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Abstract

Soil replacement is a common technique that can be used to increase the soil bearing capacity and
reduce the expected settlement. The thickness of replacement layer depends on many factors such as:
the applied stress, original soil properties, material of replacement layer and the cost of foundation
works. However, until now the practical thickness of replacement is usually selected based on soil
experts’ experience. This study proposed an optimization model to assist geotechnical engineers in
predicting the optimum thickness and material type of replacement layer that satisfy the main design
requirements, i.e. bearing capacity, consolidation settlement and cost considerations at the same time.
The Evolutionary solving method that uses a variety of genetic algorithm and local search methods
was used to solve the research problem. Furthermore, the effect of the thickness and properties of
clay layer and the depth of ground water table on determining optimum type and thickness of
replacement soil were investigated. The study evaluated the relationship between the replacement
layer thickness and the total direct cost of foundation works and found that, the notion of increasing
replacement thickness to decrease cost limitlessly was not viable and an optimal thickness was
usually achieved.

Keywords: Clay, Cost, Foundation, Optimization model, Replacement thickness, Settlement, Soil
replacement

Introduction

Soil replacement is one of the most familiar techniques that can be used to improve the shear
strength, increase the bearing capacity and reduce consolidation settlement beneath shallow
foundations [1]. Replacing the entire weak soil is not practical because of the high costs
involved, so that partial replacement is a feasible solution considering the cost factor [2].
However, till this moment, there is a shortage of studying the different factors which strongly
affect the determination of replacement layer thickness. In most of cases, the optimum
replacement layer thickness is determined based on experience and may cause unnecessary
cost [3]. Many studies have investigated soil replacement technique. Most of these studies
focused on increasing soil bearing capacity and / or decreasing the expected soil settlement
[4], [5], [6], [7], [8]- On the other hand, there is a lack of studies that consider the cost of
foundation works as one of the governing factors when selecting the replacement layer
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thickness. This cost of foundation works is very important factor as well as increasing the
soil bearing capacity and decreasing settlement. For example, a major cost burden was
reported in the La Rosita power plant in Mexico due to the unnecessary increase in soil
replacement thickness by 1 m [8]. Therefore, the objective of this paper is to investigate the
main factors affecting the required thickness of replacement layer through developing a
computer model that determine the optimal replacement layer thickness and the most suitable
type of replacement layer’s material. The results could be used to achieve minimum total
foundation construction cost and reduce consolidation settlement beneath the foundation at
the same time. This paper is further comprised of the following sections: Soil Replacement
as a Soil Improvement Technique, Optimization Model, Computer Model, Parametric Study,
and Conclusions. Figure (1) shows the soil profile used during this study.

|
Ds ’J L‘ Fill
H- Replacement
He
Hem Medium clay
Granual soil

Figure 1: The soil profile used in the study

Soil Replacement as a Soil Improvement Technique

The soil formation in many regions worldwide is composed of a deep layer of soft to medium
clay followed by harder layers of granular soils or rocks. If the soil is weak and cannot sustain
the high superstructure stresses, one of the best alternatives is replacement of the weak soil
layer, totally or partially, by a layer of stronger soil. The use of replacement soil under
shallow foundation can reduce consolidation settlement and improve bearing capacity. It has
some advantages over the other improvement techniques and deep foundation. It can be more
economical and requires less delay to construction time in comparison with other techniques
[3]. Varghese [9] stated that the foundation condition can be improved by replacing the part
of medium clay with more competent materials such as sand; gravel or crushed stone. He
also defined the region of high stress in a shallow foundation is only 1 to 1.5 its breadth and
this part can be replaced by selected good soil. Abdel Salam [5] investigated the most
practical thickness of replacement soil which could be used to reduce vertical settlement
under foundation for a wide range of deep soft clay layer by using finite element technique.
He found that the optimal replacement layer thickness is ranging from (0.5:1.25) times the
width of footing (B). Abdel Fatah [4] also studied the improvement of soft clay behaviour
by wusing different thicknesses of replacement soil beneath shallow foundation
experimentally. The work insured that soil replacement depth / footing width ratio of 1.5 was
the highest shear strength of tested soil among all the studied cases. It is worth mentioning
that, the researchers studied the thickness and type of replacement layer from geotechnical
point of view regardless the optimization of total cost of foundation works.
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Optimization Model

The methodology of this study was taking into account all factors that control the foundation
design when using replacement layers beneath shallow foundations resting on medium clay.
These factors include increasing bearing capacity, limiting the consolidation settlement
within the allowable value, and minimizing the total direct cost of foundation works.
Therefore, the problem, which this study deals with, is considered an optimization problem.
The mathematical model was formulated comprising choosing two decision variables,
thickness and type of replacement layer, to achieve the objective within set of constraints. A
better solution is obtained if the direct cost of foundation works can be minimized. The
solution is optimum when the cost is the lowest between all feasible solutions and satisfies
the bearing capacity and consolidation settlement conditions at the same time. The solution
alternatives are limited to some constraints. This optimization problem can be classified to
Mixed Integer Nonlinear Programming (MINLP) which refers to mathematical
programming with continuous and binary decision variables and nonlinearities in the
objective function and the constraints [10].

Objective Function

The main objective function for this optimization model is to minimize the total direct cost
of foundation works that includes direct cost of excavation, plain concrete, reinforced
concrete for footings and ground beams, dewatering, replacement material with compaction
and backfilling. Equation (1) represents the objective function used for the optimization
model. In this equation, reinforced concrete for ground beams was assumed to be 30% of the
volume of reinforced concrete for footings.

Total direct cost
= [A X (Df +Hr) xCexc] + [A X (tpc) X Cpc] (1)
+ [(NfXLXxB x t XxCRC) + 0.3 (NfxLxB X t x CRC)]
+ [A X dew X Cdew] + [A X Hr X Crep]
+ [volume of back fill x Cbf]

Decision Variables
The decision variables for this optimization model are:

e Replacement layer thickness (Hr) which is a decision variable varies from 0 to 3 m meter
throughout this study.

e Type of replacement layer among four mixes, presented in Table (1). Those are the most
commonly used replacement fill in case studies and practice. Type of replacement is
defined in the optimization model as a binary decision variable.

Table 1: The Four Types of Replacement Layer Used in the Research and its Main
Properties After (Abdel Salam, 2007)

Yrdry Yr sat

Replacement Soil Type (KN/m3)  (KN/md) C or
Sand 17.8 20.9 0 35°
Sand & Gravel 0 [1:1] 18.9 21.6 0 43°
Sand & Gravel 0 [1:2] 19.3 21.8 0 44°
Sand & Gravel 0 & Gravell [1:1:1] 20 22.3 0 45°
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Constraints

Set of constraints are used to allow the decision variables to take on certain values but
exclude others. The solution is only considered to be feasible when the following constrains
are satisfied.

Consolidation settlement constraint

)

Cc xHi [ POi+APi
(1+€0) POi

Sc=Y 1<0.05m

where: The Egyptian code of practice for soil mechanics and design of foundation [11] states
that the max acceptable total settlement of shallow footings resting on clayey soil = 100-150
mm, this value includes the consolidation settlement, the secondary settlement and the
immediate settlement. Here in, the acceptable consolidation settlement is considered (50

mm).

e The model only selects one mix of materials between the predefined four replacement
mixes.

e H>0,H<3m

According to the practical constructability purposes

e Design constraints

h
G = L2 < 0.45 N/mm? and  Gpun = 2—5 < 0.90 N/mm? (3)

tmin > 300mm and tmn>b (4)
According to the Egyptian code of practice for R.c. Structures [12]

Computer Model

The computer model is designed based on the mathematical model. The flow chart,
illustrated in Figure (2), explains how the model works. The user has to enter details of the
soil profile, number of columns, the column load and area of the site. Then, the model uses
initial value for replacement layer thickness between 0 to 3 m and one of the predefined
replacement mixes. Model starts to make bearing capacity calculation to get allowable
bearing capacity value and use it in calculating the expected consolidation settlement that
must not exceed 50 mm according to the assumed limitations. Subsequently, footing design
is performed and total direct cost is calculated. The model repeats the previous steps until it
reaches the optimum replacement thickness and the replacement mix that satisfies the
minimum total direct cost.

A key to solving the research problem is to select the appropriate solving method.
Three solving methods were adopted to find the optimal solutions: The GRG Nonlinear
solving method which uses the Generalized Reduced Gradient (GRG2) code, the simplex LP
solving method which uses the branch and bound method and the Evolutionary solving
method which uses a variety of genetic algorithm and local search methods [13]. The two
deterministic solving methods, GRG nonlinear and simplex LP, had been tried to find the
optimal solution. The model stopped working and could not find any values for the decision
variables that allow all of the constraints to be satisfied simultaneously. Since the resulting
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optimization problem involved complexities like discrete, continuous variables, non-
linearity in objective function and constraints also the deterministic methods were not
effective to solve this problem, The Evolutionary solving method was successfully used to
solve the research problem.
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Figure 2: Model solution flow chart

Verification and validation are executed to ensure that model is correct and reliable
for specific limitations. Model verification is performed on three different cases by
comparing the model solutions, to the manual solutions. Based on the achieved results shown
in Table (2), the model gave the same results as the manual method. Thus the model in this
research is acceptable and correct for the predefined limitations and assumptions. Validation
is performed to demonstrate that the model is operational. The model validation is carried
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out by comparing the model solutions for four real case studies with the solutions
recommended by consultants based on experience. Based on validation results shown in
Table (3), using the model resulted in a cost saving between 22 to 37% compared to
consultant’s recommendations based on experience.

Table 2: Manual and Computer Solutions of the Model Verification Cases

Case Soil Manual  Computer
Properties Solution Solution
e yc=17.3 KN/m?
e C=30 KN/m? Replacement
o (Cc=0.22 Type Sand Sand
e ©0=0.633
e H=60m
e e D=2.0m Replacement
Vegg;'g?tl')o " e GWTdepth=20  Thickness (H:) 150m — 150m
e Building area= 2450
m2
e Column load = 755 Total Direct Cost
KN of Foundation 1,025,490 1,025,490
e Number of columns ~ Works (EGP)
=70
o yc=17.6 KN/m?
e C=25KN/m? Replacement
e Cc=0.294 Type Sand Sand
o e=1.181
e H=50m
P e Dr=2.0m Replacement
Vecrg;lgaztzl)on e GW.Tdepth=1.0 Thickness (Hr) 150m 150m
e Building area= 2450
m2
e Column load = 755 Total Direct Cost
KN of Foundation 1,168,111 1,168,111
e Number of columns  Works (EGP)
=70
e yc=19.5KN/m? Sand: Sand:
e (=130 KN/m? Replacement Crushed Crushed
e (Cc=0.184 Type stone 0 stone 0
e ,=0.788 [1:1] [1:1]
e Hc=6.0m
e oo Di=2.0m Replacement
Vg‘;’ga(‘g)o N e GW.Tdepth=20  Thickness (Hy) 070m — 0.70m
e Building area= 2450
m2
e Column load = 755 Total Direct Cost
KN of Foundation 798,637 798,637
e Number of columns  Works (EGP)

=70

ASEAN Engineering Journal, Vol 11 No 4 (2021), e-1ISSN 2586-9159 p. 237



Table 3: Comparison between Consultant Recommendation and Model Solution for
the Validation Cases

Case Soil Consultant Cost
Properties Recommenda Model solution .
. saving
-tion
Sand: crushed
e Dr=1.50m Replacement  Sand: crushed stone O: crushed
* v =16 KN/m* Type stone 0 [1:1] stone 1
eH=32m [1:1:1]
Validation ° },(C,\T/lz'g Replacement
Case study . C-??KN/mZ Thickness 1.00 m 2.00m 34%
(1) - (Hr)
* Cc=0.192 Total Direct
* £0=0.964 Cost of
e G.W.T depth = Foundation 399,421 264,478
1.50 m Works
(EGP)
° Df:l'l%OQN m? Replacement  Sand: crushed S,[S()?]r;d(:)_(:g;z:ﬁg q
® Yo = . .
eH=6.0m Type stone 0 [1:1] stone 1 [1:1:1]
ey =17.6 Replacement
Validation  kN/m3 Thickness 1.00 m 1.70m
Case study o c=47 KN/m? (Hr) 28.5%
2 o Cc=0.32 Total Direct
¢ 2=0.873 Cost of
_Foundation 440,219 314,719
e G.W.T depth = K
0.00 m Works
' (EGP)
e Df=1.50m Replacement  Sand: crushed  Sand: crushed
ey =16 KN/m® Type stone 0 [1:1] stone 0 [1:1]
eH=55m Replacement
- Thickness 1.00m 1.80 m
Validation * T(CN /r%g_g GD
0,
Casis‘s)mdy «C=35 KN/m?  Total Direct 37%
e Cc=0.342 Cost of
©£,=0.972 Foundation 517,176 327,670
e G.W.T depth= Works
0.00 m (EGP)
e Dr=2.00m Replacement  Sand: crushed sand
ey =16 KN/m® Type stone 0 [1:2]
eH=6.0m Replacement
- Thickness 1.00m 1.60 m
Validation ° E&/%G (HY)
0,
Cas?j)t U, =30 kKN/m?  Total Direct 22%
e C:=0.45 Cost of
e e0=1.65 Foundation 1,702,204 1,340,800
e GW.Tdepth = Works
2.00m (EGP)
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Parametric Study

A parametric study is carried out to investigate the effect of three parameters on the
replacement layer thickness and type by using the proposed computer model. The studied
parameters were the thickness and properties of the original medium clay layer and the
location of the ground water table from the ground level.

Studied Parameters

Medium Clay Layer Properties

The natural soil profile of the problem contained medium clay layer, six values of clayey
soil undrained cohesion are considered in the study, as they present the medium state of clay.
Table (3) presents the six clay consistencies and their corresponding main parameters.

Table 4: The Six Types of Medium Clay and Their Parameters (E. C. P., 2012)

C Cc Yesat
(KN/m?) 1+eo ( KN/m?)

A 25 0.207 17.3
B 30 0.189 17.6
C 35 0.171 17.9
D 40 0.152 18.1
E 45 0.134 18.4
F 50 0.116 18.7

Medium Clay Layer Thickness (Hc)

Although the model is valid to be used in case of clay layer thickness equal or less than 20
m, the analysis is performed on clay layer thickness (2,3,4,5,6 m).

Ground Water Table Location (G.W.T)

Ground water table is assumed to be constant for the same case; also it is always on or above
the upper surface of clay. Five values of G.W.T depth are assumed in the study (0.1, 0.5, 1.0,
1.5, 2.0 m) beneath the ground surface.

The studied parameters are used to form 150 case studies. Other input data such as the
foundation depth, unit weight of fill, the total building area, column load and number of
columns are considered constant for all case studies and have the following values 2m, 16
KN/m?, 2450m?, 755 KN and 70 columns respectively.

Results Analysis

Based on all the variations made to the studied parameters, the optimum replacement layer
thickness and type corresponding to minimum total direct cost of foundation works are
determined at all the 150 case studies. Throughout reviewing all the results, the next
observations are investigated.

ASEAN Engineering Journal, Vol 11 No 4 (2021), e-1ISSN 2586-9159 p. 239



Relationship between the Replacement Layer Thickness (Hr) and the Total Direct Cost of
Foundation Works

Figures (3) and (4) represent the relationship between the replacement layer thickness (Hr)
and the total direct cost of foundation works for some of the studied cases and the same trend
is achieved for all the studied cases.

2,500,000 -

2,350,000 3 Sand : Crushed stone 0 (1:1)
A 2,200,000 - ¢ Hc=3 m, C=50 KN/m2, GWT=10.1
& ¥ m
&= 2,050,000 He=3 m, C=45 KN/m2, GWT=0.5
= i m
g 1,900,000 He=2 m, C= 40 KN/m2, GWT=0.1
S 1,750,000 m
= ¥ He=4 m, C=40 KN/m2, GWT=1.0
= 1,600,000 - m
E 1,450,000 - ¥Hc=4 m, C=45 KN/m2, GWT=10.5
= m

1,300,000 -

1,150,000 -

1,000,000 : : : |

] 0.5 Hr ](nl) 15 2

Figure 3: Relationship between the replacement layer thickness (Hr) and the total direct
cost of foundation works for replacement type sand: crushed stone 0 (1:1)
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2,100,000 - He=2 m, C=45 KN/m2, GWT=0.5
£ 1,900,000
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‘S 1,700,000
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m
He=2 m, C=35 KN/m2, GWT=0.5
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Figure 4: Relationship between the replacement layer thickness (Hr) and the total direct
cost of foundation works for replacement type sand

The obtained results of all studied cases showed that when the replacement layer
thickness increases, the total direct cost decreases but after a certain replacement layer
thickness, the total direct cost starts to increase gradually as illustrated in figure (2) and (3).
This increase in the total direct cost of foundation works can be explained by that, the
increase of the replacement layer thickness produces a higher bearing capacity and thus
higher settlement. The specification/code limits for settlement present a constraint on the
allowable working bearing capacity. Therefore, the foundation size increases, resulting in
higher construction costs. Hence, an optimal thickness in terms of direct costs is achieved
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due to the code limitations for settlement. Accordingly, the notion of increasing replacement
thickness to decrease cost limitlessly showed not viable in this research, and an optimal
thickness is usually achieved. For all studied cases, the optimum replacement thickness was
always found between 0.7 to 2 meter and the optimum replacement materials were either
sand or Sand: crushed stone size 0 with a ratio of (1:1) by volume.

Relationship between Medium Clay Undrained Cohesion (c) and the Optimum Replacement
Layer Thickness (Hr,opt)

Figures from (5) and (6) represent the relationship between the clay cohesion (c) and the
optimum replacement layer thickness (Hr.opt) for various clay layer thicknesses starting from
2 to 6 m and by changing the ground water table location.

K
X
L8 .\ G.W.T.=0.5
\K X - - - - m
1.6
= =2
é, ¢Hc=2m
‘g 1.4 BHc=3m
= Hce=4m
1.2
> He=5m
1 {Hc=6 m
08 T T T T T 1
20 25 30 35 40 45 50

¢ (KN/m?)

Figure 5: Relationship between medium clay soil cohesion (c) and the optimum
replacement layer thickness (Hr.opt) for various clay layer thicknesses and G.W.T depth =
0.5m

1.8
16 X GWT.=15m
E14 .~ ¢Hc=2m
E:_ '\ﬁ EHc=3m
E': 1.2 N\ He=4m
1 K >He=5m

XK
- \.\ﬁ FHe=6 m

06 T T T T T 1
20 25 30 35 40 45 50

¢ (KN/m?)

Figure 6: Relationship between medium clay soil cohesion (c) and the optimum
replacement layer thickness (Hr.opt) for various clay layer thicknesses and G.W.T depth=
1.5m
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For all studied cases, as the previous figures show, there is a reverse relationship
between the undrained cohesion of the original medium clay soil and the optimum
replacement layer thickness.

Relationship between the Ratio of Clay Layer Thickness to the Footing Width (Hc/B) and the
Optimum Replacement Layer Thickness (Hr opt)

Figures from (7) and (8) represent the relationship between the ratio of clay layer thickness
to the corresponding footing width (Hc/B) and the optimum replacement layer thickness for
different medium clay values of cohesion (c = 25, 30, 35, 40, 45, 50 KN/m?) and by changing
the location of water table.

2.2

2 + +

//-—ﬂ-—- G.W.T.=0.5m

——(C=25 KN/m2
—=—(C=30 KN/m2

_‘//‘/ | | | ——C=35 KN/m2

C=40 KN/m2

" ——(C=45 KN/m2

——(C=50 KN/m2

Hr opt (1'1'1)

|

1 1.2 1.4 1.6 1.8 2 2.2 2.4 2.6 2.8
H_B

Figure 7: Relationship between the ratio of clay layer thickness to the footing width (Hc/B)
and the optimum replacement layer depth (Hropt) for various clay layer cohesions and
G.W.T depth=0.5m

1.8

j
[ ]

GW.T=2.0m
/ _— —— (=25 KN/m2

—#—C=30 KN/m2

P / | | —4—C=35 KN/m2

Hropt (l'll)
R

! — . . N C=40 KN/m2
0.8 //— —#—C=45 KN/m2
06 . . . . . . . . - ——C=50KN/m2

08 1 12 14 16 18 2 22 24 26

H./B

C

Figure 8: Relationship between the ratio of clay layer thickness to the footing width (Hc/B)
and the optimum replacement layer depth (Hropt) for various clay layer cohesions and
G.W.T depth=2.0m

Generally, from the previous figures, optimum replacement layer thickness (Hr,opt)

increases gradually with increasing the ratio (Hc/B) until certain point ,then the optimum
replacement thickness turns out to be constant. The reason may be that the upper part of clay
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layer is largely influenced by stress increase caused by foundation therefore, the majority of
consolidation settlement is related to the upper part of clay layer. So, higher ratio of (Hc/B)
had a slight effect on the value of consolidation settlement and subsequently on the thickness
of replacement layer (Hr) which is required to improve the clay performance.

Relationship between G.W.T. Depth and the Optimum Replacement Layer Thickness
(Hr,opt)

Figure (9) shows the relationship between the depth of ground water table from the ground
level and the optimum replacement layer thickness for different clay layer thickness and
properties. It is noticed that, the optimum thickness of replacement layer (Hr.opt) is inversely
proportional to the depth of G.W.T.

» T M
I::;;f; y

/}/ 7
f
/
/57

=

A
|
+
|

0.6

GWT depth from ground level (m)
—4— =25 KN/m2, Hc=2m ——c=25 KN/m2, Hc=3m —i—c= 25 KN/m2, Hc >=4m
¢= 30 KN/m2, Hc=2m —#—¢= 30 KN/m2, Hc=3m —e—c= 30 KN/m2, Hc ==4m

—+—¢= 35 KN/m2, He=2m ¢= 35 KN/m2, Hc=3m ¢=35KN/m2, Hc >=4m
¢= 40 KN/m2, Hc=2m ——c= 40 KN/m2, Hc=3m ——c= 40 KN/m2, Hc ==4m
c= 45 KN/m2, Hc=2m ¢c= 45 KN/m2, Hc=3m c= 45 KN/m2. Hc >=4m
¢= 50 KN/m2, Hc=2m ¢= 50 KN/m2, Hc=3m ¢= 50 KN/m2, Hc >=4m

Figure 9: Relationship between G.W.T depth and the optimum replacement layer thickness
(Hr.opt) for various clay layer cohesions and thicknesses

Conclusions

The optimum thickness and type of replacement layer beneath shallow footings resting on
medium clay in terms of total direct costs of foundation works was researched in this paper.
After investigating the research problem, the main conclusions were

e A computer model was developed which may help geotechnical engineers in
predicting the optimum type and thickness of replacement layer to achieve the
minimum total direct cost of foundation works as well as increasing the bearing
capacity and controlling consolidation settlement. Based on validation results, using
the proposed model resulted in a total direct cost saving ranged from 22 to 37%
compared to consultant’s recommendations based on experience.

e The study revealed that the replacement layer thickness (Hr) had a clear optimum
point (Hropt), contrary to the previous notion of a linear increasing relationship
between direct cost and Hy.
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e Based on all studied cases, the optimum replacement thickness was always less than
2 m and varied from 0.7 to 2 m and the optimum replacement materials were sand
and sand: crushed stone size 0 with a ratio of (1:1) by volume.

e A parametric study was carried out to study the effect of thickness of clay layer (Hc),
the clay compression index and initial voids ratio in terms of ( TZO ), the saturated

unit weight of clay layer (ysat), the clayey soil cohesion (C) and the depth of ground
water table (G.W.T) on determining the optimum type and thickness of replacement
soil. Based on the results and the analysis of the parametric study, it was noticed that:

- When clay cohesion (c) increased, the optimum replacement layer thickness (Hr.opt)
decreased for various clay layer thicknesses and ground water table locations.

- The optimum replacement thickness (Hropt) increased gradually by increasing the
ratio of clay layer thickness to the footing width (Hc¢/B) up to a certain point, then the
relationship was constant.

- The optimum replacement thickness (Hropt) decreased, when the ground water depth
(G.W.T) increased.
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List of Symbols

Vesat: Clay saturated unit weight (KN/m?3)

Yo: Fill layer unit weight (KN/m?®)

A: Plan area (m?)

B: Footing width (m)

b: Column width

C: Clay cohesion (KN/m?)

Cexc: Unit direct cost of excavation

Cpc: Unit direct cost of plain concrete

Crc: Unit direct cost of reinforced concrete

Cdew: Unit direct cost of dewatering

Cor: Unit direct cost of backfill

Crep: Unit direct cost of replacement material with compaction
Cc: Compression index

Dr. Foundation depth (m)

daew: Dewatering depth (m)

d: Footing depth

eo: Initial void ratio

Hc: Original clay layer thickness (m)

Hcm: Modified clay layer thickness after replacement (m)

Hr: Replacement layer thickness (m)

Hr.opt: Optimum replacement layer thickness (m)

Hi: Thickness of sub layer i of clay

L: Footing length (m)

Lo, Bo: Initial footing dimension calculated using gai

Nf. Number of footings

Poi: Average effective pressure on clay sub layer i before construction of foundation
APi: Average increase in effective pressure on clay sub layer i caused by construction
of foundation

gsh: Allowable one-way shear stress

gpun: Allowable punching shear stress

Qanworking: Allowable bearing capacity which satisfies an acceptable consolidation
settlement < 0.05 m

Sc: Consolidation settlement magnitude (m)

Tpe: Plan concrete thickness

t: Footing thickness (m)

tmin: Minimum footing thickness
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