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Abstract: This study presents an improved analytical approach for one-dimensional consolidation
settlement by introducing a revised AJOP (Arc Joint via Optimum Parameters) equation. This
modified equation integrates both curved and linear segments within a unified framework,
enhancing accuracy across varying stress levels for normally consolidated clay. Additionally, the
revised AJOP function, coupled with newly proposed equations for symmetrical and asymmetrical
hysteresis, improves the modeling of overconsolidated clay. The findings from a comparative
investigation using conventional methods, including the linear function (LF) and the curved function
(CFE), reveal that LF significantly overestimates settlement, while CF, though accurate at shallow
depths, introduces slight errors at greater depths. The revised AJOP equation effectively resolves
these limitations. Furthermore, results highlight the crucial impact of clay layering techniques on
consolidation settlement predictions. Non-layered models yield lower settlement estimates
compared to multilayer approaches, emphasizing the significance of the proper e —logs’,
relationship and layering techniques in enhancing prediction reliability.

Keywords: consolidation; settlement; one-dimensional; Oedometer; non-linear; analytical solution;
closed-form; normally consolidated clay; overconsolidated clay

1. Introduction

Consolidation settlement is a crucial factor in the total settlement of clayey soils. If excessive, it
can cause structural damage. This type of settlement occurs gradually as pore water dissipates from
soil voids under applied loads, resulting in time-dependent deformation. It is crucial to predict the
consolidation settlement with high accuracy, otherwise the error of the calculation can serve a
considerable post-construction settlement and high maintenance cost. In the literatures, the method
for calculating the consolidation settlement of clay at any given time after the application of a load
can be calculated using the formula p= p,-U where p represents the consolidation settlement at
any time t occurred after the load is applied, p, is the total consolidation settlement, and U is the
degree of consolidation. In order to calculate p precisely, accurate values for both p, and U are
required.

For the calculation of U, the non-linear consolidation theory was first proposed by Davis and
Raymond [1]. It is predicted on the ideas that the initial effective stress remains constant with depth
and the permeability is proportional to the compressibility during the consolidation process [2,3].
Numerous attempts have been made to create various one-dimensional consolidation models that

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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take into account the non-linear variations in permeability and compressibility [4-20]. Recently, Kim
et al. (2021) [21] successfully in developing the analytical solution for U of multilayered soil under
time-dependent loading. Based on this information, the calculation of U therefore has high accuracy.
On the other hand, in literature, the calculation of p, still relies on an approximation method. This
method is based on a linear relationship between the void ratio (e) and effective vertical stress
(logd',) derived from the one-dimensional consolidation tests conducted in the laboratory. In soil
mechanics, two types of clay were explained via e —logo’,: Normally Consolidated Clay (NC),
which is clay where the current stress is the highest it has ever been, and Overconsolidated Clay (OC),
which is clay that has experienced higher stress in the past than the current stress (e.g., [22-24]). The
virgin compression line (VCL) is defined as the portion of the graph that represents NC. Additionally,
in the experiment, there will be parts of the graph showing unloading and reloading portions
(referred as the hysteresis), both of them represent OC. Although the test results are non-linear, the
calculation method assumes linear approximation for both the VCL and the hysteresis for simplicity.
The equations used to calculate consolidation settlement based on this approximation, which applies
to the difference in void ratio (4e) from the experimental result graphs, are presented in Equations 1-
2 (e.g., [25]). This approximation contributes to the ongoing inaccuracy in calculating consolidation
settlement p, and p.
Normally Consolidated clay:

_ [ e ] H c ,,0 + Ao- )
P=1 +ep 1+e, €o 09 (—g—— M)
Overconsolidated clay:
Ae H oy o"vo + Ao
p=H 1+eo] TTe C log + Clog (———) (2)
V

In Equations 1-2, H is the soil layer’s thickness, e, is the initial void ratio, o', is the effective
overburden stress, ¢, is the maximum past pressure, and Ao is the stress increment due to surface
loading.

To address the inaccuracies in calculating consolidation settlement, it is essential to use
appropriate equations for the e —logd’, curve rather than relying on linear approximations. In
literature, the relationship between e and log (p), where p represents the mean effective stress,
from one-dimensional consolidation tests is frequently utilized for modeling soils, including clay
(e.g., [26-32]) and sand (e.g., [33-39]). A comprehensive review by Kaewhanam and Chaimoon (2023)
[40] found that linear equations are accurate for high stress levels but tend to be quite inaccurate at
lower stress levels due to the curved nature of experimental results. In contrast, curved equations in
the form of power functions, which are commonly used for granular soils, are accurate at lower stress
levels because the experimental results follow a similar tendency. However, power functions can be
significantly inaccurate at high stress levels as they cannot accurately represent a straight line.
Additionally, Kaewhanam and Chaimoon (2023) [40] were the first to introduce an equation that
combines a curve with a straight line on a semi-logarithmic scale, using only four fitting parameters.
This approach can significantly reduce errors in calculating the changes in void ratio (4e) for
normally consolidated clay (NC). However, for calculations involving overconsolidated clay (OC), a
non-linear hysteresis equation remains necessary.

Recent studies suggest that creep and consolidation can occur simultaneously [41-44],
challenging earlier findings that creep follows consolidation [45-47]. However, these studies rely on
linear consolidation principles, necessitating a refined framework that separates consolidation from
creep before integration. Field experiments, such as the Vasby Test Fill in Sweden [48], confirm that
consolidation and creep settlement occur concurrently, with creep continuing beyond primary
consolidation. A key concern is the sensitivity of clay, typically defined as S, = Syndisturbed /gRemolded
which influences stress-strain behavior and can cause discrepancies between lab and field results.
Leroueil et al. (1985) [49] addressed this issue by incorporating time and strain rate into the e — logd’,,
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relationship, leading to a more consistent stress-strain correlation for sensitive clays. However, for
non-sensitive clays, traditional methods remain applicable.

This study develops an analytical solution for consolidation settlement (p,) independent of creep
for both NC and OC clays. To achieve this, we: (1) refine Kaewhanam and Chaimoon’s (2023)
equation to better model the e — logd’,, relationship for NC clays, and (2) introduce new equations
to capture hysteresis behavior in OC clays. These refinements establish a closed-form solution for Ae
during loading, eliminating errors in consolidation settlement calculations in Equations 1-2.

2. Derivation of e — logo’, Equations for Laboratory Test Results

In this section, two advanced equations for arcs representing e — logo’, were developed: one
for the virgin compression line (VCL) and one for the hysteresis. The specifics are described as the
following.

2.1. Equation for the Virgin Compression Line (VCL)

As mentioned above, the equations for VCL found in the literature include both linear functions
(LF) e.g., [26-28] and curved functions (CF) e.g., [33-39], as well as functions that combine both
curved and linear segments in a single equation proposed by Kaewhanam and Chaimoon (2023) [40],
referred to here as the Arc Joint via Optimum Parameters (AJOP). All these functions represent the
relationship between the void ratio e and the mean effective stress p = (o', + 26',)/3 where o/,
and o', are the effective vertical and horizontal stress, respectively. The equations for LF, CF, and
AJOP are given in Equations 3-5, respectively, and a comparison of these three graph lines is depicted
in Figure 1.

e=1l—A-lnp 3)

IN\¢
e=r—/1-(p—,> @

a

== - P’ — . P\
e=1l—-«a ln(plre) \/9+ (a ln<p,ref>) 5)

From the comparison, the AJOP equation provides the most accurate results in both low and

high stress levels. In this study, the AJOP equation is adopted, and it will be revised such that the
independent variable (the variable on the horizontal axis of the graph) is made compatible with the
consolidation test results. This aims to simplify and streamline the calculation process. Thus, p is
changed to o', , the reference pressure p’,, s is changed to a reference positive value R, and the log

is changed to the natural logarithm [n.
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Figure 1. Comparison of the consolidation test with the best-fit LF, CF, and AJOP equations.

e=F—a-log<%>—\]0+ (a-log(%))z (6)

.- 0+ (atog(22)) = [0+ (wtog (Z2)) Lytog (L2 7
C——m—a+ + | alog R - +ocogT /log 7 @)

The revised AJOP equation is shown in Equation 6. The new fitting parameters of AJOP equation
become 7; R, o and 6. According to the explanation in [40], /" and R control the vertical shift and

the horizontal shift of the graph, respectively. While a controls the slope of the linear portion, &
control the curvature of the curved portion. The secant slope C, of the AJOP function can be
determined using Equation 7. This equation provides an accurate calculation of de between two
points on VCL for normally consolidated clay without the estimation. Figure 2 shows the AJOP graph
for the effects of various fitting parameters.

In Equation 7, ¢',; and o',, represent the vertical effective stresses at the initial point of stress
interval (lower value) and the final point of interval (higher value), respectively, and ¢',, > ¢,;. The
changes in Je between these two points can be calculated by multiplying C, in Equation 7 by
log (OJUZ/OJvl)~

The application of the AJOP equation and its secant slope for calculating settlement in normally
consolidated clays is straightforward. By substituting C. in Equation 1 with C, in Equation 7, the
errors in the calculation can be effectively eliminated across all soil depths. It is worth to note that the
traditional method, which relies on linear approximation and a constant C., often results in
significant calculation errors, particularly for shallow soils near the ground surface and these errors
tend to decrease with depth. This discrepancy arises because the initial stress near the surface is
relatively low, resulting in the initial stress point, located on the curved portion of the e —logd’,
rather than on the straight portion. In addition, the stress induced by the surface loads is
comparatively higher when compared to deeper soil layers. Therefore, application of the LF causes
dramatic error of Ade. When comparing the capabilities of the AJOP and CF equations, it becomes
evident that CF can address the aforementioned issues similarly to AJOP. However, the use of CF
introduces significant computational errors at greater depths due to the absence of a linear segment


https://doi.org/10.20944/preprints202503.1828.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 25 March 2025 d0i:10.20944/preprints202503.1828.v1

5 of 17

in its graph. At these greater depths, the stress induced by surface loads is relatively minor, it implies

that the resulting errors have less impact compared to those of LF at shallower depths.
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Figure 2. Demonstration of the characteristics of the graphs for equation 6 with different parameters: (a) graphs
varying parameter /; (b) graphs varying parameter R; (c) graphs varying parameter 6; (d) graphs varying

parameter a.

2.2. Equations for the Hysteresis

Hysteresis refers to a loop involving unloading followed by reloading in the consolidation test
result of all clays due to the requirements in the experimental standard. This is to observe the
reversible and irreversible deformation of clays during loading. In some clays, the unloading and
reloading curves may overlap or closely align, allowing the hysteresis can be simplified using a
straight line with a constant slope C,. In such a situation, calculations using the linear approximation
can provide accuracy for overconsolidated clays. However, some clays exhibited differently such as
clays in [22-24] which is evident that the unloading and reloading curves deviate significantly. For
these clays, the secant slope between two points on the unloading or reloading curves differed to the
value of the average value C,. Therefore, the existing linear approximation method cannot provide
high accuracy for these clays. To address this, adopting an equation capable of representing both
types of hysteresis behavior could improve the accuracy of settlement calculations in
overconsolidated clays. This approach enhances the precision of modeling soil compression and
helps in predicting deformation under varying loading conditions more reliably.

Additionally, it was found that some hysteresis can be both symmetric and asymmetric.
Symmetric hysteresis refers to cases where the reloading curve returns a point close to the starting
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point of the unloading curve on VCL. However, certain clays exhibit different characteristics,
specifically asymmetric hysteresis, where the reloading curve bends below the starting point of the
unloading curve on VCL. This behavior contributes to the increased occurrence of irreversible strain
in overconsolidated clays, which tend to experience greater water expulsion than usual.

(loy le B h)z

e = 2 +k 8)
Itis necessary to consider both accuracy and ease of use in order to create equations that correctly
depict the unloading-reloading part. In this study, parabolic equations are employed. Generally,
three fitting parameters are used for a parabola, as shown in Equation 8. An upward-facing parabolic
equation represents the unloading phase (with parameters C, h and k), while a downward-facing
parabolic equation represents the reloading phase of the experimental results (with different
parameters C;, h; and k;). It should be noted that Equation 8 can be valid for the unloading only if
o', is less than or equal to the stress at the unloading point ¢’y on VCL. Figure 3 illustrates the

concept of using parabolas to describe the unloading-reloading graphs.

VCL= f(I, R, a, )

(Stress of Reloading point)
(Stress of Unloading point)

Upward -
C— 4 facing
parabola

Void ratio, e

\:
:

!

]

]

ol

e [

Downward - facing
parabola

Effective stress, log o',
Figure 3. Schematic of using parabolic equations for unloading and reloading lines.

It is crucial to first formulate an equation to represent symmetric hysteresis behavior. Once this
foundational equation is established, it can be further revised to accommodate asymmetric hysteresis.
This approach ensures systematic progression from simpler to more complex representations of
hysteresis, enhancing the ability to accurately model and predict soil behavior under varying
conditions.

2.2.1. Equations for the Symetric Hysteresis

For symmetric hysteresis, three parameters (C, h and k) should be applicable to both the
upward-facing and downward-facing parabolas for simplicity. Therefore, it is necessary to derive the
values of C;, h; and k; for the downward-facing parabola based on the values of C, h and k of
the upward-facing parabola.

Based on Equation 8, which is the equation for the unloading curve, the change in void ratio de
and the secant slope C,.(Un) between the starting point of unloading (o’g) and any point on the
symmetrical unloading (¢',,) can be calculated using Equations 9-10, respectively.
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(logo'y)? — (logd'y)® — 2h - log (d'y/0'y)
de =e—eg= ©)
4C
— A 2h—1 :
CT(UTL) _ e _ 09(0119 OJV) (10)

~ Alogd, 4C

In the case of symmetric hysteresis, the size of the upward parabolas used to represent the
unloading and reloading curves is identical. Consequently, the parameter C; can be expressed in
terms of C. Next, to determine the formulas for h; and k4, it is necessary to set up two additional
conditions. From Figure 3, it can be observed that the reloading line intersects two key points i.e., the
point where unloading begins (¢'y,ey) and the point where reloading begins (¢, ,e,). We use the
coordinates of these two points to find h; and k;. First, determine the void ratio e atboth points by
substituting the stress ¢’y into the VCL equation (Equation 6) to obtain ey = f(/;R, &, 6). Then,
substitute the stress value at the reloading start point o', into the unloading equation (Equation 8)
to obtain e,. Using the condition that C; = —C for both calculations, by solving the simultaneous
equations, we can derive formulas for h; and k; that depend on the four parameters of the newly
proposed VCL (3R, o, 6), as well as C, h, and k. The equations for C;, h; and k; of the downward-
facing parabola are shown in Equations 11 - 13, respectively.

b = 4Cy (e, —ey) — (loga',)? + (loga's)? a2
1 2(logo'y — loga’ )
1 . )
ki =e, _E(ZOQU 0= h1) (13)

’ I} I _3)\2
where ey = f(I',R,0,0) =T —a. - log (UTﬂ) — |0+ (log (JT"’))Z and e, =W+k.

At this step of the optimum parameter technique, a complete symmetric hysteresis (both
unloading and reloading phases) can be evaluated using only three parameters (C, h and k).
Furthermore, the tangent slope k of the unloading portion in Equation 8 can be expressed in
Equation 14. At the starting point of unloading (and on VCL) the tangent slope k is usually assumed
to be a constant «, for each type of soil. Therefore, x, can be determined by substituting ¢’, in
Equation 14 with ¢’y as shown in Equation 15.

_de  (loga', — h)
K= dloga, 2C

(14)

(loga'y —h)
Ko = 2C

To calculate the k¥ and x; for the reloading of the symmetric hysteresis, substitute C;, h; and

(15)

ky from Equations 11-13 in place of C, h and k, and ¢, in place of ¢’y in Equations 14-15,
respectively. It should be noted that for the symmetric hysteresis, x, at o’y on unloading curve is
equal to x; at ¢’ onreloading curve.

It is important to note that the reloading equation (Equation 14) is applicable only for ¢', > o',
and is limited by the stress on the VCL. Additionally, when ¥ = 0, the asymmetric hysteresis
becomes a symmetric hysteresis.

The change in void ratio 4e and the secant slope C,(ReS) between the starting point of
reloading (¢',,) and any point on the symmetrical reloading (¢';,) of Equation 8 can be calculated
using Equations 16-17, respectively.
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de=e—e, = (ZOQOJU)Z - (lOgO"a))z — 2hy - log (Ojv/o'la)) (16)
4Cy
_ A l ', 0,) —2h
CT(ReS) - _ e — Og(o- ® U) 1 (17)

Alogd', 4C,

For overconsolidated clays exhibiting symmetrical hysteresis, the application of C, in the
settlement calculations can be achieved by substituting C, with C,.(as defined in Equation 17) and
replacing C, with C, (as defined in Equation 7) simultaneously into Equation 2.

2.2.2. Equations for the Asymetric Hysteresis

The general characteristics of asymmetric hysteresis are illustrated in Figure 4. While the
unloading portion is still the same as the symmetric hysteresis, the reloading curve distinctly slopes
downward at the end compared to the symmetric hysteresis case. In this study, we introduce only
one additional variable ¥ to the equation of symmetric hysteresis to become asymmetric hysteresis.

'y

0.80

w
-~ = 0
)
=1
e
<
Vo
:g 0.70 ¥ = 0.00050
> ¥ = 0.00075
¥ =0.00100
¥ =0.00150
0.60 >

10 100 1000

Effective stress, log (c',)

Figure 4. Effect of parameter ¥ for the asymmetric hysteresis.

(vo(52)
1-%]|log <a_’> )l (18)

Equation 18 shows the relationship used to represent the reloading curve for both symmetric
(¥ = 0) and asymmetric (¥ > 0) hysteresis which is valid only for stress that does not exceed the

stress value on the AJOP line. Notably, the value of term [1 -y (lo g(d, /U,w)é)] in Equation 18 will

be equal to 1 when stress point is on the starting point of reloading. This results in the slope at this

_ (logo',, B hl)z
€= 4C,

|

point remaining the same as x;, for the symmetric reloading curves.

The change in void ratio de and the secant slope C,(ReA) between the starting point of
reloading (¢',,) and any point on the asymmetrical reloading (¢';,) of Equation 18 can be calculated
using Equations 19-20, respectively.

logo', — hy)? o \°
Ae=e—ea,=[( 99 v ) +kll 1-v log< v)

o',
(19)
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— Ae
C,.(Red) = ~ Tlogo
1o 2 AN r_ 2

s (57)

It is important to note that the loading behavior of overconsolidated clay from the initial stress
o', to the final stress ¢y can be divided into two cases: 1) when a'f < a'p, o'y remains on the
reloading curve as shown in Figure 5a, therefore settlement can be directly calculated using de in
Equation 19; and 2) when (f'f > 0',,, a'f thus shifts to the VCL as shown in Figure 5b, and the
settlement could be calculated using 4de in Equation 21. This distinction ensures accurate settlement
calculations under different loading conditions. Using Equations 19 or 21, the error of Ae in the
approximation by LF can be eliminated.

/ / 2 / 2
J— o o o
Ae = Cr(Un) -log(OCR) + alog <a_’f> + |6+ (alog (?f)) — |0+ (alog (?p» (21)
14
'y ' ' ! !
0f <0y Of=20)p
v v
g S
g ! ko
"; Strating Point s ]
| of Rel(l)ading =t Strating Point
> i g of Reloading i
i Final Point i :
i of Reloading i Final Point
i i i of Reloading
Effective stress, log (c',) Effective stress, log (c',)
(a) (b)

Figure 5. Loading conditions for overconsolidated clays: (a) for ¢'s < ¢',; (b) for o'y = 0’}.

Although C, h, k,and ¥ are derived from the laboratory test results, these parameters can also
be applied to the unloading at other stress values ¢’y without graph refit. The values of C’, h', and
k' for unloading at other points on the VCL can be calculated from the values of C, h, and k at ¢’y
by assuming that: 1) the parabola for the unloading portion retains the same size, i.e,, C'=C , and 2)
the tangent slope of the unloading line at the start of unloading x, remains constant for every
unloading points. Thus, from Equation 8, h' is given by h' = 10gc’ g pew — 2Ckp and k' = eg e —

(logo' g pew — h')?/(4C) where ¢'gpew and egne, are the stress and void ratio at the new

unloading point, respectively. Furthermore, when dealing with the reloading from the end point of
this new unloading, the procedure of C,’, h;' and k;” for the reloading can be determined by the
equations mentioned above.

3. The Process of Calculating One-Dimensional Consolidation Settlement

The short description for calculating the consolidation settlement can be summarized as follows:
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1.  Fit the experimental consolidation data to the VCL using AJOP equation (Equation 6) to obtain
four parameters 7;R, & and 6.
2. Fit the experimental consolidation data using Equation 8 to obtain three parameters for the
upward-facing parabola (unloading portion) C, 4 and k.
3.  Fit the experimental consolidation data using Equation 18 to obtain a parameter ¥ = 0 for the
downward-facing parabola (reloading portion). (¥ = 0 for symmetric hysteresis).
4. Divide the soil to be analyzed for settlement into the sublayers.
5. Determine the initial ¢ ;,; and the final a'f stresses resulting from construction at the middle
point of each layer. The elastic solution can be used for simplification.
6. For the overconsolidated clay, it is necessary to calculate more steps as follows:
6.1) Calculate the maximum past stress o', = OCR - ¢’;,; which will be used as the unloading
point ¢’y on the VCL of each layer.
6.2) Calculate the void ratio of the unloading point ey ., at o’,in the step 6.1) using AJOP
equation.
6.3) Determine the parameters (C’, h' and k') = f(C, h and k) of the unloading of each
midpoint.
6.4) Calculate the void ratio of the initial stress e;;,; which will be the same value of the void
ratio of the starting point of reloading process e,
6.5) Determine the parameters (C;’, h,"and k;") = f(C, h and k) of the reloading of each mid-
point.
7. Calculate de between the initial and final stresses mentioned above in step 5 as follows:

7.1) For NC (normally consolidated) clay: use Equation 7.
7.2) For OC (overconsolidated) clay: use Equation 19 or 21.

8.  Calculate the consolidation settlement of the i*" layer using p, = H; [ﬁi ]
0
9. The total consolidation settlement can be calculated as the sum of the settlements for each

individual layeri.e., p=Xi.;(p,) when n is the number of soil layers.

4. Examples for the Prediction of One-Dimensional Consolidation Settlement

To demonstrate the performance of the newly proposed equations, the examples of the
calculation for total consolidation settlement (p,) will be applied in the case of rectangular footing in
size of 15m x 30m and clay thickness of 12m in this section. Three cases of analyses include

a) Single layer of clay.

b) Calculation by dividing the clay layer into layers, with each layer having a uniform thickness
of Im.

¢) Calculation by dividing the clay into layers of varying thicknesses, applying the layers closer
to the surface being thinner in conjunction to the thickness increasing with depth.

Three soil test data from distinct continents for the consolidation test (i.e., Bangkok Clay [22],
Boston Blue Clay [23] and London Clay [24]) were used. Figures 6-8 depict the test results from [22—
24] with the best fit curves. Prior to the analysis, the soil parameters based on proposed method were
extracted. Table 1 summarizes the fitting parameters for all three clays mentioned above. The
parameters /;R, @ and @ are for the AJOP equation, and C, h, k and ¥ are for the hysteresis
portion. In the analysis of normally consolidated clay, three types of equations were applied LF, CF
and AJOP. Figures 9-11 show the problems to be analyzed for case a) single layer, b) equal layer
thickness and c) varied layer thickness, respectively. It should be noted that all clays behave with
asymmetrical hysteresis (¥ # 0).
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Figure 8. Consolidation test data with best fit curves: London Clay.
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Table 1. Soil parameters fitted from the laboratory test results.

Type of soil Virgin compassion line Unloading — Reloading line

r a R 0 (4 h k v
Boston blue clay 1206 0430 497 0076 510 2628 0950 0.051
London clay 0.850 0.135 530 0.0058 570 3.800 0.64  0.004
Bangkok clay 2540 0700 59 0.019 155 2570 1.75  0.068

12 of 17

Table 2 shows the results of settlement calculations based on the aforementioned methods and

conditions of the normally consolidated clay. It is evident that the settlement from the LF is much

greater than those from the CF and AJOP because the actual initial stress on the shallow points is not

located on the straight line of e — logd’,,. Therefore, the equations which provide the curved portion,

i.e,, CF and AJOP give lower value and give more reliable results. It is also indicating from Table 2

that the results from CF and AJOP are close together, due to the impact of error on deeper depts are

less than the impact at shallow depts. In addition, when the method of layer dividing is considered,

the results using single layer give lowest value for all clays and all models. The results from equal

layer thickness model are close to the results for the method of varying layer thickness for all clays.

Table 2. Comparison of total consolidation settlement of normally consolidated clay using LF, CF and AJOP

methods for three soil data.

LF CF AJOP
Type of soil Case (Equation (Equation 4) (Equation
3) 6)
a) Single Layer 1.566 0.302 0.284
Boston Blue Clay  b) Equal Layer Thickness 1.967 0.323 0.310
c) Varied Layer Thickness  1.988 0.323 0.309
a) Single Layer 0.806 0.102 0.089
London Clay b) Equal Layer Thickness 1.012 0.109 0.097
c) Varied Layer Thickness  1.023 0.108 0.097
a) Single Layer 2.334 3.453 1.832
Bangkok Clay b) Equal Layer Thickness 2.933 3.667 1.781
c) Varied Layer Thickness  2.964 3.663 1.780
q = 200 kN/m?
_ Yy \ 4 \ 4 A 4 A 4 \ 4 \ 4 \ 4 y
1 Single layer of Clay

H=12 M.

Yeou = 18 KN/m?
Ywater= 9:81 kKN/m?

Y

Figure 9. Footing on clay to be used for consolidation settlement calculations: a) Single layer.
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Figure 10. Footing on clay to be used for consolidation settlement calculations: b) Equal thickness layers.
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Figure 11. Footing on clay to be used for consolidation settlement calculations: ¢) Varying thickness.

For the overconsolidated clay, the analyses are divided into two casesi.e., 1) low surface loading
200 kN/m?, and 2) high surface loading 1,000 kN/m?2. Tables 3 and 4 present the consolidation
calculation results for overconsolidated clay in case 1) and case 2), respectively. From Table 3, the
AJOP method is selected and is identified as the most reliable approach. The findings highlight the
significant influence of the layer division method on the results. While using the AJOP equation, the
single-layer division method yields the lowest settlement due to the mid-layer being positioned
farther from the ground surface. On the other hand, the multilayer division method provides more
accurate results because the mid-points of some layers are closer to the ground surface, which is a
critical factor for the AJOP method. In case c), where layer thickness varies, the results are most
accurate as the mid-points of the layers are correctly positioned. This demonstrates that both the
calculation method and the layer division approach significantly affect the accuracy of the results. It
should be noted that for this low surface loading value, we found that some soil layers were
calculated with a final stress lower than the maximum past pressure.
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Table 3. Comparison of total consolidation settlement for overconsolidated clay for low surface loading of 200
kN/m?.

Type of soil Case A(]]EZII::;Z:lhg)d

a) Single Layer 0.178

Boston Blue Clay ~ b) Equal Layer Thickness 0.207
c) Varied Layer Thickness 0.205

a) Single Layer 0.072

London Clay b) Equal Layer Thickness 0.080
c) Varied Layer Thickness 0.080

a) Single Layer 1.015

Bangkok Clay b) Equal Layer Thickness 1.119
c) Varied Layer Thickness 1.101

Table 4. Comparison of total consolidation settlement for overconsolidated clay for high surface loading of 1,000
kN/m?.

Type of soil Case AJ(_)P
(Equation 6)

a) Single Layer 1.084

Boston Blue Clay  b) Equal Layer Thickness 1.139

c) Varied Layer Thickness 1.138

a) Single Layer 0.397

London Clay b) Equal Layer Thickness 0.417

¢) Varied Layer Thickness 0.417

a) Single Layer 3.578

Bangkok Clay b) Equal Layer Thickness 3.659

c) Varied Layer Thickness 3.651

Table 4 presents the calculation results under high loading conditions. In these calculations, both
the compression ratio C, and the compression index C. were used for Boston and Bangkok clays.
However, for London Clay, only the compression ratio C, was utilized in the calculations in some
depths. The findings show that although using different methods in layer division, the consolidation
settlement is similar for all methods with the fact that single layer expresses the lowest value.

In both low loading 200 and high loading 1,000 kN/m?, it is revealed from the investigation that
Case 1) (in Figure 6a) can occur but is not common at a specific depth, whereas Case 2) (in Figure 6b)
generally occurs more frequently in both cases of low and high pressures.

5. Conclusions

The total amount of consolidation settlement in field can be determined by the changes in void
ratio based on the clay characteristics evaluated from laboratory. This study proposed new equations
that can fit well to the consolidation curve without any approximation and additional testing. The
proposed equations include 1) the revised version of the AJOP for normally consolidated clay, and
2) equation for both symmetrical and asymmetrical hysteresis of overconsolidated clay. With these
equations, the analytical solution for consolidation settlement for clays can be established.

A comparison between the existing methods and the proposed method was investigated. Three
methods of the calculation include linear function (LF), curve function (CF) and the revised AJOP
equation (function for curve and linear portions in a single equation). In addition, three models of
clay layering are investigated, i.e., single layer, multilayers with equal and varied thickness. Three
clay data from different continents were used in the analysis, i.e., Bangkok clay, Boston Blue clay and
London clay.
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For normally consolidated clay, it is revealed that the LF method yields significantly higher
consolidation settlement compared to the CF and AJOP methods for all clays and all layering
conditions. Additionally, the single-layer model gives lower consolidation settlement than both
layered soil models. These phenomena are influenced by two key factors: 1) the presence of curved
portion in e — logd’,, and 2) the omission and commission of curved portion in calculations due to
the soil layering method. Therefore, the CF method provides greater accuracy than the LF method
because the curved portion exists in CF. However, AJOP method reduces errors at both shallow and
greater depths, as it incorporates both curved and linear segments within a single equation. For
overconsolidated clay, only AJOP equation was selected in the analysis. The calculations yield similar
results across all models. However, all soil samples indicate that the non-layered soil model results
in slightly lower settlement compared to the other two methods.

The findings highlight the significance of accurately modeling of the void ratio and effective
vertical stress relationship, particularly through a novel equation AJOP that combines curved and
straight-line representation on a semi-logarithmic scale. This approach addresses the limitations of
traditional methods, which often fail to capture the complexities of soil behavior at varying stress
levels. Additionally, the authors have provided the recommendations in case of sample disturbance
and sensitive clay are encountered. The proposed method not only enhances the understanding of
consolidation processes but also provides a practical tool for engineers in predicting settlement
behavior more reliably. Future work may focus on refining the method and exploring its applicability
to a broader range such as consolidation-creep framework and constitutive model of clay.
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