)

2.6.3 Calculate the modified unsaturated diffusion coefficient o’ for edge lift (swelling), and
center lift (shrinkage).
For edge lift case (swelling)

', =(0.0029-0.0001625, -0.0122y, ., ) F, (2.23)

swell —

For center lift case (shrinkage)

@'y =(0.0029-0.0001625, —0.01227, .. ) F, (2.24)

o Step 2.7 Weighted average of the parameters. After obtaining a’, Ynswell, Yh,shrink and P1,
do the weighted average of all parameters as explained in Figure 2.2 except that the
depth is reduced to 9 feet instead of 15 ft and the weighting factor F; is taken as 3, 2,
and 1 from the top down to the bottom.

_ ZEXDiXa'i

(a')weighted - ZF x D. (225)

After 2.7, all the values of a’, Ynswell, Yhshrink, and PI is the weighted average values instead of the
single values for each layer.
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o Step 2.8 Determine the Thornthwaite Moisture Index Iy based on the location of the
project. This parameter describes the rainfall in excess or deficit of average
evapotranspiration rates over an extended period of time (Figure 2.23). A zero value
means rain equals the evapotranspiration, a negative value indicates sustained moisture
less than the evapotranspiration, and a positive value implies precipitation more
abundant than evapotranspiration.

Figure 2.23 Thornthwaite Moisture Index distribution in the United States (PTI, 2012)

o Step 2.9 Determine the value of edge moisture variation distance en. This value is a
distance measured inward from slab edge in which soil moisture content may vary,
calculated in feet, and determine in Figure 2.24.
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Figure 2.24 Edge moisture variation distance em selection chart (PTI, 2012)

For either the center lift or edge lift condition, use the I index to use the chart on the left side of
Figure 2.24 to obtain em and the chart on the right side to obtain a’. Choose the maximum value of
em as the representative value.

o Step 3 Determine the maximum, unrestrained differential soil movement y,, in inch.
o 3.1 Determine the equilibrium suction Based on the Thornthwaite Moisture Index I,

(Figure 2.25).
I | o - o
. 2 4 1 .
s ‘o
B A dd +o* d
5 3 —
g * . <
g 2 y = 3 6508970003
= R?= 0356
u% 1 Standard Deviation = 0.25 pF
-50 -30 -10 10 30 50 70

Thornthwaite Moisture Index {Im)
Figure 2.25 Thornthwaite Index vs. equilibrium suction (PTI, 2012)
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o 3.2 Determine the suction of soil in naturally dry and wet conditions.

o 3.3 Subdivide suction envelope into post-equilibrium envelope and post-construction
envelope. For post-equilibrium, Im<-15 or In>15, and post-construction -15< [, <15.

3.4  Determine stress change factor (SCF) based on different suction in dry and
wet conditions. Use eitherTable 2.5 (Thornthwaite indexes Im<-15 or In>15) or

Table 2.6 (Thornthwaite indexes -15< I, <15).

Table 2.5 Stress change factor (SCF) for post-equilibrium case (PTI, 2012)

Final Controlling Suction at Surface, pF
Equilibrium Suction 2.5 2.7 3 3.5 4 4.2 4.5
2.7 3.2 0 -4.1 -13.6 -25.7 -31.3 -40
3 9.6 5.1 0 -7.5 -18.2 -23.1 -31.3
33 11.7 12.1 5.1 -2.6 -11.5 -15.8 -23.1
3.6 27.1 20.7 12.1 1.6 -5.7 -9.4 -15.8
3.9 38.1 30.8 20.7 7.3 -1.3 -4.1 -9.4
4.2 504 | 42.1 30.8 14.8 3.2 0 -4.1
4.5 63.6 547 | 42.1 23.9 9.6 5.1 0

Table 2.6 Stress Change Factor (SCF) for Post-Construction Case (PTIL, 2012)
Suction Change, pF 1.3 1.4 1.5 1.6 1.7 1.8 1.9 2
Wetting (Swelling) 332 36.7 40.2 43.9 47.6 51.4 55.3 59.2
Drying (Shrinking) 243 | -26.7 | -29.2 | -31.7 | -342 | -36.7 | 393 | 419

For example, In=20, equilibrium suction = 3 pF, suction in wet weather = 4.5 pF, SCFyet=-31.3
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o 3.5 Determine the weighted matrix suction compression index Vi mod sweit and Y mod shrink.
The weighting procedure is similar to the one in step 2.7.

o 3.6 Calculate the maximum unrestrained differential soil movement y,

ym swell = 7h mod swell X(SCF)

(2.26)
ym shrink — 7//1 mod shrink X (SCF)

o Step 4 Assume the depth and width of the beam

o Step 5 Divide the slab into overlapping rectangles. With long edge marked as L1 and short
edge as Ls.

e Step 6 Determine the sectional properties of the slab.

o Step 7 Determine the maximum bending moment and shear based on en and ym calculated
previously, in both long and short directions.

o Step 8 If the given stress condition is larger than the capacity of the slab, increase the
beam section and repeat steps 4 to 7 until the stress condition is within the tolerable limits.

2.1.4.1.2. Guidelines from the Texas ASCE (TxASCE, 2007)
Texas ASCE suggests that the moisture variation distance, em and differential soil
movement ym, should base on average climate values and that the analysis should take into account

the added effect of trees and other environmental impacts. (Clause 5.2.2.3)

37



2.1.5. TAMU-SLAB Method
2.1.5.1. Method Overview

A simple method was proposed by Abdelmalak and Briaud in 2007. This simple method
allows the designer to be able to carry out the design of the slab with only a spreadsheet called
TAMU-SLAB. The TAMU-SLAB method is divided into the suction method and the water
content method. Each method is subdivided into edge lift and edge drop portions, but the

procedures for these two methods are similar.

Moisture
content Slab geometry —
change, Awy
Active zone,
H Soil weather Corresponding Resultant force.
index (Iw) by .| design charts + | E.g. movement,
either "l based on I,y d shear and Beam depth, h
Shrink-Swell Awy or Aug and geometry deflection
Index, I T
Area
Suction distributed
change, Auy loading, w

Figure 2.26 Design procedure of TAMU-SLAB method

2.1.5.2. Design Steps

o Step I Determine the load on the slab, uniformly distributed pressured (p) and uniform
line distributed loading along the edge of slab (q).

o Step 2 Determine the change in water content or change in suction in the free field at the
ground surface Awo or Auo, the depth of the active moisture zone (H) and the shrink-swell
index (Iss)
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Step 3 change the water content or the suction to the value at the edge of the slab:

Aw

ige = 0-5A0,
Au

2.27
=0.5Auy, (227)

edge

Step 4 Assume a beam depth and other geometric parameters. Typically, the thickness of
slab t is 4 in, the depth of beam varies from 24 to 48 in, the width of beam from 6 to 12 in
and the spacing between beams varies from 9.8 to 20 ft.

Step 5 Calculate the equivalent depth d.qv, which represents the thickness of a flat slab
which would have the same moment of inertia as the moment of inertia of the stiffened
slab with a beam depth D.
3 3

Sxd,, =bxD (2.28)
Beam spacing, in m
Equivalent depth, in m
Beamwidth, in m
Beam depth, in m

Step 6 Calculate the soil weather index Isw. The water content-based method and the
suction-based method shows a difference in this step

For the suction-based method, the soil weather index is calculated as
I, =1 xHxlog(AU,,,) (2.29)
For the water content-based method, the soil weather index is calculated as
I =2xHxaw, (2.30)

Step 7 Based on the soil-weather index I, and the equivalent depth de,, read the
corresponding design charts and obtaining the design parameters.

Step 8 Based on the design parameters obtained in step 7, calculate the maximum
deflection A at the end of the beam, the maximum bending moment Mmax, and the maximum
shear force Vmax. If the calculated distortion of the beam L/A is satisfactory the design is
acceptable but may be optimized with a shallower beam depth. If the distortion is
unacceptable the beam depth must be increased until the distortion criterion is satisfied.
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2.2. Surface movement Estimation Methods
In the section 2.1, four out of five slab-on-grade design methods start with the surface

movement estimation. Then based on the movement and design criterion, those methods provide
additional stiffness to the foundation to reduce the damage due to the ground movement. The
amount of surface movement is considered as one of the essential parameters to design the
stiffened foundation. Besides the pervious methods, another two well-accepted methods that only
estimate the ground surface moment is presented in this section.

2.2.1. TxDOT-124-E method (PVR method)

One of the well-accepted methods to predict the amount of swelling is the TEX-124-E from
the Texas Department of Transportation. This method is mainly based on the work by McDowell
and others (McDowell et al., 1956). The PVR method makes use of the plasticity index (PI), the
liquid limit (LL), the design load and design curves to predict the amount of potential vertical rise
(PVR) of the soil. The method is summarized as follows.
2.2.1.1. Design Steps
Step 1 Divided the soil within the active zone into sublayer based on similar LL or PI.

Step 2 For each layer, the soil is classified by comparing the current water content to the criteria
set in three groups based on LL. The three groups are the wet group (0.47LL+2), the dry
group (0.2LLA+9), and the average group ([dry+wet]/2).

Step 3 Use Figure 15 to determine the percent volume change based on PI and the water content

condition of “wet”, “dry” and “average”
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Figure 2.27 Relationship of Plasticity Index and Volume Change (TxDOT, 1995)

Step 4 As the percent of volume change from step 3 is associated with a surcharge loading of 1
psi (6.4kPa), empirically convert the percent of volume change from step 3 to the free
volume change by using the equation

Free swell (%) = 1.07(Vol. Swell %) +2.6 (2.31)

Step 5 use Figures 17 and 18 to graphically determine the amount of swelling for each layer based
on the design pressure at that depth and the amount of free swell determined in step 4. The
only difference between Figure 2.28 and Figure 2.29 is the range of percent volumetric

swell and the design pressure.
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(TxDOT, 1995)

Step 6 Add the swelling of all layers to obtain the potential vertical rise (PVR) and modified for

percent of soil finer than 425um.

TxDOT provides a spreadsheet automating the procedure from Step 2 to 6. The design

chart and empirical equation are built-in the spreadsheet.
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2.2.2. Briaud, Zhang & Moon Method (Briaud et al.’s method)

After observing the shrinkage process for two clays, Briaud et al. (2003) found a
relationship between the volumetric strain and the water content shown in Figure 2.30. During the
shrinkage process, a linear relation between volumetric and axial strain can be observed (b), and
after the water content is less than the shrinkage limit, the variation of volumetric strain becomes

small (c). This is the basis for proposing to calculate the soil movement based on the water content

variation.
0.00 0.00
(a) (b)
| . 005 £ o= S
< 10 < o0
—8— Porcelain Clay \F\‘ / ~eo— Porcelain Clay
—=— Bentonite Clay ~&— Bentonite Clay
.15 = -0.15 . :
0 10 20 30 40 50 60 030 025 -0.20 0.15 -0.10 -0.05 0
time, hr AVIV,
0.4
(© W
03 tE;
/ 1 wo
B 02 . T Ew
W Won
0.1 " dl
—e— Porcelain Clay
/ / —— Bentonite Clay
0.0 . : ; - .
-0.30 0.25 -0.20 -0.15 -0.10 -0.05 0
AV/V

o

Figure 2.30 Shrink test result: (a) Axial Strain vs. time. (b) Axial strain vs. volumetric
Strain. (¢) Water content vs. volumetric Strain (Briaud et al., 2003)

In Figure 2.31, the natural water content of the soil can be located at any point of the line
(e.g., point C in the figure). Starting at the initial water content, a free swell test can be performed
to obtain line CD. A free shrink test can also be performed to obtain line CB. Points B and D

correspond to water contents called the shrink limit and the swell limit respectively. The slope of
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line BD is the shrink-swell modulus, Ew. However, it should be noted that, while the maximum
amplitude of the water content is from B to D, the change in water content is affected by the stress
level. Indeed, the higher the stress, the lower the amplitude of water content change. Measured

values of the change in water content will lead to a more realistic estimate of the soil movement.

Swell limit
(free swell test) W 1

v o

Shrink limit
(free shrink test)

Unsaturated
>

Figure 2.31 Water content vs. volumetric strain (Briaud, 2013)

The general determination of the shrink-swell modulus can be modified as

EWZH&)_FO.anx(S—I)} (2.32)

w (Wsh - wsw )

S Degree of saturation
n Porosity

wsh  Shrink limit

Wew  Swell limit
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Also, the shrink-swell index, I, is defined as the difference between the shrink limit and

the swell limit (1, =w,

Sw

—w,, ) and is used to evaluate the shrink-swell potential of the soil.

When the soil is fully saturated which is the case along path BD in Figure 33, the shrink-

swell modulus is calculated as

_Aw _AM, /M,y 233)
! Agv AI/w / VTotal )/ d .

My, Mpry  Mass of water and dry soil
Vw, Vroat  The volume of water and soil
Yw, Yd Unit weight of water and dry unit weight

2.2.2.1. Design Steps

Step 1 Determine the depth of water content change based on local measurement or experience.
Step 2 Determine the shrink-swell modulus of the soil at different depth (Ew = yw/vad).

Step 3 Divide the depth of water content change into sublayers with similar modulus values.
Step 4 Determine the water content variation for each sublayer.

Step 5 Calculate the soil movement for each sublayer by Eq. (2.34)

A=Y fx X (234)

AH Gourd surface movement, in m

i  The i layer consider

n  Total number of later considered

f  Correction factor from volumetric strain to axial strain, typically 0.33
Aw  Water content variation, in %
Ew  Shrink-swell modulus, in %

h;  Depth of layer consider, in m

Step 5 Sum up the movement of sublayers to calculate the surface movement.
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2.3. Numerical Modeling of Coupled Problems in Porous Medium

This section presents a brief introduction of the main components of the hydro-mechanical
formulation and computer code adopted in this dissertation. The water flux flows within the soil
mass is considering as the essential reason of the shrink swell soil problem. The soil mass is
considered as a porous medium, which is defined as a medium contained multiphase matters and
at least one of them is not solid (Bear, 2013). A porous medium often shows like as Figure 2.32.
Such medium contains matters in three phases: 1. Solid (s), 2. Liquid (1) and 3. Gas (g); and three
species: 1. Solid particles (s), 2. Water (w) and 3. Air (a). It is important to distinguish the condition
of the species during the consideration, as the liquid phase contains water and dissolved air or even
dissolved solid particle; the gas phase contains the evaporated water and gas. In this work, the
mathematical frame work proposed by Olivella et al. (Olivella et al., 1994) is adopted. The
equations can mainly divide into four groups: (1). Balance equations, (2). Constitutive equations,
(3). Equilibrium restrictions and (4). Initial and boundary conditions. Due to the limitation of the

content, the initial and boundary condition will not be included in this review.

liquid phase
water + dissolved air

solid phase gas phase
dry air + water vapor

Figure 2.32 Schematic of Porous Medium (Sanchez et al., 2005)
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2.3.1. Balance Equations

The balance equations describes the variation of species in different phases during
mechanical changes (Panday & Corapcioglu, 1989). The equations proposed by Olivella (Olivella
et al., 1994) is adopted in this work and mainly divided into four category: (1) solid mass balance
equations, (2) water mass balance equation, (3) energy balance equation and (4) momentum

balance equation. E.g. Figure 2.33 presents the concept of water mass balance relationship.

Water in liquid:
075,

Net flow of
water in liquid:

W

Net flow of
water in gas:

°Ww

£

Water in gas:

05,0

Figure 2.33 Schematic of mass balance equation of water (Sanchez et al., 2005)
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2.3.1.1. Solid Mass Balance Equation

The purpose of solid mass balance equation is to calculate the porosity variation during
mechanical behavior. The solid mass flow through a imaged fixed volume in the space, the inflow
of the mass equals to the sum of out flow of the mass and the variation of the storage within the

volume. The porosity variation is then computed as follows:

g[ps(1—¢)]+V~|:ps(l—¢)a]=0 (2.35)

Solid density
The porosity of the medium

-] Divergent operator

S S

Velocity of solid mass

It should be noticed that Eq. (2.35) follows the local description (i.e. spatial description or
Eulerian description). The material time derivative operation (Eq. (2.36)) can mathematically
rearrange the Eq. (2.35) to describe the variation of porosity by using global description, which
present in Eq. (2.37)

D 0

E(o)za(o)-ﬂ/).V(o) (2.36)
D4_(1-9)Dp. (4.,
2 0D (- gyv-a 237)

Typically, if the solid is considered as incompressible, i.e. the density variation = 0, the

variation of porosity is then due to the volumetric deformation.
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2.3.1.2. Water Mass Balance Equation
Water in the porous medium is usually found in both liquid and gas phases. The mass

balance of water mass is expressed as:

0

5(@”’3,¢+9;Sg¢)+v.( NS s (2.38)
N\t e

External source

Storage variation Leave/entering

0,0  Volumetric mass of water in liquid/gas. (Mass of water over volume of liquid/gas)

S Volumetric fraction of liquid/gas and voids (volume of liquid/gas over voids)
¢ Porosity of medium

J, -0,  Mass flux of water in liquid/gas phases

The key point in Eq. (2.38) is to use the porosity as the single variable to describe the water
mass variation. The superscript represents the species of concerned and the subscript indicates the

phase which the species in correspondingly. The volumetric mass of water in liquid/gas phase is a

product of mass fraction of water and liquid, @,", and the density of liquid, p, . i.e.

o = p =M P _ M (2.39)
VoV

The water mass flux in both liquid and gas phases can further divided into three different

fluxes:

le = ilw + a)lwplql + leSl¢li = J'1w + l9lel¢ll
\—\/—J
i

W oW w w . W w . (240)
J; =iy +to'pq,+6;S,pu=j'; +0;S, u
| ——

1w

Ty

In Eq. (2.40), the first term i is the non-advective flux; the second term @' p,q, is the
advective flux induced by flow motion which governed by general Darcy’s law; The notation ;'

is the total flux of water respect to the solid phase. The third term 6"S,¢u corresponding to the
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advective flux due to solid motion. By applying Eq. (2.36), the water mass balance equation will

be written as

Total flux of water
i/o the meidum

1- ——
¢D£t(9;”s1 +9gSg)+|:(p—¢)DTp;+v.ﬁ:|(glel +9§’Sg)_+_v (j'lw +j';v): fw (241)

Storage variation due to change
of density and medium skeleton

Storage variation

2.3.1.3. Energy Balance Equation

The energy transfer problem in porous medium mainly has three categories: (1) thermal
conduction, as the energy transfer with a contacting object; (2) advection (convection), which is
the energy transfer due to the motion of a mass; (3) radiation, as the energy storage as the
electromagnetic waves. The energy transferred through a porous medium can be mathematically

present as:

D 1-9¢) Dp, .
¢E(Elp,S, +EgpgSg)+(E,p1Sl +EgpgSg){(p—)7pt‘+V-u}

(2.42)
DE,

Dt

+(1=¢) p,——+V (i, +j'y +i'g )= /"

E.E_,E Internal energy in liquid, gas and solid
P> P,> P, Density of liquid, gas and solid

¢ Porosity of medium

i Energy conduction
i's»J's,  External flux in liquid and gas

fr External energy
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2.3.1.4. Momentum Balance Equation

As it can be concluded from pervious section, the variation of the porosity plays an
important role in the porous medium problem. Despite the mass balance equation, the mechanical
problem may induce a tremendous deformation to the medium. In general, the sum of the force
acting in a medium equals to the temporal rate of change of the total momentum (Malvern, 1969).
The momentum balance equation is present as follows:

V-6+b=0 (2.43)

6 Total stress tensor
b  Body force tensor

2.3.2. Constitutive Equations & Equilibrium Restrictions

The balance equations mentioned above will be solved in conjunction with the constitutive
equations and equilibrium restrictions. E.g. the hydraulic often works with Darcy’s law and water
retention curve theory. As the balance equations describe the mass balancing in the problem, the
constitutive equations link the main unknows (e.g. liquid pressure and displacement) with
dependent variable (e.g. liquid flux, suction, and stress etc.) and limited by the equilibrium
restrictions. The equilibrium restriction describes the state of a species in a certain phase under
certain condition.

Table 2.7 and Table 2.8 (Olivella et al., 1996; Sanchez et al., 2012) present the equations
of constitutive and restriction adopted in this work. A short summary of difference between
balance equations, constitutive equations and equilibrium restrictions can be draw as follows:

e Balance equation: describe the mass balancing process during a problem

e Constitutive equation: relate the unknowns to dependent variables

e Equilibrium restriction: relative the species concentration in the phases and state
variable.
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Table 2.7 Constitutive Equations Summary

Name Variables Equation Parameter relations
D S Advective :_kkrl(vp_ ) k=K. e {b(¢—¢ )}
arcy’s laws flux q, i 1~ P8 =K, exp o
. Liquid r VAT
Relative relative k,=./S.|1- (1 ~ S/ ) }
permeability o 7l e e
permeability L
N S = S, =S,
Retention Degree of B Y(1-2) ] ¢ g _9
curve saturation S. = [1 + (PC /B ) | b
S, =1-5,
Mechanical gﬁi (r)féil)ii
constitutive . See 2.3.3 See 2.3.3
model Basic Model
(BBM)
. Density of gas _ [ “4(p _ _ —4 :I
Phase density AR 1 p, =1002.6exp| 4.5x107 (P, -0.1)-3.4x107'T
Phase Viscosity of —2.1x10™"? ex 1308.5
viscosity liquid Hy ) b 27315+ T
q, Liquid flux tensor k Permeability tensor
krl Liquid relative permeability M, Liquid dynamic viscosity
k 0 Reference permeability tensor (ref to ¢o) b Fitting factor
¢ Medium porosity ¢0 Reference porosity
S . Relative degree of saturation [0,1] A Slope of retention curve
S I Residual liquid degree of saturation [0,1) S s Saturated liquid degree of saturation (0,1]
S < Degree of saturation for gas Pz Pressure on liquid in MPa
T System temperature in K H, Dynamic viscosity of liquid
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Table 2.8 Equilibrium Restrictions Summary

Name Variables Equation Parameter relations
. Quantity of
Psychomet[rlf: dissolved water w_ ()’ r.M, w)® _ MWPV(T )
ST R PR A TE AR LI %) “R@masen)
equation) vapor) . £ .
Quantity of p M
Henry’s Law dissolved air in ela = Cl)]a p=—+—"=p
liquid HM,
; Fraction of f ies i i it . .
0 raction of mass of species 7 in per uni ». Matric suction
volume of phase
w Molar weight of water R Gas constant
T Temperature in K ' Mass fraction of species 7 in per unit weight
@ of phase «
)2 Atmosphere pressure H Henry’s constant
M, Molar mass of air £, Density of liquid

With the mechanical model which will be describe later, the system of equations is fully

coupled solved via Newton-Raphson algorithm (Olivella et al., 1996).
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2.3.3. Modified Barcelona Basic Model (BBM)

The modified Barcelona Basic Model was proposed by Alonso (Alonso et al., 1990) and
widely adopted by researchers in solving problem of unsaturated soil (Cui & Delage, 1996; Lu,
2020; Lu & Dong, 2017; Lu & Likos, 2006; McCloskey et al., 2010; Wheeler et al., 2003; Wheeler
& Sivakumar, 1995). By formulating with stress and suction variables, the model has the capability
to describe the mechanical behavior under different mechanical stress and suction. Typically, when
the suction equals zero, the BBM is in the deviatoric plan and the yield function of BBM reduces
to Modified Cam-Clay Model; while the suction is not zero, the BBM is in the isotropic plan and
the yield function is called the LC yield curve (Loading-Collapse). The LC curves represent the
locus where the irreversible deformations occur due to additional loading or reducing of suction

(wetting). The formulation of BBM is present in the following section.

2.3.3.1. Stress-Strain Behavior in Elastic Range

The mechanical behavior of general soil may express as Figure 2.34. When normal
consolidated soil subjects to saturated condition at initial stress state p®and load to stress p’o, the
consolidation behavior is described by the traditional consolidation theory as shown in N (0),

where A (0) is the slope of the consolidation curve and p’o is the preconsolidation pressure.
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Figure 2.34 Compression Curves for Saturated and Unsaturated Soil (Alonso et al., 1990)

The formulation of elastic deformation induced by suction and stress variation is presented

as Eq. (2.44)
k(s)dp' k/(p's) ds
det = . )i+ (p"s) (2.44)
I+e p' I+e s+0.1
Where
k. (s) =k, (1+ais+aii ln(s+0'1]]
0.1 (2.45)
k (p's)=k, (1 +a,In (p Y D,y ))exp(ams)
g% Elastic volumetric strain
ki(s) Elastic stiffness parameter relatives to mean stress, as the function of suction level (Ao)
e Void ratio

Effective mean stress in MPa

p
ki(p’,s) Elastic stiffness parameter relatives to suction, as a function of mean stress and suction (As)
S Matric suction in MPa

i, i,

Model parameters
asp, Olss,
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2.3.3.2. Loading Collapse (LC) Yield Surface

The yield surface is the boundary between elastic and plastic deformation. Conjunction
with Figure 2.34, when soil subjects to unsaturated condition, where the matric suction exist, the
consolidation curve it then followed by curve N (S). When the load path followed by Figure 2.35,
the soil is first loaded to stress po with suction included, then reduce the loading only to p, (from
point 1 to 2), the difference of volume between V1 and V2 is due to the suction induced volumetric
change and classified as the plastic deformation. Later, a reduction of suction, shown as point 2 to

3 in both figures, induces an elastic volumetric deformation. The line 1-3 in Figure 2.35 is so called

the Loading-Collapse (LC) curve.

—

i)
o
©
o
T

Figure 2.35 Stress Path and Yield Curve in stress-suction (p, s) plane (Alonso et al., 1990)

Alonso (Alonso et al., 1987) had detailly described the concept of LC curve. As shown in

Figure 2.36, it illustrates that any variation in mean stress p or suction s within the elastic zone will
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induce elastic volumetric deformation. E.g. the stress path of 2 to 3 in Figure 2.35 and volume

change V> to V3 in Figure 2.34.

sA B B2

ELASTIC
ZONE

(Pl L /

A1 Azb/
(p%)4 (p3)2 P

Figure 2.36 Schematic of LC Curve (Alonso et al., 1987)

As the stress path touch the yield locus, e.g. AiB; in Figure 2.36, the irreversible
deformation occurs and the yield locus shift to a new location i.e. A2B> in Figure 2.36. Noticed
that the deformation induced by stress variation, the L (pure loading) path, will be the same as the
suction reduction, the C (wetting collapse) path. In a such way, the LC curve links the volumetric
strain to stress condition as well as the suction condition (EI Mountassir, 2011). The formulation

of LC curve is presented as follows

Z’(O)_kio
B p; %(5)_1‘10
Py=r | (2.46)



Where
po(T) = py +2(a,AT + ;AT |AT))
(2.47)
/1(s) = /1(0)[(1 —r)exp(—ﬂs)+ r]

r,}  Model parameters
In Eq. (2.47), the A(s) will decrease with suction increase, thus the r value is larger than
I(r>1) (Alonso et al., 1990). However, Wheeler et al. (2002) observed that A(s) may increase with
suction, which implies r < 1. By the difference r value, Wheeler proposed a method to determine
the reference stress p° involved in Figure 2.34 and Eq. (2.46), as presented in Figure 2.37. (Suction

S2>S1>0).
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Figure 2.37 Determination for Value p° (a) r<1, (b) r>1 (Wheeler et al., 2002)
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2.3.3.3. Yield Locus Increment (Hardening Law)

The increment of the LC surface is present in Figure 2.38. The combination of stress p and
suction s lies in the enclosed area of LC and SI curves will induce elastic deformation only.
Analogy to the LC curve, the SI curve is the yield locus where mean stress remained constant

while matric suction increase.

’ )

Elastic
region Lc

p

(a) (b)

Figure 2.38 (a) Loading-Collapse (LC) and Suction Increase (SI) Yield Curve. (b) The
Increment of LC-SI Curve (Alonso et al., 1990)

As mentioned in 2.3.3, when soil subjects to fully saturated where the suction is zero, the

BBM reduces to Modified Cam-Clay Model. Thus, on the p-q plane the yield locus is formulated
as

qz—Mz(p—i-ps)(po—i-ks):O (2.48)

q Deviator stress
M Slope of Critical State Line (CSL) in MCC
k  Content ratio between tensile strength and suction value
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Figure 2.39 presents the yield locus in the stress (p, q) and suction (s) plane. In Figure 2.39
(a), when suction equals to 0, the ellipse is the traditional MCC yield locus, as the suction increase,
the increment of tensile strength ps proportional to the suction value in a ration of k as presented
in Figure 2.39 (b). The slope of critical state line remains the same and thus the po can be

determined followed by Eq. (2.46).

g A - OSLGs) sk
. s

, S
- s CSL(s=0)

Si

(a) S (b)

Increase of cohesion
with suction

S
—— 7 -
Swelling duﬂny 7 /
wetting at low/ o - |rreversible
confining ‘P strain during

stress

Lo

Collapse during

6\ drying

Increase of preconsolidation
pressure with suction

Po

Q wetting at high
confining stress
(c)
Figure 2.39 Yield Surface on (a) p-q Plane, (b) p-s Plane and (c¢) p-q-s Plane (Alonso et al.,
1990)
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3. CASE STUDIES OF PRACTICAL METHODS

3.1. Introduction

In this chapter, the practical methods mentioned previously are applied to analysis two
cases history regarding to the shrink-swell soil problem. In general, the surface movement will be
the first issue consider in such problem, then based on estimated movement, different design
methods provide stiffen beams to strength the stiffness of the foundation to eliminate the damage

of the soil.

3.2. Surface movement Estimation
3.2.1. Ellison Office Building (EOB)

The Ellison Office Building (EOB) is a 1-story building is located on Holleman Drive East,
College Station, Texas (Abdelmalak & Briaud, 2017). Three boreholes were drilled to a depth
from 4.5m to 9m below existing grade in 2004 and basic soil properties such as water content and

Atterberg limit were obtained as shown in Figure 3.1
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Figure 3.1 Water Content Variation and Atterberg Limit Distribution (Abdelmalak &
Briaud, 2017)

The soil movement at the middle of the side of the slab and at the corner of the slab was
measured for two years after construction by using vertical extensometers placed at different
depths. The measurements taken as the difference between the extensometer and a 10 m deep
benchmark are shown in Figure 3.2. The maximum movement of the ground surface was 48 mm

and occurred at the corner of the slab.
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Figure 3.2 Soil Movement Measurement Distribution (Abdelmalak & Briaud, 2017)

The water content variation is not provided in the paper, however, by using such a database

approach and working with Fugro and Buchanan Soil Mechanics Briaud et al (2003) created the

variation of water content within about 1 m from the ground surface versus time over a two year

period for Corpus Christi, San Antonio and College Station in Texas (Figure 3.3). The results

indicate that the near-surface water content variation over the seasons is 5% for Corpus Christi,

8% for San Antonio and 5.5% for College Station.
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Figure 3.3 Water Content Variation in Cities in Texas (Briaud et al., 2003)
The parameters measured for the EOB case history are summarized as follow,
o PI=40%, LL=58%, PL=18%
e Natural moisture content: 26%
e Water content variation: 5.5%
e Active zone: 3m (Abdelmalak & Briaud, 2017)

Unfortunately, some of the parameters needed for the predictions were not measured during

the case study, thus some assumptions were required.

A thirty-year record of relative humidity (RH) was collected to identify the high and low

value of RH. Then the psychometric law was used to transform RH into a suction variation. This

led to a suction variation about 1pF. Recall that the Thornthwaite moisture index is equal to 0 for
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College Station, which implies that the yearly precipitation and evaporation are almost equivalent

thus the suction variation can be considered as a stable value. It is also assumed that both the water

content and the suction vary linearly from the ground surface down to the bottom of the active

zone.
Further assumptions include:
e Bulk unit weight: 20 kN/m? (PVR method)
e Percentage of particle finer than No. 40 Sieve (425um): 95 % (PVR method)
e Percentage of fine particles: 20% (PTI method)
Percentage of soil passing 2 m sieve
. %f = S0 O P ST TR _20%
Percentage of soil passing 75um sieve
e IpF suction is the variation from 4pF in the dry season to 3pF in the wet season (PTI method)
o Instability index, I = 3%/pF (AS 2870) (Fityus et. al., 2005)
A comparison between calculated and measured movements is shown in Table 3.1.
Table 3.1 Summary of Surface movement Estimation
Site PVR PTI AS 2870 Briaud et. al.
Measurement Method Method” Method Method
Surface 34.8
Y 48 37.59 (Swell 59.96 42.89
Movement, mm 6.1 (shrink)
Diff. to Site
N.A. 6.02 2.25 49.90 7.23

Measured, %

*Soil movement consider the summation of swell and shrink calculated by PTI method

Figure 3.4 shows the accumulated movement computed by different methods and

compared to the result from extensometers.
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Figure 3.4 Soil Movement along the Depth into Soil Mass
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3.2.2. Arlington footings case history

The Arlington site case history (Briaud et al., 2003) has 2 m by 2 m and 0.6 m thick spread
footings were constructed in an open field site in Arlington. The soil was a CL and CH and the
movement of the footing was observed for 2 years. The soil parameters are provided in Figure 58,
and the measured surface movement is provided as a function of time for the four footings in
Figure 59. The weather conditions for the period of monitoring was also monitored.

A total of 61 boreholes were drilled for 2 years to investigate the soil condition. The results
from the borehole samples and site tests are summarized in Figure 3.5. The parameter Ey is the
shrink-swell modulus which is then the slope of the volumetric strain versus water content line.
The fvalue (f=0.39) is the ratio of axial strain to volumetric strain. The parameter u is the average
suction measurement in the soil. The %SW is the maximum vertical strain measured in a free swell

test performed according to ASTM 4546, method A.
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Figure 3.5 Summary of soil parameters (Briaud et al., 2003)

Because the boreholes were performed every three months for 2-years, the measurement
values of water content and soil suction give the profile shown in Figure 3.6. These profiles can
be used to make predictions according to the AS 2870 method and the Briaud et. al. method;
indeed, these methods use either the change of water content or the suction as a function of time

to estimate the surface movement.

69



Water Content

5 (()).00 0.05 0.10 0.15 020 025 03
0.5H B:Boring \5 T \

Clehem [N

01 -= B3 —=-B4
E . 1| —&— B5 4 B6
g .||+ B <Bs o
< 2-5 =
(=2 4
—F
3.5 1 1
40
Suction, pF
000 1 2 3 4 5
0.5+{ B:Boring 1 * P
ol BeB PAW/AY
frmes >z S
8 15+~ B5—4B6 < m -
S 5,/ -#B7--Bs N % iAW) [/
2 “|—-B9 N\ \ /JJ/
& 25 >
3.0 /}9
iy .
: & i
40

Figure 3.6 Water content and suction vs depth at a site in Arlington (Briaud et al., 2003)

The measured surface movement over two years is shown in Figure 59. Note that for
footings RF1 an RF2 the soil was kept in its natural state while for footings W1 and W2 the soil

was injected with water to “preswell” it.
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Figure 3.7 2-year continues surface movement record (Briaud et al., 2003)

The surface movement is calculated according to the PVR method by using the online

spreadsheet as shown below. The predicted amount of swelling is 40.13mm (1.58in), as present in

Table 3.2.
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Table 3.2 Calculation result for PVR method

e - . PVR| PVR : | PVR
Botom 8L by | wer | porent| B s sy bmsntPrent Lo | Bl e it Stiied Ty
L ;);er Ipsi] | (LL) 0.2LL+9|0.47LL+2|Moisture Wet -No.40 (PT) Swell | Swell | of of Swell [in] Factor | Factor Lz[li)lf]eirs [in]
[ft] Layer| Layer
0.0 | 0.0 - - - - - - - - - - - - - - - |1.58
1.0 | 05 |[51.3] 193 | 26.1 20.7 | Dry | 95.0 29 7.7 |1 10.8 10.00]| 0.00 0.00 0.95 1.00 | 0.00 [1.58
2.0 1.5 |51.3] 193 | 26.1 20.7 | Dry | 95.0 29 7.7 | 10.8 10.00]| 0.46 0.46 0.95 1.00 |0.44 |1.14
3.0 | 2.5 |51.3] 193 | 26.1 20.7 | Dry | 95.0 | 29 7.7 110.8 [0.46| 0.84 | 0.38 0.95 | 1.00 [0.360.78
4.0 | 3.5 [51.3] 193 | 26.1 20.7 | Dry | 95.0 29 7.7 |1 10.8 10.84| 1.15 0.31 0.95 1.00 | 0.30 [0.48
5.0 | 45 |51.3] 193 | 26.1 20.7 | Dry | 95.0 | 29 7.7 110.8 [1.15] 141 0.26 0.95 | 1.00 [0.2410.24
6.0 | 55 (404 17.1 | 21.0 19.7 | Avg | 950 | 233 | 4.0 | 6.8 [0.73]| 0.81 0.08 0.95 1.00 | 0.08 |0.16
7.0 | 65 1404 | 17.1 | 21.0 19.7 |Avg | 950 | 233 | 40 | 6.8 |0.81| 0.87 | 0.06 0.95 | 1.00 [0.06]0.10
80 | 7.5 (404 | 17.1 | 21.0 19.7 |Avg | 95.0 | 233 | 40 | 6.8 [0.87]| 0.91 0.04 0.95 | 1.00 |0.04]0.06
9.0 85 1404 | 17.1 | 21.0 19.7 | Avg | 950 | 233 | 4.0 | 6.8 [0.91] 0.95 0.03 0.95 1.00 | 0.03 ]0.03
98 | 94 1404 17.1 | 21.0 19.7 |Avg | 950 | 233 | 40 | 6.8 [0.95] 098 | 0.03 0.95 | 1.00 [0.03]0.00
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The key parameters to perform the PTI method calculations are the volume change factor
Yo, the Thornthwaite Moisture Index, TMI, for the location and the suction change factor based on
the local suction change. The suction measurement for the Arlington site indicates an amplitude
of 2pF according to Figure 3.6.

By using the Atterberg limits and the suction variation, the PTI method proceeds as

follows. The surface movement is calculated as 43.43mm (1.71in).

Soil volume change factor,
YO:01
Thorr?thwajte moisture Differentia;l soil e wlksnntce
index, [,=0 " Or;l;) Ztelmzln .Ym] »  movement y,
. als
1.52 in (swell) =
Suction change factor (SCF)
-4.23(shrink)
30.77(swelling)

Figure 3.8 Simplify PTI estimation process

Note that the PVR and PTI method give single value predictions while the Briaud method,
the AS2870 method and CODE BRIGHT can give movement versus time. The PVR and PTI
prediction are discussed here while the other three are discussed in the next section.

Table 3.3 is a summary of the measurement values and the prediction results. Figure 3.9 is

a graphical representation of the results.
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Table 3.3 Single value estimation result

Shrinkage Total

Swell

Method

m
12
-48

m

43

RF1

56
49
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49

W1
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40.13

-32
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Figure 3.9 Single value estimation result on the continuous records
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In Figure 3.9, the PVR result exceeds the maximum recorded swelling and thus is
somewhat conservative; as is well known the PVR does not predict the shrinkage movement which
in this case is comparable and sometimes exceeds the swelling movement.

The PTI method predicts both the swelling and shrinkage movement of the soil. The
swelling predicted movement is slightly higher than the maximum recorded movement, while the
shrinkage predicted movement is much smaller than the measured movement

The AS 2870 method requires the suction variation at different depth over time, and the
Briaud et. al.’s method requires the water content variation. These two variation results were
recorded at the site and are presented in Figure 3.6. The first comparison between predictions and

measurements for the AS 2870 method and the Briaud et. al.’s method is presented in Figure 3.10.
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Figure 3.10 Surface movement comparison between site records, Briaud et. al.’s method
and AS 2870 method

The results from Figure 3.10 indicates that both AS 2870 method and Briaud et. al.’s

method can catch the movement in both the swelling and the shrinkage direction with various

degree of precision.
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3.3. Stiffen Beam Depth Design in Ellison Office Building (EOB)
The depth of the beams selected for the foundation beneth EOB is 1.05m with a spacing of

3m in the short direction and 3.8m in the long direction. The foundation layout is shown in Figure
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Figure 3.11 Layout of Foundation Slab on Grade with Stiffen Beams (Abdelmalak &
Briaud, 2017)

The detail calculation steps are presented in Appendix B. The stiffen beam depth designed

follow by individual method for the EOB case history is summarized as follows,
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Figure 3.12 Comparison between design values and as-built record
Table 3.4 Summary of Design Depth of Beam
BRAB WRI TAMU-SLAB
Method El?lgltas BRAB  with  WRI  with 2‘;750 mle’tfl{) 4 (uction
TxASCE TxASCE based)
Depth of beam (m)  1.05 1.8 0.88 0.7 0.7 117 1.07 1.1
Diff. inmbetween 4075 017 035 035 4012 +0.02 +0.05

EOB record
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The measured slab movement at EOB during two years after construction is shown in
Figure 3.13. As can be seen on Figure 3.13, the maximum distortion is § mm over 6 m for an L/A
=750 which is very acceptable. Therefore, a beam depth of 1.05m (3.44ft) seems a good choice in

this case.
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Figure 3.13 Slab Movement Record (Abdelmalak & Briaud, 2017)
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3.4. Fictitious Cases Analysis

Because the number of case histories where the slab behavior and the soil have been
documented in detail, it is difficult to evaluate the accuracy of the various methods. Instead it was
decided to conduct an analysis of fictitious but realistic cases. A reference set of average soil and
slab parameters was selected. All methods were used for this reference set. Then each parameter
in the set was varied up and down from the average value. Again, all methods were used to predict
the beam depth. This led to a total of 34 beam depth predictions by 8 different methods. In the end
the prediction by each method in each case was compared to the average of all beam depth
predictions by all methods. This will not show which method is best, but it does indicate which
methods tend to be conservative and which ones tend to be optimistic.
3.4.1. Organization of the fictitious Cases
The input parameters for the fictitious cases are a combination of the input parameters for the
BRAB method, the WRI method, the AS 2870 method, the PTI method and the TAMU-SLAB
method. They include weather parameters, soil parameters and structural parameters as presented

in Table 3.5 to Table 3.9. The values of the input parameters for the reference case are shown in

Table 3.10.
Table 3.5 Input Parameters of BRAB Method
Climate Parameters Structural Parameters Soil Parameters
Climate Rating Index, Cy Length of Slab, L Plasticity Index, PI

Thickness of Slab, t
Spacing of Beam, s
Width of Beam, by,
Elastic Modulus of Concrete, E
Area Distributed Loading, w
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Table 3.6 Input Parameters of WRI Method

Climate Parameters Structural Parameters Soil Parameters
Climate Rating, Cy Length of slab, L Plasticity Index, PI
Thickness of slab, t Unconfined compression strength, qu

Width of beam, by,
Elastic Modulus of concrete, E
Area distributed loading, w
Slope of ground, Cy

Table 3.7 Input Parameters of AS 2870 Method

Climate Parameters Structural Parameters Soil Parameters
-- Length of slab, L Soil instability index, Iy
Spacing of beam, s Active zone, H;
Width of beam, by, Crack zone

Suction change, Au

Table 3.8 Input Parameters of PTI Method

Climate Parameters Structural Parameters Soil Parameters
Thornthvsialte index, Length of slab, L Plasticity index, PI
Thickness of slab, t Liquid limit, LL
Width of beam, by, Percentage of fine particle, %/fc
Spacing of beam, s Soil fabric fraction, Fr
Suction variation (constant as manual

Perimeter loading, p recommend)

Creep Modulus of concrete, E

Table 3.9 Input Parameters of TAMU-SLAB Method

Climate Parameters Structural Parameters Soil Parameters
- Length of slab, L Shrink-swell index, Iss
Spacing of beam, s Active zone, H;
Width of beam, by, Suction change, Au

Area distributed loading, w
Elastic Modulus of concrete, E
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Table 3.10 Input Parameters Value for Reference Case

Climatic Structural Parameters Soil Parameters
Parameters
Climate Rating Length of Slab, Area Distributed Plasticity Index, Soil reactivity
Index, Cy=21 24mx12m Loading, w=10 kPa PI=30% index, [ps=4.08 %
Thornthwaite index, Thickness of Perimeter loading, Liquid limit, Soil fabric factor,
I=0 Slab, t=0.1m p=15kN/m LL=50% F=1.2
Spacing of Slope of ground 0 . . Percent of fine
Beam, s=4.5m degree Active zone, H=2m particle, %/f. =65
Width of Beam, Shrink-well index, Elastic modulus of
bw=0.3m 1=22% soil, E&~15 MPa
Elastic Modulus Moisture change
of Concrete, Crack zone, z=0.5 ft Aw=6% ’
E=20GPa
Creep Modulus Unconfined Suction change,
of Concrete, compression strength, Au=1.04 pF (2.5
E=10GPa qo=200 kPa kPa)
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3.4.2. Correlation of Input Parameters

Although the parameters in the fictitious cases are chosen arbitrarily, they should obey
reasonable correlations between parameters to ensure consistency. Correlations were sought and
are subdivided into methods built-in correlation and correlation developed from publicly available

data.

Percentage of Fine Particle (%f)
® PTI Method

I

|

I
Unconfined Compression Strength (qy) :
® WRI Method :
|

I

|

1

Plasticity Index (PI) ® TAMU-SLAB Method
_|® BRAB Method
"|®  WRIMethod

® PTI Method

Liquid Limit (LL)
® PTI Method

Shrink-Swell Index (Iss)
® TAMU-SLAB Method

<«——»  Methods built-in correlation

Soil Fabric Factor (Fy)
® PTI Method <« — — —>»  Correlation with existing equations

Soil Instability Index (I,s) <«—>»  Correlation developed from public data
® AS 2870 Method

“«——————- »  Correlation might be useful

Figure 3.14 Parameters correlation overview
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3.4.2.1. Methods Built-In Correlation
The AS 2870 method includes research on the correlation between the Thornthwaite Index

value and the active zone, and between the active zone and the crack zone depth. The correlation

details are described in section 2.1.3.

3.4.2.2. Correlation Developed from Publicly Available Data
3.4.2.2.1. Thornthwaite index I, and climate rating index Cy,

The Thornthwaite index and climate rating index have based on similar concepts. The
Thornthwaite index describes the relationship between precipitation and evaporation for a period
of time, and the climate rating index is a combination of precipitation and corresponding duration.
Thus, five cities are chosen to evaluate the correlation (Table 3.11). A strong linear correlation is
found as shown in Figure 3.15. Thus, in the fictitious cases, the Thornthwaite index and the climate

index will follow this relationship.

Table 3.11 Thornthwaite Index and Climate Rating for Five Cities

City Cw Im
College Station 20 0
Austin 17 -12
San Antonio 16 -15
Houston 25 18
New Orleans 35 40
Los Angeles 15 -20
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Figure 3.15 Thornthwaite Index vs. Climate Index

3.4.2.2.2. Plasticity Index and Soil Instability Index

The soil instability index is a parameter used in the AS 2870 method. It describes the
volumetric strain change per unit suction in the shrinkage process. However, no comprehensive
study was found relating the soil parameters to the instability index. Nevertheless, (Jayasekera &
Mohajerani, 2003) provide testing data describing a relationship between the plasticity index and
the shrink-swell index, where the shrink-swell index can be used to estimate the soil instability
index. It should be noted that the shrink-swell index here is different from the one used in the
TAMU-SLAB method. The shrink-swell index in the TAMU-SLAB method is the water content
difference between the shrink limit and the swell limit, while in Jayasekera and Mohajerani the

shrink-swell index I is defined as

/2)+¢, .
]SS — (gswell . ) gshrmk (3 1)
1.8(in pF")
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The data from Jayasekera and Mohajerani is plotted in Figure 3.16. A strong correlation is

shown thus this relationship between the plasticity index and the shrink-swell index can be

observed.
6
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Figure 3.16 Plasticity Index vs. Shrink-Swell Index (Jayasekera, S., & Mohajerani, A.,
2003).

In the AS 2870 method, the soil free shrinkage index (or called instability index) Ips is
required, which is defined by the percent vertical strain per unit suction change. If assuming the
Eswel=2Eshrink, the free shrinkage index I,s can be calculated as

1, =091 (3.2)

Which is relative to the plasticity index.
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3.4.2.2.3. Plasticity Index and Shrink-Swell Index
The shrink-swell index is a parameter used in the TAMU-SLAB method; it is the difference
in water content between the swell limit and the shrink limit (section 2.2.2). Abdelmalak (2007)

proposed a relationship between the shrink-swell index and the plasticity index, as shown in Figure

3.17.
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Figure 3.17 Plasticity Index and Shrink-Swell Index (Abdelmalak, 2007)

Based on the correlations mentioned above, a table of 34 fictitious cases with realistic

quantities and consistent parameters is prepared in Appendix A.
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3.5. Conclusion of Cases Study

Four design methods to predict the shrink-swell movement of soils are reviewed and
evaluated. The PVR and Briaud et. al.’s method is based on the water content variation, and the
AS 2870 method and PTI method are based on the suction variation. The PVR was developed by
TxDOT and has been used for a very long time. The PTI method has also been used for a long
time. The AS 2870 method is well accepted in Australia, and the Briaud et. al.’s method was
proposed in 2007.The PVR method predicts the swell movement only while all other methods
predict both shrink and swell movement.

Two case histories are used to evaluate the methods: The Ellison office building case
history in College Station and the Arlington footings case history near Dallas. The results show
that all methods predict the movement within plus or minus 30%. The PVR predicts the maximum
swell movement only while the Briaud et al.’s and the AS2870 method can describe the evolution

of the shrink and swell movement with time.

3.6. Conclusion of Fictitious Cases
3.6.1. Sensitivity of distributed loading

The area distributed loading involves the BRAB method, BRAB method with TXxASCE
guideline, WRI method, WRI method with TxASCE guideline, and TAMU-SLAB method. The
loading adopted in the synthetic case was 5, 7, 10, 12 and 15 kPa (100, 150, 200, 250, and 300
psf). As expected, the depth of the stiffening beams for the slab becomes deeper when the loading
increases.

As the loading increase, the stiffen beams becomes deeper in order to provide additional

stiffness to the foundation. Among the result, the WRI method provides the lightest beam depth,
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and the TAMU-SLAB suction method provides the deepest value. As Snowden (Snowden 1981)
mentioned, the WRI is a modification to the BRAB method. The sensitivity for BRAB, WRI and
corresponding methods with TxASCE guidelines are similar to each other. Because of different
design curves, the result for the TAMU-SLAB suction method is different from the TAMU-SLAB
water content method. The water content-based method is more sensitive compared to the suction-
based method.

3.6.2. Sensitivity of climate rating index

The climate rating index adopted in BRAB, WRI method, and the corresponding modified
method by TxASCE guideline. Values adopted in the synthetic case are 15, 21 25 and 30.

In general, the design beam depth becomes lighter when the weather is drier. A decreasing
beam depth in dry weather implies that the methods apply additional stiffness to the foundation
only against the swelling of the soil only. The BRAB and its TXxASCE modification method and
the WRI method have similar sensitivity to the climate rating index as the WRI method established
based on the BRAB method.

Notice that the WRI method with the TXASCE guideline remains unchanged. As the
guideline has limited the minimum length of cantilever involved in the calculation steps, this
limitation further affects the minimum depth of the beam to a value of 0.7m.

3.6.3. Sensitivity of Thornthwaite Moisture Index

The Thornthwaite index involves in the PTI method. It is a description of precipitation,
evaporation for a certain period. The value adopted in synthetic case are -20, -10, 0, 10 20. The
negative value implies the evaporation larger than precipitation.

In the PTI method, the Thornthwaite index between -15 to 15 is classified as the post-construction

case. In this scenario, compared to weather changing, the construction progress controls the
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influence on the soil movement (swelling and shrinkage), a deeper beam depth will be calculated.
When the Thornthwaite index larger than 15 or smaller than -15, as classified as post-equilibrium
case, the movement is then controlled by weathering. The beam depth is lighter compared to the
post-construction case.

Also, notice when the weather controls the soil movement, for a wet condition (TMI=20),
the depth of the stiffened beam is lighter than in dry condition (TMI = -20). This difference implies
that when the area subject to a dry condition, the soil may easily behave swelling; thus, more
stiffness should be provided, while in the wet condition, the soil movement is considered relatively
smaller. This conclusion follows the general logic, but detail behavior needs to be further
investigated.

3.6.4. Sensitivity of plasticity index

The plasticity index involved in the BRAB method, the WRI method, and the
corresponding modification method by TxASCE guideline and the PTI method. The discussion of
the TAMU-SLAB method is also performed by assuming the plasticity index equals to the soil
shrink-swell index Iss. Only the TAMU-SLAB suction method result is present since the result of
the TAMU-SLAB water content method is identical. The value adopted in the synthetic case is 25,
30, 40, 45, and 60%.

In general, a high plasticity index implies the soil has a more significant intensity to move,
and thus, the foundation requires a deeper depth of the stiffened beam. The WRI method is the
most sensitive one to the PI, and the TAMU-SLAB method has not significantly affected the value.
The sensitivity of the BRAB method, the WRI method, and their TXASCE modified methods are

similar due to the similarity of the design procedure.
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It is worth to point out that the scatter results of the PTI method mainly because of the
application of the plasticity index during the procedure. The PTI method adopted the PI value,
conjunction with the liquid limit and the percentage of the fine particles to classify the mineral of
the soil. A significantly jump at PI=40 because of the classification of soil is different. Thus, the
amount of soil movement is discontinuous from the previous results.

3.6.5. Sensitivity of active zone

The active zone involves in AS 2870 method and the TAMU-SLAB method. The values
adopted in the synthetic case for the active zone are 1.9m, 3m, 4.5m, and 6m (6.24, 10, 15 and 20
ft). The adoption of 3m is a typical depth of active zone in College Station, Texas, United States.

As the depth of active zone increase, with the same amount of suction/water content
variation, the amount of soil movement is also increased and thus requires a deeper stiffened beam
to maintain structural serviceability. Among the three methods, AS 2870 strongly sensitive to the
depth of the active zone but still provides the lightest beam depth. The TAMU-SLAB suction
method provides the deepest beam depth, and because of different design curves, the sensitivity of

the suction method is stronger than the moisture method.
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3.6.6. Sensitivity of water content and suction variation

Only the TAMU-SLAB water content method directly uses the water content variation
during the design process. The BRAB method adopted the climate parameters to describe the
change in water content indirectly. Thus it is not able to perform the sensitivity analysis for water
content variation. The values of water content change adopted in the synthetic case are 3, 4, 10, 14
and 15%.

Suction change involves in TAMU-SLAB and AS 2870 methods. The values adopted in
the synthetic case are 0.5, 1, 1.5 and 2 pF

The shape of the design curve mainly follows the sensitivity behavior of the water content
in the TAMU-SLAB water content method.

Similar to water content change, the larger suction change implies more soil movement;
thus the foundation requires a deeper the stiffened beam. The sensitivity of AS 2870 method is

stronger than the TAMU-SLAB suction method.
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Figure 3.18 Sensitivity results of (a) beam spacing; (b) distributed loading; (c¢) climate

rating index; (d) Thornthwaite Index; (e) Plasticity Index; (f) active zone; (g) water content
variation change; (h) suction change
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For each case, the calculations for all eight methods were conducted, and an average value

for eight results is obtained. The same procedure for all 34 cases is calculated and plotted in Figure

3.19. This figure shows the beam depth predicted by each particular method on the vertical axis

and the average prediction by all eight methods on the horizontal axis.
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Figure 3.19 Synthetic cases calculation results
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Figure 3.19 shows that the smallest beam depth is predicted by the AS 2870 method. The
largest beam depth is predicted by the TAMU-SLAB suction method while the TAMU-SLAB
water content method is somewhat conservative. The original BRAB method always gives beam
depth that is larger than the average value, but the beam depth becomes close to the average when
applying the TxASCE guidelines. The original WRI method tends to give beam depths that are
smaller than the average, but the beam depth becomes closer to the average when applying the
TxASCE guidelines. The beam depths calculated by the PTI method are very scattered; these
scatters likely due to the complexity of the method and the potential for accumulated error with all
the steps.

In general, the minimum average beam depth for all the synthetic cases is larger than 0.2m,

and the maximum is 1.4m.
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4. SOME COMMENTS ON THE EMPIRICAL METHODS
During the review and calculation of the empirical methods, some of the assumptions are
not clearly stated. In this section, we summarized some findings during the revision of the design
methods mentioned previously. Such as the original study of the design curve and other comments

on the procedures.

4.1. Slab-on-Grade Methods
4.1.1. PTI method

The PTI method describes the ability of the soil to swell by using the suction compression
index yn. This parameter is the change in volume due to a unit suction change. The concept that
suction will induce volume change has been widely studied by many researchers (e.g. Alonso et
al., 1990; Fredlund & Rahardjo, 1993). The PTI method relates the suction compression index
value to the liquid limit and the plasticity index (Covar & Lytton, 2001), or by empirical
relationships to soil swelling tests (section 2.1.4.1.1, M2, and M3). The PTI method considers that

the suction compression index is different in swelling and in shrinkage as shown in Figure 4.1
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Figure 4.1 Difference between Suction Compression Indices

The PTI method also uses the unsaturated diffusion coefficient a. This coefficient is a
function of the slope of the soil water retention curve, of the suction compression index and of
how cracked the soil mass is. The diffusion process will occur differently during shrinkage and
swelling due to hydraulic hysteresis.

Because the PTI method aims to calculate the soil movement in both shrinkage and
swelling, it adopts the Thornthwaite moisture index to describe the average suction condition due
to the local weather condition. The suction variation compared to the average suction indicates
whether shrinkage or swelling will take place Although the original version of the Thornthwaite
moisture index map was created in 1948 (Thornthwaite, 1948), a recent study (Olaiz et al., 2018)
showed that there is not any significant variation of the TMI today compared to 1948. Thus, the

use of the 1948 TMI map is still valid.
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The PTI method calculates the soil movement (shrinkage + swelling) by using the suction
change and the suction compression index. The PTI method also uses a concept called the stress
change factor (SCF) to describe the difference between the highest and lowest suction and the
equilibrium condition. The extreme suction value relies on on-site measurements, and the
equilibrium suction is calculated by an empirical relationship (Figure 2.25). However, the low R?
value for the correlation in Figure 31 indicates that the regression between equilibrium suction and
TMI may not be very representative. The equilibrium suction, if possible, maybe replaced by site
measurements over time.

4.1.2. AS 2870 method

The AS 2870 method is well accepted in Australia when dealing with the problem of
shrink-swell soils. The method helps to estimate the soil movement (shrinkage + swelling) by
using a parameter named the free shrinkage index or soil instability index, in volumetric strain per
unit suction change (%/pF) measured by the AS 1289 method. At different depths, the instability
index is used to account for the effect of cracking. Soils with cracks are considered unrestrained
which leads to a lower vertical movement, while soil without cracks gives a larger movement.

The AS 2870 method also uses the Thornthwaite moisture index TMI, instead of
determining the equilibrium suction as in the PTI method. The TMI value is used to estimate the
depth of soil that needs to be considered (Table 2.2), also called the depth of the active zone.
Because TMI describes the weather variation, a larger value of TMI indicates that the weather

changes more significantly which leads to a deeper active zone.
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4.2. Ground Surface Move
4.2.1. TxXDOT-124-E method (PVR method)

The PVR method is mainly based on the work done by from McDowell (McDowell et al.,
1956). It classifies the soil moisture condition as wet, dry and average based on empirical

relationships to the liquid limit as shown in Eq. (4.1) and the empirical relationship presents in
Figure 4.2
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In Figure 4.2, the dots are water content measurements for samples taken at various
locations in TEXAS immediately beneath pavements. The numbers shown indicate the district in
which the sample was taken. The three lines plotted in the figure are the lowest boundary line
0.4%x(LL-15), start to swell line 0.2LL+9 and maximum capillary absorption line 0.47LL+2. No
further information was provided in the paper on how the “start to swell” line and the “maximum
capillary absorption” line were determined. The PVR method adopts the “start to swell” line
(0.2LL+9) as the dry condition of the soil and the “maximum absorption” line (0.47LL+2) as the
wet condition. No further explanations are given on the acceptance of these two lines and why the
line 0.4%(LL-15) was not used. Furthermore, the 0.4x(LL-15) line and the 0.2LL+9 line are two
lines referring to the lowest boundary of the data points, while 0.47LL+2 may be a regression line.

After the soil is classified as dry or wet, the PVR method relates the ability to swell to the
plasticity index (Figure 2.27). The decision made to choose a water content classification line, as
another parameter has a significant impact on the PVR result. For example, consider a soil sample
with a PI = 50, the difference between the wet and the dry condition will be about 7% of percent
volume change (Figure 4.3). Indeed, it is 8% for the wet condition and 15% for the dry condition.
Figure 36 is a plot of the two-limiting equation for the moisture condition of the soil. The difference
in water content between the wet and dry condition for the same PI of 50 is about 5% (Figure 4.4);
indeed it is 19% for the dry condition and 25% for the wet condition. It is unlikely that the water

content of the soil at a given site will be following these exact numbers.
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The relationship between PI and percent volume change shown in Figure 4.3 is based on
the analysis of the data shown in Figure 4.5. The data points in Figure 4.5 are from soil samples
with different water content classification. Each point is determined by the PI value and the
measured swell expressed as volumetric strain. The x symbols are for samples with an initial water
content at “maximum capillary absorbed condition”, then subjected to a swell test. The ® represent

samples swelling from the “dry” condition.
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Regression curves can be obtained through the orange dots in Figure 38 (wet line) and
through the blue points (optimum water content in the compaction test). These regression curves
can be overlapped with the curves from the paper; it shows that while the optimum water content
line is close to the regression line, the wet line chosen by McDowell is somewhat conservative.

In the next step, the percent swell is corrected for the vertical stress level. Indeed, the plot
in Figure 4.6 refers to free swell tests. The procedure for this correction is shown in Figure 4.7

which is based on Figure 4.6.
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Before using Figure 4.6, the amount of free swell is determined from Figure 4.5 based on
the plasticity index of the soil. Then, the overburden stress is calculated and will reduce the amount
of swelling. The swelling under load is found by using the “family member” curve (labeled by the
percent free swell) and the corresponding overburden total stress. For example, the dashed line in
Figure 39 shows the case of a sample with a free swell of 14% (volumetric strain). As mentioned
previously, the soil within the depth of interested is subdivided into layers. Figure 4.7 which was
prepared based on Figure 4.6 is then used to calculate the amount of swelling in millimeters and
inches in parenthesis for each layer. This is done by using the vertical stress at the top and at the
bottom of the layer and reading the curve as shown in Figure 4.7.

The method used to obtain Figure 4.6 is not clearly described in the original paper. Some
data points are shown in the figure without a legend. This figure appears to be theoretically based;
if so, the theory used is not described. This figure could also be based on consolidation tests, but
this 1s not mentioned either.

Note that the amount of swelling is related to the percentage of particle finer than 425um
in the PVR method. The fewer particles are finer than 425um, the less swelling there will be as

confirmed by Al-Rawas and Goosen (Cojean, 2007).
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4.2.2. Briaud et al’s method

The Briaud et al’s method is a method to estimate the soil movement based on the water
content variation and it is not widely used yet. The relation between the water content variation
and the volumetric strain as stated in e.q. (2.34) is an analogy to the well-known relation between
stress and strain; in this way, the concept is much easier to accept by engineers.

The shrink-swell modulus proposed in this method shown in Figure 2.30 and e.q. (2.33),

and given by the ratio between the unit weight of water and the dry unit weight of the soil; it is
easy to obtain and can be used to estimate the soil movement between the shrinkage limit and the
swell limit This method provides a convenient and effective way to estimate the shrink-swell soil
movement.

Within the depth where the soil has a low degree of saturation, the soil is below the
shrinkage limit and thus theoretically does not shrink. Figure 2.31 points out that the range of water
contents within which the soil can exist corresponds to the difference between the swell limit and
the shrinkage limit. To obtain these two limits, a free swell test and free shrink test can be
performed. The swell tests and the shrink tests can be performed under the site pressure to better
simulate the realistic condition. Note that during the shrink test the soil is allowed to shrink in three

directions while in the swell tests (consolidometer) the soil is laterally constrained.
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5. THE DEPTH OF ACTIVE ZONE IN UNSATURATED SOIL PROBLEM
The depth of active zone is one of the critical parameters among the others in the shrink-
swell soil problem, especially in the designation of foundation lying on the shrink-swell soil. Few
methods have a clear definition of the depth that need to be consider, where this depth subjects to
move as the environmental changing and usually refers as the depth of active zone. This section
collects some of the descriptions of active zone, and based on a practical manner, a quantitatively

definition of active zone is proposed.

5.1. Analogy Between Surface Movement and Settlement Problem

There is a direct analogy between calculating the settlement at the ground surface of a soil
mass subjected to a mechanical load and calculating the shrink-swell movement at the ground
surface of a soil mass losing and absorbing water (Figure 5.1). This analogy is presented in a two-
column format with the left column being the mechanical loading procedure and the right column

being the water induced movement procedure.
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Figure 5.1 Analogy between calculating shrink-swell soil movement and calculating
settlement under load (a) water content-strain method for shrink swell movement
predictions (b) stress-strain method for settlement predictions (Briaud et al., 2003)
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Procedure for a settlement problem

Determine the depth of influence, z; (Figure
5.2)

Continuous

1B 2B 3B

X

&

b7

2B
3B
2B 4B
5B

3B 6B

7B

Figure 5.2 Influence Zone (Briaud, 2013)

Divide the depth of influence into an
appropriate number of layers (n); each layer
has a thickness Hi.

. Before any load is applied, in the middle of
each layer, calculate the vertical effective
stress, 6’ ovi

In the middle of each layer, calculate the
stress increment due to loading, Aci

In the middle of each layer, calculate the
vertical effective stress a long time after the
load has been applied, 6°ovit AGvi

For each layer, select a stress-strain curve
appropriate for the problem at hand
(consolidation test, triaxial test,
pressuremeter test, etc.)
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Procedure for a shrink-swell movement
problem

1. Determine the depth of the active zone, z,

(Figure 5.3)

0
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Figure 5.3 Active Zone (Nelson et al.,
2001)
2. Divide the depth of the active zone into
an appropriate number of layers (n): each
layer has a thickness Hi.

. Before any change in water content,
obtain the water content, w, in the
middle of each layer.

. In the middle of each layer, determine the
change in water content, either decrease
(shrink) or increase (swell), Aw;i

. In the middle of each layer, determine the
water content after the change has
occurred, Woit Awi

. For each layer, select a water content-
strain curve appropriate for the problem
at hand (shrink test, swell test)



7. For each layer, obtain the strain &b
corresponding to the initial stress 6’ ovi from
the stress-strain curve (e.g. Figure 5.4)
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Figure 5.4 Stress-Strain Relationship of

Soil

8. For each layer, obtain the strain &,
corresponding to the final stress o’ovi +

Acvi.
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Figure 5.6 Determination of €ai

9. For each layer, calculate the compression

of that layer AH;, as

AH[ = (g(u' - gl)i )HI

10. Calculate the settlement at the ground

surface as

A=Y AH = Y (5, -5,)H,
i=1 i=1

0.14

(5.1)

(5.3)
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7. For each layer, obtain the strain ep;
corresponding to the initial water content
Woi from the water content-strain curve
(e.g. point E on Figure 5.5).

Swell limit
(free swell test) W

Shrink-
lss = (AW)max swell index i
i Wen B i
I It ST AV ax

Shrink limit
(free shrink test)

Unsaturated
>

0 AV

Figure 5.5 Water Content vs. Volumetric
Strain (Briaud,2013)

8. For each layer, obtain the strain &y

corresponding to the final water content

Woit Aw; from the water content-strain

curve
Swell limit
(free swell test)y W
i WSW D
T Shrink-
lss = (AW)max| | swell index ,
L Wan B | !
_________________ a0 iy i
g z < 1 (AVN)max :
Shrink limit = : :
(free shrink test) 2| A 3 i
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S
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Figure 5.7 Determination of &ai
(Briaud,2013)
9. For each layer, calculate the movement
of that layer AH;, as

AH[ = (g(u' - gl)i )HI (5'2)

10. Calculate the movement at the ground
surface as

A =YAH = (e -6 )H  (5.4)



As can be seen in this comparison, the steps for both movement calculation methods are
identical. The differences are listed below.
1. The depth of the zone of influence versus the depth of the active zone

2. The stress increase versus the change in water content
3. The stress-strain curve versus the water content-strain curve

The settlement calculation method is more advanced than the shrink-swell movement
calculation method now. Indeed, solutions have been proposed and are well accepted for the depth
of influence z; and the stress increase with depth Acy; for the settlement method. By comparison,
no well-accepted method exists to estimate the depth of the active zone z, and the change in water
content Aw; for the shrink-swell movement calculation. The following sections aim to summarize
knowledge on the depth of active zone, z,, the water content variation, Aw;, and the water content-
strain curve. The comparison between settlement calculations and shrink-swell soil movement

calculations is summarized in Figure 5.8.

Settlement Calculation Shrink-Swell Soil Movement
1. Depth of influence 1. Depth of active zone
2. Divide into layers 2. Divide into layers
3. Stress before 3. Water content/suction before
4. Increasein stress 4. Increase in water content/suction
5. Stress after » 5. Water content/suction after
6. Strain for stress before 6. Strain for water content/suction before
7. Strain for stress after 7. Strain for water content/suction after
8. Compression of each layer 8. Movement of each layer
9. Soil settlement is summation 9. Soil movementis summation of all
of all compressions movements

Figure 5.8 Analogy between settlement calculation and shrink-swell movement calculation
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5.2. Soil Movement Calculation Relative to Analogy of Settlement Calculation

Among the four methods mentioned above, the PVR method only considers the swelling
behavior, while the PTI method, AS 2870 and Briaud et. al.’s methods consider both shrinkage
and swelling of the soil.

In order to quantify the soil movement, the PVR method relates it to the plasticity index,
while the PTT method uses the suction compression index, the AS 2780 method uses the instability
index, and the Briaud et. al.’s method uses the shrink-swell modulus.

The suction compression index is obtained by correlations to the liquid limit, plasticity
index and the percentage of fine particles. The instability index adopted by AS 2870 is in %/pF; it
describes the volume change vs suction change curve, which is similar to the concept of stiffness
in settlement problems. The shrink-swell modulus adopted in Briaud et al’s method describes the
relationship between the change in water content and the associated volumetric strain. Unlike the
PVR and PTI method, the soil instability index and the shrink-swell modulus are measured by
laboratory testing.

The Thornthwaite moisture index (TMI) is adopted by the PTI method and AS 2870
method but plays a different role. The Thornthwaite moisture index adopted in PTI method is used
to calculate the averaged/equilibrium suction condition for the region. The TMI describes the
difference between precipitation and evaporation. With a positive value, the precipitation exceeds
the evaporation thus implying a wet area. When TMI value is negative, there is more evaporation
than precipitation, the area is much drier and has a larger average/equilibrium suction. Also, in the
PTI method, the Thornthwaite moisture index is used to calculate the diffusion coefficient, leading

to the edge moisture variation distance. In the design curve of Figure 2.24, the more extreme values
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of the Thornthwaite index are, the more significant the change in weather conditions is between
seasons, and the larger the edge moisture distance.

Similarly, the higher the diffusion coefficient, which implies that the soil can diffuse water
more easily, the higher the edge moisture distance. However, PTI limits the maximum edge
moisture to distance to 2.7m. There is no explanation for this limit. AS 2870 uses the Thornthwaite
index empirically to determine the depth of the active zone. This relation was developed based on
a study in Australia. Extrapolating to another country may be unwise.

All methods consider the depth of the active zone, but few of them provide
recommendations. In the PVR method, the recommended values for the depth of the active zone
from 4.5m to 6m or even the depth of the groundwater table. The PTI method also states, “calculate
the suction compression index and other parameters up to 9ft.” this may imply a depth of active
zone of 2.7m (9ft). As for the AS 2870 method, the depth of the active zone is either measured by
in situ testing or related to the weather condition through the use of the TMI. Briaud et al.’s method
suggests the depth of the active zone follows the recommendation of local design experience.
Typically, the depth of the active zone in College Station is 3m.

Recall Figure 5.8, the analogy provides a framework to solve the shrink-swell soil
movement problem similar to the advanced problem of settlement calculation. The four methods
discussed above can be grouped into the framework as they solve shrink-swell issues, as shown in

follows.
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5.2.1. PVR method

| Shrink-Swell Soil Movement

Procedure: 1. Depth of active zone

1. Does not specify the depth of active zone. .
Says “Sampling to a depth of 15 ft and as | W CoRREI Saetiu e ore
much as 20 ft”, may imply that the depth of >| 4. Increase in water content/suetion
active zone is more than 15 ft 5. Water content/suetionafter

2. Preferable to use 2 ft thick layers to divide B e
hesadiioe depth 7. Strain for water content/suction after

3. Determine the water content, liquid limit and > M(_Nement of eac_h il ,

L ] ] 9.  Soil movement is summation of all

plasticity index for each soil layer -

4. Empirically calculate dry (0.2LL+9), wet
(047LL+2) and average ([dry+wet]/2) Natueal
moisture content of the soil. Compare the ~—J Dr c;‘:::;t Average Wet
natural moisture content to dry, wet, and : W
average condition to decide which one 02IL+9 * 047LL+2
applies. = PVR approach

5. Graphically determine the percent volume Shrink-Swell Soil Movement

change based on the PI and the chosen water

content condition (wet/dry/average from —— Depth of active zone

previous step). This % volume change is the Break into layers

free swell maximum value Water content/suetien before

Water content/suetienafter

Strain for water content/suction before

1
2
3
4. Increase in water content/suetien
5
6
7

Strain for water content/suction after
Movement of each layer

8
9. Soil movement is summation of all
movements

Percent Volumetric Chonge

Plosticity Index
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5.2.2. PTI method

Procedure:

1.

No recommendations for depth of active
zone. It says “Calculate the averaged suction
compression index and other parameters
down to 9 ft or more”.

Divide total soil profile into top, middle and
bottom.

Use Thornthwaite index to determine the |

equilibrium suction for the location

Determine the suction variation. Typically
from 2.5pF to 4.5pF -

Determine suction compression index, vy, byﬁ
Atterberg limits, particle distribution or other
recommended methods o

Determine stress change factor (SCF) based
on equilibrium suction and suction variation

No calculations made for each layer. By -
assuming that a constant suction s reached at
a depth of 9 ft and a suction compression
mdex variation of no more than 10%, the soil
movement is directly calculated based on the
i, and SCF values from the previous step as

Y = SCExy,
Otherwise software VOLFLO is required

Vm | Ground surface movement, in inch

SCF | Stress change factor

Ya» | Suction compression index
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hol -

w

Depth of active zone

Break into layers
Water-eentent{suction before
Increase in water-eentent/suction
Watereontent/suction after

Strain for water content/suction before
Strain for water content,/suction after
Movement of each layer

Soil movement is summation of all
movements

Shrink-Swell Soil Movement

i

o

Depth of active zone

Break mto layers
Water-eontent/suction before
Increase in water-eentent/suction
Water eontent/suction after

Strain for water content/suction before
Strain for water content/suction after
Movement of each layer

Soil movement is summation of all
movements




5.2.3. AS 2870 method

Procedure:

1. Determination of active zone is correlated

with the Thornthwaite index (TMI)

o

10 to 40 1.5
-5 to 10 1.8
-15 to -5 23

-25 to -15 3.0
-40 to -25 4.0
> 4.0

2. Divide soil into sublayers, Im or 1ft is ——
preferred

| Shrink-Swell Soil Movement

3. No recommendation. Determine the suction ——
variation for each sublayer

4. Determine the soil instability index I, by

swelling test for each sublayer 2

5. Calculate the soil movement in each layer
H
. : | E
AH in mm or in AH = IIP,AuAh
100 7

AH | Ground surface movement, mm

H, | The depth of interested, also refers as depth of active zone, mm
I, | Instability index of soil, %/pF
Au_| Suction change at certain depth, pF

Ah | Thickness of interested, mm
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1. Depth of active zone

2. Break into layers

3. Water content/suction before

4. Increase in water content/suction

5. Water content/suction after

6. Strain for water content/suction before
7. Strain for water content/suction after
8. Movement of each layer

9. Soil movement is summation of all

movements
Shrink-Swell Soil Movement

1. Depth of active zone

2. Break into layers

3. Watereoentent/suction before

4. Increase in water-eentent/suction

5. Watereontent/suction after

6. Strain for water content/suction before
7. Strain for water content/suction after
8. Movement of each layer

9. Soil movement is summation of all

movements

6. Summation of soil movement

of each soil element




5.2.4. Briaud et. al.’s method

Procedure:

1. Determine the depth of active zone by local

data based or other methods

Shrnk-Swell Soil Movement

Depth of active zone

Break into layers

Water content/suetion before
Increase in water content/suction
Water content/saetion-after

Strain for water content/suction before
Strain for water content/suction after
Movement of each layer

Soil movement is summation of all
movements

Shrink-Swell Soil Movement

Depth of active zone

Break into layers

Water content/suetion-before
Increase in water content/suetion
Water content/suetien-after

Strain for water content/suction before
Strain for water content/suction after
Movement of each layer

Soil movement is summation of all
movements ?

] 1.
2. Diwnide the soil profile into layers ———— > |2
3. Determine the initial water content —— |~
4,
W =
- A
6,
T Ew = "{‘.vf"ﬁ;(d .‘
3.
9,
AVIV
4. Determine the water content variation, eg
Aw, 5,
5. Determine the strain wvariation based on | L
water content variation 2.
; ~ | 3
6. Movement for each layer is calculated . i
W i 5
Aw = | =
AH =Y fx—xh
zl g, 1|6
I -
EW = YW""IF,"'d - =
Awy | 4 ¥ ]s.
- 9.
Aoy _#_p Swelling
. §. &
Shrnk 7
\ 4
Aoy Ay AVIV
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Sum the soil movement of all
layers




5.3. Definition of The Depth of The Active Zone

Numerous definitions of the depth of the active zone (DAZ) have been discussed in past
decades. Nelson (Nelson et al., 1994) points out that the active zone is a depth that will vary with
time. He further defines the active zone as the depth within which the vertical stress is equal or
smaller than the swelling pressure (Nelson et al., 1998). This definition only considers the effect
of swelling. In 2001, Nelson (Nelson et al., 2001) described some of the relative concepts of
different types of the active zone. (1) active zone is the zone of soil contribute to the soil heaving
at any time. (2) zone of seasonal moisture fluctuation is the zone where water content changes due
to weather conditions. (3) depth of wetting is the zone of soil will be wetting by human factors.
(4) depth of potential heave is the depth where the swelling pressure of soil equals to the
overburden pressure. Others point out that the potential for swelling or shrinkage depends on the
current water content (Briaud et al., 2003) or suction in the soil (Alonso et al., 1990). In conclusion,
the active zone defined by the amount of movement (movement active zone) is the depth of soil
directly contributing to the swelling or shrinkage of the ground surface (Figure 5.9). It should be
emphasized that the soil movement will behave both swelling and shrinking. Definition on the

movement active zone solely considering swelling only requires more attention.
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Figure 5.9 Schematic of movement active zone

Durkee (Durkee, 2000) discussed the depth of seasonal moisture fluctuation defined as the
depth within which the water content changes due to the climatic conditions. Nelson mentions the
depth of water content variation due to an external source such as irrigation, seepage from ponding
or ditches, or even broken water pipe. In general, there is three types of active zone in the real
problem: 1) the potential active zone, 2) the design active zone and 3) The actual active zone.

The potential active zone is the deepest active zone among three concepts. The potential
active zone is the depth where the water content or suction has a tremendously small variation. As
the environment of soil interested soil had changed, e.g. sunny to rainy or inversely, and because
the soil is a porous medium, the variation of the water content or the suction induced by
environmental changing will penetrate into the soil. Such variation will potentially induce the soil

movement. Thus, the depth where will potentially move is defined as the potential active zone.

118



The actual active zone is similar to the potential active zone but limited by certain
conditions such as the depth of phreatic level, leaking pipeline, underground structures (tunnel).
Such conditions physically limit the penetration of the water content/suction penetrates the soil to
reach the depth of potential active zone. The actual active zone describes the limits of water

content/suction variation under in-situ condition.

The design active zone is not deeper than the actual active zone. The design active zone,
as it described, is the depth where the soil water content/suction or movement meet a certain
criterion required by design process. For example, if a typical foundation focus on the movement
not larger than 10mm and such movement variation is measured at a depth of 10m, while the depth
of real active zone may reach to a depth of 20m and the potential active zone may as deep as 30m,
soil improvement only needs to consider the depth of the first 10m to eliminate the damage of the
shrink-swell soil.

All three types of active zone can be defined by three criterion, water content variation,
suction variation and the movement variation. The depth considering water content variation

within the soil mass called the water content active zone Figure 5.10 presents a typical potential

water content active zone. The suction within the soil is correlated with the water content by using

the soil water retention curve (van Genuchten, 1980). The suction active zone is not as popular as

the water content active zone because of the difficulty in suction measurement compared to water
content measurements. However, because the suction value correlates with the stress state directly,

it is more popular among the academic area.
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Figure 5.10 Water content active zone (Nelson et al., 2001)

In the settlement calculation problem, the zone of influence is related to the stress
increment due to surcharge loading versus depth. It is defined as the depth where the increase in
stress is equal to 10% of the increase in stress at the foundation level. In the shrink-swell soil

movement problem, the movement active zone is the depth over which the soil movement,

including both swelling and shrinking, meets a certain criterion. The estimation of movement
active zone is not as advance as the depth of the zone of influence and not as straight forward as
the water content/suction variation criterion. The development of the movement active zone will

be discussed in following sections. Figure 5.11 presents a summary of different types of active
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zone. In this work, we will mainly discuss the potential suction active zone and design movement

active zone.

Depth of
active zone

Potential Actual active Design active
active zone zone zone

e Determined by
design criterion

e Deepest active e Limited by .
zone physical bodnary o Aw/Au=design
value
o Aw/Au=0 e Aw/Au=0

e Movement criteria
may also consider

Figure 5.11 Different types of active zone

The most common way to determine the water content active zone z, has been through the
local experience with values often ranging between 3 and 6m (10 and 20 ft). However, the depth
Za can be much deeper than that, in some cases, with reported values as deep as 30m (100 ft)
(Blight, 1997; Nelson et al., 2001). Some factors to consider in determining z, include the depth
of the water table (upper bound), the depth to which samples retrieved in the summer months are
fissured (lower bound), and the stratigraphy. Lytton (Lytton, 1994) also suggests considering z, as

the depth 2 ft below the deepest recorded root fibers, as well as the depth where the suction
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becomes equal to the equilibrium suction (PTI, 2004) according to the weather conditions
(Thornthwaite Moisture Index, TMI). Determining the depth of the active zone is a problem
involving several soil properties such as permeability, shrink-swell modulus or instability index,
and the weather conditions.

The quantitatively definition of the active zone is also important during the discussion and
in the particle manner as well. As the depth of active zone is determined by the measurement
devices during the SI process, the accuracy of measurement devices can be used as an important
reference for the criterion.

The WP4 and tensiometer are two major devices that use to measure the suction in the soil
body. Typically, the WP4 has an error of around 100 kPa (Decagon Devices, 2007). The
tensiometer, based on different brand and quality, has an error range from 10~1000 kPa. Thus,
reasonable value to quantitatively define the active zone based on a suction criterion is a variation
of 10kPa. Meanwhile, the soil movement at different depth is measured by extensometer.
According to ISO 18674-3 (ISO, 2017), the error for the extensometer should be within 0.1mm.
Thus, the depth of active zone based on soil movement is defined as the depth where soil movement

variation is 0.1 mm.
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Another criterion often adopted in the industry is considering a certain amount of the
movement compared to the surface. In this work, by refereeing the zone of influence, the depth
where the shrink-swell soil movement equals to 10% of the surface movement considered as the
depth of active zone. The advantage of this criterion will be discussed in the following section, as
it normalizes the amount of the surface movement. Table 5.1 summarizes the criteria for the active
zone determination adopted in this work. However, the values can be modified in the future

accordingly.

Table 5.1 Criterion to define the depth of the active zone

Active zone based Characteristic value
Suction 10 kPa
Movement.o.1mm based 0.Imm
Movement.10% based 10% of surface movement
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6. EMPIRICAL METHOD TO THE SHRINK-SWELL SOIL

The swelling potential (SP) and swelling pressure (Ps) are two key factors in the shrink-
swell soil problem. The swelling potential was found to correlate with the type of clay mineral,
Atterberg limits, dry density, solid practical distribution (Nelson & Miller, 1997; Schneider &
Poor, 1974; Seed et al., 1962; Vijayvergiya & Ghazzaly, 1973). among all influence parameters,
the mineral of clay believes to be the most significant one (Komornik & David, 1969). As for the
swelling pressure, researchers also correlate the pressure value with the physical parameters
mentioned above (Komornik & David, 1969). Estimation methods help the designer to evaluate
the amount of soil movement and how strong the soil will push by using fundamental soil
parameters. However, the dataset adopted to establish the correlation between the swelling
potential/pressure usually concentrate in one region. Thus, a regional effect of the regression may
happen and the estimation method may not be applied in other region.

By collecting swelling test data worldwide, we proposed an empirical equation to estimate
the swelling pressure with physical soil properties. The proposed equation eliminates the regional
effect by adopting no constant. We also used the collected dataset to evaluate some of the current

classification methods and try to figure out the bias behind the methods.

6.1. Dataset Organization

We collected 454 pairs of shrink-swell soil testing results from the literature to organize
the dataset. The test results covered the region of Ankara, Turkey (Kayabali & Yaldiz, 2014),
Barranquilla, Colombia (Cantillo et al., 2017), Texas, USA (Viyayvergiya & Sullivan, 1973; Wang
et al., 2016), and a wide range of the Middle East (Komornik & David, 1969). As the Atterberg

limit and the dry unit weight are two main factors in literature that relative to the swelling pressure,
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Figure 6.1 presents the distribution of swelling pressure along with dry unit weight and plasticity
index. This figure points out that the swelling pressure is positively correlative in an exponential
way with the dry unit weight and plasticity index. Figure 6.2 presents the swelling pressure
distribution overlapping by the Atterberg limit curves, which shows the data are mostly located in

MH/OH zone, and especially, the high swelling pressure data are in the MH zone.
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Figure 6.1 Swelling pressure vs. dry unit weight and plasticity index
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Figure 6.2 Swelling pressure contour based on Atterberg limit chart

As a proper estimation of the swelling pressure and potential can greatly benefit the
industry, researchers had been working on the empirical correlation between the swelling
potential/swelling pressure and the engineering parameters (Cimen et al., 2012; Tu & Vanapalli,
2016). The swelling potential and swelling pressure can analogize the elongation and the force of
the spring. Even though the reaction force of spring needs to consider the type of metal used, there
is a direct relationship between the strain and force. Among the dataset collected, 163 pairs of data
provide the value for both swelling pressure and swelling potential. These data are presented in

Figure 6.3, which implies a clear linear relationship between the swelling potential and the
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swelling pressure. Although the simple correlation does not consider the different component of

soil, it provides a rough estimation for the designer to have a primary judgement.
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Figure 6.3 Relationship between swelling potential and swelling pressure

As the 454 pairs of data contain the measurement of swelling pressure, in the following
section, we will reevaluate some of the empirical methods estimating the swelling pressure and

propose a new empirical method with physical meaning to predict the swelling pressure.

6.2. A New Empirical Method to Estimate Swelling Pressure

Not only how much soil will move the foundation, but also how strong it will push upward
is vital during the foundation design. Thus, the swelling pressure is also an essential factor that
needs to consider in the shrink-swell soil problem. Some of the researchers' analogy the swelling
pressure to the preconsolidation pressure in the settlement problem (Fredlund et al., 2012) and use
the ratio between overlaying pressure and swelling pressure to estimate the soil movement. Also,

the swelling pressure is essential in predicting the depth of movement active zone. Shuai (Shuai,
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1998) summarized there are two categories of testing for the swelling pressure: 1) the constant
stress test, such as Chinese standard and ASTM D4546, where the swelling pressure defined as
the stress required to compress a free swell soil to its original shape in an odometer. 2) the constant
volume test includes a constant volume odometer and strain control test, and the swelling pressure
defined as the stable pressure measured. Shuai recommended the constant volume test between
these two as which does not affect by volume change and easy to operate.

As the test to obtain the swelling pressure is time-consuming. Researchers had spent a great
effort to develop a simple method to estimate the swelling pressure (Ps) by practical engineering
parameters. Such parameters as but not limit to initial water content, Atterberg limits, dry density.
Some of the well-accepted methods are summarized in Table 6.1. In the table, it can be seen that
the empirical methods are usually in a linear format, which is different from the dataset collected.

And the coefficients of the parameters are difficult to explain in a physical manner. ]

Table 6.1 Empirical methods found in the literature

No. Equation Note Author
_ _ P in kgf/cm? (Komornik & David,
1 log(Ps)=-2.1+0.021LL+0.0006714-0.027w; pq in kg/m? 1969)
2 Log P&=2.55(ya/yw)-1.705 Py in kPa (Dedier, 1973)
_ i . (Abiddin Erguler &
3 Py =2.39LL-108.04 P, in kPa Ulusay, 2003)
4 P=-3.72+0.0111PI+2.077 pary+0.244 logs (Ps<=100kPa) Ya in g/cm? (Erzin, 2004; Erzin &
P=-16.31+0.033P1+8.253 pg4ry+0.829 logs (100<P;<=3500kPa) s is suction in bar Erol, 2007)
_ ‘ Py in kPa (Kayabali & Yaldiz,
5 P, =-30.80i+1025pq +6.35LL+42.4PL-2208 pq in kg/m? 2014)
6 In(Ps)=7.77-0.12w+0.0054P1 Ps in kPa (Cantillo et al., 2017)
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By reviewing the swelling test data Figure 6.1, the relationship between the swelling
pressure, plasticity index, and dry unit weight may be described exponentially. We propose a new

empirical equation to estimate the value of swelling pressure based on the reviewed dataset as

e.q.(6.1)

LL-w;
P =exp(7ﬂjxm g 6.1)
7Wat€r

By comparing the proposed empirical equation with other methods found in literature, the
primary benefit is that the new equation has a much clearer physical meaning behind. The dry
density and the plasticity index are positively correlated to the swelling pressure. The term (LL-
oi/PI) describes the ratio of the soil water content from the current value to the liquid limit, which
is the range of water content that can help to develop the full swelling pressure. This term can also

be described as 1-Ir, where I is the liquidity index.

-1,

P = exp[hjx PI 7 (6.2)
}/water

The activity Ac is a factor that usually use to describe the shrink-swell soil (Seed et al.,
1962) and estimate the swelling pressure or swelling potential (Skempton, 1953; Van Der Merwe,
1964). By definition, the activity is defined as PI over percent finer than 2pum, and a higher activity
soil implies a more significant movement. In general, a soil with high PI values usually means
high shrink-swell behavior. On the other hand, a smaller percentage of fine particle also increase
the value of activity. As a smaller particle has a larger specific surface area compared to large
particle, samples consist with small particles trend to have stronger attraction with water, and thus

will behave a stronger movement compare to samples with large particles. This conclusion may
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conflict with the general description of activity to the shrink-swell soil, though we do not consider

the activity in the correlation equation.
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Figure 6.4 Proposed estimated method vs. methods in the literature

Figure 6.4 presents the comparison between swelling pressure predicted by the proposed
methods and methods found in the literature. Figure 6.4 (a) is the comparison among the proposed
method, Komornik & David’s method (Komornik & David, 1969), and Dedier’s method (Dedier,
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1973). Both two literature methods failed to have a good estimation when swelling pressure reach
to a high value, i.e., 300kPa. Similarly, Figure 6.4 (b) points out that the Erzin’s method (Erzin &
Erol, 2007) predicts well in the low range of swelling pressure and Abiddin Erguler & Ulusay’s
method (Abiddin Erguler & Ulusay, 2003) underestimates the pressure. In Figure 6.4 (c), both
Kayabali & Yaldiz’s method (Kayabali & Yaldiz, 2014) and Cantillo’s method (Cantillo et al.,
2017) predicts swelling pressure well agreed with the measured values but the Cantillo’s method
has larger variation compared to Kayabali & Yaldiz’s method. To quantifiably describe the
accuracy of the prediction, the statistical loss function defined as e.q.(6.3) is adopted. Methods
with a smaller loss value represent a better. The results of the methods mentioned above are
presented in Table 6.2. It should be pointed out that Kayabali & Yaldiz’s method will predict
negative swelling pressure value; thus, the accuracy is significantly reduced. According to the

result, the proposed method provides a relatively good estimation among all empirical equations.

- z \/ (Predicted value-Measured Value)2

No. case

(6.3)

A prediction method with a smaller loss value implies a more accuracy prediction than
others. The results of loss for the methods mentioned above are presented in Table 6.2. Referring
to Figure 6.4, the Dedier’s method gives tremendous variation compared to the testing result, while
the Komomik & David method generally underestimate the swelling pressure but gives a relatively
better estimation of the results. The result from Abiddin Erguler & Ulusay’s method is similar to
the ones from Komornik & David’s method. the Kaybali & Yaldiz’s and Cantillo’s methods follow
the trend of the measurement for the swelling pressure under 400kPa. However, as the swelling
pressure increased, the predictions have larger diversity from the measured values. At this point,

the proposed method catches the 45-degree line, with the minimum loss value among the methods.
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Table 6.2 Comparison of loss between different models

Methods Loss

Komornik & David’s method 1334
Dedier’s method 394.7

Abiddin Erguler & Ulusay’s method 147.6
Erzin’s method 169.3

Kayabali & Yaldiz’s method 177.6
Cantillo’s method 178.7

The proposed method min) 93.00

6.3. A Review of Classification method of Shrink-Swell Soil

A Proper classification can enhance the estimation of the behavior of the shrink-swell soil.
Typically, the swelling potential alone is always adopted as a criterion for classification, while
some methods use the Atterberg limits as classification criteria to simplify the process. However,
these two different based classification methods categorize the shrink-swell soil into the same
levels, which sometimes will bring misunderstanding in stating the behavior of the soil behavior.
Meanwhile, the swelling pressure sometimes also needs to be considered during a design process,
but very few of the classification mentioned how to classify the soil with swelling pressure. In this
section, we will compare and discuss the relationship between some of the well-adopted

classification methods.
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6.3.1. Swelling potential criterion

The first swelling potential test may date back to 1957 (Jennings & Knight, 1957), where
swelling potential clearly defines as the percentage of swell under 1-psi surcharge for a sample
compacted at optimum water content in standard compaction test (Seed et al., 1962). Such tests
usually conducted in an odometer cell to observe the 1-D movement behavior by controlling the
environmental conditions, which are the environmental humidity (sample suction is essential) (e.g.
(Dhowian, 1992; Lawrence D. Johnson, 1977; Lawrence D. Johnson & McAnear, 1973; McKeen
& Nielsen, 1978)); or water content in a sample (e.g. (Briaud et al., 2003)). Detail testing procedure
may refer to the literature correspondingly.

Based on the results of the test mentioned above, the soil is then classified into different
categories. Seed (Seed et al., 1962) classifies the soil into low, medium, high, and very high
swelling potential, as shown in Table 6.3. The Bureau of Reclamation, United States Department
of the Interior (USBR), had proposed a similar category but with a different amount in swelling,
as shown in Table 6.4. The ASTM D4829 (ASTM, 2019) also has a similar way of classification

but using the expansion index (EI) as e.q.(6.4), where A H in mm is the change in height in a

swelling test, and H; in mm is the initial sample height, the category is presented as Table 6.5.
Because the EI value is the 1000 times of the axial strain, where usually 100 time is adopted, the
modified EI value, which is defined as 1/10 of the EI value, describes the amount of swelling in
percentage is adopted and then the ASTM method can be compared to others. Chen (Chen, 1975)
has proposed a classification based on practical experience shown in Table 6.6. Typically, the
overlapping in medium and high categories indicates the uncertainty in practical estimation.

El = AH x1000 (6.4)
H,

1
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Table 6.3 Seed’s classification (Seed et al., 1962)

Degree of expansion Swelling potential [%]
Low Otol.5
Medium 1.5to5
High 5to 25
Very high >25

Table 6.4 USBR’s classification (USBR, 1998)

Degree of expansion Total swelling [%] From air dry to saturated condition
Low 0to 10
Medium 10 to 20
High 20 to 35
Very high >35

Table 6.5 ASTM’s classification (ASTM, 2019)

Potential Expansion Expansion index, EI EI modified
Very low 0 to 20 0to2
Low 21to 50 2.1to5
Medium 51t0 90 51t09
High 91 to 130 9.1to 13
Very high >130 >13

Table 6.6 Chen's classification (Chen, 1975)

Degree of expansion Probable expansion, percent total volume change
Low <10
Medium 10 to 30
High 20 to 30
Very high >30

Besides the difference in the amount of swelling potential, different restrictions are adopted
on the initial condition of the sample, which has some disagreement from the definition by Seed,

where the OMC of the sample is required (Seed et al., 1962). The USBR classification restricts the
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initial and final condition of the sample as a possible driest and fully saturated state. Such a
limitation can cover the maximum movement of the testing sample. Similarly, the ASTM method
considers the sample movement from 50% of saturation to fully saturated. Although Chen’s
classifications do not specify the initial condition, it is worth believing that the samples are
subjected to be in the in-situ state before testing. The Seed’s classification method defines the soil
in different degrees of expansion in an exponential incremental way such that the very high
category covers a larger range than its low category. As the USBR classification are measuring the
full range of soil movement; however, considering the soil, the total swelling reaches 35%
classified as “high.” In contrast, other methods, e.g., ASTM method, for initial saturation of 50%
to fully saturated with 13% swelling classified high potential, the USBR method value is
considered optimistic to the soil movement behavior. Compare to the division value of the
category, the Seed’s method, the USBR method are both in an exponential distribution.

In contrast, the ASTM method has a much more linear gradient compared to these two
methods, and Chen’s method does not behave a clear relationship due to its conservative purpose.
However, the ASTM method is also optimistic about the soil movement estimation, similar to the
USBR method compared to Seed’s method. As for Chen’s classification, a wide range of “very

high” expansion implies the conservative consideration from a practical aspect.
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6.3.2. Soil properties criterion

As the swelling test is time-consuming to classify the shrink-swell soil, an alternative

option to conduct such work by using the results from the traditional tests, e.g., Atterberg limit

test. Briaud (Briaud, 2013) adopts the shrink-swell index Iss, which is the water content difference

between maximum swelling and shrinking states of the soil (Figure 6.5), and the range is stated in

Table 6.7. Chen (Chen, 1975) also proposed the classification by laboratory results and in-situ test

factors in Table 6.8

Swell limit
(free swell test) 3
h‘ L R D
Sk | E Table 6.7 Briaud’s classification (Briaud,
lss =|(AW)max|  [swell index C-Tw/vq 2013)
o L Potential Expansion Lss
?’SH ------- o (AVA)max | Low <20%
shrink limit 8 ! : Moderate 20 to 40
(free shrink test) 2 : S High 40 to 60
2 . AV v i 0
- ery High >60%
Figure 6.5 Definition of the shrink-swell
index (Briaud, 2013)

Table 6.8 Chen’s classification (PI and LL) (Chen, 1975)

Laboratory and field data

Degree. of Plasticity Pe;rcentage Liquid limit, Standard penetration
expansion . passing No. 200 .
index Sieve percent resistance, blows/ft
Low 0to 15 <30 <30 <10
Medium 10 to 35 30 to 60 30 to 40 10 to 20
High 20 to 55 60 to 95 40 to 60 20 to 30
Very high 35 and above >95 >60) >30
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It needs to point out that although Briaud’s method uses the value relative to soil
movement, the value of the shrink-swell index is defined by the difference between two water
content, and its value is closed to the plasticity index of soil. Thus, this classification method
belongs to the group based on soil properties criterion.

As the classification method classify the shrink-swell soil into same category but by various
criterion, it still worth to evaluate the agreement among the methods. In the following section, by
using the dataset collected, we investigate the consistency of the classification methods mentioned
above.

We apply the classification methods on the dataset collected and the result is presented in

Table 6.9.

Table 6.9 Classification result based on methods found in the literature
Seed USBR ASTM Chen (SP) Briaud Chen (LL&PI)

Low 0 358 213 358 24 3
Medium 213 94 122 94 267 53
High 241 2 79 2 145 223
Extreme high 0 0 40 0 18 175

In Table 6.9, although all methods classified the shrink-swell soil into swelling potential
as the same categories, i.e. low, medium high and extreme high, the result of classification has
significantly different among methods due to the different criteria. In another word, if a site is
classified as medium by ASTM method, the SSS might have a swelling potential up to 9%. If
report this ASTM classification result to the designer who uses the USBR method, the design then

subjected to a swelling potential up to 20%.
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By comparing some of the well-adopted classification methods, it is concluded that there
is a large difference among the classification results, and one of the important reasons is that there
is not a comprehensive description of the swelling behavior of the shrink-swell soil. A standard
classification method, such as the Unified soil classification system (USCS), can provide some
basic information, such as the percentage of clay or sand particles, the range of Atterberg limit,
when a soil sample had been classified. Because the shrink-swell soil problem is a worldwide
challenge, it would be a tremendous contribution to have a representative method to deliver the
swelling potential and swelling pressure information when it presents a classification result.
However, such a method required a standardized testing procedure and data contribution

worldwide. We will reserve this idea for future studies.
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7. ACTIVE ZONE DETERMINATION VIA NUMERICAL METHOD

By adopting the numerical tools, it is then possible to investigate the influence of soil
parameters on the entire soil behavior, to explore the shrink-swell soil behavior under different
scenarios consist of other environmental condition; and to study the remedial solution of the
shrink-swell soil problem in a long term behavior.

Based on the discussion in the previous section, it is evident that the shrink-swell soil
problem, especially the determination of the depth of the active zone is important and complex as
the mechanical and hydraulic problems are strongly coupling. In this section, the hydro-
mechanical coupling numerical model is adopted to determine the depth of the active zone and
further discuss one of the remedial solutions of the shrink-swell soil problem. In the following
part, we will present the numerical process to determine the depth of the active zone. We then will
show how the numerical tool assists in providing a remedial solution to reduce the shrink-swell
soil movement.

It should be noticed that in the dry and hot environment, cracks may form on the light depth
of soil mass and increase the depth of active zone significantly. However, in this work, the
influence of crack is not considered. As the simulation of the formation of the cracks requires other

special numerical methods.

139



7.1. Primary Sensitivity analysis

As mentioned in section 2, the empirical methods are interested in the environmental
conditions, typically the precipitation for the region, the soil permeability of the soil, and other
factors. Further, Lytton (Lytton, 1999) mentioned the groundwater level would also affect the
determination of active zone. In this work, the sensitivity analysis in this work will focus on the
weather condition and the permeability. The impact of the water table will be discussed in later
sections.
7.1.1. Soil properties calibration

As the shrink-swell soil damage is one of the critical engineering problems in Texas, the
soil properties in a study conducted in College Station, Texas (Wang et al., 2016), is chosen as the
benchmark for calibration. Wang’s research included the basic soil parameters and properties of
the retention curve (Figure 7.1). The swelling pressure equals to 200 kPa with the initial water
content of 21%. The van Genuchten model (van Genuchten, 1980) is adopted to describe the
relationship between the degree of saturation and the corresponding suction and well match with
the laboratory measurement, as shown in Figure 7.1.

To calibrate the parameters, a model simulating the unit cell developed swelling pressure
is established. The swelling pressure development is presented in Figure 7.2, which allows the
swelling pressure to be fully developed in nearly two days. The final calibrated parameters are

shown in Table 7.1.
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Figure 7.1 Determination of retention curve

Time [days]

Figure 7.2 Swelling test data

141



Table 7.1 Calibrated soil parameters

Parameter Value
Porosity 0.435
Basic parameters Permeability [.m/ s] 7:34x10°°
Liquid limit 65
Plasticity index 42
Retention curve (van Genuchten) Slo?e:ro?ntggrVegtli:l;f[iE;Pcal]lrve 1)0;)2
Kio 0.3
BBM parameters Ks0 0.1
Olss 0.88

7.1.2. Model establishment for sensitivity analysis

Figure 7.3 is a 50m by 25m model mesh for the sensitivity analysis of the active zone with
a capillary effect presented. According to the information from the city of College Station, the
water table varies between 3m to 12m (10 ft to 40 ft), and the average value will be about 16 ft
(5m). Mechanical boundaries for two sides of the model allows the vertical movement and fully
restrained at the bottom. At the top of the model is the flux boundary, where the suction from the
atmosphere is applied. With the different values of suction, the hydraulic gradient will change the
flow of water (flux) within soil mass and the permeability is the key parameter during this process.
Meanwhile, the mechanical behavior also varies due to the changing of the suction follow by the
constitutive model and the formulation is presented in

Table 2.7. As the permeability will be updated during each time step during the simulation,

Figure 7.4 presents the schematic of the permeability calculation loop.
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7.1.3. Initial condition and modeling sequence

As mentioned previously, the depth of the water level is 5 meters, while the top of soil
equilibriums with the atmosphere. Soil above the water level subjects to unsaturated condition due
to the capillary effect and followed by the description of the retention curve from the depth of the
water table. Based on the literature, the top suction may assume to be 5pF (10MPa). Figure 7.3
presents the suction profile above the water table, the suction varies from 0 MPa to 10 MPa as
described previously.

The relative humidity is adopted to describe the rainy and sunny weather conditions. It is
assumed that only when rainy days the relative humidity (RH) equals 100%. This atmosphere
suction corresponding to 100% RH is 0 MPa based on the Psychometric Law. Meanwhile, the
relative humidity equals to 84% corresponding to 10 MPa atmospheric suction.

To describe a rainy period commonly occurs in the city of College Station, due to the
personal experience, the period of rainy is assumed to be 5 days. The weather combination is
describing a 5-day rainy followed by a 5-day sunny. Between two events, there is a 1-day ponding
period, which allows the suction change from 0 MPa to 10 MPa for both numerical and realistic
purpose. The simulation sequence of the relative permeability is shown in Figure 7.5. Typically,

the period of the rainy subject to change for sensitivity analysis.

100
2
5 95
=
2 ;\g 90
ﬂ>) ~
g= 85
=
[P]
& 80

0 1 2 3 4 5 6 7 8 9 10 11
Time (days)

Figure 7.5 Relative humidity variation for the given condition
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7.1.4. Modeling results

Using the model and parameters mentioned previously, Figure 7.6 presents a series results
after 5-day rainy to demonstrate the permeability calculation procedure in Figure 7.4. The solid
blue line represents the initial condition, and the dashed line is the condition after 5-day wetting.

Figure 7.6 (a) is the water content profile for the initial condition and after 5-day rainy. The
initial condition of the model is considered exposed under dry conditions. Thus, the water content
in the shallow region of the soil is smaller than the deeper area. For the initial condition of the
model, we assume the soil is homogeneous. Thus, the water content below the water table is
constant as they are fully saturated. After 5-day rainy, water from the top of the soil begins to
penetrate soil mass. The water content begins to increase in the shallow region of the soil because
of the increase of degree of saturation.

As the water content increase, the degree of saturation then switches from the unsaturated
condition to fully saturated. The solid blue line in Figure 7.6 (b) indicates the unsaturated condition
for the soil above the water table. Then the dash line, which is very closed to 1, points about that
the soil becomes fully saturated after the rainy.

Because of the characteristic of shrink-swell soil (SSS), soil always subject to swelling
when it subject to wet. In Figure 7.6 (c), the profile indicates that the porosity has a significant
increase after the rainy period. The increment of porosity implies the larger volume of the soil
mass and surface movement behaves heaving under this condition.

Figure 7.6 (d) is the increment of the intrinsic permeability. The intrinsic permeability is a
permeability of the soil, which only relatives to the porosity of the soil under given condition. As
the soil behaves swelling after the rainy period, the increment of porosity leads to a larger intrinsic

permeability.
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However, the actual permeability presented in Figure 7.6 (f) is the product of the intrinsic
permeability (Figure 7.6 (d)) and the relative permeability (Figure 7.6 (e)). The relative
permeability, instead of a parameter describing the rate of flux, describes the ratio between the true
permeability of the soil and the intrinsic permeability due to the degree of saturation. The range of
the relative permeability is 0 to 1. The relative permeability is very sensitive to the degree of
saturation, where fully saturated corresponding to relative permeability equals to 1. The detailed
formulation is described in Table 2.7. Thus, when soil subjects to fully saturated condition, the
relative permeability equals to 1 at the very top, then the actual permeability equals to the intrinsic
permeability as the value of porosity increased. While the degree of saturation reduces as the depth
increase, the relative permeability significantly decreases. Thus, the actual permeability decreases
tremendously as well. When the depth approach to the water level, because of the capillary effect,
the degree of saturation is again increased, and the permeability then equals to the intrinsic
permeability.

After 5-day rainy, the model continues to simulate the condition after 1-day ponding and

5-day sunny. The results are present in Figure 7.7
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Figure 7.6 Simulation results profile after 5 days rainy (a) water content (b) degree of
saturation (c) porosity (d) intrinsic permeability (e) relative permeability and (f) actual
permeability

147



Water content (%0) Degree of saturation (%)
30 35 40 1 0.9 0.8

0 NG RO 01 ==
\ \\ ,'.. El’
Vv J

5 ¢ 5

~
o
N

(b)

Beginning

Depth (m)
>
Depth (m)
=)

......... End of wetting
==="-End of 24h drying
= = End of final drying

-
W

—_—

W

20

[\
[e)

Porosity Intrinsic permeability m?
0.43 0.44 0.45 0.46 6.5E-10  75E-10  8.5E-10  9.5E-10

0 (d L 0 ‘.“ e
.\ K \ \

Depth (m)
=

Depth (m)
>

~
()
~

(d)

—_
(9]

—

()]

20

20
Relative permeability Actual permeability, m/s
0 5E-17 1E-16

Depth (m)
=
Depth (m)
=

(©)

89)

—_—
()}

—_—

W

20 20

Figure 7.7 Simulation results profile throughout the simulation process (a) water content
(b) degree of saturation (c) porosity (d) intrinsic permeability (e) relative permeability (f)
actual permeability

148



By using the model mentioned previously and changing the value of permeability and the

period of rainy (ponding), the results are presented as follows:

Permeability (m/s)
1.E-13 1.LE-12  1.E-11 1.E-10 1.E-09 1.E-08 1.E-07 1.E-06

[\9)

—e—Ponding period=1 day

B~

—e—Ponding period=5 day
Ponding period=7 day
—e—Ponding period=10 day

9]

Potential suction active zone (m)
(98]

(o)

Figure 7.8 Relationship between permeability and active zone for different ponding period
with water table of Sm
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Figure 7.9 Relationship between ponding period and active zone for different permeability
with water table of Sm

In Figure 7.8 and Figure 7.9, the depth of the water table is assumed to be 5m at a constant
value. The permeability varies from 4.82x10®m/s to 4.82x107*m/s where 4.82x107''m/s is a
reference value founded in the literature (Wang et al., 2018). The rainy period is assumed to be 1,

5, 7 and 10 days continuously.
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From the result, the first conclusion is that there is not a simple relationship can be used to
describe the connection between the permeability and the depth of the active zone. Because the
curve does not an algebra function, the best way to describe the relationship may be a design curve
for a particular location with the variation of the permeability. For the same period of rainy, a
higher permeable soil will develop a deeper active zone until it reaches to the water table. The
water table is considered as the physical boundary condition in this problem. Meanwhile, with a
longer period of wetting, a deeper depth of active zone is observed. Because the soil body is
exposed in a wet environment, both the intrinsic permeability and the relative permeability both
increases. Thus, a larger actual permeability is occurred and the water flux can penetrate the soil
body much easier.

Figure 7.9 points out that if the soil with extremely small permeability, the active zone may
not be a problem since the DAZ is constantly shallow regardless of wetting period. A similar
situation is that if the permeability is high enough, the depth of active zone yields to the depth of
water table. Also, there is not a simple model that can be used to describe the relationship between

ponding period and the depth of active zone.
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7.2. The critical weather condition determination
The period of rainy is very sensitive to the depth of active zone as stated in the previous
section. Thus, a representative/critical weather condition is very important in the estimation of

active zone problems.

The weather condition in this work simply considers as only sunny and rainy days. To
investigate the most critical impact on the soil mass and formation of the deepest active zone, the
longest sunny and rainy period need to be determined. For simplicity, daily precipitation equals to
0 is considered as a sunny day, and larger than O is considered as rainy day. Figure 7.10 presents

the precipitation record in College Station from NOAA. These data will be used in later calculation.
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Figure 7.10 Precipitation record in College Station, Texas (NOAA, 2019)
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A return period is a common way to describe the critical condition to a problem. As the
DAZ determination involved the combination of the sunny and rainy period, the design event is
the continuant period for both sunny and rainy, or the combination of two event.

The return period is described by the probability of exceedance, which means the
percentage that a certain event may being equaled or exceeded in any year. The relationship
between the return period T and the probability of exceedance P under period of L is described as
e.q.(7.1). In this work, we adopt the return period of 100-year event in every year, where T=100

(years) and L=1 (per year), thus the P=0.01.

1 L
P_l—(l—?j (7.1)

Notice that the P=0.01 is the probability of the 100-year event, the probability of
exceedance is determined as e.q.(7.2), where the m is the rank of inflow value, and n is the total
number of the event.

Probability of exceedance =100% x m

n+l (7.2)

Figure 7.11 presents the general steps to obtain the probability of exceedance. By collecting
the precipitation record from year 1970 to 2018 and record the sunny day with precipitation of 0
and rainy days with non-zero precipitation, we tracked the longest continues rainy period in a
certain year. E.g. in the year of 1970, the longest continues rainy period was 6 days. Then we
rearranged and ranked the length of rainy period from longest to shortest. By using e.q.(7.2), the
frequency curve for both rainy and sunny period are presented as Figure 7.12 and Figure 7.13. The
trend line in both figures help to calculate the 100-year design event, for P=0.01=1%. e.g. for rainy
event, the continues rainy period for 100-yeasr returned value is calculated as e.q.(7.3). Similar

procedure is applied for the sunny event.

—1.368><1r1(1%) +11.072=11.072 days (use 11 days) (7.3)
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Figure 7.11 Schematic of determination of probability of exceedance for rainy event

However, as the simulation is considering the combination of rainy and sunny period, the
total probability of exceedance should be considered. As the combined probability is 0.01, the

product of the probability of rainy and sunny period should be 0.01. Thus, the combined event for

100-year return period is presented in Table 7.2
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Table 7.2 Combined event for 100-year returned period

Continuous rainy Continuous sunny Total probability
of exceedance
No Probability of Continuous Probability of Continuous 3
) exceedance rainy period exceedance sunny period
1 1 5 0.01 66 0,01
2 0.1 8 0.1 41 0.01
3 0.01 11 1 16 0.01
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Figure 7.12 Rainy frequency curve obtained from precipitation record analysis
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Figure 7.13 Sunny frequency curve obtained from precipitation record analysis
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Although Table 7.2 lists out 3 types of combination for the 100-year design event and
theoretically there will be infinite combinations, the analysis should consider the actual weather
history in College Station. Based on the revision of design method, the TMI value in College
Station is about 0, which indicates that the amount of precipitation (rainy) is approximately equals
to the evaporation (sunny). In this case, the case No.3 with 11 continuous rainy and followed by
16 days continuous sunny will be considered as a critical weather combination for the simulation.
By using the mesh and the boundary indicates in pervious section, the result of the simulation is

shown as follows.

Permeability [m/s]
1.E-13 1.E-12 1.E-11 1.E-10 1.E-09 1.E-08

i B W N [a— ()

Potential suction acrive zone [m]

(o)}

Figure 7.14 Design curve for the depth of active zone of permeability under critical weather
combination
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Comparing Figure 7.8 and Figure 7.14, the design curve between the permeability and the
depth of active zone is generally deeper in Figure 7.14. Noticed that the period of ponding actually
increases from 10 days to 11 days. An assumption is that is the rainy period plays a more important
role in the active zone problem than the sunny period. This assumption will be discussed in the
following section. Also, based on the Figure 7.14, as the permeability in College Station is in a
scale of 1x107"%m/s, the active zone thus estimates to be around 3m, which is agreed with the

experience value.

7.3. Depth of Active Zone Development with Site Conditions

The pervious section demonstrates the DAZ development under primary assumed
conditions. The results turn out that the permeability, the period of rainy and the depth of water
table strongly affect the development of DAZ. This section presents a more detailed simulation
result with more site conditions involved.
7.3.1. Simulation process

A bigger and finer mesh is adopted to conduct a more detailed analysis. The simulation is
conducted by assuming plane strain condition with a mesh of size 50m by 50m, 8450 quadrilateral
elements, as presented in Figure 7.15. The mechanical boundary CD is fixed; AD and BC are
constrained in the x-direction, thus allows the movement in a vertical direction. Line AB is the
flux boundary. The water can flow in or out from the boundary by assigning different suction
values simulating the suction in the atmosphere. At the top of the model, different colors in the

mesh representing the shrink-swell soil will be replaced by non-shrink-swell soil in later analysis.
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Figure 7.15 Mesh of simulation

The analytical method proposed by Mitchell (Mitchell, 1979) is adopted in this work to

describe the suction envelope. In the analytical approach, the suction at the ground surface can be
described as a sinusoidal function u(O, t) =u,+u, cos(27n‘n) , where ue is the equilibrium suction

correlative with the weather condition, i.e., Thornthwaite Moisture Index (TMI) (Covar & Lytton,
2001; Lytton, 1994), uo is the amplitude of the suction variation at the ground surface, n is the
frequency of the suction cycle. The formulation of suction within soil mass as a function of depth
and time described by using Laplace transform analysis is present in e.q.(7.4), where o is the

diffusion coefficient and z is the depth into soil mass.
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u(z,t)=u, +u,exp|—~rzz’n/a |cos|2xtn—~rz’n/a (7.4)
e 0

As e.q.(7.4) describes the suction oscillation controls purely with atmosphere suction, to
adequately apply this equation the water table needs to be deeper than about 10m in a practical
manner (Aubeny & Long, 2007; Lytton, 1997, McKeen & Johnson, 1990), which had been
satisfied in this study. Further, considering the envelope described by e.q.(7.4), the sinusoidal part

can simply as £1. E.q. (7.4) is then also modified as e.q. (7.5).

u(z,t)=u, tu, exp(—\/ﬂzzn/a) (7.5)

To apply e.q. (7.5) in this study, the equilibrium suction ue equals 3.6 pF (398kPa)
determined by the relationship between TMI, which is 0 in College Station (Wray, 1978). The
value of uo, is back calculated after assessing the range of suction at the soil surface. The practical
method proposed by Post Tension Institute (PTI, 2012) suggest the dry surface suction shall be 4.5
pF, Briaud (Briaud et al., 2003), recorded the ground surface suction equals to 4pF, Wray (Wray,
1989) measured the ground surface suction may go up to SpF. Thus, 4.5pF (3162kPa) is adopted
as the suction value for the dry weather. Similarly, the PTI method suggests suction in a wet season
equals 3pF, Briaud’s measurement for the wet season may lower to 2pF, and Wray’s record is
around 3.4pF. Also, considering the axisymmetric of e.q.(7.5), the ground surface suction equals
to 2.7pF (50kPa) for wet weather is adopted.

The suction frequency n describes the return period of suction in a unit of time. Aubeny
(Aubeny & Long, 2007) adopted n=1 year, Briaud’s weather studying (Briaud, 2013) also implies
the return of high suction will be around 1 year. Thus n=1 year is adopted.

The unsaturated diffusion coefficient o is an analogy to the permeability but under

unsaturated condition. Extensive work on measuring the diffusion coefficient among different
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locations in Texas. Aubeny (Aubeny & Long, 2007) had summarized the values in Table 7.3. As
the amount of o will directly determine the depth of suction active zone, this value should lead the
envelope to a proper DAZ. Lytton and Nelson (Lytton, 1997; Nelson et al., 2012) suggested the
active zone depth may various between 9.39 ft (286.2cm) to 21ft (640.1cm). Information provided
by the City of College Station that the depth of the active zone may no less than 3m. Abdelmalak
(Abdelmalak & Briaud, 2017) records the active zone in College Station is 4.5m. Wray records
(Wray, 1989) the depth of active zone can up to 4.6m. Based on the limited records of the depth
of the active zone collected, the unsaturated diffusion coefficient adopted in the analysis is
2.55m?/year, which located in the range of field estimated data in Table 7.3. Figure 7.16 (a)

presents the envelope determined by e.q.(7.5) with parameters described previously.

Table 7.3 Unsaturated diffusion coefficient found in the literature (C. Aubeny & Long,

2007)
Category Location Value [m?/year] Reference
Fort Worth 0.1840.12 (Lytton et al., 2006)
Laboratory Austin, Texas 0.20£0.10 (Lytton et al., 2006)
results Austin. Texas 0.19£0.10 (Lytton et al., 2006)
Waco, Texas 0.085+0.045 (Aubeny & Lytton, 2004)
Australia 0.11-0.14 (Mitchell, 1979)
Field N.A. 3.2-13 (McKeeg & Johnson, 1990)
estimated N.A. 0.33 (Mitchell, 1979)
data N.A. 4.5 (McKeeg & Johnson, 1990)
N.A. 1.9 (Mitchell, 1979)
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An agreement on the suction profile between the numerical model and the analytical
solution plays a vital role in the validation process. In e.q.(7.5), the suction varies from the
equilibrium as a function of depth. Thus, in the numerical model, the simulation also starts from
the equilibrium suction. The atmosphere suction for both wet and dry season is assigned as the
boundary at the top of the model (edge AB in Figure 7.15). Based on the weather record in Figure
3.3, the suction cycle is determined as n = 1 year, the period to develop the envelope then equals

to 90 days from the equilibrium condition to each side of the suction profile

. 90 d .7 - 90 d 90 d 90 d
ie. dry——="— equilibrium =i s s

> wet > equilibrium ———=—dry

360 days
By starting the suction profile develops from equilibrium condition to dry or wet season in
90 days, the simulation results versus the analytical value present in Figure 7.16 (a) which shows
the simulation result well agrees with the analytical value. Thus, the model is considered adequate

for simulating the problem.

As the analytical value presented in Figure 7.16 (a) represents the envelope of the suction
variation for the region, the envelope is considered as the “extreme” initial condition. Meanwhile,
a profile with more common appearance will also be interested to investigated as the “ordinary”
initial condition. Based on literatures, atmosphere suction equals to 3pF (100kPa), and 4pF
(1000kPa) is most commonly measured. Thus, besides starting from the envelope, two initial
profile apart from the boundary, which presented in Figure 7.16 (b) and (c) are the ordinary wet

and dry initial profile represent the initial condition that might more commonly occurs.
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Figure 7.16 Initial condition for wet and dry season (a) extreme initial condition for both
wet and dry season (b) ordinary initial condition for wet season (c) ordinary initial

condition for dry season
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Start from the either wet or dry initial profile, the code will conduct simulation by imposing
atmospherical suction as the flux boundary at the top of model and calculate the suction oscillation
within soil simultaneously with the soil body movement for given period. For conservative
purposes, the suction imposed at the top will only consider the value at extreme condition, e.g.,
when the initial top suction equals to ordinary or extreme wet conditions (50kPa or 100kPa/2.7pF
or 3pF), the imposed suction for simulation will equal to extreme dry condition (3126kPa/4.5pF)
only.

Based on the result in Table 7.2, instead of the combination event, the longest period of
drying is 66 days. To analyze the longest influence of the drying/wetting period, the lasting time
designs to be 1, 5, 10, 15, 20, 30, 40, 50 and 60 days. The narrow spacing at the beginning will
imply the immediately changing due to the suction change. Furthermore, the long-last period aims
to show the result after a long-term effect if the soil body meets a critical weather condition. The
following section will present the simulation results from both extreme and ordinary initial
conditions in the either wet or dry season of the development of the depth of active zone and the

soil movement.
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7.3.2. Modeling results

This section presents the suction variations and soil movement behavior under the wetting
and drying combination mentioned previously. Also, based on the definition of suction active zone
and movement active zone proposed in this work, the variation of active zones due to the weather
influence will be shown as well.
7.3.2.1. Suction variation and active zone determination

Figure 7.17 presents the suction profile oscillation from either ordinary or extreme initial
condition in dry or wet season subject to swell or shrink with infinite depth of water table.

Among four figures, (a) and (b) present the results start from initial condition in dry season.
The light blue and red represent the suction envelope determined by the analytical method. The
solid red line represents the initial condition and the blue lines with different capacities are the
suction profile at different time during wetting. In the ordinary dry initial case Figure 7.17 (a), 1
day of wetting swift the suction at shallow layer to the wet side significantly then gradually
approach to wet envelope as the wetting period increasing. The shifting of suction profile also
implies that the depth of active zone increases tremendously for the first 10 days then gradually
reducing the rate of development. At the end of 60-day wetting, the suction profile is closed to the
wet envelope. This points out that the depth of the suction active zone is lighter than the value
determined by the analytical method. Moreover, a 60-day wetting period is rarely found in the
weather history in Texas. A designation considering the effect of the suction active zone also needs
to visit the history of wetting as it might be lighter than expected based on analytical analysis.

Similarly, Figure 7.17 (b) presents the suction distribution started from extreme initial dry
condition. The extreme initial dry condition is overlapping on the envelope. By definition, it is the

driest condition for the given location. Compare (b) to (a), the depth of active zone of 1-day wetting
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from extreme dry initial condition seems to be lighter than that from ordinary one. However, an
important issue regarding the figure is that the suction value is plotted in log scale, a small virtual
variation in different portion of x-axis will stand for very different value. In this case, the 10kPa,
as the criteria to determine the suction active zone appears in a deeper depth in the extreme initial
dry condition compare to the ordinary initial dry condition.

Figure 7.17 (c) and (d) present the cases where the initial profile start in dry season at either
ordinary or extreme condition. Between (c) and (d), the depths of suction active zone at the same
period of drying period are closed to each other. At the end of 60 days of drying, the suction profile
almost overlapping on the drying envelope, which implies that the suction closed to fully develop
in dry season.

At the end of 60 days of weather changing, the suction profile started from wet season get
closed to the envelope, while the ones started from dry season the developed profile still away
from the wet envelope. The reason behind the difference is that the relative permeability
significantly affects the real permeability and the real permeability then becomes extreme small in
dry season compared to wet season. The real permeability which describes how much water can
flow through the soil within a given time in reality, is the product of the intrinsic permeability and
the relative permeability. The intrinsic permeability is the physical property of the soil media
determined by the opening of the porous, and the relative permeability is a factor between 0 and 1
depend on the degree of saturation (Gilman & Kazemi, 1983; Kazemi & Gilman, 1993; Rossen &
Kumar, 1992; Thomas et al., 1983; van Golf-Racht, 1982). With a higher value of suction, the low
degree of saturation leads to a low value of the relative permeability thus tremendously decrease
the real permeability. In this case, the water is more difficult to flow in dry season than in the wet

s€ason.
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Figure 7.17 Suction profile variation for infinite water table (a) start from ordinary dry
initial condition (b) start from extreme dry initial condition (c) start from ordinary wet
initial condition (d) start from extreme wet initial condition

Figure 7.18 presents the summary for the suction active zone for the infinite depth of water

table condition. The depth of suction active zone for the given case is about 3.5m, which



determined by the started from wet season case. In another point of view, the development of
active zone is more depended on the high permeable initial condition, which means a higher
permeability plays an important role for suction oscillation. Also, the ordinary or extreme initial
case does not cause significant difference of suction active zone. Also noticed that at the end of
long period, the suction active zone for both start-from-dry and start-from-wet season is deeper in
the ordinary cases than in the extreme case. Typically, for the start-from-dry case, the suction at
the deeper depth for the ordinary case is smaller than extreme case, which turns to have a higher
permeability for the water flow and then it has a slightly deeper suction active zone than in extreme
case. For the start-from-wet case, the degree of saturation for extreme case is higher than the
normal case. After a long period, the reduction of the permeability for the extreme case is more

significant than the ordinary case. The suction active zone then becomes shallower.
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Figure 7.18 Summary of suction active zone for infinite water table
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Figure 7.19 presents the suction active zone development for different water table

conditions.

Number of days
0 20 40 60

O

|

}

|

|

Suction active zone [m]
(\O]
}

3 i
7 == Inf. WT. Swell = = Inf. W.T. Shrink
4 — -- WT.=-10m Swell --—- W.T.=-10m_Shrink
— W.T.=-5m_Swell —— W.T.=-5m_Shrink

Figure 7.19 Summary for suction active zone for different depth of water table

As shown in red, the suction active zone for started-from-wet season cases is deeper than
the other condition. It is because the soil has a relatively high value of permeability as discussed
previously. With the low suction value at initial condition, soil subject to have a high degree of
saturation thus has higher value of relative permeability. Meanwhile, it is also because the soil was
at swelling state initially. Which further increase the value of intrinsic permeability. Compared to
the cases start-from-dry season and soil body subject to swell and shown in blue, the cases start-
from-dry season has a shallower depth of suction active zone. The reason is the small permeability
at initial state induced by high value of suction prevents the dissipation of the suction. Besides, the

depth of suction active zone for the cases started in wet season has very similar value among
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different water table conditions, while the cases started in the dry season, the infinite depth of
water table has the deepest active zone. When the water table rose to 10m or 5m, the active zone
depth is lighter than the case with infinite water table. This conclusion shows that with low

permeable soil, the depth of water table will also affect the depth of suction active zone.

However, it is also important to mention that the depth of suction active zone in this
analysis is based on the criterion proposed in this work, where the suction variation is 10kPa, as
10% of some well-adopted sensor. It is clearly that with a smaller variation, e.g. 1kPa, the depth
of suction action will be deeper, or in another way, with a larger variation will obtain a lighter
active zone. We will not discuss the sensitivity of the criterion as it is a strongly experience based

value and may be adjusted in the future
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7.3.2.2. Movement variation and active zone analysis

Similar to Figure 7.17, Figure 7.20 presents the vertical movement profile for cases with
initial condition stared in wet or dry season. Typically, Figure 7.20 (a) and (b) present the results
of cases started from dry season. Because of the amount of soil movement directly relative to the
suction variation (Alonso et al., 1990; Olivella et al., 1996), the case with extreme dry initial
condition subject to higher swelling than the cases started with ordinary initial condition. And thus,
the depth of soil movement active zone is deeper for the extreme case than the ordinary case. For
the cases start-from-wet season, the movement of shrinking is similar to each other. It is because
the extreme and ordinary initial cases is actually closed to each other, where the extreme wet initial
case equals to 50kPa (2.7pF) while the ordinary condition is 100kPa (3pF). Thus, the surface
movement value has a slightly difference between the ordinary and extreme initial cases. Figure
7.21 presents the summary for the surface movement of infinite depth of water table for different

initial conditions.
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Figure 7.21 Surface movement for infinite water table (a) start from dry initial condition
(b) start from wet initial condition

Later, Figure 7.22 presents the movement active zone development for the infinite water
table case. In general, the movement active zone determined by the criterion listed in Table 5.1
(0.1mm) gradually increases as the period of wetting/drying lasting. Among four conditions, the
rank of active zone is started with extreme dry initial condition subject to swelling (E.D.) > started
with extreme wet initial condition subject to shrink (E.W.) > started with ordinary dry initial
condition subject to swelling (O.D.) > started with ordinary wet initial condition subject to shrink

(O.W.).
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Figure 7.22 Movement active zone with 0.1mm movement criterion for infinite water table

By adopting the movement criterion of 10% movement of the surface, the active zone
development significantly changes as presented in Figure 7.23. With the wet initial condition, the
movement can be fully developed among soil mass. And because of the adoption of the 10%
criterion, it eliminates the influence of the suction variation. The development of the active zone

with different time interval is similar for both extreme initial condition and ordinary condition.
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On the other hand, again, because of the 10% criterion, the active zone determination is no
longer affect by the suction variation at the soil surface. For the initial dry weather condition, the
ordinary initial condition has deeper active zone compares to the extreme dry initial condition.
This concludes that the initial condition with higher degree of saturation trends to have deeper

active zone determined by the 10% surface movement criterion.
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Figure 7.23 Movement active zone with 10% movement criterion for infinite water table
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As indicate by Figure 7.22, the movement for cases started from extreme wet/dry initial
condition is much larger than ordinary initial cases. Thus, the variation of water table analysis will
focus on the extreme wet/dry initial cases, as presented in Figure 7.24. The cases started in dry
season and subject to swell for different depth of water table reach a similar swelling value, which
is around 120mm. Typically, the case with infinite depth water table has the maximum swelling
value, while the case with water table with 5Sm has the smallest value. For the cases started in wet
season and subject to shrink for different depth of water table reaches a similar shrinking value,
which closed to 140mm. Similar to the swelling behavior, the infinite depth of water table has the

relatively maximum movement while the Sm-depth water table case has the smallest shrinkage.
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Figure 7.24 Summary of surface movement (a) start from dry initial condition (b) start
from wet initial condition
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Figure 7.25 presents the summary of the movement active zone for different water table
cases started from extreme dry/wet initial condition. The most deeper movement active zone
among cases discussed is the case started from dry initial condition with 10m water table, following
by dry initial condition with infinite water table. Then the active zone of wet initial case with 10m
water table and infinite water table are the third and fourth depth value. When the water table rises
to 5m, the case stared from dry initial condition has deeper value than the case stared from wet

initial condition.
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Figure 7.25 Summary for movement active zone with 0.1mm criterion for different depth
of water table
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For the development of movement active zone, the case with infinite depth of water table
has deeper value than Sm water able follows by the common sense. When water table rises to 10m,
the capillary effect from water table is strong enough to affect the determination of active zone
thus the movement active zone becomes deeper than infinite water table case. However, it should
also consider the criterion adopted to determine the movement active zone, if the criterion of
movement variation is large enough, the movement active zone of infinite water table may deeper
than any shallower water table. A clear trend of limitation of Sm water table case and 10m water

table started from dry season indicate the boundary effect induced by the level of water table.
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Figure 7.26 Summary for movement active zone with 10% criterion for different depth of
water table
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Figure 7.26 presents the active zone determined by the 10% movement criterion. In general
the depth of active zone is lighter than Figure 7.25. Typically, the initial condition with low degree
of saturation, i.e. the dry initial condition trend to swelling in the blue color, has very similar active
zone development with different water able conditions. While for high degree of saturation initial
condition, which are the red color in the figure, shows slightly difference after long period of
simulation. In general, the active zone development for high degree of saturation at initial
condition is deeper than the low degree of saturation cases. Further, if the active zone development
is closed to the water table, the movement trends to influence by the capillary effect of the active

zone. Thus, the active zone with Sm water table depth is deeper than other conditions.

7.3.3. Summary

In this section, by using the well-adopted analytical solution as the initial conditions and
the result from the critical weather combination from pervious section, the numerical code
CODE_BRIGHT calculates the suction and movement profile at certain time. Further, by using
the criterion proposed in this work, the simulated profile determines the depth of suction active
zone and movement active zone. The simulation firstly divided into start from wet season and start
from dry season. And in each case, the initial profile will start either overlapping on the analytical
envelope, refers to the extreme initial condition, or between the extreme and equilibrium, refers as
the ordinary initial condition. Later, the simulation will proceed by changing the weather to the
other season, i.e. the suction profile assumed to be in the dry season and the simulation will goes
to wet condition. As we had discussed the influence of the permeability in the previous section,

this section mainly focusing on the influence of period and the depth of water table.
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For the suction active zone, the duration of weather positive associated with the
development of the DAZ. There is not a significant difference between weather the initial profile
started from ordinary initial condition or extreme initial condition. When the suction profile starts
from dry season, the overall soil movement is swelling. And there is a positive correlation between
the depth of water table and the DAZ. For the suction profile starts from wet season, the overall
soil movement turns to shrink and the suction active zone is deeper than the cases started from dry
season. There is no significant different of the suction active zone with different depth of water
table.

For the movement active zone. Because the movement associated with the amount of
suction variation, the movement for initial profile started from extreme condition is always larger
than it for the started from ordinary condition. However, the cases started from dry initial condition
have deeper movement active zone than the cases started from wet initial condition. The reason
behind the result is that as the wetting process keeps opening the porous of the soil mass, the
movement at deeper depth may gradually develop. By using the relatively smaller movement
criteria compared to the 10 kPa suction criteria, a deeper active zone is determined. Under the
extreme initial condition, the movement active zone yields to a depth above the water table. With
the depth of water table increase, the movement active zone also becomes deeper. However, as the
water table becomes deeper, where the capillary effect may not affect the soil movement, the active
zone gradually increase but shallower than the same period with a lighter water table, which is the
10m in this case.

However, the difference in the active zone determination points out that the criteria adopted
in this work may be further modified. Although we adopted a fixed value as the criteria with

practical meaning, the movement active zone determined to be deeper than the suction active zone.
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The first conclusion is that the suction active zone is more sensitive to the initial wet/dry condition,
in another word, is sensitive to the permeability at the initial state. The movement active zone is
more sensitive to the permeability development with time. Because of the suction and movement
criteria for active zone determination adopted in this work consider the accuracy of the
measurement device, there is no directly correlation between them. To eliminate this effect, the
movement criterion may adopted a certain portion of the surface movement measurement e.g. 10%
movement of the surface movement as shown in Figure 7.27. Such that the amount of movement

is associated with the variation of suction, but will be difficult to determine during practice.
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Figure 7.27 Alternation of movement active zone definition
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7.4. An Application of the Simulation: A Remedial Solution, the Replacement Curve

With the assistance of numerical tools, it is possible to investigate the systematical
influence due to the different material parameters to explore the surface movement under various
scenarios, such as different weather conditions. It is also possible to study the remedial solution
caused by the SSS movement. There are varies methods can help to eliminate the damage of SSS
movement such as foundation with additional stiffness (Figure 7.28), chemical method,
geosynthetic, or a replacement the SSS with non-expansive soil. In this section, by using the
numerical tools, we investigated the relationship between the replacement depth vs. the surface
movement. By the criterion of the design, such relationship can provide the most economical

solution to the replacement depth, which refers to the optimum replacement depth.
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Figure 7.28 Types of foundations used on shrink-swell soils (After Briaud, 2013)
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The simulation procedure follows the initial condition discussed in 7.3.1 As discussed
previously, the weather combination with start of wet season, with a period of rainy then followed
by sunny days will provide a deeper active zone. For conservative purpose, the soil mass subjected

to experience 7-day wetting period, following by 1-day ramping, then 25-day drying period.

In Figure 7.29, (a) presents the soil movement with identical shrink-swell soil calibrate
throughout entire soil profile. (b) presents the soil movement with the first 0 to 0.23m replaced by
non-expansive soil. The reason adopted 0.23m here is the deepest suction active zone determined
by analytical profile is 4.6m, and 0.23m is 5% of maximum active zone. And to see how the
movement varies as different replacement, (c) to (g) are vertical movement with the replacement
of 0.46m (10% of the maximum active zone), 1.15m (25%), 2.3m (50%), 3.45m (75%) and 4.6m
(entirely replaced). Also, it should be noticed that the scales on the figures are not identical to catch
enough information for small variation.

In Figure 7.29 (a), as the wetting process happened after wet profile, the soil swells a tiny
amount compared with later methods, as presented in the blue color. Later, the surface suction
increase to the value of dry weather. The movement does not have time to fully develop but turns
to shrink. In this step, it can be observed that soil experiencing both shrinkage and swelling
simultaneously, mainly because some of the flux from the wet cycle still penetrates the soil leading
a swelling behavior, while the flux within the shallow zone is forced to leave due to the dry period
and causing a shrinking behavior. Such profile present in green color in the figure.

The red line in the figure represents the movement profile after 25-day dry, which shows a
significant shrink at the end of the dry period. Some of the practical methods designing slab-on-

grade, e.g. (BRAB, 1968), consider only swelling behavior of the soil and foundation design is
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based on resisting upward movement of soil. Others methods e.g. (Standards Association of
Australia, 2011), consider the total movement consider the gross movement. More attentions are
needed as the foundation behavior on shrinking or swelling are different. The gross movement for
the full shrink-swell soil case is 13.94mm.

Figure 7.29 (b) present the results with first 5% shrink-swell soil replaced by non-shrink-
swell soil. The swelling behavior due to further wetting procedure is further smaller compared to
Figure 7.29 (a) and so as the ramping movement behavior. A significantly movement reduction is
observed from the 0 to 0.23m. This implies the replacement of the top surface soil tremendously
improves the soil condition. Figure 7.29 (c) and (d) are in similar condition with 10% and 25% of
shrink-swell soil within suction active zone being replaced thus the behavior is not described
repeatedly.

Begin with Figure 7.29 (e) and follows, at the end of dry weather the overall movement
behaves swell. As the replacement depth becomes deeper, suction variation at ground surface has
less impact to the deeper soil. However, the soil mass still responding to the initial wet period and
the permeability is low but maintain constant. Thus, the soil mass behaves an overall swelling at
this point. The replacement depth that isolate the soil from ground surface suction variation may
be a practical value to reduce the damage of shrink-swell soil, however, the soil will still move due
to the weather behavior at the beginning. Similar results are observed for (f) and (g) thus not going

to repeatedly describe.
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Figure 7.29 Movement variation under different wet-dry combinations starting from wet

weather. (a) soil body with full shrink-swell soil. (b) 0-0.23m soil replaced (c) 0-0.46m soil

replaced (d) 0-1.15m soil replaced (e) 0-2.3m soil (f) 0-3.45m soil replaced (g) 0-4.6m soil
replaced
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Similarly, Figure 7.30 presents the result of movement profile start from dry weather.
Compared Figure 7.29 (a) and Figure 7.30 (a), the swelling movement is much more
significant in later as the initial condition is dry instead of wet; the movement in the shrinking
direction is smaller in later as the soil mass need to neutralize the amount of swelling from in
pervious steps. Start from (b), top shrink-swell soil is replaced by non-shrink-swell soil. The
surface movement is significantly reduced.

A significantly difference in (g) between case start from wet and dry is observed. In
the case start from wet, the permeability is higher than the start from dry case. Thus, the
movement profile is more sensitive to the suction variation in the start from wet condition to
the start from dry condition. However, the swelling behavior at the end of 7-day wet is not
significant in the start from wet case but obviously in the start from dry case under the same
scale. It is because the suction change from start from wet condition to wet season is much
smaller than start from dry condition. Finally, because of the permeability for start from dry
condition is significantly smaller than start from wet condition, the suction was “trapped” in
the middle of the soil mass and thus the delay of suction distribution leads to the non-uniform

pattern.
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Figure 7.30 Movement variation under different wet-dry combinations starting from dry

weather (a) soil body with full shrink-swell soil. (b) 0-0.23m soil replaced (c¢) 0-0.46m soil

replaced (d) 0-1.15m soil replaced (e) 0-2.3m soil (f) 0-3.45m soil replaced (g) 0-4.6m soil
replaced
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The relation between the surface movement and soil replacement depth is presented in
Figure 7.31. (a) is the surface movement vs. the corresponding shrink-swell soil replaced by non-
shrink-swell soil and (b) is the surface movement normalized by the movement when no soil being
replaced. Due to the high permeability, the surface movement in the case start from wet is higher
than the case starts from dry weather. When normalized the surface movement, a similar
relationship between surface movement and replacement depth is observed for both start from wet
and dry condition. At this point, it can be concluded that it is possible to establish a direct
relationship between the surface movement and replacement depth to obtain an optimized

replacement zone for a practical case regardless of the influence of initial condition.
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Figure 7.31 Summary of surface movement vs. replacement depth (a) surface movement
with replacement depth. (b) surface movement normalized by 0 replacement vs.
replacement depth
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8. ACTIVE ZONE DETERMINATION VIA EMPIRICAL METHOD

8.1. Introduction

Because of the significant damage to the lightweight structure, the geotechnical industry
conducted extensive efforts to deal with the shrink-swell soil movement problem. In the meantime,
engineers gained a lot of experience. In this section, the experience of active zone determination
within Texas is collected among the member of CERGEP (Consortium for Education and Research
in Geo-Engineering Practice) at Texas A&M University, who are experienced Geotechnical
consultant companies. The result of the collection will imply the first assumption for the design

value of the depth of active zone.

8.2. Survey Design and Results
To collect the most updated data, the top 40 most populated cities are selected as the target
cities included in the survey distributed to the members. The location of the towns presents in

Figure 8.1.
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Figure 8.1 Population among 40 cities in Texas

The results of the survey are presented in Table 8.1 with cities listed in alphabetical order.
Nine companies (Com in the Table) replied to the survey. The depth of active zone quoted by the
respondents was given either according to water content variation measurement over a period
(marked in orange in Table 1) and according to local experience (marked in gray in Table 1. The

range and averaged value for each city are also presented in Table 8.1.
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Table 8.1 Result of anonymous survey of the depth of active zone [m]
Cities Com.1 Com.2 Com.3 Com4 Com.5 Com.6 Com.7 Com.8 Com.9 Range [m] Avg. [m]

Abilene 9.1 9.1
Allen 3.0t0 4.6 3.6
Amarillo 9.1 9.1
Arlington 3.0t04.6 38
Austin - 3.0t0 4.6 4.0
Beaumont 2.1t03.6 2.5
Brownsville 1.5t02.4 2.8
Carrollton 3.0t06.1 4.7
gf;lff; - 3.0t04.5 40
241t03.0 2.5

(c:(l)g;f 211037 3.0
Dallas - 2.41t06.1 4.0
Denton 3.0t04.6 3.6
El Paso 4.6t09.1 6.9
Fort Worth - 24t04.6 3.6
Frisco 3.0t06.1 4.4
Garland 3.0t0 4.6 3.6

Grand

Prairie
Houston 2.1t03.7 29
Irving 30t07.6 4.9

Killeen 3.7t04.6 43
Laredo 3.0t03.7 34
League City 2.1t03.7 2.6
Lewisville 3.0t0 4.6 3.8
Lubbock 3.7t09.1 5.8
McAllen 241t03.7 3.0
McKinney 3.0t04.6 4.0
Mesquite 3.7t04.6 4.2
Midland 4.6t09.1 6.9
Odessa 4.6t09.1 6.9
Pasadena 2.1t03.7 2.5
Pearland 2.1t03.7 2.5
Plano 24t04.6 3.7
Richardson 24t04.6 35
Round Rock 3.7t04.6 43
San Angelo 4.61t09.1 6.9
San Antonio - 3.7t09.1 5.6
Tyler 2.1t02.4 2.3
Waco 3.7t04.6 4.1
Wichita 46 46

Falls

Variation of water content

Local experience
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As can be seen, most of the responses are based on local experience. Company 1 and 9
provided their responses based on water content measurement, and these depths of active zone turn
out to have shallower values compared to the values based on experience with an average value of
2.8m. Company 4 provides the most conservative estimates, with an average value of Sm. In

general, the average value of the depth of the active zone in Texas is 4.6m, and the distribution of

the active zone is shown in Figure 8.2

Depth of Active Zone (Max) : H

.“'y{ ) e e
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191



Depth of Active Zone (Min)

10 [m]

9[m]

8 [m]

7[m]

6[m]

5 [m]

4[m]

3[m]

2 [m]

41

(b)

192



I EEN

Depth of Active Zone (Avg.) = 0

|
10 [m] I/l/

9[m]

8[m]
7[m]
6[m]
5 [m]
41m]
3[m]

2[m]

(©)

Figure 8.2 Distribution of depth of active zone in Texas (a) Maximum replied value. (B)
Minimum replied value. (c) Averaged replied value

The distribution tends to increase from east to west and from coastline to land. When
superposing Figure 8.2 on top of the Thornthwaite moisture index (TMI) of Texas (PTI, 2004) in

Figure 8.3, the areas considered as wet (TMI>0) have a shallower depth of active zone. On the
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contrary, the areas considered dry (TMI<0) have deeper depth of active zone. A possible
explanation for this difference is that the dry areas have the ability to form much deeper cracks

thereby allowing for the deep and rapid infiltration of water to penetrate the soil mass.
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Figure 8.3 Distribution of active zone and TMI (overlapping)
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The Australian method proposes to relate the Thornthwaite Moisture Index (TMI) to the
depth of the active zone. The TMI is an index representing the difference between the precipitation
and the evaporation at a site. A TMI value of -40 implies that the precipitation is much lower than
the evaporation, in which the soil mass is very dry and likely with cracks. In this weather condition,
precipitation may induce a deep-water content variation within the soil and lead to a deep active
zone. This conclusion agrees with the result in Figure 8.3. A comparison between the AS 2870
recommendation for the depth of active zone relative to the TMI value and the value obtained from

Figure 8.3 are listed in Table 8.2.

Table 8.2 Comparison between recommended depths of active zone by Australian method
and survey results

T™I AS 2870 Survey Value

- H; [m] Za [m]
10 to 40 1.5 2.7
-5t0 10 1.8 3.0
-15to -5 24 4.0
-25to -15 3.0 6.1
-40 to -25 4.0 9.1

<-40 >4.0 >9.1

Table 8.2 implies that the active zone consideration in Texas is deeper than the correction
results in Australia. Thus, the estimation of the active zone needs to be more careful with both

conservative and economic purposes.
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9. CONCLUSIONS

Because of the significant damage related to the shrink-swell soils movements, numerous
works have been conducted to seek an advanced understanding of such problems. The depth of
active zone is found to be an important factor for the SSS problem but without a clear way to be
determined. The importance of the active zone is similar to the zone of influence, which indicates
the depth of soil subjected to move under certain conditions. A well determined active zone
benefits a better-estimated surface movement and further provide a more economical solution to
the foundation design.

This work quantitatively defines the depth of active zone by refereeing to the accuracy of
the measurement instrument. Such a definition provides a practical solution to describe the depth
of active zone either during the in-situ condition or in the simulation process later in this work.
However, the criterion proposed in this work subjected to be modified in the future, as the
sensitivity might be too high for a practical project.

The permeability, the history of weather and the depth of water table are three parameters
we are interested in the DAZ development. The determination of the weather history provides a
100-year designed event for the DAZ development. And the variation of the permeability and the
water table helps to establish the design curve to correlative the corresponding value versus the

DAZ.
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The adoption of the FEM code CODE BRIGHT provides the fully coupled analysis of the
hydraulically and mechanical behavior of the SSS problem and to estimate the development of the
DAZ. In conjunction with the weather history, the simulation result agrees with the value of local
experience. The agreement implies that by providing the proper soil properties and estimation of
the weather history, the numerical tools can provide a good estimation of the DAZ. Such a result
may improve the design of the foundation against the SSS movement during the design steps and
help provide a reference value for the remedial solution, such as a depth of SSS replacement to

reduce the SSS movement.
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APPENDIX A

Summary of Findings

Table A.1 Comparison between recommended depths of active zone by Australian method
and survey results

T™I AS 2870 Survey Value
- H; [m] Za [m]
10 to 40 1.5 2.7
-5t0 10 1.8 3.0
-15to -5 24 4.0
-25to -15 3.0 6.1
-40 to -25 4.0 9.1
<-40 >4.0 >9.1

Permeability [m/s]
1.E-13 1.E-12 1.E-11 1.E-10 1.E-09 1.E-08

—_ (e

[\S}

N

N

Potential suction acrive zone [m]
|98}

Figure A.9.1 Active zone curve for the depth of active zone of permeability under critical
weather combination
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Figure A.9.2 Distribution of depth of active zone in Texas Maximum replied value

208



iy

S|

Depth of Active Zone (Avg.)
I
10 [m] | [/

9[m]

8 [m]
7m]
6 [m]
5[m]
41m]
3[m]

2[m]

Figure A.9.3 Distribution of depth of active zone in Texas Averaged replied value
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Figure A.9.4 Distribution of depth of active zone in Texas Minimum replied value
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Figure A.9.5 Distribution of water table in Texas (Data accessed on Oct 12.2020 from
https://waterdatafortexas.org/groundwater)
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APPENDIX B

Organization of Fictitious Case

Weather Parameters Structural Parameters Soil Parameters

Thornthwaite ﬂ::::: Slab Stab sie Thickness Width of Spacing msxﬁm J Perimeter Ground Plasticity Active Sg";‘z‘ﬁ Crack :i?::ﬂ:: Soil. r:g:.lc ‘;‘I‘z‘;“c‘ mE‘!xl'l'; ?:cr:?;: ?:cr:?;: Moisture Suction

Index iy size of slab beam of beam oading loading slope Index zone o zone tength reactivity hctor particle el vt w‘g;:lzr change change
m Cw L(long) Li(short) « bw s w ) [0 Pl Hs Tss Z qu Ips . vlfc Es Aw Au
- ™ m ™ ™ ™ KPa Pa Pa N/m Degrec % % % m Pa V/pF % KPa F

BRAB BRAB BRAB BRAB BRAB BRAB BRAB BRAB
WRI WRI WRI WRI WRI WRI WRI WRI WRI
Method 2’;750 AS 2870 AS 2870 AS 2870 AS 2870 2’;750 AS 2870 AS 2870
PTI PTI PTI PTI PTI PTI PTI PTI PTI PTI PTI PTI PTI

TAMU- TAMU- TAMU- TAMU- TAMU- TAMU. TAMU- TAMU- TAMU-

SLAB SLAB SLAB SLAB SLAB SLAB SLAB SLAB SLAB
1=Refer 0 21 24 12 0.1 0.3 4.6 2E+07 1E+07 10 15 0 30 50 2 22 1 200 4.08 1.2 65 1E+04 3
2 -10 17 24 12 0.1 0.3 4.6 2E+07 1E+07 10 15 0 30 50 2 22 1 200 4.08 1.2 65 1E+04 3
3 -20 14 24 12 0.1 0.3 4.6 2E+07 1E+07 10 15 0 30 50 3 22 1 200 4.08 1.2 65 1E+04 3
4 10 24 24 12 0.1 0.3 4.6 2E+07 1E+07 10 15 0 30 50 2 22 1 200 4.08 1.2 65 1E+04 3
S 20 27 24 12 0.1 0.3 4.6 2E+07 1E+07 10 15 0 30 50 2 22 1 290 4.08 1.2 65 1E+04 3
6 -18 15 24 12 0.1 0.3 4.6 2E+07 1E+07 10 15 0 30 50 3 22 1 200 4.08 1.2 65 1E+04 3
7 13 25 24 12 0.1 0.3 4.6 2E+07 1E+07 10 15 0 30 50 2 22 1 200 4.08 1.2 65 1E+04 3
8 28 30 24 12 0.1 0.3 4.6 2E+07 1E+07 10 15 0 30 50 2 22 1 200 4.08 1.2 65 1E+04 3
9 0 21 24 12 0.1 0.3 2.7 2E+07 1E+07 10 15 0 30 50 2 22 1 200 4.08 1.2 65 1E+04 3
10 0 21 24 12 0.1 0.3 3.7 2E+07 1E+07 10 15 0 30 50 2 22 1 200 4.08 1.2 65 1E+04 3
11 0 21 24 12 0.1 0.3 5.5 2E+07 1E+07 10 15 0 30 50 2 22 1 200 4.08 1.2 65 1E+04 3
12 0 21 24 12 0.1 0.3 6.4 2E+07 1E+07 10 15 0 30 50 2 22 1 200 4.08 1.2 65 1E+04 3
13 0 21 24 12 0.1 0.3 4.6 2E+07 1E+07 5 15 0 30 50 2 22 1 200 4.08 1.2 65 1E+04 3
14 0 21 24 12 0.1 0.3 4.6 2E+07 1E+07 8 15 0 30 50 2 22 1 200 4.08 1.2 65 1E+04 3
15 0 21 24 12 0.1 0.3 4.6 2E+07 1E+07 12 15 0 30 50 2 22 1 200 4.08 1.2 65 1E+04 3
16 0 21 24 12 0.1 0.3 4.6 2E+07 1E+07 15 15 0 30 50 2 22 1 200 4.08 1.2 65 1E+04 3
17 0 21 24 12 0.1 0.3 4.6 2E+07 1E+07 10 7 0 30 50 2 22 1 200 4.08 1.2 65 1E+04 3
18 0 21 24 12 0.1 0.3 4.6 2E+07 1E+07 10 22 0 30 50 2 22 1 200 4.08 1.2 65 1E+04 3
19 0 21 24 12 0.1 0.3 4.6 2E+07 1E+07 10 15 0 25 50 2 18 1 200 3.82 1.2 65 1E+04 3
20 0 21 24 12 0.1 0.3 4.6 2E+07 1E+07 10 15 0 40 50 2 29 1 200 4.60 1.2 65 1E+04 3
21 0 21 24 12 0.1 0.3 4.6 2E+07 1E+07 10 15 0 45 50 2 33 1 200 4.86 1.2 65 1E+04 3
22 0 21 24 12 0.1 0.3 4.6 2E+07 1E+07 10 15 0 60 90 2 44 1 200 5.63 1.2 65 1E+04 3
23 =22 14 24 12 0.1 0.3 4.6 2E+07 1E+07 10 15 0 30 50 3 22 2 200 4.08 1.2 65 1E+04 3
24 -40 8 24 12 0.1 0.3 4.6 2E+07 1E+07 10 15 0 30 50 5 22 2 200 4.08 1.2 65 1E+04 3
25 -40 8 24 12 0.1 0.3 4.6 2E+07 1E+07 10 15 0 30 50 6 22 3 200 4.08 1.2 65 1E+04 3
26 0 21 24 12 0.1 0.3 4.6 2E+07 1E+07 10 15 0 48 50 2 35 1 200 3.00 1.2 65 1E+04 3
27 0 21 24 12 0.1 0.3 4.6 2E+07 1E+07 10 15 0 64 50 2 47 1 200 3.50 1.2 65 1E+04 3
28 0 21 24 12 0.1 0.3 4.6 2E+07 1E+07 10 15 0 80 90 2 59 1 200 4.00 1.2 65 1E+04 3
29 0 21 24 12 0.1 0.3 4.6 2E+07 1E+07 10 15 0 80 90 2 59 1 200 4.50 1.2 65 1E+04 3
30 0 21 24 12 0.1 0.3 4.6 2E+07 1E+07 10 15 0 30 50 2 22 1 200 4.08 1.2 65 1E+04 3
31 0 21 24 12 0.1 0.3 4.6 2E+07 1E+07 10 15 0 30 50 2 22 1 200 4.08 1.2 65 1E+04 3
32 0 21 24 12 0.1 0.3 4.6 2E+07 1E+07 10 15 0 30 50 2 22 1 200 4.08 1.2 65 1E+04 3
33 0 21 24 12 0.1 0.3 4.6 2E+07 1E+07 10 15 0 30 50 2 22 1 200 4.08 1.2 65 1E+04 3
34 0 21 24 12 0.1 0.3 4.6 2E+07 1E+07 10 15 0 30 50 2 22 1 200 4.08 1.2 65 1E+04 3
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APPENDIX C

Calculation Steps for Slab-On-Grade Methods

BRAB Method

The undrained shear strength was measured as about 200 kPa. In this BRAB concludes that there

is no need for stiffening beams. However, for the purpose of this case history, we will proceed

with the BRAB design procedure.

v _ @ =20 not within e [2.5, 7.5]
w10

The slab should be designed with reinforcement and stiffening beams.
The climate rating index in College Station is 20 (C,, = 20), and the plasticity index PI = 40%.

The soil support index is graphically determined as follows,

&

0.9

Support Index, C
0.8
A
P

0.7

0.6

| \ ! \ \ \ "

1.1 3.0 4.8 6.4 7.7 8.9 10.0 11.0 12.0 PVC

| \ x . | \ x 5

1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0 9.0 Swell Index (%)

The support index C = 0.76
Considering that this is a one-story building and that there is no heavily loaded columns, the ratio

of the concentrated load distributed on the slab to the distributed load on the slab is assumed to be

w./w =0.1
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w(C=0.76>0.65-0.1=0.55

2 C=Cree = (2.5—ﬂ]{0.13—0.2(wc + Cﬂ+(0.65— Wcj
w w w

=(2.5-20)[0.13-0.2(0.1+0.76) ] +(0.65-0.1)
=1.285

The “reduced” support index is even larger than the original value because of the high value of
undrained shear strength. For the purpose of case history, use the original support index C=0.76
for further calculation. The maximum moment and shear force for the design load and the soil

conditions are calculated as follows.

2r0(1_ 2 _
max:wLLél C) _10x38.1 ><188.3><(1 0'76):7969.339kN-m

- wLL gl—C) _ 10><38.1><182.3><(1—0.76) 836,68k

The width of the beam is fixed at 1ft and the spacing in both directions is 12 ft.

Amax

The design criterion = 360 is adopted in this case, where the maximum deflection is given

by
_wL'L'(1-c)
mE L ARE]
The moment inertia I is calculated as
I= ibwfﬂ
12

wL'L'(1-¢) L wL'L'(1-c)x360%12
< —>h>3
48EI 360 nx48ELxb,

Where n is the number of beams, in the long direction

nz[ﬁ—‘+1:7
3
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Thus,

wL4L'(1—c)><36O><12
>3
Tx48ELxDb,

>i/10x38.14><18.3><(1—0.76)><360><12
6x48x20x10°x38.1x0.3
h>1.82m

For construction purposes, the 1.8m depth of beam is adapted to both long and short direction.

BRAB Method with TxASCE Modification
The TxASCE modification limits the length of the slab to 50 ft and reduces the elastic modulus of
concrete E from 3000000 psi to a creep modulus of 1500000 psi. The calculation is then repeated

as above, and the depth of the beam becomes 2.9 ft (0.88m).
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WRI Method

Note: Because the design curve is based on imperial unit, calculation is performed based on imperial unit.

The slope of the construction site is 0. The slope correction factor is therefore C5 = 1.

The consolidation correction factor based on q,, = 30 psi X 0.072tsf /psi = 2.16 tsf, C, = 0.9

Co
2.0
1.8 -
1.6 -
1.4 -
o
12 - 1
1.0
8-
4
2
]

o 1 2 3 4 5 8 7 8 9 10
Unconfined Compressive Strength (q) TSF

The effective plasticity index Pl is calculated as

PIl, =PI xC;xC,
=40x1x0.9
=36%

The climate rating index in College Station is C,, = 20. Based on the climate rating index and the
effective plasticity index, the spacing and the cantilever distance for the beam can be determined

from the design curve.
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Thus, the cantilever length for the design slab is 6.5 ft, and the spacing of the beam is 17 ft. And

the cantilever length is modified based on the actual length of the slab which is 125 ft X 60 ft
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The modification factors for the long and the short side of the slab are 1 and 0.96 respectively,
and the modified cantilever length is 6.5 ft and 6.24 ft.

For the beams in the long direction, the number of beams is

nz[@—‘+1=5
17

The maximum moment and shear force are calculated as follows

2
wL'(2, )" 1 4sx144x60%(6.5)?
M p—t p—t

max 2 2

V wL'L =1.45x144x60x6.5=81.432kips
max c

= 264.654kips - ft

The depth of the beam can then be directly calculated as

g §/664MLC ~ i/664><264.65x6.5

=26.7in=2.2ft
B Sx1x12

Thus, the depth of beam design by WRI method is 2.2 ft (0.67m).
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WRI with TxASCE Modification
The TxASCE modification limits the length of the slab to 50 ft and the minimum length of
cantilever to 6 ft. The modification factor for the cantilever length is 0.95. Thus, the modified

cantilever length is 6.175 ft in both directions of the slab.

n:[s—o—‘+1=4
17

The maximum moment and shear force are changed as follows

The number of beams n is calculated as

2
wL'(L,)" 145x144x50%(6.175)2 199,04 1kips -
_ - =199.041kips -

max 2 2
V =wL'L =1.45%x144x50x6.175 = 64.467kips
max c

The depth of the beams is then calculated as

d:§/664MLC _i/664><199.041><6.175 .14t =0.65m

B Ax1x12
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AS 2870 Method

The Thornthwaite index in College Station is 0. According to the standard recommendation, the
depth of suction change will be 1.8 m. However, a suggested value from Abdelmalak (Abdelmalak,
R., & Briaud, J. L., 2016) is 2.4m, which is adopted in the calculation.

The depth of the cracking zone is assumed to be 1/3 of the depth of suction change. Thus, the depth
of the cracking zone is 0.8m.

The shrinkage index I,s in the AS 2870 method is defined as the percentage of vertical strain per
unit change in suction, (%/pF). The suction compressibility index is defined as the change in
volumetric strain per unit suction change. The average value of the suction compressibility index
provided in Abdelmalak and Briaud (2016) is 20 %/pF. The shrinkage index is taken as one third
of the volumetric index as the soil shrinks in all three directions. Thus, the shrinkage index is
(20/3 =)7%.

The shrinkage behavior is different in the cracked zone and in the uncracked zone. The AS 2870
method provides a factor a to modify the shrinkage index I, = I,5 X a.

The suction variation at the ground surface is assumed to be 2pF together with a linear decrease
with depth down to the bottom of the suction change zone.

The depth of the suction change zone is divided into 10 segments for further calculation. The
different values of the shrinkage index and of the suction variation are summarized in the table
below. The movement of segment 1, Y ;, is calculated as

Yy, =Au x1, xh,

¥s; the movement of segment i
Au  Change of suction

pt  Shrinkage index

h; Height of segment i
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e.g.

Mid-depth o value Shrinkage index Au Vs

Segment 0
-- %/pF pF  mm

S1 0.12 1 7 1.9 3192
S2 0.36 1 7 1.7 28.56
S3 0.6 1 7 1.5 25.20
S4 0.84 1.83 12.82 1.3 40.01
Ss 1.08 1.78 12.49 1.1 3297
S6 1.32 1.74 12.15 0.9 26.25
S7 1.56 1.69 11.82 0.7 19.85
S8 1.8 1.64 11.48 0.5 13.78
S9 2.04 1.59 11.14 03 8.02
S10 2.28 1.54 10.81 0.1 259

Sum 229.15

The deflection of the slab A is limited to 1/400 as recommended by the AS 2870 method for a

masonry veneer structure. Thus, considering the long side of the slab.

A=38X1000 o5 o s m
400
s _ 229.15 _o4
A 9525
And the short side of the slab
A=183X1000 5o,
400
Yo _ 229.15 _s
A 4575

The unit stiffness determined by the design curve are as follows,
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Deep-seated movement profile,
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Iog{E(B“‘;fa) /W}

whera 5, = width of beam web, in milimetres
D overall depth of baam, in millimatres
w overall width of slab, in matras

log{Z[Bvéyj/W}:&S

Considering the deflection in the long direction together with B,, = 0.3m,and W =18.3m, D can

be determined. Assuming the spacing of the beams is equal to 3.6m (12ft). The number of beams

in the short direction is 6.
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3
log{6x O'3X“1)20XD /18.3} ~8.8

D=0.425m

Considering the deflection in the short direction together with B,, = 0.3m, W = 38.1m and the

number of beams in the long direction being 12

0.3x1000x D’

log{12x /38.1}=10.1

D=1.17m

For practical consideration, the depth of the beam used is 1.17m in both directions.
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PTI Method

Note: because empirical method is applied, all the calculation is performed based on imperil unit.

The PTI method can be divided into two main parts: the soil movement part and the structural part.

1. Soil movement determination

The plasticity index is PI = 40%, and the liquid limit is LL = 58%
The percentage of fine particles is assumed to be %f, = 20%

Note: (%f, = percentage of soil passing 2 um sieve/percentage of soil passing 75um sieve)

The mineral composition of the soil is graphically determined by PI and LL in the chart below and

1s classified as zone 1.
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0 10 20 " 30 40 50 ' 70 T80 90 @ 100
Liquid Limit

The percent change in soil volume per unit change in soil suction for 100% fine clay y, is

graphically determined by the ratio (PI1/%f. =)2 and (LL/%f, =)2.9. Thus, y, = 0.35
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The suction compression index yp, defined as the change of soil volume per unit suction for 100%
fine clay modified by the actual percentage of fine particle is calculated for both swelling and

shrinkage behavior

7/h,swell = }/0670 (%f; /100)
=0.35%xe" x0.2
=0.099

7h,shrink = ]/Oe_?/o (%ﬁ /100)
=0.35xe " x0.2
=0.049

The slope of the soil water retention curve for this soil is calculated as follows, assuming that the

percentage finer than sieve #200 is 50% ((% — #200) = 50%)

S, =-20.29+0.1555LL -0.117PI + 0.0684(% —#200)
=-20.29+0.1555x58-0.117 x40+ 0.0684 x 50
=-12.531
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Calculate the unsaturated diffusion coefficient o, where swelling refers to edge lift and shrinking

refers to center lift.

@y = 0.0029-0.000162x S, —0.0122x7, .,
=0.0029-0.000162x ~12.531-0.0122x 0.099
=3.72x107

Ay =0.0029-0.000162x.S, —0.0122% 7, , ..
=0.0029-0.000162x—12.531-0.0122x0.049
=4.33%x10"

Determine the fabric factor Fr, which is the modification factor applied to the unsaturated diffusion
coefficient for the presence of roots. In this calculation Fr=1.2.

The modified unsaturated diffusion coefficient is then calculated

a'  =372x1072x1.2=4.46x10"

swell

a',. =433x107°x1.2=5.20x10"

The Thornthwaite Moisture Index, I,,, is 0

The edge moisture variation distance e,, is graphically determined as follows
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em,center (]m) = 42ﬁ
em,edge (Im) = 35ﬁ

And

em,center (a 'shrink ) = 9ﬁ
em,edge (a 'swell ) = 48ﬁ

Use the larger value of the e,, values, thus

em,center = 9ﬁ
=4.8ff

em ,edge

The equilibrium suction for the soil refers to the most common suction condition and is determined

by the Thornthwaite Moisture Index as shown below.

l& - + ; . 3‘
- .
5 = .
g 3¢
‘g A = +
2 ) y = 3659867007
2 R? = 0356
LI% 1 Standard Deviation = 0.25 pF
5
-50 -30 -10 10 30 50 70

Thornthwaite Moisture Index (Im)
Forl, =0,
Equilibrium suction =3.66 pF'
We assume that the driest suction and the wettest suction are equal to 4.5 and 3 pF.
The stress change factor (SCF) is the factor quantifying the amount of maximum unrestrained

differential soil movement induced by the suction change.
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Final Controlling Suction at Surface, pF

Equilibrium Suction 2.5 2.7 3 3.5 4 4.2 4.5

2.7 3.2 0 41 | <136 | 257 | 313 -40

3 9.6 5.1 0 75 | -182 | 231 | 313

3.3 117 | 121 | 51 | 26 | -115 | -158 | -231

3.6 27.1 | 207 | f121\] 1.6 -5.7 94 | f158

3.9 38.1 | 308 | 0.7/ | 73 -1.3 41 | 94/

4.2 504 | 421 | 308 | 1438 3.2 0 -4.1

4.5 63.6 | 547 | 421 | 239 9.6 5.1 0

SCF —edge =13.82
SCF —center =—14.52

The maximum unrestrained differential soil movement y,, is calculated as

ym,edge = (SCF - edge) j/h,swell
=13.82%x0.099
=1.37in

=(SCF —center) ¥, ym
= —14.52x0.049
=-0.71lin

Yy m,center

In a summary, the soil movement is as follows.

Center lift Edge lift
em 9 ft 4.8 ft
Ym  0.71in 1.37 in

2. Structural design

The shape factor, SF, is used to determine the regularity of the foundation,

] 2 2(125+60
SF:Perlmeter _ ( + ):0'05<24

Area 125x 60

The foundation is therefore considered to be regular, and no additional modification is necessary

to the footprint.

Lets try a distance from the edge of the foundation to the maximum moment point § = 8ft. In the

long direction
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L=125ft> 63 =48t
Then we will use the smaller value of 48 ft for further calculations.

For the center lift condition, for a service line load P = 1000 [b/ft, and for a design criterion

Cp = 360, the beam depth h is calculated as

h=

(ymL)O»ZOS Sl.059]30.523611’;296CA 0824
4560z

0.205 5 ~1.059 0.5231.296 0824
3 (O.71><125) 1210007779360
- 4560 x 48

=19.44in

In the short direction

L=60fi>63=48fi

0.205 1 ~1.059 0.5231.296 0824
B (0.71><60) 127100079360
- 4560 x 48

=17.18in

In this case, we will try a beam depth of 36 in

Sectional properties are summarized as following

Long direction Short direction
Depth of beam, h (in) 36 36
Width of beam, by, (in) 12 12
Number of beams 6 12
Total width of beams, (in) 72 144
Thickness of slab, (in) 4 4
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For beams in the long direction

Section Area (in?) y(in) Ay (in’) Ay?(in*) Ip(in)

Slab (60x12x4) 2880 -2 -5760 11520 3840
Beam (72x32) 2304 -16  -36864 589824 196608
Sum: 5184 -- 42624 601344 200448

v, =D Ay/ ) A=42624/5184 =8.22in
I=(3 4"+ 1) - Ay} = 601344+ 200448 - 51848 22 = 451517 4lin’*

S,=11y,, =451517.41/8.22 = 54929.126in’
S, =1/ Yy = 451517.41/(36 —8.22) = 16253 .33in’

For beams in the short direction

Section Area (in?) y(in) Ay (in’) Ay?(in*) Ip(in%)

Slab (125x12x4) 6000 -2 -12000 24000 8000
Beam (144x32) 4608 -16  -73728 1179648 393216
Sum: 10608 -- 85728 1203648 401216

ML _ Aﬂ |:B(€m )1.238 +CJ

y, =2 Ayl A=85728/10608 =8.08in
I=(3 4"+ 1,)— Ay} =1203648+401216 -10608x8.08 =912057.629in’*

S,=1/y,,=912057.629/8.08 =112878.42in’
S, =1/ Yy =912057.629/ (36 —8.08) = 32666.82in’

Center lift design (e, = 9ft,y,, = 0.71in)
Moment calculations

Long direction

Where

Ao = 7717 [ 0013 60306 7,0.688 P0.534ym0A193 ]
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C- 8_P—613 4—y, >0
255 3

Thus,

Ao — %[LO.OI3S0.306h0.688P0.534ym0.193]
_ L [1 0500131 903063 £0.6881 ()()()0-534() 770193 ]
727
=1.38

y,—1 0.71-1
3

B= =-0.097<1.0

=7.11=20

C:[8_P—613} 4=y, :{8_ 1000—613}4—0.71
255 3 255

M, =4, B(e,) ™" +C]
1.238

=1.38] -0.097(9)
=7.78 ft -kips | ft

+7.11}

Also, for a distance e,, = 5 ft, the moment will be

ML _ A0|:B(em )1.238 +C:|
=138 (5) ™" |

=10.12 ft - kips / ft
Use M; = 10.12 ft - kips/ft.
Short direction

For the case where the long side of the slab (LL) divided by the short side of the slab (LS)>1.1
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3 (58+em)ML

o 60
~(58+9)7.78
- 60

=8.69 ft - kips / ft

Also, for a distance e,,, = 5 ft, the moment will then be

3 (58+em)ML
s 60
(58+5)10.12

60
=10.63ft-kips/ ft

Use Mg = 10.63 ft - kips/ft
Now we need to compare the actual stress with the allowable stress under the service load. The

allowable concrete tensile and compressive stress are determined as follows
f, =64 f"', =6+43000 =329 psi = 0.329si
£.=045f" =0.45x3000 =1350 psi =1.35ksi
Long direction

Tension at the top

ro My 10.02X60x12 5y 0.320ksi OKI
S 54929.126

t

Compression at the bottom

M, 10.12x60x12

= = 0.448ksi <1.35ksi Ok!
S, 1625333
Short direction
g 10632502 _ 50k < 0.329ksi OK!
S, 54929.126
p=My 106302512 _ o045 <1.35ksi OK!

S, 16253.33
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Compare the stiffness of the slab

Long direction

gL B :L</1500000x451517.41 1344/
2\E,, 12 1000

6 =280.66<125..Z, =80.66ft

E_ I, >18000M,LC,Z,

s 18000M,L,C,Z, 18000x10.12x60x360x80.66
L E 1500000

cr

=211579.57in*

1 =451517.41>>1, =211579
Stiffness is OK in long direction

Short direction

gL B :L</1500000x912057.629 16035
12\E,, 12 1000

65=96.16>60.Z =601

I 18000M L,C,Z, 18000x10.63x125x360x 60
L E 1500000

cr

=344412in*

1=912057.629 >> I, = 344412
Stiffness is OK in short direction
Shear calculations
Long direction

The expected service shear load is calculated as follows

0.09 0.717,043 p0.44 0.6 _0.93
L7S"h™P

n — m m
1940
1250091 204713 60431 0000.440 7 10.1690.93
B 1940

=3.31kips/ ft
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VW 331x60x1000

= =76.62 psi
nbh 6x12x36

Vv

The permissible shear stress is

V,=1.7f", =1.74/3000 = 93.11psi > 76.62 psi
Shear stress is ok in the long direction
Short direction

The expected service shear load is calculated as follows

0.19 ¢0.457.0.2 p0.54 _.0.04 0.97
LS™™hP e

I/S — m m
1350
600.191 20.45360.21 0000.540 7 10.0490.97
B 1350
=2.32kips / ft
y VI _232x125x1000_ (oo,

nbh 12x12%x36

The permissible shear stress is
V.=1.7|f". =93.11psi > 55.94 psi

Shear stress is ok in the short direction

Edge lift design (e,, = 4.8ft,y,, = 1.37 in)
Long direction

~ SO.I (hem )0-78 y0.66

m

L 7.2L0'0065P0‘04
12(36x4.8) " 1.37°

C7.2x125°%%1000°%
=8.96kips / ft

Short direction
For the length of the long side divided by the length of the short side >1.1
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M, =h"*[(19+e,)/57.75]M,
=36"7[(19+4.8)/57.75]8.96
=12.94kips | ft

Long direction
Tension at the top

ro My 896x60x12 0k 0.300ksi OKI
S 54929.126

t

Compression at the bottom

M, 8.96x60x12
S, 16253.33

f= = 0.397ksi <1.35ksi Ok!

Short direction

M _12.94><125><12

f=—"~L= =0.353ksi > 0.329ksi Failure

S

t

54929.126

M, 12.94x125x12
S, 16253.33

f= =1.194ksi <1.35ksi Ok!

Shear calculation
Long direction

The expected service shear load is calculated as follows

0.07 7.0.4 0.03_0.16 _ 0.67
L7 h” P e

V — m m
L~ 0.015

35

125007360.410000‘034 80.161 370.67

3 x 120.015
_3.69%ips / i

VW 3.69%60x1000

v -
nbh 6x12x36

=85.33psi

The permissible shear stress is

235



V.=1.7{f". =1.743000 =93.11psi > 85.33 psi
Shear stress is ok in the long direction

Short direction

The expected service shear load is calculated as follows

0.07 7.0.4 p0.03 _0.16 _ . 0.67
L7h P e

m m

L 3S0A015
600.07360.410000.034 80.161 370.67

3 x 120.015
=3.5kips / ft

VW 3.5x125%1000
nbh 12x12%x36

14 =84.39psi

The permissible shear stress is

V. =17\ f". =93.11psi >84.39 psi
Shear stress is ok in the short direction

Thus, because the beam depth is too small according to the bending moment requirements in the

short direction, the beam depth is increase to 3.5ft (1.07m), with a spacing of 12ft (3.65m).
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TAMU-SLAB method

The calculations start by assuming a beam depth D = 1m = 3 ft,abeam width b = 0.3m =1 ft
and a beam spacing S = 3.5m (12 ft). Then the equivalent depth is calculated.

3
Sd* =bD* —sd =3P
eqv eqv S
3 3
d,, = i/ b? - i/ 0';’ XSI —0.44m

The water content variation is taken from Briaud (2013), a reasonable estimate of the water content
variation in College Station is 5.8% at the edge of the slab. The depth of the active zone is kept as
2.4 m as in the other calculations.

Is—w = H X AW@
=2.4x0.058
=0.14m

The design parameters can then be read on the design charts using the value of I5_,,

Edge drop (shrink)
L.q design chart (Edge drop)
7.00 :
6.00 qu
5.00 — >
E 400 3 \
= e 3 E PR — deg=0.63 m
Yoo — Bl
7 £ . 7 & | deq=038 m
0 E, l— deg=0.25 m
1.00 ¢ / = —— deg=0.13 m
0.00 ;
0 0.1 0.2 0.3 0.4 0.5 06
H. AWegge (M)
Legy =3m
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Lgap =2m

Famax = 1.2

Lgap (m)

Ly design chart (Edge drop)

5.00
4.50 - —deq=0.63 m
4.00 ——deq=0.51 m =
—— deq=0.38 m e
350 = ——
—deq=0.25m s
3.00 1 ——deq=0.13 & T
2.50 e —
2.00 ¢ — —
1.50 == —
1.00 /'
0.50 #
0.00 e bt bt |
0 0.1 0.2 0.3 0.4 0.5 0.6
H. Awegge (m)
F smax design chart (Edge drop)
4.50 T
—deq=0.63 m
400 T deq=051 m
350 T — deq=0.38 m
3.00 +— — deq=0.25m
5250 +— ——deg=0.13m —
s —
g =
£2.00 — PO
1.50 — Fam E1
< S F—
1.00 z =
//4/
050 1=
0.00 W t t t t
0 0.1 0.2 0.3 04 0.5 0.6
H. Awegge ()
Fy design chart (Edge drop)
0.90
0.80 — ——— ——
> e
0.70 & —
0.60 //
5 0.50 / —— deq=0.63 m|
- 0.40 / —— deg=0.51 m
deg=0.38 m
0.30 =
Vmax Equeqv ——deq=0.25m
020 — deq=0.13 m|
0.10
0.00 . t t t : F—* —t t
0 0.1 0.2 0.3 0.4 0.5 0.6

H. Awedge (m)
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Edge lift (swell)

Legy = 3.2m

Frmax = 1.4

F, = 0.88

Leqv (m)

Lqy design chart (Edge lift)

8.00 ‘
7.00 2
e = — q'Leqv
6.00 = Mrmx -
5.00 p—— 1
g B — deq=0.63 m
4.00 —
€ T  ——{——deg05Ilm
3.00 - = deq=0.38 m
2.00 — = £l _———— deq=0.25 m
1.00 s —— deq=0.13 m|
0.00 F— REPREPI A it N - M
0 0.1 0.2 0.3 04 0.5 0.6
H. Awedga (m)
F Amax design chart (Edge lift)
4.50
4.00 4 — deq=0.63
— deq=0.51 m
3.30.1 — deq=038 m|
Wi i
A - =" B B
B 2.00 —— —
1.50 f— —
« —_— I
1.00 P —
o
0.50 144
0.00 + t t t u J
0 0.1 0.2 0.3 0.4 0.5 0.6
H. AWegge (m)
Fy design chart (Edge lift)
120 1
1.00 +
[ — —
[V — —
L o
0.80 + 4
: //
F i — deg=0.63
Z0.60 4 ol
:/ ——degq=0.51 m
3 —— deq=0.38 m
0.40 n_ =Fql H
{ X Vq eqv | | — deq=0.25 m
[ ——degq=0.13 m
020 |
0.00 [ 4 1 I 1 i I n n ; I L L 4 i 1 n L 1 i : L ; 1 n L
0 0.1 0.2 03 04 0.5 0.6
H. AWedg,e: (m)
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The reduction factor due to the length of the slab and the depth of the active zone is shown in the
figure below. Since L/2H is larger than 2, there is no need to apply a reduction factor.

L 38l
2H  2x2.4

Slab length factor

=7.93

1.2

s / é
0.6 // — Edge drop case :
04 // —— Edge lift case |
0.2

0 1 2 3 4
L/2H

Fa

The design uniform load is 208 psf (10kPa), the elastic modulus of concrete is 20 GPa, thus the

maximum allowable deflection Aaj is calculated as

L, 3x1000

o= =8.33mm
360 360
The maximum deflection Amax 1S
4
A — qLeqv
" FAmaxEIcr

Where q is the design uniform load applied to the spacing between two beams, E is the elastic
modulus of concrete and I, is the critical moment inertia of beam taken as one half of the moment

intertia of the beam 1. By assuming the depth of beam is 1ft (0.9144m), I is calculated as,

b’ 0.3x0.9144°
12

I= =0.0191m"

Edge drop
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A 4L _10x12x0.3048m/ fix3'
"R EL T 1.2x20x10°%0.0191/2

Amax cr

=0.0129m =12.9mm Failed!

Edge lift
I 4
Ay =t~ 10X12X0'30864m/ﬁX3'2 =0.0145m =14.5mm Failed!
F,. EIl_~ 14x20x10°x0.0191/2

Therefore, the beam depth needs to be increased. Finally, a beam depth of 1.1m is found to satisfy

the distortion requirement.
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