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HYDROLOGICAL MODELLING FOR THE CONSERVATION OF THE INNER NIGER DELTA IN MALI

*Barry Kassambara?, ( Student 1D:517M228)

!Graduate School of Bioresources, Mie University, Japan

ABSTRACT

The Niger Inner Delta (NID) is a wetland that was selected as an International Important Wetland under the
Ramsar Convention (on February 1st, 2004) and can still be considered a hotspot of biodiversity in the Sahel.
The Niger River is the main water source for the NID and is also used for urban life and irrigation. Therefore,
the sustainable use of water to ensure environmental flow in the NID is under discussion. The main objective
of this study is to develop different models to forecast efficiently the water-level in the Niger Inner Delta,
based on the climate condition and the changing river flow.

We evaluate the performance of different models established with empirical (Artificial Neural Network
and Regressions) or Conceptual Variable Source Area (Water Balance Method WBM) approaches. The
results of evaluation and validation based on determination coefficient (R2), Root Mean Squared Error
(RMSE) and Nash-Sutcliffe Efficiency (NSE) show that all the models have good results however the
Lavenberg-Margardt Artificial Neural Network (ANN) with 15 hidden layers has the best fitting for the
validation and the Bayesian Regularization ANN with 80 in testing periods.

Therefore, although the WBM using Variable Source Area concept doesn’t fit as well as the other models,
it has the merit to estimate and forecast the wet area surrounding the water body of the delta and the monthly
outflow (Q ) from the NID.

Keywords: Niger Inner Delta, water-level, wetland, simulation model

1. INTRODUCTION different models. The evaluation and forecasting of

water-level fluctuation (WLF) are increasingly

For many decades, water shortage has been a dire important for the NID owing to its close relation to

problem for millions of people living along the human activity, agriculture production, and socio-

southern fringe of the Sahara Desert (Zwart, et al., economic and environmentally  sustainable
2005). A recent international study, published in development.

July 2018, identified the Inner Niger Delta area as
the birthplace of African Rice domestication 3000 2. STUDY AREA AND DATA SOURCES
years ago (Cubry, et al., 2018).

The River Niger has its source in the Fouta Beyond the town of Ségou, the Niger River forms
Djallon Mountains to the south of Guinea (West a vast inland delta with an area of 41,800 km? (Fig
Africa), it flows northeast through the Upper Niger 1 & 2); it joins with its main tributary, the Bani, at
basin and enters the Niger Inner Delta (NID) in Mopti and then forms several lakes. The watershed
Mali with a large floodplain. The annual flooding area of this Inner Delta covers 130,000 km?
of large alluvial plains is a vital resource for many (Kassambara, et al., 2018). The NID is extremely
ecosystems, including those serving agriculture, flat and contains many lakes and streams of
livestock, groundwater recharge, and biodiversity. varying morphology. The altitude of the river bed
The rapid expansion of irrigation upstream by the only decreases by approximately 10 m over the 350
diversion dams on the Niger river and its subsidiary km between the entry and exit of the delta (Ibrahim,
(Bani), has made a significant impact on the Water- et al., 2017). This study uses data from different
Level (WL) in the NID downstream (Kassambara, sources. The flow of the River Niger at Mopti and
et al., 2018) as well as the flood area. A smaller the water level at Akka are taken from the Malian
flood area means fewer resources and possible Government Hydraulic Service; the meteorological
friction and even uprisings between different data are from the Mali-Meteo & Atmospheric
communities and users, described as “The Tragedy Science Data Center (NASA).
of the Commons” by the American Biologist
Garrett Hardin in 1968 (Garrett, 1968). 3. METHODS

The main objective of this study is to develop
statistical/stochastic and  conceptual/physical The most common methods for river flow and
models for Niger Inner Delta Water-Level(WL) WL forecasting are physical, conceptual and/or
forecasting and make a comparison between these statistical rainfall-runoff methods [5-7]. In recent
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years, Artificial Intelligence (Al) has received a
great deal of attention as a modern approach for
data series analysis and for hydrology modeling,
including Artificial Neural Networks (ANN) and
the Adaptive Neuro-Fuzzy Inference System
(ANFIS). For our study, five different models were
implemented, based on empirical and stochastic
approaches.

3.1 Artificial Neural Network (ANN)

An artificial neural network (ANN) is a non-
linear, black box statistical/stochastic approach
(MohammadKalteh, 2013); the main objective is to
find the optimum architecture of an ANN that can
model the relationship between input and output
variables. In this study, the Matlab Neural Network
tool® were used to train the different models. For
each of the following ANN algorithms, the
monthly rainfall, evapotranspiration and the river
discharge at Mopti station were designated as
predictors and the water level at Akka station was
designated as the predicted.

The most commonly used ANN structure is the
feed-forward multilayer perceptron (MLP) (see
Fig.1). It is a network formed by simple neurons.
The perceptron computes a single output from
multiple  real-value inputs by forming
combinations of linear relationships, according to
input weights and even nonlinear transfer functions
(Rezaeianzadeh, et al., 2014).

Mathematically, the MLP can be express as:
y® = f(Zaw®h®, + %) (1)

Where y is the computed value of the maximum
monthly water-level ( Hp.x ); w; is the ith
connection weight; and h; represents the input
values in each layer.

(For the layer k1: ET ops, Raingyg, Qmax obs
)i

b is the neuron bias, k is the number of layers and
f is the activation function. Let us consider the
target value of water level to be Y g get-

The Multilayer neural network could have L
hidden layers and would be calculated as follows:

The Forward Pass:
— Layer pre-activation for k > 0 (h°(x) = x)

ak(x) = p® + wlp*-D(x) (2)

— Hidden layer activation (k from 1 to L)

y® (x) = f(a® (x) 3)

— Output layer activation (k = L + 1)

yIV(x) = g(@™ V() (4)

Where g is the output layer activation function.

— Calculating the error using squared error
function gives:

1
E= Zi(ytarget _y(L+1) )2 )

The back-forward Pass:

The goal with back-propagation is to update each
of the weights (wk) in the network so that they
cause the actual output to be closer to the target
output, thereby minimizing the error for each
output neuron and the network as a whole. For
details about the procedure refer to (Marquardt,
1963).

Weights

Activation Function
Input b
™ M
i ; S
X / e,

®
e, _, ”
X

o
-

o
Je-®

Fig 1: Multilayer Neural Network Architecture
(Aljebaly, 2016)

Previous studies indicated that the Levenberg-
Marquardt algorithm produces reasonable results
for most ANN applications [6,15]. For the present
study, the three algorithms available in Matlab®
(Levenberg-Marquardt (LM), Bayesian
Regularization (BR) and Scaled Conjugate
Gradient (SCG) algorithms) were considered and
the number of hidden layers was fixed.

3.1.1. Levenberg-Marquardt Algorithm (LM)

Levenberg-Marquardt (LM) is the most popular
alternative to the Gauss-Newton method for
finding the minimum of the function F(x) that is a
sum of:

FOO) = 3 S0 (6)



Let the Jacobian of f;(x) be denoted J;(x), then
the LM method searches in the direction given by
the solution p of the equation:

U"Jie +MD)pie = =Ji" fi ()
where A, are non-negative scalars and I is the
identity matrix (Marquardt, 1963).

3.1.2. Bayesian Regularization Algorithm (BR)

This algorithm uses David MacKay’s Bayesian
techniques to optimize regularization and requires
the computation of the Hessian matrix (MacKay,
1992). Typically, training aims to reduce the sum
of squared errors Ej, and the regularization adds an
additional term Ey, (Foresee, et al., 1997). The
objective term becomes

F = BE, + aE, (8)
where B and « are the objective function
parameters.

3.1.3.
(SCG)

The Scaled Conjugate Gradient (SCG) method,
is based on the gradient descent algorithm (as are
most of the feed-forward neural networks) and is
well known in optimization theory (Moller, 1993).
The SCG avoids the line search per learning
iteration by using an LM approach in order to scale
the step size.

Scaled Conjugate Gradient Algorithm

3.2. Gaussian Process Regression (GPR) model
with MatLAB regression learner

Gaussian process regression (GPR) models are
kermel-based, probabilistic models. A linear
regression model is of the form:

y=xTB+¢ 9)
where e~N(0,62). A GPR model explains the
response by introducing the latent variable. The

GPR model was fit using a squared, exponential
kernel (covariance) function, which is defined as:

_ 2 1 (x=x)) " (ri=x))
k(xl-,xj|9) = ofexp B R — (10)

It is expected that points with similar predictor
values x;, naturally have close response (target)
values y;. In other words, it determines how the
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response at one point x; is affected by responses at
other points x;, i # j,i = 1,2,...,n, where g; is
the characteristic length scale and oy is the signal
standard deviation.

3.3. Water Balance Model using Variable
Source Area (WBM/VSA)

The water depth in the NID may be obtained
using the Water Balance Model (WBM) with
Variable Source Area (VSA), see Eq. (11). The
VSA develops when the soil profile becomes
saturated from below after the water table rises
towards the land surface.

D
Hiyy = Max(H; + (Qi4q — Qout)A_l + (Riy1 —

(A{+A4,)
ETO D) 1A1 2 JY) (ll)

i+1

The outflow is Q,,; = BMax(H;, 0)* (12)

The wet soil area is given as 4, = §,/4; (13)

Time, maximum monthly inflow from the
upstream Mopti station (Q;), monthly rainfall (R)
the daily potential evapotranspiration (ET,), the
number of days in each month (D), and pond water
surface (A4,) data were fed into the spreadsheet. To
estimate the maximum water level (H;) at various
time-steps, Eq. (11) is used, based on parameters «,
B,y and 6. The Generalized Reduced Gradient
(GRG) nonlinear solving method was used to
identify the parameters in Excel Solver ©.

3.4. Evaluation and Validation

To validate and evaluate the models, Correlation
Coefficient (r), squared R (R2), Root Mean
Squared Error (RMSE) and Nash-Sutcliffe
Efficiency (NSE) were used.

The choice of a model can not only be relied on
the indexes above, therefore Akaike Information
Criterion (AIC) and Schwarz Criterion or Bayesian
Information Criterion (BIC) were used to select the
model based on the Sum Squared Error and number
of parameters.

Nash-Sutcliffe Efficiency (NSE)

g (vgbs-ysim)”

Zyzl(ygbs_ymean)z

NSE =1— [ (14)

Where Y°PS is the ith observation monthly WL
(Hmaxi), ¥;°'™ is the ith simulated value of monthly
WL( H %) , Y™ js the mean of observed

monthly WL( H22S.,), and n is the total number of



observations.

Akaike Information Criterion:

AIC =nxlog(SSE/p) +2+p (15)

Akaike Information Criterion corrected:
AICc = nx1og(SSE/p) + (n+p)/(1 - 22) (16)

Bayesian Information Criterion (BIC):
BIC = n log(SSE/n) +p *log(n)

(17)

Where:

SSE: Sum of Squared Errors for the training set;
n: Number of training cases;

p: Number of parameters (weights and biases).

4. RESULTS

The monthly data from 1960 to 2010 (612
datasets) were used for the model training and
validations and the monthly data from 2011 to
2015 (60 datasets) were used for testing. In order
to validate and evaluate the models, RMSE, NSE,
AIC and BIC were used.

4.1. Artificial Neural Network

Comparison between the three multilayer neural
network learning algorithms has been tested to
learn the correspondence between simulations and
measurements water-level (H,qx)-

During the training process it’s very important to
choose the best feature of hidden layer and there is
still a continuing debate on the selection strategies,
one area of agreement suggesting that the number
of hidden neurons (layers) should be directly relate
to the number of inputs and outputs (Curry, et al.,
2006). The approaches can be classified into
constructive and pruning approaches (Li, et al., 1995).
The constructive approach has been chosen to find the
best hidden layer for each algorithm the result is
shown in fig.2.

The result show that during training process,
Bayesian Regularization (BR) algorithm has the
best performance with the smallest RMSE =37.32
cm which is reached at the epochs 359 with 80
hidden layers, follow by Levenberg-Marquardt
(LM) algorithms RMSE =37.45 cm reached at
epochs 13 with 40 hidden layers and the Scaled
Conjugate Gradient (SCG) has a RMSE=48.61 cm
and required 50 epochs with 20 hidden layers.
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4.2. Gaussian Process Regression (GPR) model
with MATLAB regression learner

For the NID Water Level prediction with
Gaussian Process Regression, the Matern 5/2 was
chosen as the appropriate kernel function which
present the best RMSE over three functions
(Rational  quadratic,  exponential,  squared
exponential) after training with MATLAB®
Regression Learner.

The optimization required 30 iterations (or
number of function evaluations with differents
parameters) to reach the feasible point. The
estimated objective function value reach was
7.8116 which represents the loss with RMSE=42.4
cm.

4.3. Water Balance Model using Variable
Source Area concept

To calibrate the model, the Generalized Reduced
Gradient (GRG) nonlinear solving method was
used to identify the parameters in Excel® Solver.
We assumed that the maximum value of water
body surface (A;) is 15,900 km2 according to
(Zwarts, et al., 2005) corresponding to the
maximum water-level (504 cm) recorded at Akka
station since 1960. After calibration the parameters
for the eq.11-13 are: o=1.29, p= 228.73, 6=59.19
and y=0.32 with RMSE=60.2cm.

5. DISCUSSION

5.1. Models Performance Comparison after
Calibration

By comparing only, the minimal values of each
type of algorithm the results show clearly that the
Levenberg-Marquardt has the minimal values for
AIC (3297.65 with 15 hidden layers) and BIC
(3411.42 with 3 hidden layers). Therefore, the
RMSE for Bayesian Regularization (80 hidden
layers) has the minimal value and slightly inferior
to Levenberg -Margard” s RMSE with
respectively 37.32 cm and 37.45 cm.

From WBM we estimate during calibration
process (data from 1960 to 2010) the monthly
average variation of water body area (A4; =
1,866~15,964 km? ) and wet area surrounding
the water body (4, = 2,573~7,525 km? ) for a
total flooded area size A =
4,438~23,480 km? ) .The inflow fluctuated much
more than the outflow due to the presence of
several lakes in the delta; the monthly outflow
varied significantly over a year Quu: =
54 ~ 1,859 m3/s (Fig. 5).

The performance indexes are shown in Fig. 2-4.



5.2. Models Comparison for Prediction

In order to compare the efficiency of each model
for prediction, the dataset from 2011 to 2015 were
chosen. The reference evapotranspiration, the
rainfall and the flow were chosen like input data to
compute the maximum monthly water-Level
(H,pax)- For each ANN algorithm, the number of
hidden layers with better indexes evaluated during
validation were compare with GPR and WBM for

the Artificial Neural Network with ANN Bayesian
Regularization’s algorithm has the minimal value
of RMSE =40.24 cm follow by the Gaussian
Process Regression with RMSE=40.56 c¢cm and
ANN Levenberg-Margardt with RMSE= 42.89 cm.
Also, these models simulated water-level are the
most correlated to the observed data and the
maximum  Nash-Sutcliffe  Efficiency (NSE).
Although, the WBM doesn’t fit well as the other
models for the water-level prediction for the
validation period it allows to investigate some

prediction , The performance indexes from the internal process occurring in the watershed.
results of the models ( see Table 1), indicate that
70
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Fig. 4: Bayesian Information Criterion for differents models after calibration

600
500

£ 400 14
8 o
> 300 ~
=
T 200 A
100 -
0

e
rTr1rrrrrrr 71T 1111 TTT

T
P WO ~NOR PR R
W o ©

Hmax-Obs

Months (2011-2015)
= = Hmax WBM

=== Hmax LM

Fig. 5: Predicted versus observed Water-Level with different models at Akka Station (2011-2015)

Table 1: Performance indexes of differents models during testing period (2011-2015)

Correl Coef (r) R? NSE RMSE (cm)
Hmax_LM_(15 hidden layers) 0.974 0.939 0.94 42.889
Hmax_BR_(80 hidden layers) 0.975* 0.944* 0.95* 40.235*
Hmax_SCG_(3 hidden layers) 0.961 0.934 0.91 45.426
Hmax_Mat_GPR 0.970 0.942 0.91 40.556
Hmax_WBM 0.964 0.904 0.84 50.801

6. CONCLUSIONS

The aim of this graduation thesis Hydrological
Modelling for the Conservation of the Niger
Inner Delta in Mali is to test different approaches
for forecasting the Water-Level of the Niger
Inner Delta (NID). The traditional Water Balance
Models for hydrological forecasting required
many input data and some of those data are
missing or difficult to get in the area of NID like
groundwater, water withdrawal flows for
agriculture and urban life, soils feature for
infiltration etc... To overcome these issues,
alternatives ways of hydrological modelling were
investigated: Aurtificial Neural Network (ANN),
Gaussian Process Regression (GPR) statistical
model and Water Balance Model (WBM) using
Variable Source Area concept.
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The ANN model with Bayesian Regularization
algorithm has the minimal error to predict the
water level of the Inner Niger Delta. However,
the ANN Levenberg-Margardt, the ANN Scaled
Conjugate Gradient and the Gaussian Process
Regression accuracies are close to ANN
Bayesian Regularization.

Although, the ANN Bayesian Regularization
gives the best fitting results, it doesn’t allow to
estimate all the internal process occurred in the
watershed in opposite to the physically-based
Water Balance Model using Variable Source
Area. From WBM the wet area surrounding the
water body of the delta ( A4, =
5,900~9,381 km? ) and the monthly outflow
(Qout) Were estimate

Owing the lack of climate data throughout the
large area of the NID with 40,000 km2 (only one
station), the WBM couldn’t forecast accurately
its the Water-Level , therefore the ANN is a good
alternative to overcome this issue.




DEVELOPMENT OF NEW TECHNOLOGY FOR DESIGN OF SOLAR SUPPORT
STRUCTURES

Alex Otieno Owino

Graduate School of Bioresources, Mie University, Japan

ABSTRACT Many engineering structures both above ground and under the ground surface are subject to forces
that create overturning moments upon them. In this research, the structure under consideration is the composite
single pile foundation structure of solar panels. Increasing demand for clean energy is pushing for more economical
means of constructing such structures with maximum evaluation focused on the cost of installation and the ultimate
strength of the fully loaded structure hence single piles come into place. The research focuses on the design of the
pile element to the dimensions of 1.4m pile foundation length and 0.26m diameter then employed in the study to
determine the lateral and pull-out capacity. Strength evaluation is done through full=scale experiments in the field,
analytical methods using equations and numerical simulation using FLAC2D which use the finite difference method
to evaluate the input codes in step by step manner while integrating the input parameters in a stress strain relation as
described in the model design code. The dimensions of the model mesh are twice the pile foundation depth, 2L in
the y-direction and 2L in the x-direction from the pile vertical axis. Strength evaluation is done on sandy, clay and
silty medium to determine the vast array of data for engineering design measures. A parametric study is then done
to validate the program code for engineering purposes. The model validation process done in this research involves
the variation of some of the critical parameters such as the variation on the type of soil in the area under consideration.
Next, modification of the elastic modulus of the given soil as a check on the cohesiveness, change on the loading
velocity at the top of the pile, a variation of the pile material stiffness, the difference of the pile eccentricity. In
addition, varying the foundation depth from 0.7m to 2.0m, soil angle of internal friction from 70° to 40° and the
inclusivity of gap upon failure. The design dimensions show good lateral capacity of 15kN and pull-out capacity up
to 94kN, 90kN and 80kN for dense sand, silty soil and clay soil respectively. The suggested relations for the lateral
capacity and pull-out capacity of the composite single pile regarding the lateral and axial ability are within design
limits, 4kN.

Keywords: Lateral load, pull-out capacity, p-y curve, skin friction, finite difference method, stress-strain relation,
Soil-pile interaction, FLAC2D

1. INTRODUCTION a new kind of foundation called simple composite

In accordance to the rising fluctuation in the global  Single pile foundation

environmental concerns such as climate change,

environmental sustainability has become handy so as Solar Panels —g
to rescue the environment from further degradation.
With reference to these problems the innovation on
renewable energy solutions have paved the road
towar_ds saving the ecosystem. _Energy demand is a Ground surface
growing level worldwide with figures up to 559.8 EJ D
as stated in Energy and the Challenge of Sustainability |
(2000) during the United Nations World Energy Thin Cement-
Council summit. With the influx in the commodity sand mortar
demand, most of the attention is focusing towards the layer
production of green energy sources like solar energy.

Solar energy is a green energy source that utilises the L.

radiant heat from the sun and is harnessed using \l/
different technologies like solar heaters, photovoltaic HE
cells, solar thermal energy absorbers and solar ;|; @: D
architecture innovations. As at now much of the

research are based on the innovation on a wide variety Do
of the solar cells and the architectural design of Figure 1 Composite foundation structural component
different size, shape, and structure of the solar

harnessing material. Little research is available on the Pile foundations are commonly used in support of
determination of economically viable foundation engineering structures to prevent them from
structures to support the ever evolving industry on overturning moments produced by winds and
tapping the green energy source. My focus in this  earthquakes in most cases. To understand how piles,
research is to reduce the installation cost by designing  transmit the loads to the ground, several experiments are
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foundation
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necessary before construction. In literature, the lateral
and pull-out capacity of pile foundations has been
carried out in a few studies most of which employ full-
scale field experiments.

Firstly, considering lateral loading, these
approaches include force method, beam on elastic
foundation method, soil plasticity, and elasticity
continuum method. Klepikov (1965), conducted a
study to examine the influence generated by the
modulus of subgrade reaction at the ground surface as
the primary parameter influencing the pile structure
response to the soil grid. The subgrade reaction has
also enabled the engineer to develop models that can
withstand seismic activities without the fear of
structural failure as stipulated by (Caseiro,1986) who
predicted the foundation response to seismic and
dynamic loads. But most recently the practice of finite
element method FEM and finite difference method
FDM is being put in to use. FEM and FDM are
flexible and can be manipulated to give a variety of
responses and an in-depth analysis of the pile and the
soil interface.

A closer consideration is given on the response of
the soil to the short piles as this provides a clear
understanding of the pile element because at this depth
the displacement is entirely reliant on the resistance of
the soil.

Secondly, considering pull-out loading, a large-
scale experimental set up by Downs (1966) focused on
the analysis of the pull-out loads. Their experiment
was mainly based on fixed pile dimension installed in
soft moist silty to fine clayey sand. The results
obtained were used in the formulation of the equation:
Pu =nd L/2 (KL tan 6 + 2¢) where K represented the
coefficient of lateral earth pressure. However, their
approach reflected the effect of type of casing and
method of backfilling on the uplift capacity.

More research by Sharma (1988) suggested the
evaluation of the ultimate loading capacity of the piles
was by the assessment of the skin friction along the
pile and soil interface and the bearing pressure along
the perimeter of the pile. Using this proposed approach,
the ultimate bearing capacity became a function of the
diameter of the pile, d, depth of the center of the first
under-reamed bulb, di, thickness of the center of the
last under-reamed bulb, d,, diameter of the under-
reamed bulb, By, number of under-reamed bulb, n,
coefficient of earth pressure and the bearing capacity
depending on the angle in friction. This relationship is
as shown in equation 1

Q= ;z/2dkytane(d12 +12 +dn2)
)
+;z/4(|312 —dz)(1/2nyBlNy +7N, +Ngdy ).

The effects of pull-out load on piles were further
analyzed with the coexisting relations to the stress-
strain relations. The study further showed that during
the loading process, the deformation of the earth along
the pile perimeter acted similarly as the shearing of
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concentric cylinders hence the linearity in the stress
and strain relations.

In the process of determining the pile failure
mechanism, Kulhawy (1979), came up with a general
analytical model for the drained uplift capacity of
drilled pile foundations. The main aim was to establish
the main determining variables that will lead to the
calculation of the ultimate loading capacity that
produced the pile failure pattern. From his study, the
uplift capacity, Qu was a function of the foundation
weight, W, pile tip resistance, Qu, pile side resistance,
Qsu, length of the pile, D, and the shearing resistance
along a general shear surface as shown in Figure 2.
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Figure 2 Uplift capacity function and the failure
pattern by Kulhawy

Following these essential researches on the pile
foundations, several experimental models have been
developed to have an understanding of the pile-soil
interaction during loading. These include the effects of
repeated loading on the drained uplift capacity of the
piles in granular soils (Kulhawy,1985) so as to
examine the influence of the soil density and the pile
diameter on the mechanism of the drilled shaft
resistance, a study on the effects of straight piles and
the piles with enlarged bases and roughness variation
on the uplift capacity (Turner,1990), and a study on the
reaction of single piles embedded in layered sand
under inclined pulling loads. The most recent
researches have involved the development of scaled
physical models (Patra,2001), to study the responses
of pile groups under lateral and uplift loads and an
analytical method to predict the capacity of the pile
under study and, model tests on tabular steel tubes to
analyze the effects of compressive load on the uplift
capacity (Das,2003).

Consequently, this study engages the use of full-
scale experiments, analytical approach and numerical
modelling to establish the foundation reaction
concerning the lateral and pull-out loading. The
numerical model uses the finite difference method
embedded into the FLAC2D software to asses and
computes the wvariation of the different input
parameters, to obtain the desired output on pile
performance. The reckoning is achieved mainly by the
simulation of the stresses and the strains developed in
the model grid during deformation by the applied
corresponding velocities of the uplift load.



2. OBJECTIVES OF THE STUDY

% To validate the single pile composite foundation
design using simple engineering techniques
taking in to consideration the economic factors
such as minimum cost evaluation and minimum
material usage.
To determine the optimum permissible load that
the single pile composite foundation can
withstand with respect to Lateral and Pull-out
Forces
To determine the soil/ground reaction to the
Lateral and Axial/Pull-out forces during loading
for different types of soil depending on the site
conditions.
To provide numerical solutions to Engineers
hence reducing design costs by replacing full-
scale experiments.
To maximize solar rays utilization by the solar
panels by flexibility on panel orientation on
slopping lands with minimum material usage.
To attain the environmental sustainability goals
by the production of clean green energy across all
economic divides.

2. DESIGN OF FOUNDATION DEPTH

This step involves deriving an equation for
calculation the foundation depth using the wind
loading characteristics, the pile rotational angle, 6 and
the pile center depth, h, maximum ground reaction
force (Pmax) is less than or equal to the passive soil
pressure strength (Pp).

Pillar foundation

Ground rebound
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Figure 3 Ground forces and pile dimensions

Passive earth pressure mtensity, Pp

Rotational angle () = w ?
h
Rotational center depth (h) = L(4M+3HL) 3)
2(3M+2HL)
1 h
Prax = 3 (hO)K, o @)
1

P, =~ hKyy +2c\K,, )
When Pray is equal to Pp:

1 h 1

S (hO)Ky, — — ~hKpy + 2cVK, = 0 (6)

Substituting equation (2) and (3) into equation (6);
3KpyDHL*+ 4D (KyyM + 4vV(Kp)H) L® — 3(9H2 —
8vV(Kp)DM) L2 - 72MHL - 48M? =0 (7)
For sufficient redundancy D=3D:
3KmyDHL* + 4D (KpyyM + 4cV(Kp)H) L3 - (9H? —
24¢V(Kp)DM) L2- 24MHL - 16M2 = 0 (8)
Where, lateral load is, H, ground reaction
coefficient Kp, the moment of the force M, overburden
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soil weight y, soil cohesion ¢, and the diameter of the
pile section D. Equation 8 gives a considerable depth,
L of 1.4m.

3. MODELLING TECHNIQUE

Most of the engineering problems associated with
axial loading are always based on the axisymmetric
point load solutions but FLAC2D is adapted to the
plane-strain mode which is used to simulate equally
spaces single piles. The final model has been chosen
so that the overall velocity field is distributed within
the domain and no boundary effect is presented as
shown in Fig. 4. In general, the model size has to be
greater than 2 times the pile length (i.e. 2.8 m radius
from pile element axis by 2.8 m depth).

The plain stress matrix shown in equation 9.

[Aexx | S 11 Si2 Sie][40xx
dey,, 12 S22 526] 4oy, 9
Aexy LS16  S26  See Any
The plain strain matrix shown in equation 10.
[ Aexx 1[S11 Siz Si3 Si6 [A‘Txx]
deyy |11 Sa2 Sa3 Sz [|40yy | (10)
0 S13 Sa3 S33 S36 || 4022
[24e,y 11516 Sz S36 See 1140y,
HHWIHHII-'HIH} Stucturaleement;
| Grid element .
Interface element &
1T ¥
1T ¥
et Boundary >
: [E[E[E[E[E [E[E[E[E[E[EIE E[E[EEEEEEEEEEEE BBBEBBBHBEEEEE%c

Figure 4 Generated mesh, boundary conditions

This mesh places all the parameters to be input into
the FLAC2D domain considering the pile and the soil
interaction and the desired output. The input
parameters which include the soil properties and the
pile element properties are as shown in Table 1 and
Table 2 respectively.

Table 1. Soil Properties

Type of soil
Item Silt Claye Sand .
y soil y soil y soil Units
Soail 175 3
Density 0 1750 2100 kg/m
Soil 25e 2
Cohesion 3 11e3 40e3 N/m
_ Sail 30 0 22 Degre
Friction e
Soil Degre
Dilatancy 15 0 15 e
Soil 50e 2
Tension 3 50e3 60e3 N/m
Young 21e 2
's Modulus 6 50e6 65e6 N/m
Poison 0.3 03 035 Ratio
s Ratio




Table 2. Pile Element Properties

Item Value Units
Pile length below the ground 14 m
surface
Pile diameter 0.26 m
Pile Young’s modulus 8el10 N/m?2
Stlffne_ss of shea_r coupling 13611 N/m2
spring (cs sstiff)
Cohes_lve strgngth of the shear 55 N/m
coupling spring (cs scoh)
Frictional resistance of the 20 Dearee
shear coupling spring (cs sfric) 9
Stlffne_ss of normgl coupling 1.3¢8 N/m?
spring (cs nstiff)
Cohe5|_ve strepgth of the 503 N/m
normal coupling spring (cs ncoh)
Frlctlongl resistance of th_e 10 Degree
normal coupling spring (cs nfric)

FLAC2D software then employs the Finite
difference codes to provide a step by step integration
of the input parameters for time and the set loading
velocity. The products of the combination are summed
up in the plane-strain mode which places the pile as a
wall extending out of the plane of the cross-section
(grid). FLAC2D, therefore, calculates the vertical
stresses which area representative of the grid
deformation and the skin friction along the pile and the
grid (soil) interface. These stress calculations are
computed by the FISH function embedded in FLAC2D
within all the zonal centroids in the model grid which
is a representative of the soil component. The results
obtained are analyzed and plotted to capture the
relationship between the lateral load and the horizontal
deflections and axial/pull-out load and the vertical
displacements. Also, the deformation of the grid/soil, the
stress and strain concentrations and directions on the
grid, bending moments on the pile and shear plane of
failure as discussed in the next section.

3. RESULTS AND DISCUSSION

Lateral loading analysis

From the load-deflection data collected from the
full-scale experiment in Matsusaka (silty soil) and
Kasugai Cities (clayey soils), analytical equation and
FLAC2D model, the plot shows a curvilinear
relationship as the lateral load is increased from OkN
to 15kN at a prescribed xvel = 2e-7 in 100000 steps. The
pile experiences minimal displacement of Omm to 10
mm as the loading velocity progressed from OkN to 15
kN. This gives a deflection of up to 30mm with failure
realized at 15kN as shown in Fig. 5. The pile element
interaction with the surrounding soil can be seen by
plotting the soil movement and pile displacement
patterns using the FLAC2D model as shown in Fig. 6.
Contour zone for effective stress distribution on grid is
shown in Fig 7 while the Maximum shear strain
increment around the pile element is represented by
figure 8.A parametric study using FLAC2D was then
done to see the variation of several parameters. Firstly,
effects of soil elastic modulus have minimal effects in
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the silty soils whereas in the clay soils deviations in the
ultimate load are noticed at displacements of 5 mm as
shown in Figure 9 and 10 respectively.
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Secondly, was the study on the effects of the
loading velocity. Velocity was varied from 1.0e7 to
2.5e7 for the single pile foundation depths of 0.7m,
1.4m, and 2.8m. Increasing the velocity at 0.7m and
1.4m depth increases the ultimate loading capacity in
the silty soil, but in the clayey soil, the ultimate loading
capacity reduces once the ultimate load is attained at
2.0e7. At the pile depth of 2.8m, increasing the
velocity have detrimental effects on the ultimate
loading capacity as in both cases (silty and clay soils)
there is significant decrease in the ultimate loads as
shown in Fig. 11. Ultimately the effects of eccentricity
(Fig. 12 and 13) indicated that 0.2m produced the
highest ultimate loading capacity of 15kN in silty soil
and 15.8kN in clayey soils. An eccentricity of 0.8m
recorded the minimum value of 8.4kN hence this
shows that the point of the load applied to a pile is also
a strong determinant of the ultimate strength
concerning bearing capacity.
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Figure 8 Maximum shear strain increment around
the pile element
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Pull-out load analysis

Pull-out load analysis was analyzed by the full-scale
experiments in Matsusaka and Kasugai cities which
had silty soil and clayey soils respectively.
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The analysis also included the addition of dense
sand for the numerical simulations using FLAC2D.
The output depicted a curvilinear trend with clayey
soils in Kasugai test site attaining a maximum axial
load of 170kN at pile head displacements of 0.46 mm
while the silty soil in Matsusaka test site attaining
150kN at greater pile head displacements of 0.85mm
and 0.38mm for Experimental pile 1 and experimental
pile 2 respectively as shown in Fig.14.
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Figure 14 Full-scale pull-out loading plot

Numerical simulation show that sandy soils bear
the most robust load handling capacity with maximum
axial loads up to 94kN at minimal axial pile head
displacements of 10mm. Silty soils and clay soils
attain values of 90kN and 80kN respectively at 10mm
axial pile head displacements as shown in Fig. 15. A
representative of the grid/soil movements during axial
loading is as shown in Fig. 16 for clayey soils. Figure
17 represents the contour map of the effective stress on
both sides of the pile elements. The stresses recorded



in the grid range from -3E04 to 4E04 N with the
intensities demarcated by the colour coding, where
light blue and red show the areas that experience

maximum stresses and minimum stresses respectively.
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Figure 18 represents an in-depth view of the
distribution of the principal stress tensors in the
network during axial loading. Fig 18 below.
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As the axial load is applied, the strain at the bottom
of the pile increase up to 1.5e-1 which is recorded as
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the highest due to the high rates of deformations on the
grid.
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{

Max. Strain at bottom of pile leading to
separation

Figure 19 maximum shear strain increment.

The next step in the analysis of the pull-out loading
characteristics involved the parametric study using
FLAC2D. First, the depth of the foundation is varied
in steps of 0.7m, 1.0m, 1.4m, 2.0m. Considering the
three types of soil involved in this model i.e. dense
sand, silty soil and clay soil, dense sand has the highest
permissible ultimate axial load of 130.22kN at 2.0m
depth and the minimum allowable axial load of
38.54kN obtained from the clay soil at 0.7m depth as
shown in Fig. 20
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Figure 20 Variation of the foundation depth

Second, is the variation of the angle of internal
friction. In this model, the angle of internal friction is
analyzed at 10°, 20°, 30° and 40° for silty soil, dense
sand and clay soils with increasing sand component.
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The plot shows a curvilinear relationship with
maximum values recorded at the 20° angle in internal
friction. The maximum values of the ultimate axial
load obtained are 93.67kN and 85.78kN for dense sand
and silty soils respectively. Sandy clay depicted a
dramatic reduction in bearing capacity as the angle of
internal friction increased to 40° where the ultimate
axial load fell to 64.23kN as shown in Figure 9.

Finally, is the influence of the formation of gap
upon loading. During the application of the axial load,
this constant contact may be affected in a way that
tends to bring in separation called the gap formation.
From the output, it is recorded that for sandy soil, and
clay soil, the creation of gap has minimal effects on the
ultimate load recorded and the differences in the pile
head displacements. On the other hand, silty soils
attain a higher final pressure when no gap formation is
occurring than when there is no gap. The model with
no gap and full gap predicts an ultimate load of 85kN
and 80kN respectively as shown in Figure 22.
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Figure 22 Effects of the gap on the ultimate axial load
4. CONCLUSION

From lateral capacity study, it is evident that the
integration of the stresses in the grid element around
the pile element is an obvious way of understanding
the p-y curve characteristics in the soil. Clay soils
gives better lateral capacity than the silty soils with
maximum loads of up to 14kN and 12kN respectively.
The p-y curves further show that during design the soil
parameters have a major influence on the projected
strength and durability of the foundation. Additionally,
the variation of the parameters such as pile stiffness,
loading velocity, and eccentricity have shown that
clayey soils have the highest ultimate load bearing
capacities of between 15.5kN to 15.8kN at minimal
pile displacements of below 5mm. Pile stiffness and
the eccentricity play a major role in the determination
of the foundation depth hence, should be considered
with high precision depending in the load subjected to
the foundation. With the numerical models in place,
experimental simulations can be done with lots of

accuracy and at a lower cost compared to the
procedures involved in the full scale experimental tests
in the field.

On the other hand, pull-out capacity evaluation
technique gives a clear indication of good strength
with permissible loads shooting up to slightly above
90kN. The load can withstand external forces that may
be subject to the pile foundation (Wind/Typhoon case
study, 40m/s). The composite single pile foundation is
focused on supporting the solar panels at a cheaper
cost than the existing structures. The aim is also based
on the economics with more emphasis on the material
costs for the realization of green energy in the
developing countries. The parametric study further
portrays an indication of the pile foundation flexibility
for use in a variety of soil mediums with a minimum
fluctuation of the strength properties. The result is vital
in giving design engineers an in-depth understanding
of the new foundation approach for proposed structural
developments.
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