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Abstract: The damage to the buildings during recent 
earthquakes has demonstrated the need of seismic evaluation 
which is used to predict the probability of damage to the 
building. This paper describes the vulnerability assessment 
of reinforced concrete buildings using fragility curves. 
Fragility curves are used to describe the probability of 
damage being exceeded a particular damage state. For the 
development of fragility curves, guidelines given by HAZUS 
technical manual have been used. For the analysis, the RC 
buildings were modelled in SAP2000 v14. Non-linear static 
analysis procedure is used for the analysis of RC buildings. 
The pushover analysis is carried out as per the ATC40 
guidelines. Capacity curve is generated as a result of 
pushover analysis. Results from pushover analysis are used 
for plotting fragility curves. The Fragility Curves are plotted 
considering Spectral Displacement as a ground motion 
parameter. Various damages states  are used to describe the 
damage level of the buildinggiven in HAZUS technical 
manual. Finally, using constructed fragility curves the 
spectral displacement values that satisfy the slight , 
moderate , extensive , complete  performance level 

requirements were estimated. The fragility curves developed 
from the analysis were used to study the seismic performance 
of building models.  

Keywords: Fragility Curves, HAZUS, Damage States, Ground 
Motion Parameters 

I.   Introduction
Seismic vulnerability assessment is a method used for 

quantification of risk involved due to expected earthquake in a 
region. The vulnerability is usually represented in terms of 
either Damage Probability Matrices (DPM) or Vulnerability 
(Fragility) curves. The seismic vulnerability of structures is 
commonly expressed through probabilistic fragility functions 
representing the conditional probability of reaching or 
exceeding a predefined damage state given the measure of 
earthquake shaking. Fragility curves are the conditional 
probability of exceedance of response of a structure for a 
given ground motion intensity. Fragility curves are used 
commonly for the estimation of probability of structural 
damage due to earthquakes as a function of ground motion 
indices or other design parameters. The most basic inelastic 
method of seismic analysis is complete non-linear time history 
analysis. But this method is complex and requires much time 
for completion. Therefore, Non-linear static procedures are 
used in this paper for the generation of fragility curves as per 
the HAZUS [1] manual. 

Three building frame models were considered in this 
paper for the development of fragility curves. Spectral 
displacement is used as a ground motion parameter. SAP200 

v14 is used for the modeling of building and pushover 
analysis. Results from pushover analysis are used for 
development of fragility curves. The infill walls are not 
considered in modeling of RC buildings

II. Literature review
The researchers have recognized that the need of 

vulnerability assessment for seismic evaluation of buildings. 
They have identified Fragility curves is one of the tool for 
vulnerability assessment. The literature has been referred from 
various research papers is illustrated.

Murat and Zekeriya (2006) presented a study on 
Fragility analysis of mid-rise RC buildings. They had 
performed incremental dynamic analysis on 3, 5, 7 storey RC 
buildings using 12 artificial earthquake records.Yielding and 
collapse capacity of the buildings was determined from the 
analysis. They used PGA and elastic spectral displacement as 
ground motion parameters.   Also they used inter-storey drift 
and spectral displacement values as a damage measurement 
parameter.

Farsi, et.al. (2015) presented a work to estimate the 
seismic vulnerability of existing buildings in Algeria. For this
purpose, capacity curves were developed for the reinforced 
concrete buildings using push-over method.  In the modeling 
of nonlinearity three types of plastic hinges were considered 
which are Flexural plastic hinges (M2, M3), Compound 
compression and bending plastic hinges (PMM), and shear 
plastic hinges (V2, V3). The analysis was performed using 
ETABS software.Four performance levels, corresponding to 
the expected damage after an earthquake OL, IO, LS and CP 
were considered in the vulnerability assessment of buildings in 
Algeria. Elastic response spectra, plotted for each soil type in 
acceleration vs. period coordinates are based on estimates of 
seismic coefficients CA and CV presented in ATC-
40(4)report. 

Raipure P. (2015) presented a study on development of 
fragility curves for open ground storey buildings. She had 
used probabilistic seismic demand model (PSDM) as per 
power law for the generation of fragility curves. a typical ten 
storied OGS framed building was considered and the building 
considered is located in Seismic Zone-V. The design forces 
for the ground storey columns were evaluated based on 
various codes such as Indian, Euro, Israel, and Bulgarian 
suggested approach. She designed various OGS frames 
considering MF as 1.0, 2.1 (Israel), 2.5 (Indian), 3.0 
(Bulgarian), and 4.68 (Euro). The performance of each 
building was studied using the fragility analysis method 
introduced by Cornell et. al (2002). Twenty computational 
models were developed in the program ETABs for nonlinear 
dynamics analysis for each case. For the analysis, a set of 
twenty natural time histories was selected. 
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ABSTRACT

In past two decades earthquake disasters in the world have shown that significant damage occurred even when 

the buildings were designed as per the conventional earthquake-resistant design philosophy (force-based 

approach) exposing the inability of the codes to ensure minimum performance of the structures under design 

earthquake. The performance based seismic design (PBSD), evaluates how the buildings are likely to perform 

under a design earthquake. As compared to force-based approach, PBSD provides a methodology for assessing 

the seismic performance of a building, ensuring life safety and minimum economic losses. The non-linear 

dynamic procedures also known as time history analysis are used to analyze the performance of structure . 

Plastic hinge formation patterns, plastic rotation, drift ratio and other parameters are selected as performance 

criterias to define different performance level. In this paper, a five-storey RC building is modelled and designed 

as per IS 456:2000 and analyzed for lmmediate occupancy performance level in ETABS2015softwere. Analysis 

is carried out as per FEMA P58 PART 1 & 2. Plastic hinges as per FEMA273. From the analysis, it is checked 

that the performance level of the building is as per the assumption

Keywords : PBSD, Performance Level, Non-Linear Dynamic Analysis, Performance Level, Plastic 

Hinge

I. INTRODUCTION

As per the conventional earthquake-resistant design philosophy, the structures are designed for forces which 

aremuch less than the expected design earthquake forces. Hence, when a structure is struck with severe 

earthquake ground motion, it undergoes inelastic deformations. Even though the structure may not collapse, the 

damages can be beyond repairs. These methods usually don’t consider the expected performance level and 

seismic risklevels of the structure after an earthquake event. Since, these methods give high base shear, high 

ductility demandand also don’t give the actual performance of structure after an earthquake event so that need 

of new methodcomes which would give the actual performance of the structure after an earthquake event.

II.LITERATURE SURVEY

The literature shows considerable research in PBSD. This research is reviewed keeping in view the 

methodology,principles and various aspects of PBSD. Some of related works are discussed below.Seismic 

evaluation and retrofitting of concrete buildings are studied considering seismic safety and re-strengthening. 
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ABSTRACT

The damage to the buildings during recent earthquakes has demonstrated the need of seismic evaluation which 

is used to predict the probability of damage to the building. This paper describes the vulnerability assessment of 

reinforced concrete buildings using fragility curves. Fragility curves are used to describe the probability of 

being exceeding a particular damage state. For the development of fragility curves, guidelines given by Cornell

(2002) have been used. For the analysis, the RC buildings were modelled in ETABS 2015. Non-linear dynamic

analysis procedure is used for the analysis of RC buildings. Models of buildings designed are developed in 

ETABS Software for nonlinear dynamics analysis on which a set of twenty natural time histories is applied. In 

the present study, Fragility Curves are generated for each building, by developing a Probabilistic Seismic 

Demand Model (PSDM). The time history analysis is carried out as per the FEMA P-58 guidelines. Results 

from time history analysis were used for plotting fragility curves. Vulnerability curve is generated as a result of 

time history analysis. The Fragility Curves are plotted considering Peak Ground Acceleration as a ground 

motion parameter.

The performance of each building is studied using the Fragility Analysis method introduced by Cornell (2002). 

Finally, using constructed fragility curves various performance level requirements were estimated. The fragility 

and vulnerability curves developed from the analysis were used to study the seismic performance of building 

models.

Keywords:Fragility Curves, Performance levels, PSDM Model, Time History Analysis, Nonlinear 

dynamic analysis

I. INTRODUCTION

Seismic vulnerability assessment is a method used for quantification of risk involved due to expected 

earthquake in a region. The vulnerability is usually represented in terms of either Damage Probability Matrices 

(DPM) or Vulnerability (Fragility) curves. The seismic vulnerability of structures is commonly expressed 

through probabilistic fragility functions representing the conditional probability of reaching or exceeding a 

predefined damage state given the measure of earthquake shaking. Fragility curves are the conditional 

probability of exceedance of response of a structure for a given ground motion intensity. Fragility curves are 

used commonly for the estimation of probability of structural damage due to earthquakes as a function of 

ground motion indices or other design parameters. The most basic inelastic method of seismic analysis is 
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Abstract: Shape Memory Alloys (SMAs) are unique materials with a paramount potential for various applications in bridges. 

The property of this material lies in its ability to undergo large deformations and return to its unreformed shape through stress 

removal (superelasticity) or heating (shape memory effect). This paper critically examines the fundamental characteristics of 

SMA and Mathematical modeling of hysteretic and superelastic properties of SMA also existing SMA models are discussed.

Keywords: Base Isolation, Seismic Performance of Bridge, Shape Memory Alloy, SMA Modeling.

I. INTRODUCTION

Large proportions of the population in the world lives in seismic hazard regions are at risk from earthquakes of varying severity and 

frequency of occurrence. Every year earthquakes cause significant loss of life and damage to property. Progress in design and

assessment methods of civil structures traditionally followed major earthquakes, whenever the need of improving the safety level of 

engineering structures became evident. When it was realized in the 1950s and 1960s that structures can survive levels of response 

accelerations apparently exceeding the ultimate strength level, concept of ductility was  formalized and began to be adopted, 

attributing to the structures the capacity of deforming in elastically without significant strength loss, thus surviving high level 

earthquakes. It was also understood that a general improvement of the structural response could be obtained by modifying the 

structural dynamic characteristics and dissipating the seismic energy during the earthquakes.

Bridges play an important role in the transportation network on which goods and people are transported, and their failure will not 

only result in an interruption of this basic need but also impede the relief and rescue efforts. In the most recent 2008 Winchuan 

earthquake, many highway bridges were either severely damaged or completely collapsed in China, leading to not only significant 

economic losses but also large loss of lives due to the transportation supply disruption and the lack of access to medical care[1]. 

Seismic isolation has been considered as a reliable and cost-effective technology to alleviate the risks of seismic damages to 

highway bridges (D. Cardone)[2]

Laminated rubber bearings are one of widely used devices in seismic isolation of bridges and buildings. They are revealed the

ability to carry vertical loads in compression and to accommodate shear deformations. The rubber layers, reinforced with steel 

shims, reduce the freedom to bulge by increasing the vertical stiffness of the bearing. Three types of laminated rubber bearings are 

widely used as seismic isolation devices: natural rubber bearing (RB), lead rubber bearing (LRB), and high damping rubber bearing 

(HDRB). RB occupies flexibility property and small damping and hence it has been used to accommodate the thermal movement, 

the effects of pre-stressing, creep, and shrinkage of superstructure of elevated highway or it has been used in seismic isolation by 

combining with other energy dissipation devices, such as lead, steel and viscous damper, etc. (Khan et al., 2015)[3]. Other two types 

of bearings possess high damping which are developed and widely used in various civil infrastructures including bridges in many 

countries, especially in Japan and USA (Khan, 2016). [4]HDRB possess a variety of mechanical properties, which are influenced by 

their compounding effect, nonlinear elasto-plastic behavior and temperature and strain-rate dependent viscosity property [5].

Researchers work in smart structure technology focuses on the application of smart materials in structures. A particularly interesting 

class of smart materials is known as shape memory alloys (SMAs).SMAs have the ability to regain their original shape after 

deformation well beyond 6-8% strain (Hurlebaus et al.)[6]. This shape recovery is happen due to phase transformations that can be 

induced by either a stress or a temperature change. Due to its hysteretic behavior and excellent re-centring capability, SMA can be 

used in a various civil applications. The other key features of SMAs include high strength, good fatigue and corrosion resistance, 

large damping capacity, ability to undergo large deformations, and availability in many possible shapes and configurations. Over the 

past few years, SMAs have been widely investigated for their possible application in civil engineering structures. Dolce et al.[7]

evaluated the effectiveness of SMA braces in reinforced concrete structures, results from shaking table test demonstrated that SMA 

bars can provide favourable self-centring capability
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Abstract: Performance based seismic design studies are carried out before an earthquake occurrence for assessing the 

desideratum to vigour essential facilities and structures against future earthquakes. For  providing ample parking spaces, 

now a day’s soft storey of the building is utilized. The buildings having no infilled walls in ground storey, but which are in-

filled in all upper storey, are called soft storey buildings. Soft ground storey framed buildings are generally analyzed as 

linear bare frame analysis. Design codes give multiplication factors on the design forces in the columns of ground storey. 

The present study endeavours to estimate and compare performance of soft storey building designed with multiplication 

factors given by IS codes. A typical Low Rise (G+2), Mid-Rise(G+4) and High Rise (G+6) building framed is considered and 

the design forces for the ground storey columns are evaluated predicated from code and ground storey columns are 

designed. The performance of each building is studied utilizing the Performance Based Seismic Design Analysis method. 

Models of buildings designed with different multiplication factors are developed in SAP2000 Software for nonlinear 

dynamics analysis on which a set of seven time histories is applied. In the present study, P.B.S.D are engendered for each 

building, by developing a performance level checks. The relative performances of different storeys of each building are 

compared utilizing performance objective for different performance levels. Results show that performance of upper storeys 

while applying multiplication factor only to the ground storey needs to be checked. Performances of Soft Storey frames, 

(ground storey drift) increases in the incrementing order of multiplication factors.

Keywords: Soft storey, multiplication factors, , performance levels, , non-linear procedures, seismic performance, PBSD

I. INTRODUCTION

The susceptibility of an element is defined as the probability that the verbally expressed element will sustain a designated 

degree of structural damage given a certain level of ground kineticism rigor. An astronomically immense number of subsisting 

buildings in India need seismic evaluation due to sundry reasons such as, nonconformity with the codal requisites, revision of 

codes and design practice and transmute in the utilization of building. Hence P.B.S.D estimation of the RC buildings in India is 

a growing concern. P.B.S.D of building

A. Soft Storey

Soft Storey buildings are commonly constructed in India and all over world since they provide much needed parking space in 

an urban environment. Collapses of buildings in Bhuj earthquake are mostly due to the formation of soft-storey mechanism in 

the ground storey columns. Figure 1 represents an example of typical open ground storey provided for parking spaces. The 

sudden reduction in lateral stiffness and mass in the ground storey tends to increase stresses in the ground storey columns under

Figure.1.: Soft storey for parking space

Seismic loading. Design based on bare frame analysis results in underestimation of the bending moments and shear forces in the 

ground storey columns, which is responsible for the damages observed. Therefore it is necessary that the ground storey columns 

must have sufficient strength, stiffness and adequate ductility.

































Erosion Identification and Assessment of a Steel Pipeline Using EMI
Technique

Abstract

Gas and oil transmission pipelines have a very good safety record. This is because of their good design, better type of materials used,

and good operating practices. However, like any other engineering structure, pipelines are subjected to failure due to many problems.
One such problem is an erosion of pipelines. Erosion is a process along the timeline in which the pipeline material is degraded due to

high impact from any kind of abrasive material on the pipeline initiating metal loss which ultimately reduces its strength and decreases
its load-bearing capacity. Electromechanical impedance (EMI) method is a recent nondestructive evaluation technique which is

effectively employed nowadays for structural health monitoring (SHM). Whether be it damaged or undamaged condition of the
structure, PZTs are used to evaluate the response of the host structure. In the present study, an experimental setup comprising of a

part of the pipeline is examined which is subjected to eroding action through a shot-blasting equipment. The EMI technique employed
in the present research is suitable for damage identification due to erosion. Metal wire-based technique is used, as PZT cannot be

directly bonded to the curved surface like a pipe. Root-mean-square deviation (RMSD) index is calculated for quantifying and
evaluation of damages. This study is aimed at the structural health monitoring of pipeline structures which are subjected to erosion.

Keywords

Electromechanical impedance (EMI) Oil and gas pipelines Erosion PZT Structural health monitoring (SHM) 
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ABSTRACT: A series of finite element analyses were carried out on eccentrically loaded surface strip footing placed 
on a geogrid reinforced sand slope to investigate the load-settlement behaviour and ultimate bearing capacity of 
footing. The strip footing was analysed for the five values of the load eccentricities i.e. e/B = 0, ±1/6, ±1/3. The footing 
width, slope height, slope inclination and geogrid parameters were kept constant and only the effect of load eccentricity 
was studied with varying location of the footing from crest of slope. A 2 m wide surface strip footing was placed on 10 
m high slope of 1:1.5. Commercial geotechnical finite element software PLAXIS-2D was used for all the analyses. The 
results shows that the overall stability of the footing-slope system decreases due to eccentricity of the load and tilting of 
the footing occurs which results in a reduction of bearing capacity of footing. 
 
KEYWORDS: Geogrid, Strip footing, Load eccentricity, PLAXIS-2D, Slope. 

I. INTRODUCTION 
 

Civil engineering structures are often placed on slopes. The investigation of the bearing capacity of loaded slope is very 
important because they are more liable to fail than other types of earth structures. When footing is placed on slope,its 
bearing capacity decreases compared to the level ground. Slope stability can be improved in different ways, such as 
modifying the slope surface geometry, using soil reinforcement, or installing continuous or discrete retaining structures 
like walls or piles. Geosynthetics have proven to be an effective means of stabilizing active landslides as well as in 
marginally stable and unstable slopes.The performance of the structures depends upon the stability of slopes while the 
stability of slopes depends upon the forces acted on it. Therefore, the stability of slopes when the footing is constructed 
on it is one of the major problems in the field of geotechnical engineering. The present work focused on effect of load 
eccentricity on the surface strip footing located on unreinforced and reinforced slope.   

II. LITERATURE REVIEW 
 

Selvadurai and Gnanendran1 (1989) carried out series of experiments to determine the performance of a footing located 
at the crest of a sloped fill and that was influenced by the presence of a reinforcing layer within the body of the fill. It 
was concluded that the primary properties of geogrid reinforcement governs its effectiveness in improving the load 
carrying capacity of sloped fill and optimum depth of location of the reinforcement layer should be 0.5 to 0.9 times the 
width of footing. 
Lee and Manjunath2 (2000) performed a series of plane strainanalysis using PLAXIS-2D on both reinforced and 
unreinforced sand slopes loaded with a rigid strip footing. From the numerical analyses, it was shown that the ultimate 
bearing capacity of the footingswas considerably improved by the inclusion of a reinforcing layer. The optimum depth 
of the reinforcement layer was found to be 0.5 times the width of the footing for the maximum response of the 
reinforcement in terms of bearing capacity ratio (BCR). 
EI Sawwaf3 (2007) studied the performance of the surface strip footing on geogrid-reinforced sand over a soft clay 
slope. From experimental and numerical investigationsit was concluded that, soil improvement of soft clay ground 
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slope by partial replacement with sand layer significantly increases the load bearing capacity of a footing; the length of 
geogrid should be greater than or equal to five times the width of footing; the recommended number of geogrid layers 
was three and the recommended depth of first reinforcing geogrid layer and vertical geogrid spacing were 0.6 and 0.5 
times the width of footing respectively. 
Turker4et al. (2014) conducted a series of bearing capacity tests on model surface and shallow strip footings under 
eccentric loads and located close to reinforced finite sand slopes to investigate ultimate loads, failure surfaces, load–
displacement curves and rotation of footing. A single woven geotextile strip sheet was placed horizontally below the 
footing base at a depth of half of the footing width to increase the ultimate loads in comparison with unreinforced cases. 
The results of plate load test shows that, the ultimate loads were decreases as eccentricity increases. 
Patil and Pusadkar5 (2017) performed a series of finite element analyses on a surface strip footing located on crest of 
geogrid reinforced sand slope in order to determine the optimum values of the geogrid parameters. The numerical 
analyses were carried out usingfinite element software PLAXIS-2D.It was observed that the first layer location at 0.5B 
gives maximum BCR. The vertical spacing between the successive layers which results in maximum BCR was found to 
be 0.5B. The optimum length of geogrid layer was found to be five times the width of footing and the optimum number 
of layers was found to be four.These optimum values of the geogrid parameters were used for the present work for the 
footing on reinforced slope and the emphasis was given to the eccentricity of the load.  
The literature shows that the studies on effect of geosynthetic parameters on strip footing located near slope were 
carried out by various authors. The present work focused on the effect of eccentric load on strip footing located on 
unreinforced slope and slope reinforced with geogrid reinforcement.  

III. NUMERICAL MODELLING 
 

The analyses of the surface strip footing located on geogrid reinforced slope under the centric load and eccentric load 
were carried out using the geotechnical finite element software PLAXIS-2D.  

A. Finite Element Analyses 

A series of two-dimensional finite element analyses (FEA) on a prototype footing-slope system were performed using 
finite element simulation program PLAXIS-2D. The deformation, stability and groundwater flow analysis can be done 
using PLAXIS. A wide range of geotechnical problems such as deep excavations, tunnels, retaining walls, slopes 
etc.can be analysed using PLAXIS software. The simple graphical input procedures enable a quick generation of 
complex finite element models and the enhanced output facilities provide a detailed presentation of computational 
results. The footing-slope system was analysed for the five types of eccentric loads including centric loadi.e. e/B = 0, 
±1/6, ±1/3, where, B is the width of footing.Figure 1 shows the geometry of the prototype footing-reinforced slope 
system where, ‘L’ is the length of first geogrid layer and subsequent layers were extended up-to the slope face. 

 
Fig.1Geometry of Footing-Slope System for Present Study 

The slope inclination of 1(V):1.5(H) and footing width of 2 m was kept constant throughout all the analyses. The effect 
of crest distance (b) was also studied. The footing was analysed for the crest distance, b/B = 0, 1, 2, 3, 4 on both 
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unreinforced and reinforced slope. Figure 2 illustrates the details of eccentricity of load. The ‘+ e’ shows the 
eccentricity of the load towards the face of slope while ‘- e’ shows the eccentricity of the load towards the bench of 
slope. 

 
(a)     (b)  

Fig. 2 Details of the Eccentricity of Load (a) Eccentricity towards Face of Slope (b) Eccentricity towards Bench of Slope 

B. Finite Element Modelling 

Infinite element (FE) modelling the soil model is constructed in ‘PLAXIS Input Stage’ and it can be analysed in 
‘PLAXIS Calculation Stage’. The results of the analysed problem can be shown in ‘PLAXIS Output Stage’. 

 Soil model: The well-known Mohr-Coulomb model has been considered as a first order approximation of real soil 
behaviour and used for the present work. The properties given in Table 1 were assigned to this elasto-plastic soil 
model. The medium dense sand was considered for the analyses having Young’s modulus of 30000 kN/m2. 

Table 1: Soil Properties 

Sr. 
No. Properties Value 

1 Unsaturated Unit Weight 18 kN/m3 

2 Young’s Modulus 30000 kN/m2 

3 Cohesion 0.5 kN/m2 

4 Angle of Internal Friction 34o 

5 Dilatancy Angle 04o 

6 Poisson’s Ratio 0.3 

 Strip footing: The rigid strip footing of width 2 m was modelled using the properties as given in Table 2. The 
modulus of elasticity of the footing was evaluated using the formula for short term elastic modulus of concrete 
which is given as 5000×fck0.5. The characteristics strength (fck) of the concrete was considered as a 25 MPa. 

Table 2: Footing Properties 

Sr. 
No. Properties Value 

1 Unit Weight 24 kN/m3 

2 Axial Stiffness (EA) 5×106kN/m 

3 Flexural Rigidity (EI) 4170 kN-m2/m 

4 Equivalent Thickness 0.1 m 

5 Poisson’s Ratio 0.15 
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 Geogrid Modelling: Geogrids are slender structures with a normal stiffness (axial) but with no bending 
stiffness. Geogrids can only sustain tensile forces and no compression. An axial stiffness of 2000 kN/m was 
assigned to the geogrid for present study. 

 Interface Elements: The soil-structure interaction is typically modelled in PLAXIS-2D using a suitable value 
of strength reduction factor (Rint.). For present study, an interface element between the soil and geogrid having 
the value of Rint. = 0.80 was used. The ends of the interface elements were extended by 0.2 m beyond the ends 
of the geogrid in the soil to avoid the ends of the geogrid becoming fixed to the soil.  

 Mesh generation and prescribed loading: The accuracy of the results depends upon the coarseness of the 
mesh. As the mesh will be varies from coarser to finer, the results may converges to the approximate solution. 
The finer mesh for the given problem takes larger time for analysis. The medium coarseness of the mesh was 
selected for the present problem. The boundary conditions were assumed such that the vertical boundaries are 
free vertically and restrained horizontally while the bottom horizontal boundary is restrained against both 
horizontal and vertical movement. The initial stress condition of the footing-slope system was established first 
by applying the gravity loading. An external prescribed footing load was then applied in increments 
accompanied by the iterative analysis up to failure. The ultimate bearing capacity (UBC) of the footing was 
evaluated by drawing the tangents to the load-settlement curve.Figure 3 shows the analysed footing-slope 
geometry and generated mesh. The software enables to show the element numbers and node numbers of the 
generated mesh. After generation of mesh, the initial stage in PLAXIS-2D i.e. PLAXIS-Input Stage was 
supposed to be completed and one can go for the next stage i.e. PLAXIS-Calculation Stage. In calculation 
stage, the external loading was applied in increments to find out the failure load. As the failure load was 
obtained the load-settlement curve was drawn for that failure load in PLAXIS-Output Stage.  

 
Fig. 3 Geometry of Footing-Slope System and Generated Mesh 

C. Analysis Program 

The bearing capacity analysis was carried out for each case. The footing was subjected to the external loading and the 
loading was increases in increments to find out the failure load of footing. The load-settlement curve for this failure 
load was drawn and the ultimate bearing capacity of the footing was estimated by tangent line method.For each load 
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eccentricity, the analyses were carried out for the footing on both unreinforced and reinforced slope with varying crest 
distances. 

IV. RESULTS AND DISCUSSION 
 

The bearing capacity analysis on the strip footing located on both unreinforced and reinforced slope was carried out. 
The effect of eccentric load on UBC of the strip footing was studied in detail and presented using non-dimensional 
factor, called bearing capacity ratio due to eccentric load (BCRe). This factor is defined as the ratio of UBC of the strip 
footing under eccentric load (qe) to the UBC of the strip footing under centric load (qc). Figure 4 shows the typical load-
settlement curve for the footing on crest of unreinforced slope subjected to centric and eccentric load which gives the 
value of BCRe = 36/47.5 = 0.76. 

 
Fig. 4 Typical Load-Settlement Curve for Footing on Crest of Unreinforced Slope showing the effect of Load Eccentricity 

Similarly the effect of inclusion of geogrid reinforcement on UBC of the strip footing was presented using non-
dimensional factor, called bearing capacity ratio due to reinforcement (BCRr). This factor is the ratio of UBC of the 
footing on reinforced slope to the UBC of the footing on unreinforced slope.Figure 5 shows the typical load-settlement 
curve for the footing on crest of unreinforced and reinforced slope subjected to centric load which gives the value of 
BCRr = 77/47.5 = 1.62. 

 

Fig. 5 Typical Load-Settlement Curve for Footing on Crest ofUnreinforced and Reinforced Slope showing the effect of Reinforcement 
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A. Effect of Eccentricity of Load: 

The effect of eccentric load was studied in detail for the five values of load eccentricity including centric load. The 
results were shown in terms of UBC to systematically understand the effect of eccentric load. Further the results were 
also presented in terms of BCRe to study the reduction in UBC due to eccentric load. Figure 6 (a) shows the variation of 
UBC with load eccentricity for different location of footing on unreinforced slope while Figure 6 (b) shows the 
variation of BCRe with load eccentricity for different location of footing on unreinforced slope. 

 
(a)      (b)    

Fig. 6Effect of Load Eccentricity on (a) UBC and (b) BCRe for Footing on Crest of Unreinforced Slope 

Similarly, Figure 7 (a) shows the variation of UBC with load eccentricity for different location of footing on reinforced 
slope while Figure 7 (b) shows the variation of BCRe with load eccentricity for different location of footing 
onreinforced slope. 

 
(a)      (b)    

Fig. 7Effect of Load Eccentricity on (a) UBC and (b) BCRe for Footing on Crest of Reinforced Slope 

From Figure 6 and 7, it was observed that,the UBC of the strip footing decreases as the load eccentricity increases. 
Also it was seen that, the strip footing on unreinforced and reinforced slope subjected to eccentric load acting away 
from the slope-face side (- e/B) has more UBC than that of the strip footing under eccentric load acting towards slope-
face side (+ e/B). 
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B. Effect of Location of Footing: 

The effect of location of footing from crest of slope was studied for the five values of crest distance (b/B). Figure 8 
shows the variation of UBC of the strip footing with crest distance (b/B).  

 
(a)        (b)    

Fig. 8Variation of UBC with Crest Distance (a) Unreinforced(b) Reinforced Slope 

From Figure 8, it was observed that, the UBC of the strip footing under centric and eccentric load on both unreinforced 
and reinforced slope increases as the footing location from the crest of slope increases.   

C. Effect of Inclusion of Geogrid Reinforcement: 

The geogrid reinforcement was used to increase the stability of the slope. The optimum values of the geogrid 
parameters for the maximum response of the geogrid were taken from the literature. The effect of inclusion of geogrid 
reinforcement in slope is shown in terms of non-dimensional factor called bearing capacity ratio due to reinforcement 
(BCRr). The BCRr is the ratio of the UBC the strip footing on reinforced slope to the UBC of the strip footing on 
unreinforced slope keeping all other parameters constant. The variation of the BCRr with the crest distance for different 
eccentricity of load is shown in Figure 9. 

 
Fig. 9: Variation of BCRr with Crest Distance for Different Load Eccentricity 

From Figure 9, it was observed that, in terms of BCRr, the geogrid reinforcement is more effective when footing is 
loaded under centric load while the BCRr for the eccentric load is lesser. The strip footing located at the crest of slope 
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i.e. at b/B = 0 has the maximum value of BCRr compared to footing located away from the slope crest for any load 
eccentricity.  

V. CONCLUSIONS 
 

From the numerical analysis of the surface strip footing on both unreinforced and reinforced slope under centric and 
eccentric load, the following conclusions are drawn: 

1. The UBC of the strip footing decreases as the load eccentricity increases. 
2. The strip footing under eccentric load acting away from the slope-face side (-e/B) has more UBC than that of 

the strip footing under eccentric load acting towards slope-face side (+ e/B). 
3. The UBC of the strip footing under centric and eccentric load on both unreinforced and reinforced slope 

increases as the crest distance increases.   
4. In terms of BCRr, the geogrid reinforcement is more effective when the footing is loaded under centric load 

while the BCRr for the eccentric load is lesser. 
5. The strip footing located at the crest of slope has the maximum value of BCRr compared to footing located 

away from the slope crest for any load eccentricity. 
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ABSTRACT 
This paper presents an experimental investigation aimed at promoting a greater understanding of the behavior of 

strip footing on oil-contaminated sand. Contaminated sand layers were prepared by mixing sand with the waste 

engine oil (WEO) content of 1 % by weight of dried sand. A series of conditions, including uncontaminated cases, 

was tested by varying parameters such as the thickness of the contaminated sand layer and eccentricity of loading. 

The effects of eccentric loading on strip footing on uncontaminated and oil contaminated sand bed were studied 

in an experimental setup. The load-settlement behavior of foundation on uncontaminated and oil contaminated 

sand bed was also studied and compared in terms of BCR. The bearing capacity ratio is decreased with increasing 

the load eccentricity and the depth of oil contamination for contaminated sand bed.  

 

KEYWORDS: Strip Footing; WEO; Eccentricity of Loading; BCR.  

I. INTRODUCTION 
Oil and gas are the most significant sources of energy worldwide, and their importance increases due to the ever 

increasing global demand for energy. However, the main drawback with this type of energy is the severe damage 

they caused to the environment due to the enormous amount of oil spills and leakage during their production. Air, 

water, and land are being contaminated for short-term benefits by industrial, petrochemical, construction, and 

sanitary activities. This pollution is usually caused by wars, vandalism, terrorism, and theft, but can also be caused 

by accidental leakage, oil spillage, corroding pipelines, transporting petroleum, human error during production 

and separation process. Intentionally or unintentionally, oil spill contamination impacts the physical and chemical 

properties of the surrounding sand. 

 

Ghaly (2001) performed direct shear tests on oil-contaminated sands which showed a reduction in angle of friction 

with an increase in the oil percentage.  Shin et al. (2002) reported a significant reduction in angle of friction with 

oil contamination. According to Ratnaweera and Meegoda (2006), the shear strength of granular soil decreases 

with an increase in pore fluid viscosity. Mashalah et al. (2007) carried an extensive laboratory testing program 

which shows that oil contamination induces a reduction in the permeability and strength of all soil samples. 

Meegoda and Ratnaweera in 1994 examined the compressibility of contaminated fine-grained soils by performing 

consolidation tests.  Their finite-element analysis showed that the settlement of the foundation increases due to 

oil contamination. Al-Sanad et al. in 1995 and Al-Sanad and Ismael in 1997 found that oil contamination leads to 

decreased permeability and strength. Vesic in 1973 found that the the angle of friction and bearing capacity factor 

Nϒ got reduced due to oil contamination.  

 

Oil spills during transportation on the land or during oil drilling processes happen by accidents in most cases. 

When oil spills, soils might be contaminated by the leakage. Land contamination is not only harmful for the 

subsurface water aquifers but is also a detriment to the buildings and structures on it. Any change in the 

engineering properties and behavior of the soil strata may lead to a loss in the bearing capacity and an increase in 

the total or differential settlements of the foundation systems of structures. However, little information is available 

dealing with the effect of oil contamination of soil on the bearing capacity and settlement of shallow foundations. 

Therefore, the objective of the current study is to perform laboratory testing programs to determine the effects of 
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oil contamination of sandy soil on the ultimate bearing capacity and settlement of a model strip footing. In addition, 

the comparison between uncontaminated and oil-contaminated sandy soil are studied. 

 

II. MATERIALS AND METHODS 
Test Tank and Test Footing 

The apparatus used for the model tests is essentially a mild steel tank, 4 mm thick, 700 mm long, 400 mm wide, 

and 500 mm high with a steel base. The front long side was made of 20 mm thick glass, which allowed the sample 

to be seen during the preparation, to observe sand deformations during testing, and to minimize the friction 

between the tank wall and sand particles. The inside fixed walls of the tank are polished smooth to reduce friction 

with the sand as much as possible. Plain-strain conditions were considered for all model tests, therefore, the rigid 

footing was made of a rigid steel plate with a width of 100 mm, a thickness of 15 mm, and a length equal to the 

width of the tank to simulate a plain-strain strip footing. The grooves were made on the footing for centric and 

eccentric loading at e/B = 0.2 and 0.3 where e/B = ratio of eccentricity of loading to the width of footing. All tests 

were performed with the footing resting on the sand surface (Df = 0.0). A rigid loading frame was used to apply 

the vertical load to the model strip footing. Two dial gauges were used to measure the settlement of the footing 

with an accuracy of 0.01 mm. 

Testing Material : Kanhan Sand, Oil 

Sand as a soil was used as fill material for the model tests. The particle size distribution was determined using the 

dry sieving method and results are shown in Fig. 1. Using the Unified Soil Classification System, the sand was 

determined to be poorly graded sand. All model tests were conducted at a relative density of 40 %. Direct shear 

tests were performed on specimens prepared at the same relative density used in the model tests with an estimated 

internal friction angle of 44°. The shear displacement during the tests was 1.0 mm/s. Some physical properties of 

the sand are given in Table 1. 

Figure 1: 

 
Grain-size Distribution Curve of Test Sand 

 

Table 1. Physical Properties of Sand 

Sr. 

No. 

Physical Properties of Uncontaminated and 

Contaminated Sand 

Properties 
Uncontamina

ted Sand 
1 % Oil 

1 
Specific 

Gravity (G) 
2.70 2.60 

2 
ɤmax 

(kN/m3) 
17.18 - 

3 ɤmin (kN/m3) 15.88 - 

4 

Angle of 

internal 

friction, ϕ 

(DST) 

44 35 

5 
Cohesion 

(kN/m2) 
0.0 18 
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Sr. 

No. 

Physical Properties of Uncontaminated and 

Contaminated Sand 

Properties 
Uncontamina

ted Sand 
1 % Oil 

6 

Average 

grain size 

(D60) (mm) 

0.82 - 

7 

Effective 

grain 

size(D10) 

(mm) 

0.35 - 

8 

Coefficient 

of 

uniformity 

(Cu) 

2.343 - 

9 

Coefficient 

of curvature 

(Cc) 

1.472 - 

10 

I. S. 

Classificati

on 

SP - 

In experimental work, waste engine oil (WEO) from garage was used to contaminate the sand bed in the model 

tests. Oil added for contamination of sand worked as a softener which caused decrease in the friction between 

sand particles and strip bottom which further lead to decrease in bearing capacity of soil. Properties of waste of 

engine oil collected form Honda garage are shown in Table 2. 

Table 2. Properties of Oil 

Oil 

Properties 

Kinematics 

Viscosity (m2/s) 

Density 

(kN/m3) 

Specific 

Gravity 

Waste 

Engine 

oil  

45 x 10-6 8.3 0.82 

 

Preparation of Sand Bed 

While testing on uncontaminated sand, sand rainfall technique was used to fill the tank. The height of fall to 

achieve the desired relative density was determined prior by performing a series of trials with different height of 

fall. The sand was poured in the tank by sand rainfall technique keeping the height of fall as 50 cm to maintain 

the constant relative density 40% corresponding bulk density 16.31 kN/m3 throughout the test. 

While testing on oil contaminated sand, uncontaminated sand at bottom was placed with the help of rainfall 

technique and then the oil contaminated sand layer for various depths, as per the depth of contamination to the 

width of footing ratio, was prepared by adding required percentage of waste engine oil in the sand in another 

container.  This sand was placed inside the model box in 25 mm layers. For contaminated sand (moist sand), a 

raining technique for soil placement in the test tank was not suitable and did not provide uniformity in compaction. 

Therefore, the sand unit weight was controlled by pouring the pre-calculated weight of oiled sand into the box for 

each layer separately and then compacted to reach the required layer thickness. The length and width of 

contaminated sand layer was kept equal to the dimensions of an experimental tank and depth of contaminated 

sand layer was varied in an experimental investigations. Therefore, the unit weight of sand was controlled by 

pouring the precalculated weight of sand into the box for each layer separately, and the sand surface was levelled. 

Experimental Procedure 

The vertical load tests were conducted on a model pile foundation as per IS: 1888-1982 to evaluate the ultimate 

bearing capacity. The sand bed was prepared and the strip footing was placed on the sand bed. The hydraulic jack 

was attached to the horizontal member of loading frame with the help of plates and nut bolts. The proving ring 

was attached to the bottom of the jack. One metal rod was connected to the bottom threads of proving ring and 

rested directly on the groove made on the strip footing. 
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Dial gauges were placed on the strip footing to measure the vertical displacement on application of vertical load. 

Fig. 2 shows experimental setup. 

1. Contaminated sand 

2. Uncontaminated sand  

3. Strip 

4. Test tank 

5. Proving ring 

6. Reaction beam 

Figure 2: 

  
Schematic Diagram of Test Setup for Vertical Loading used for Experimental Investigations with Actual Experimental 

Setup 

 An experimental program was carried out to evaluate the effects of oil contamination on the performance of 

strip footing on sand bed. The research work aims to study the performance of strip foundation resting on 

uncontaminated and oil contaminated sand bed with respect to its various parameters under centric as well as 

eccentric loading. The theme of the project is to perform the model tests on strip foundation by varying its 

important parameter. Detailed experimental program of tests is given in Table 3. 

Table 3. Details of Parametric Study in Experimental Investigation 

Sr. 

No. 

Details of Constant Parameters Details of Variable Parameters 

Parameters Description Parameters Description 

1 Type of Footing Strip Footing 
Eccentricity to Width of 

Footing Ratio (e/B) 
e/B = 0, 0.2, 0.3 

2 Type of Loading Vertical 
Depth of Contamination to 

Width of Footing Ratio 

(U/B) 

U/B = 0.25, 0.5, 0.75, 

1.0 3 Type of Soil 

Kanhan Sand, 

Relative Density = 

40 % 

4 
Type of Oil and 

Percentage 

Waste Engine Oil 

= 1% 
- - 

5 
Length of 

Contamination 

Length of 

Contamination = 

700 mm 
- - 

6 
Width of 

Contamination 

Width of 

Contamination = 

400 mm 
- - 

 

III. RESULTS AND DISCUSSION 
In this research, laboratory studies were conducted on model strip footing. The laboratory study would give an 

idea about the behaviour of strip footing on oil contaminated sand bed with loading eccentricity and depth of 

contaminated sand layer. During the experimental investigations, depth of contamination, eccentricity were 

augmented whereas the other parameters viz., dimensions of  footing, type of soil, type of oil, length and width of 

contamination were kept constant. The model plate load tests were conducted on strip footing on uncontaminated 

and contaminated sandy soil bed prepared in experimental set-up and the load settlement curve was plotted for 

each test. The ultimate bearing capacities were determined from the load settlement curves. 
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Then ultimate bearing capacities of footing on oil contaminated sand were compared with that of footing on 

uncontaminated sand in terms of bearing capacity ratio. 

 

Performance of Strip Footing on Uncontaminated Sand 

The results of the model plate load test are divided into two part according to loading condition viz., results for 

centric loading and eccentric loading. Both results are presented for different depths of contamination.  

The load settlement curve for uncontaminated sand under centric loading condition is shown in Fig. 3 (a). The 

ultimate bearing capacity for strip footing is found to be 185.0 kN/m2. For eccentric loading conditions i.e. for 

e/B = 0.2 and 0.3, the curves are shown in Fig. 3 (b) and Fig. 3 (c) respectively. The ultimate bearing capacities 

for strip footing under eccentric loading i.e. for e/B = 0.2 and 0.3, are found to be 105.25 kN/m2 and 39.5 kN/m2 

respectively. 

 

Figure 3: 

       
 

(a) For Centric Loading (e/B = 0)                            (b)  For Eccentric Loading (e/B = 0.2) 

 

 

(c) Eccentric Loading (e/B = 0.3) 

Load Settlement Curve for Strip Footing on Uncontaminated Sand 

Performance of Strip Footing on Oil Contaminated Sand under Centric Loading 

The tests were conducted on model strip footing on prepared contaminated sand bed with 1 % percentage of waste 

engine oil (WEO). The load settlement curves for strip footing corresponding to different depths of contaminated 

layer of sand bed (U) with respect to width of the model strip footing are drawn to determine the ultimate bearing 

capacities (UBC). The load settlement curves, for U/B = 0.25, 0.5, 0.75, 1.00 under centric loading condition for 

strip footing resting on uncontaminated and WEO contaminated sand bed is shown in Fig. 4. The ultimate bearing 

capacities are then determined and presented in Table 4. 
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Figure 4: 

 
Load Settlement Curves for Strip Footing on Uncontaminated and WEO Contaminated Sand under Centric Loading (e/B 

= 0) 

 

Table 4. Ultimate Bearing Capacities and BCR for Strip Footing under Centric Loading 

 

Sr. 

No. 

WEO 

Percentage 
U/B 

UBC 

(kN/m²) 
BCR 

1 

1 

0.25 181.5 0.98 

2 0.5 66.5 0.36 

3 0.75 178.5 0.96 

4 1.0 64 0.35 

 

Performance of Strip Footing on Oil Contaminated Sand Bed Subjected to Eccentric Loading        
The load settlement curves for eccentric loading for different depths of contaminated layer of sand bed (U) with 

respect to width of the model strip footing are drawn and UBC are determined. For different U/B ratios the load 

settlement behaviour for eccentric loading are determined and the ultimate bearing capacities are shown in the 

Table 5. The load settlement curves under eccentric loading condition for strip footing resting on uncontaminated 

and WEO contaminated sand bed is shown in Fig. 5. 

Figure 5: 
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. 

(a)  For e/B = 0.2 

 

. 

(b)  For e/B = 0.3 
Load Settlement Curves for Strip Footing on Uncontaminated and WEO Contaminated Sand under Eccentric Loading 

(For WEO = 1 %) 

 

Table 5. Ultimate Bearing Capacities and BCR for Strip Footing under Eccentric Loading (For WEO = 1 %). 

 

Sr. 

No. 
e/B U/B 

UBC 

(kN/m²) 
BCR  

1 0.2 

0.25 61 0.58 

0.5 56 0.53 

0.75 113.5 1.10 

1 28.74 0.27 

2 0.3 

0.25 38.5 0.97 

0.5 22.7 0.57 

0.75 15.2 0.38 
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1 18.15 0.46 

Summary and Discussion 

In the first set, strip footing on uncontaminated sand under centric as well as eccentric loading was tested. Then 

effect of depths of contaminated sand bed was studied for centric and eccentric loading. The ultimate bearing 

capacities of foundation were determined form load settlement curves. The results for performance of strip footing 

on contaminated sand bed were compared with footing on uncontaminated sand in terms of bearing capacity ratio 

(BCR). 

 

Bearing capacity ratio (BCR) is the ratio of ultimate bearing capacity of strip footing on contaminated sand bed 

under centric or eccentric loading to the ultimate bearing capacity of strip footing on uncontaminated sand bed 

under centric or eccentric loading. 

The effect of various parameters on the performance of strip footing on contaminated sand bed is discussed in 

following sections. 

 

Effect of Depth of Contamination 
In the present study, four different depths of contaminated sand bed were adopted and model plate load test was 

carried out on strip footing resting on contaminated sand bed. Variation of BCR with depth of contaminated sand 

layer was studied for centric and eccentric loading with 1 % WEO.  

 

Fig. 9. shows the variation in BCR of strip footing with different depths of contamination to the width of footing 

ratio (U/B) for centric and eccentric loading.  

Figure 9: 

  .    

                                  (a) Centric                                                                            (b) e/B = 0.2 

 

. 

(c) e/B = 0.3 
Effect of U/B Ratio on BCR for Strip Footing Subjected to Centric and Eccentric Loading 

 

The bearing capacity ratio of strip footing subjected to centric as well as eccentric loading deceases with the 

increase in the depth of contamination. 
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Effect of Eccentricity of Load 
Tests were also conducted to study the effects of eccentricity of applied load on BCR of strip footing. Fig. 10 (a) 

to Fig. 10 (b) show the variation of BCR with respect to different e/B ratios in the form of bar charts for U/B = 

0.25, 0.50, 0.75, 1.00 respectively. 

Figure 10: 

      .  

 

                                   (a) For U/B = 0.25                                                                  (b) For U/B = 0.50 

 

            .  

                          (c) For U/B = 0.75                                                                      (d) For U/B = 1.0 
Effect of e/B ratio on BCR for Strip Footing 

 

IV. CONCLUSION 

From results, interpreted in the terms of BCR of strip footing, the following broad conclusions are 

drawn: 
1. The bearing capacity ratio of strip footing subjected to vertically centric as well as eccentric loading 

decreases, in general, with the increase in the depth of oil contaminated sand bed. 

2. The ultimate bearing capacity of strip footing on uncontaminated as well as contaminated sand bed 

decreases, in general, with the increase in the load eccentricity. 
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Abstract: The ground is being contaminated by petrochemical activities, oil spills, and pipeline or reservoir leakage everyday. 
This contamination has been proven to alter the geotechnical properties of soil, and researchers have extensively studied the 
properties of contaminated granular soils. But the effect of oil contamination on the geotechnical properties of sandy soils has 
not yet been well evaluated. Hence, a comprehensive set of laboratory pile load tests has been conducted in contaminated sand. 
This paper presents an experimental investigation aimed for understanding the performance of pile group in oil-contaminated 
sand. The model parameter are varied, namely thickness of contaminated layer and percentage of oil contamination. The tests 
were performed with an oil content of 0, 0.5, 1.0, 1.5, 2.0, 2.5 and 3.0 % with respect to dry soil to match the field condition. This 
is an extensive program of work, done on single pile in oil content of 0 to 3.0 % which was published earlier. From the results, it 
is observed that the maximum pile capacity in all percentages of oil contamination was found in the range of LC/LP = 0.50 to 1.0. 
Pile Capacity Ratio (PCR) is affected remarkably by the thickness of the contaminated-sand layer with respect to the length of 
pile. PCR is also affected by percentage of oil contamination. 
Keywords: Soil pollution; Kanhan Sand; Pile capacity; oil contaminated sand; Length of pile to length of contamination ratio 
(Lc/Lp); Pile Capacity Ratio (PCR). 

I. INTRODUCTION 
As we know that gas and oils are the most significant sources of energy worldwide. Also, their importance rise because of 
increasing global demand for energy. But, the main drawback with this type of energy is the damage they caused to the environment 
because of oil spills and leakage during their production. Industrial, petrochemical, construction, and sanitary activities contaminate 
water, air, and land for their short-term benefits. This pollution is usually caused by vandalism, wars, theft, and terrorism, but can 
also be caused by transporting petroleum, accidental leakage, corroding pipelines, oil spillage, and human error during production 
and separation process. The physical and chemical properties of the surrounding sand are impacted by oil spill contamination 
intentionally or unintentionally [17]

. 

Due to rapid industrialization, large quantities of industrial disposal are being discharged in the surrounding areas causing 
contamination of soil. In addition to environmental concerns for ground water pollution and other possible effects, the geotechnical 
properties of the contaminated soil and bearing capacity of soil are also altered. In these cases, major tasks are needed for 
remediation and reclamation of the contaminated sites. Oil spills during transportation on the land or during oil drilling processes 
happen by accidents in most cases. When oil spills, soils might be contaminated by the leakage. Land contamination is not only 
harmful for the subsurface water aquifers but is also a detriment to the buildings and structures on it. Any change in the engineering 
properties and behaviour of the soil strata may lead to a loss in the bearing capacity and an increase in the total or differential 
settlements of the foundation systems of structures [3]

. 

Although scientists have evaluated the geotechnical properties of contaminated granular soils through comprehensive studies, few 
researchers have studied the effects of oil contamination on the geotechnical properties of fine-grained soils. Meegoda and 
Ratnaweera in 1994 examined the compressibility of contaminated fine-grained soils by performing consolidation tests.  Their 
finite-element analysis showed that the settlement of the foundation increases due to oil contamination. Al-Sanad et al. in 1995 and 
Al-Sanad and Ismael in 1997 found that oil contamination leads to decrease permeability and strength. Vesic in 1973 found that the 
the angle of friction and bearing capacity factor Nϒ got reduced due to oil contamination. Ghaly (2001) performed direct shear tests 
on oil-contaminated sands which showed a reduction in angle of friction with an increase in the oil percentage.  Shin et al. (2002) 
reported a significant reduction in angle of friction with oil contamination. According to Ratnaweera and Meegoda (2006), the shear 
strength of granular soil decreases with an increase in pore fluid viscosity. Mashalah et al. (2007) carried an extensive laboratory 
testing program which shows that oil contamination induces a reduction in the permeability and strength of all soil samples. Sanket 
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Sabale et al. in 2017 carried out a laboratory investigation on single pile in oil contaminated sand by taking oil content as 0, 0.5, 1.0 
and 1.5 %. The results showed increase in cohesion with increase in percentage of oil content and decrease in value of internal angle 
of friction with increase in percentage of oil content. The range of LC/LP where pile capacity observed to be maximum was 0.5 to 
1.0 [18].  Sanket Sabale et al. in 2017 carried out a laboratory investigation on single pile in oil contaminated sand by taking oil 
content as 2.0, 2.5 and 3.0 %. The results showed increase in cohesion with increase in percentage of oil content and decrease in 
value of internal angle of friction with increase in percentage of oil content. Remarkable changes were observed in Pile Capacity 
Ratio [4]. The investigation work presented in this paper is the extension of the work mensioned in above two literatures which were 
published by author. 
The knowledge about the behaviour of axially loaded pile groups embedded in oil-contaminated sand is very limited. However, the 
objective of the current study is investigating performance of pile groups embedded in oil-contaminated by performing laboratory 
model pile load test. Based on the results, the effect of various parameters influencing the performance of pile group such as the 
percentage of oil content and thickness of contaminated sand layer were investigated. In addition, the comparison between 
uncontaminated and oil-contaminated sandy soil were studied. 

II. MATERIALS AND METHODS 
A. Test Tank and Loading Frame 
The experimental setup consist of the loading frame used as a reaction frame, load measuring unit, a test tank, hydraulic jack, and 
vertical displacement measuring unit. Fig. 1 shows schematic diagram of the testing arrangement. Hydraulic jack consisting of 
loading unit and pumping unit was used to apply the load. Loading was recorded by using a proving ring (2.5 kN capacity) 
connected to a long screw from the upper direction and to the pile cap from the lower direction by using an eye bolt. The vertical 
displacements were measured using two dial gauges accurate to 0.01 mm. 

 
1- Contaminated Sand Layer; 2-Clean Sand; 3-Pile Attached with Pile Cap; 4-Model Tank; 5-Proving Ring; 6-Reaction Frame; 7-

Dial Gauge Fig.1 Schematic View of Test Configuration 

The tank used in experimental work was square in shape and made up of steel with inner dimensions 400 mm long X 400 mm wide 
X 500 mm high. 3-mm-thick steel plate was used to fabricate the tank. The vertical and bottom edges of the tank were stiffened 
using steel angle sections. The inside walls of the tank were smoothly polished to reduce the friction with the sand as much as 
possible. The tank was designed to be large enough so that there will be no interference between the walls of the tank and the failure 
zone around the piles [1]. 

B. Sand Properties 
For the experimental study, cohesionless, dry and clean Kanhan sand was used as the foundation soil. This type of sand is available 
in Nagpur region of Vidarbha, Maharashtra. The test sand has angular shape, uniform yellow colour with small proportion of flint 
stone of black colour. The particle size of sand decided for the test was passing through 2 mm IS sieve. 40 % relative density was 
maintained in all the tests. The various laboratory tests were performed to determine the different engineering properties of sand in 
accordance with the relevant IS codes. The grain size distribution of the sand is shown in Fig. 2.  The sand is poorly graded sand (SP) 
according to the IS Soil Classification System. The properties of clean and oil contaminated sand used are as shown in Table I. 
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Fig.2 Grain Size Distribution Curve for Sand 

TABLE I 
PROPERTIES OF SAND USED  

Properties 
% of oil contamination 

0.0 0.5 1.0 1.5 2.0 2.5 3.0 
Specific gravity (G) 2.71 2.62 2.59 2.57 2.55 2.50 2.44 
ϒmax (kN/m

3
) 17.16 - - - - - - 

ϒmin (kN/m
3

) 15.86 - - - - - - 
Angle of internal friction, Ø 45 40 34 30 24 22 18 
Cohesion (kN/m

2
) 0.0 9 17 25 30 33 36 

Average grain size (D60) (mm) 0.82 - - - - - - 
Effective grain size (D10)(mm) 0.35 - - - - - - 
Coefficient of uniformity (Cu) 2.343 - - - - - - 
Coefficient of curvature (Cc) 1.472 - - - - - - 
I. S. Classification SP - - - - - - 
Relative density (%) 40 40 40 40 40 40 40 

C.  Model Pile Foundation 
The model pile group for experimental investigation was made from mild steel rods. The piles were provided with threads at one 
end for attachment of pile cap for ease of applying vertical load. Clean sand was applied to the model pile with the help of epoxy 
glue to make it friction pile. The groove at centre of the pile cap was provided for applying the loads. Pile cap of size 10 X 10 cm in 
plan was used in investigation for pile group respectively. Thickness of pile cap for model pile and pile group was taken as 3 mm to 
be able to fix it to the proving ring, which is attached to the long screw. L- Shaped angles were welded to the pile cap to place the 
dial gauge. Table 2 shows the details of model pile. Fig 3 shows the model pile used in investigation. 
Mazurkiewicz (1968) reported that the pile length/pile diameter ratio (L/D) of 10:1 is a good ratio for model pile tests. Consequently, 
the length of the model pile was set to be 100 mm and the diameter to 10 mm [1]. 

  
Fig.3 Four Pile Group 
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TABLE II 
MODEL PILE FOUNDATION USED IN TESTING  

Sr. No. 
Number of piles 

in group 
Shaft diameter Pile length Self weight 

1 4 10 m 100 mm 0.25 kN 

D. Oil properties and preparation of contaminated sand 
In proposed experimental study, waste engine oil collected from locally available garage was used to contaminate the sand bed in 
the model tests. Oil added   for contamination of sand worked as a softener which caused decrease or sometimes increase in the 
friction between sand particles and piles. The properties of oil use in the experiments are shown in the Table III. 
For contaminated sand, the amount of oil was calculated as a percent by weight of the dry sand. Oil contaminated sand layers were 
prepared by mixing the sand with an Oil Content (O.C.) of 0.5, 1.0, 1.5, 2.0, 2.5, and 3.0 %. The mixed oil contaminated sand was 
put into closed bags for 2 days for aging and equilibrium, allowing possible reactions between sand and oil [1].  

TABLE III 
OIL PROPERTIES  

Type of oil Kinematics Viscosity 
(m2/s ) 

Density (kN/m3) Specific gravity 

Waste Engine Oil 45 x 10-6 8.3 0.83 

III. METHODOLOGY 
A. Installation of model pile in sand 
Pile installation method used in this investigation was the jacking method. Jacked piles are basically displacement piles pushed into 
the ground by static load. According to Li et al. (2003), in Hong Kong, the jacking process is often taken as an installation method. 
Jacked piles have the advantage that they cause little pollution to the environment in the form of noise, air, and vibration. In the 
investigation, the pile was pushed into the sand manually upto the required depth. After the pile has reached the final penetration 
depth, the proving ring and dial gauges were fixed and tests were conducted [1]

. 

B. Experimental procedure 
The procedure for these experimental tests consisted of the placement of clean and contaminated sand, placement of a pile group, 
applying the axial load and recording of load and displacement. The empty tank first of all was filled up with required level of 
uncontaminated sand. While testing on uncontaminated sand, sand rainfall technique was used to fill the tank. The height of fall to 
achieve the desired relative density was determined prior by performing a series of trials with different height of fall. The sand was 
poured in the tank by sand rainfall technique keeping the height of fall as 50 cm to maintain the constant relative density 40% 
corresponding bulk density 16.31 kN/m3 throughout the test. 
In case of contaminated sand a raining technique (pluviation) for soil placement in the test tank was not suitable and did not provide 
uniform compaction. Therefore, the sand unit weight was controlled by pouring the precalculated weight of contaminated sand into 
the box for each layer separately, then the sand was placed and surface was leveled [1]

. Centering of the tank was done to locate the 
centre of the tank and pile group was embedded at that centre into the sand bed upto a pile length manually. 
Finally, the dial gauges were placed on welded portion opposite sides across the center of the pile cap, and load was applied 
incrementally. The pile loading was carried out with approximately (0.015 kN) incremental steps, and the pile group was permitted 
to stabilize. Each load increment was maintained constant until the pile group vertical displacement was stabilized. The axial load 
was recorded with the help of the proving ring, whereas the vertical displacements of the pile were recorded by the dial gauges. 
After completing the test, the whole tank had to be emptied, and then, the preparation for the next set had to be made. Experimental 
setup used in investigation is shown in Fig. 4. 
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Fig. 4: Experimental Setup Used for Experimental Investigation 

C. Test Program 
The model testing program included a parametric study that investigated different variables. Table IV shows a summary of model 
test parameters and their values. To study the effect of contaminated sand, the test on pile group embedded in uncontaminated sand 
was also carried out as a reference. A total of 22 tests were conducted to study the effect of oil contamination on performance of pile 
group under axial load in oil contaminated sand.  

TABLE IV 
MODEL TEST PROGRAM  

Series Constant 
parameter 

Varying Parameter 

I OC = 0 % - 

II OC = 0.5 % Lc/Lp=0.50,0.75,1.0 

III OC = 1.0 % Lc/Lp=0.25,0.50,0.75,1.0,1.25,1.50 

IV OC = 1.5 % Lc/Lp=0.50,0.75,1.0 

V OC =2.0 % Lc/Lp=0.50,0.75,1.0 

VI OC =2.5 % Lc/Lp=0.50,0.75,1.0 

VII OC =3.0 % Lc/Lp=0.50,0.75,1.0 

IV. EXPERIMENTAL RESULTS 
In this research, laboratory studies were conducted on model pile foundation. The laboratory study would give an idea about the 
behaviour of pile group on oil contaminated sand bed with various oil content and depths of contamination. During the experimental 
investigations, depth of contamination and percentage of contamination are augmented whereas the other parameters viz., diameter 
of pile, length of pile, type of soil, type of oil and density of sand were kept constant. The model pile load tests were conducted on 
pile group in uncontaminated and contaminated sandy soil bed and the load settlement curves were plotted for each test from which 
pile capacities were calculated. Then pile capacities of pile group in oil contaminated sand were compared with that of pile group in 
uncontaminated sand in terms of Pile Capacity Ratio. 

A.  Performance of pile group on Uncontaminated Sand 
Initially, test on pile group in uncontaminated sand was conducted so that the results could be compared with pile group in oil 
contaminated sand. Load settlement curve for four pile group in uncontaminated sand is as shown in Fig. 5. The pile capacity of pile 
group in uncontaminated sand was obtained as 0.22 kN. 
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Fig.5: Load Settlement Curve for Four Pile Group in Uncontaminated Sand 

B. Performance of pile group in Oil Contaminated Sand 
The load settlement curves for various depths of contamination and percentage of contamination of sand for pile group are drawn 
and pile capacities are determined. Fig. 6 shows load settlement curves for pile in 1.0 % of oil contamination for all Lc/Lp ratios. The 
variation of Pile Capacity with LC/LP for pile group in 1.0 % oil contamination is shown in Fig. 7. Only one curve for each 
parameter is included in paper and for remaining curves, values are shown in Table V. Table V shows tests results for pile group 
embedded in uncontaminated and contaminated sand for Lc/Lp= 0.25 to 1.50. 

 
Fig.6 Load Settlement Curves for Pile Group in 1.0 % Oil Contaminated Sand Bed 

 
Fig.7 Variation of Pile Capacity with LC/LP in 1.0 % O. C 
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TABLE V 
PILE CAPACITIES OF PILE GROUP EMBEDDED IN UNCONTAMINATED AND CONTAMINATED SAND BED 

% 
O C Pile Capacities for Various Lc/Lp (kN) 

 0.25 0.50 0.75 1.0 1.25 1.50 

0 0.22 

0.5 - 0.195 0.27 0.21 - - 

1 0.15 0.24 0.27 0.25 0.105 0.075 

1.5 - 0.235 0.27 0.24 - - 

2 - 0.26 0.21 0.16 - - 

2.5 - 0.195 0.22 0.18 - - 

3 - 0.18 0.21 0.145 - - 

C. Summary and Discussion 
The model pile load tests were carried out on pile group and the pile capacities were calculated from the load versus settlement 
curves. One of the most important objectives of the present experimental study was to investigate the influence of the depth of oil 
contamination on the behaviour of pile group under axial loading. Therefore, a series of tests were conducted with various 
percentages of oil content (O.C.) viz., 0, 0.5, 1.0, 1.5, 2.0, 2.5 and 3.0 % and for various LC/LP ratios viz., 0.25, 0.50, 0.75, 1.0, 1.25, 
and 1.50. For comparing the test data, the term Pile Capacity Ratio (PCR) is used and is defined as 

 
where, 
PU,oil                  = Pile Capacity of the pile group embedded in oil-contaminated sand from experimental  tests; and  
PU,uncontaminated             = Pile Capacity of the pile group embedded in uncontaminated sand from experimental tests. 
Summary of PCR values for pile group in uncontaminated and oil contaminated sand for different percentages of oil and depths of 
contamination is given in Table VI. 

TABLE VI 
PCR VALUES OF PILE GROUP FOR DIFFERENT DEPTHS OF CONTAMINATION AND PERCENTAGE OF OIL CONTAMINATION 

% 
 O C 

PCR for various LC/LP ratios 

0.25 0.5 0.75 1 1.25 1.5 

 - 1 1 1 - - 0 

0.5 - 0.89 1.23 0.95 - - 

1 0.68 1.09 1.23 1.13 0.47 0.34 

1.5 - 1.07 1.23 1.09 - - 

2 - 1.18 0.95 0.73 - - 

2.5 - 0.88 1 0.82 - - 

3 - 0.82 0.95 0.66 - - 

D.  Effect of Oil Contamination on Soil Properties 
As pile shaft resistance is highly dependent on the friction angle of granular soil, direct shear tests were performed on 
uncontaminated and oil contaminated sands to examine the effect of percentage of O.C. on the angle of shearing resistance values of 
sand. Variation of peak friction angle with oil content is shown in Fig. 8 and variation of cohesion with oil content is shown in Fig. 
9. 
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Fig.8 Variation of Friction Angle with O.C. 

 
Fig.9 Variation of Cohesion with O.C. 

From Fig. 8 it is observed that the angle of internal friction is significantly influenced by oil contamination and it decreases with 
increase in percentage of oil contamination. From Fig. 9, it is observed that the cohesion of sand increases with increase in the 
percentage of oil contamination. 

E. Effect of Depth of Contamination 
In the present study, six different depths of contamination were adopted and model pile load test was carried out on pile group 
embedded in contaminated sand bed. Variation of PCR with depth of contamination (LC/LP) was studied for various percentages of 
oil contamination. The variation of PCR with LC/LP for pile group in 1.0 % of oil contaminated sand is shown in Fig. 10. 

 
Fig 10: Variation of PCR with LC/LP for Pile Group in 1.0 % O. C. 

From figure 10, it is observed that the PCR is affected remarkably by the thickness of the contaminated-sand layer with respect to 
the length of pile. However, this variation is neither of increasing or decreasing trends, and is non uniform in nature. It decreases 
initially and then increases upto a certain value of LC/LP depending upon percentage of oil contamination. With further increase in 
LC/LP, PCR decreases. 

F. Effect of Percentage of oil contamination 
From the determined values of PCR, variation of PCR with depth of contamination was plotted as well as variation of PCR with 
percentage of contamination was also plotted to see the change in trend of curves. Fig. 11 shows variation of PCR with percentage 
of oil contamination for LC/LP = 0.50 in pile group. From Fig. 11 it is observed that the variation of PCR with percentage oil 
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contamination is very haphazard in nature and is very difficult to interprete any conclusion. There are certain decrease and increases 
in value of PCR as percentage of oil changes. 

 
Fig.11: Variation of PCR with Percentage of Oil Contamination for LC/LP =0.50 in Pile Group 

V. CONCLUSIONS 
The knowledge about the behaviour of axially loaded pile and pile groups embedded in oil-contaminated sand is very limited. 
Therefore, the capacities of pile groups embedded in oil-contaminated sand were investigated using laboratory model pile load test. 
Based on the results, the effect of various parameters influencing the performance of pile group such as the percentage of oil content 
and thickness of contaminated sand layer were investigated. Within the framework of the present investigation, the following 
conclusions are drawn. 
A. The angle of internal friction is significantly influenced by the oil contamination. It decreases with the increase in percentage of 

oil contamination. 
B. The cohesion of the sand increases with increase in percentage of oil contamination. 
C.  For single pile and pile group, pile capacity increases with increase in depth of contamination (LC/LP) upto a certain depth. 

With the further increase in the depth of contamination, the pile capacity decreases drastically. The range of LC/LP for which the 
pile capacity is maximum is 0.5 to 1.0. 

D. PCR is affected remarkably by the thickness of the contaminated-sand layer with respect to the length of pile. However, this 
variation is neither of increasing or decreasing trends, and is non uniform in nature. It decreases initially and then increases upto 
a certain value of LC/LP, depending upon percentage of oil contamination. With further increase in percentage of oil 
contamination, PCR decreases. 

E. PCR is affected remarkably by the percentage of the contamination. However, this variation is very fluctuating and haphazard 
in nature and therefore is difficult to interprete. It decreases initially and then increases upto a certain value of percentage of oil 
contamination depending upon depth of contamination. With further increase in percentage of oil contamination, PCR 
decreases. 
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Abstract: Skirted foundations are considered a viable foundation type for a variety of offshore applications, facilities for the oil 

gas industry and structures where scour is a major concern. In offshore structures, power transmitting cables and earth 

retaining structures, the lateral forces acting on the footings may be dominant. Thus there is need to study the performance of 

skirted strip footings subjected to lateral loads. In the present study, static lateral load tests were performed to shed some lights 

on the performance of equal skirted strip footings. Different parameters were the effect of the ratio of the depth of skirt to the 

width of footing (d/B), the ratio of the distance of footing from crest to the width of footing (b/B). From the results of 

laboratory tests, it was found that as the depth of skirt increases and as the distance from the crest to the width of footing 

increases, the ultimate lateral load carrying capacity of footings increases significantly.  

 

Keywords:  Equal Skirted Footing, Strip Footing, Sand Slope, Lateral Load, Ultimate Lateral Load Capacity. 
 

I. INTRODUCTION 

Skirted foundations are an alternative to pile foundations in offshore structures. The term skirted foundations are used to identify 

shallow foundations with vertical/ inclined thin either equal/unequal in depth structural elements fixed along its periphery, “called 

skirt”. The skirts form an enclosure in which soil is confined and works as a unit with the overlain foundation to transfer 

superstructure load to soil essentially at the level of skirt tip. Peripheral skirts can be used with new and existing shallow 

foundations of square, rectangular, strip and circular shape. Shallow Footings are subjected to lateral forces induced by earthquake 

movements, wind loads, water wave pressure, lateral earth pressure and transmitting power cables. In offshore structures, power 

transmitting cables and earth retaining structures, the lateral forces acting on the footings may be dominant. The present study 

aims at exploring the performance of equal skirted strip footing subjected to lateral load under different parameters on a sand 

slope. 

 

II. LITERATURE REVIEW 

A review of previous studies on skirted foundations in terms of behaviour, performance, analysis approaches by the numerical 

and analytical study is carried out. The objective of this review is to identify the contributions established by researchers on 

skirted foundations and identify the gap in research for the present study.  

Saleh et al. (2010) studied “Performance of Skirted Strip Footing Subjected to Eccentric Inclined Load” using PLAXIS version 

7.1. Parameters selected for study were various load inclination angles, load eccentricities, and skirt length. The study concluded 

that inserting a skirt under the footing edge reduces the lateral movement of soil.  

Pusadkar and Bhatkar (2013) carried out investigations to study “Behaviour of raft foundation with inclined skirt” using 

PLAXIS 2D. On the basis of a study carried out, it was concluded that there was an increase in B.C. with a decrease in settlement 

for two-sided skirted raft.  

Joshi and Mahiyar (2000) conducted an experimental study to find the effectiveness of angle shaped footing under eccentric 

loading. They concluded that in the angle shaped rectangular footing, at any angle of footing projection with vertical, projection 

along the longer side of the footing becomes more effective as compared with footing projection along the shorter side. 
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Amr Z El Wakil (2010) carried experimental investigation to determine the horizontal capacity of skirted shallow footings on 

sand. It was concluded that as the length of the skirt to footing diameter ratio increases up to 1.5, the ability of skirted footings of 

resisting lateral load increases.  

Joshi and Mahiyar (2009) conducted series of loading tests on a square angle shaped footing on the sand. They concluded that 

failure load for an angle shaped footing depends on angle and depth of footing projection.  

Ashraf Kamal Nazir and Wasim R. Azzam (2010) conducted experimental analysis to improve B.C on soft clay with and 

without skirts. There was an improvement in the load bearing capacity using both partially replaced sand piles with and without 

confinement. 

Pusadkar and Dhygude (2016) carried out an investigation to study “Performance of Vertical Skirted Strip Footing on Slope 

Using PLAXIS 2D”. From the study, it was concluded that skirted strip foundation had a significant effect in improving the 

bearing capacity with an increase in skirt depth. The skirted strip footing at crest shows significant improvement in bearing 

capacity.  

Thakare and Shukla (2016) carried out investigation to study “Performance of rectangular skirted footing resting on sand bed 

subjected to lateral load” and from the experimental investigation, it was concluded that increase in the number of skirts and depth 

of skirt increases the ultimate lateral load carrying capacity of footings. Load carrying capacity of footing increases with increase 

in inclination of the load in the plan. 

 

III. METHODOLOGY 

The main objective of experimental investigation in the present study was to study the response of equal skirted strip footing 

resting on sand slope subjected to a lateral load.  

A. Test Sand  

For the model tests, cohesion-less, dry, clean and washed Kanhan sand was used as the foundation material. This sand is 

available in Nagpur region of Vidharabha, Maharashtra. The geotechnical and engineering properties of the sand were determined 

as per relevant I.S codes. 

B. Model Footing  

The model footings of skirted strip footings were fabricated by using mild steel plates having dimensions 420 mm x 80 mm and 

10 mm thickness. Footing was provided with skirts welded along their periphery. The skirts were made of M.S plates of thickness 

5 mm. The depth of the skirts was corresponding to different width ratio of footing as detailed in the program. The photographs of 

equal skirted strip footing with skirts used for experimental investigation are shown in Fig 1 (a) to (c). 

 

       
                (a)                                 (b)                            (c) 

Fig. 1: Model skirted footing used in the experimental investigation. (a) Front View (b) Top View (c) Equal skirted Strip Footing 

 

C. Test Setup  

The test tank was made of 3 mm thick M.S. sheets having dimensions 1050 mm × 450 mm in plan and 600 mm high. Sufficient 

horizontal and vertical bracings were provided to prevent it from bulging. One of the sides of the tank was made of thick glass, to 

observe the mode of failure of footing. The loading frame used for applying lateral loads on the skirted strip footing consisted of a 

rectangular horizontal base frame of channel section. Two vertical threaded rods made of mild steel were fixed to this base frame. 

The horizontal bar was connected to these threaded rods using nuts. This bar was having an arrangement for supporting pulleys. 

The pulley arrangements were fabricated such that the lateral loads could be applied in the forward direction (toward sloping 

ground).The static lateral loads were applied to the footing by means of dead weights placed on a loading hanger connected to a 

non-extensible steel rope, passing over the pulleys. 

D. Test Procedure  

A series of tests were conducted in steel tank 1.05 m x 0.45 m and 0.60 m in depth. The skirted strip footing was then placed on 

the top of the sand slope and pushed into the sand by displacement method till the skirts were inserted in the sand bed for its full 

height. After skirts were pushed in the sand slope, the surface was levelled using sharpened straight steel plate. After driving the 

footing, it was left undisturbed for 12 hours. One dial gauge was placed against the brace welded to the footing to measure the 

lateral displacement, and two dial gauges supported on the top surface to measure vertical displacement and rotation of footing. 

The static lateral load test was conducted on footing as per the procedure recommended by Amr Z El Wakil4 on skirted footing 

resting on sand bed for a lateral load test. The static lateral loads were applied on the footing using a frictionless pulley and a rope 

connected to the footing at one end and to the hanger at the other end, in increments by adding dead weights through the loading 
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arrangement. Standard weights were used for loading. Each increment was kept constant for ½ hour. The load was applied 

laterally at 10 mm above the levelled sand surface. The lateral displacement, vertical displacement and rotation of the skirted 

footing was measured within an accuracy of 0.01 mm using three dial gauges. The load was applied till failure of footing which 

was indicated by sudden upliftment of footing from the sand bed slope. Different load displacement curves versus lateral load 

were plotted for the tests. The detail of test program is shown in Table I.  

 

TABLE I 

DETAILED PARAMETERS 

Sr. No Parameters Details of Parameters 

01 Type of footing Both Side Equal Skirt 

02 

The ratio of distance of footing 

from crest to the width of footing  

(b/B) 

1.0, 2.0, 3.0 

03 
The ratio of depth of skirt to 

width of footing  (d/B) 
0.0 , 0.25, 0.5, 1 

IV. EXPERIMENTAL RESULT AND DISCUSSION 

The lateral load displacement and vertical displacement behaviour of skirted strip footings were determined by conducting 

model tests. Rotation of footing edge was also calculated as the difference between vertical displacement at load edge and rear 

edge divided by distance between two edges of footing. The ultimate lateral load was determined from the load-displacement 

curve.  

 
 

Fig. 2: Lateral Load versus Displacement Curves for Different b/B Ratios (for d/B=0.0) 

 

  
(a)                                                                                                                    (b)  
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                                                       (c) 

Fig. 3: Lateral Load versus Displacement Curves for Different b/B Ratios (for d/B= 0.25) (a) Lateral Displacement (b) Avg. Vertical Displacement (c) 

Rotation 

   
(a)                                                                                                                    (b) 

 
                                          (c) 

Fig. 4: Lateral Load versus Displacement Curves for Different b/B Ratios (for d/B= 0.5) (a) Lateral Displacement (b) Avg. Vertical Displacement (c) 

Rotation 
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(a)                                                                                                                                (b) 

 
(c) 

Fig. 5: Lateral Load versus Displacement Curves for Different b/B Ratios (for d/B= 1.0) (a) Lateral Displacement (b) Avg. Vertical Displacement (c) 

Rotation 

 

TABLE II 

ULTIMATE LATERAL LOAD CAPACITY OF EQUAL SKIRTED STRIP FOOTING 

Sr. No. Depth of skirt 

to the width of 

footing ratio 

(d/B) 

Ultimate Lateral Load Capacity of Equal Skirted Strip Footing for 

different b/B Ratios  

(N) 

1 2 3 

1. 0.0 20 25 30 

2. 0.25 70 80 90 

3. 0.5 90 110 120 

4. 1.0 135 150 170 

 
 

 
 

Fig 6: Variation of ultimate lateral load capacity of equal skirted strip footing for various d/B ratios 

From the Figure 6, it is observed that the ultimate lateral load capacity of skirted strip footing increases rapidly with the increase of skirt depth to width 

of footing ratio (d/B). The increase in lateral load carrying capacity may be due to the contribution of the larger surface area for resisting the lateral load. 
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Fig. 7: Ultimate Lateral Load Capacities of Equal Skirted Strip Footing for various Crest Distances 

 

From the Figure 7, it is observed that the lateral load carrying capacity of equal skirted strip footing increases rapidly with 

increase in crest distance. The increase of lateral load carrying capacity may be due to the increase in confinement which was 

provided by the surrounding soil. 

CONCLUSIONS 

From the experimental study of equal skirted strip footing, following conclusions are made: 

1. The lateral load capacity of skirted strip footing is much higher, as higher as 7 times, than that of strip footing. 

2. The lateral load capacity of equal skirted strip footing increases with increase in the depth of structural skirt; maximum 

up to 250%. 

3. The lateral load capacity of equal skirted strip footing increases with increase in crest to the width of footing ratio; 

maximum up to 50 %. 
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ABSTRACT : Expansive soils are considered as highly problematic soil because of the volume change 

behavior. Several mitigating techniques are available to counteract the problems posed by the expansive soils. 

This paper presents the results of experimental investigations carried out for understanding the effectiveness of 

geofoam micropile system, as a new technique to control upward movement of lightweight structures over 

expansive soils. The performance of geofoam layer under footing, micropiles, single micropile with geofoam 

layer, four micropiles with geofoam layer and geofoam roughened four micropile with geofoam layer were 

studied on compacted clay bed and their effectiveness were investigated and compared. Laboratory model heave 

tests were conducted for simulating the various combinations of the geofoam micropile system with respect to 

varying D/B ratio and L/B ratio of micropiles. Test results showed that there is considerable reduction in heave 

by using four micropiles at the corners of the footing along with geofoam layer. 

KEYWORDS:Expansive soil, geofoam micropile system Heave. 

I. INTRODUCTION 
Expansive soils as the name implies undergo volume change in presence of water. These soils increase 

in volume on absorption of water during rainy seasons and decrease in volume on evaporation of water in 

summer seasons. Because of this behavior, lightly loaded structures founded on these soils get severely 

distressed. So it becomes necessary to resist the uplift of the foundation caused due to the swelling behavior of 

the expansive soils. The uplift of the foundations can be minimized either by modifying the properties of the 

expansive soils or by adopting special foundation techniques. Lime, cement, fly ash and chemicals are used to 

modify the properties of expansive soils. Belled pier, under-reamed piles and granular pile anchors are some of 

the special foundation techniques. Anchors are extensively used for structures subjected to both compressive 

and tensile forces [1].The effectiveness of micropiles as a technique to control upward movement of a 

lightweight structure over expansive clay can be improved by using rough micropiles. The effect of micropile 

diameter and number of micropiles in reducing heave are more pronounced in the case of smooth micropiles [2]. 

The reduction in upward movement of the footing increases as the number of micropiles increases. There can be 

a 40% maximum heave reduction in case of four micropiles used in soil. Use of single micropile at the center of 

footing in expansive soil does not make noticeable reduction in heave [3].  Effectiveness of micropile technique 

to control heave of a soil can be improved by using micropiles surrounded with sand than the micropile without 

surrounded by sand. Micropiles are more effective in reducing the upward movement of footing over expansive 

soil [4]. The swelling pressure can be considerably reduced by placing EPS geofoam above the soil sample. 

Swelling pressures reduces, as the EPS geofoam thicknesses increases. [5], [6], [7]. In the present study attempt 

has been made to study the effectiveness of micropile along with Geofoam in expansive soils to reduce the 

heave of the expansive soils.  

 

II. EXPERIMENTAL INVESTIGATIONS 
2.1 Experimental Set up 

The experimental setup used for present study is as shown in Fig. 1. The assembly for the model test 

setup consists of a perforated inner tank of size 50 cm x 50 cm x 50 cm placed in outer tank of size 65 cm x 65 

cm x 65 cm. The soil bed was prepared in the inner tank. MS model footing plate of size 25cm x 25 cm x 0.5 cm 

wasthen placed over prepared clay bed. EPS geofoam layer of thickness 25 mm was placed beneath the 

footing.The micropiles made of M.S. bars were inserted into the compacted clay soil bedpassing through the 

plate and EPS geofoam layer and fastened to the plate by nut and bolt arrangement. Either four micropiles at the 

corners of the plate or single micropile at the center of the plate were inserted into the compacted clay soil 

bed.Dial gauge was placed on footing plate to measure the heave occurred in the soil during test. 
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Figure 1: Schematic Representation of Experimental Set Up 
 

2.2 Expansive Soil  
The expansive soil used in this investigation was collected from the city Amravati,Maharashtra, India. 

The various laboratory tests performed for the determination of the index properties of the soils investigated are 

given in Table I. Based on its liquid limit and plasticity index, the soil was classified as CH according to IS 

classification. 

 

Table I: Properties of the Soil Used 

 

Sr. No. Properties of Clay Value 

1 Plasticity Index (%) 24 

2 Optimum Moisture Content (%) 20 

3 Maximum Dry Density (kN/m
3
) 16.2 

4 Free Swell Index (%) (Very high) 80 

 

TestVariables: To study the effectiveness of the various systems viz., micropiles, geofoam layer, single 

micropile with geofoam layer, four micropiles with geofoam layer and geofoam four roughened micropiles with 

geofoam layer, the experiments were conducted. The parameters varied during tests were, no. of micropiles, L/B 

and D/B ration of micropiles, inclusion of geofoam layer and roughness of the micropile surface. „D‟ denotes 

the diameter of the micropile, „L‟ denotes the length of the micropile and „B‟ denotes the width of the footing 

plate. The D/B ratio of the micropile was varied from 0.04 to 0.064 viz. 0.04, 0.048, 0.064, 0.1. and the L/B 

ratio of the micropile was varied from 0.4 to 0.8 viz. 0.4, 0.6, 0.8. Table II show the completeexperimental 

program. 

 

Table II: Experimental Study Program 

 
Sr. 

No. 

Description Parameters No of  

tests 

1 Footing  without any swell control 
arrangement  

- 01 

2 Footing with Geofoam layer 1 layer of 25 mm thick geofoam of size 25 cm x 25 

cm 

01 

3 Footing with four Micropiles at 

corners 

No of micropile – 04 

Diameter – 10 mm 

Length of micropile – 10 cm 

01 

4 Footing with  micropiles and 
Geofoam layer 

1 layer of geofoam of 25 mm thickness 
No of micropile- 1 or 4 

Diameter – 10 mm, 12 mm,  

16 mm, 25 mm 
Length – 10 cm, 15 cm, 20 cm 

24 

5 Footing with  rough micropiles 
&Geofoam layer 

1 layer of geofoam of 25 mm thickness, No of 
ribbed micropile – 4.Diameter –25 mm Length –20 

cm 

01 
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Test Procedure 
Compaction of expansive clay bed: The clay bed of constant density was prepared by compacting the known 

weight of the soil in the layers of known thicknesses.For the present study, clay beds having a total thickness of 

20 cm were prepared. For each experimental set up, the soil was compacted at OMC in four equal layers, each 

of thickness 5cm to achieve MDD.  Each layer was compacted with 163 no. of blows of rammer of weight 11.6 

kg and falling through a height of 40 cm, so that the compaction energy is equal to the 6045 kg.cm/1000 cc, 

which corresponds to the compaction energy in Standard Proctor Test. The blows were uniformly distributed 

over the layers so as to obtain the uniform thickness of the layers.Sufficient water was added to the outer tank 

and then dial gauge readings were recorded over a period of time to reach the maximum constant heave. The 

readings were noted immediately after pouring water into outer tank. Initially, readings were noted at the 

interval of 5 minutes for first hour. Then readings were noted for after every 30 minutes up to 6 hours and then 

after every 24 hours. The Complete test assembly is as shown in Fig.2. 

 

 
Figure 2: Complete Test Assembly Used in Work 

 

III. RESULTSANDDISCUSSIONS 

Fig.3 shows the heave (mm) - log time (minutes) plots for clay bed without any heave control 

arrangement. Heave steadily increased with increase in time and attained equilibrium. Maximumheave was 

observed to be 29.2mm. 

 

Figure 3: Test Result for Heave Test on Original Soil 
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Fig.4 shows the comparative result for the heave test performed on the soil using four micropiles.The 

maximum heave observed was 21.1 mm. Thus the % reduction in the heave due to provision of micropiles was 

28 %. 

 

Figure 4: Comparative Results of Heave Test for Soil With and Without Micropiles 

Fig. 5 shows the results for the heave test performed on soil using geofoam layer. The maximum heave 

observed in this case was 19.2 mm. Thus the % reduction in the heave using geofoam layer was 34.29 %. 

  

 

 

 

 

 

 

 

 

 

 

Figure 5: Comparative Results of Heave Test for Soil With and Without Geofoam 

Tests were performed on the compacted clay bed for the different combinations of the L/B ratio and 

D/B ratio of the micropile with a layer of geofoam. Table III shows the results of the tests performed on the soil 

with single micropile and geofoam.  
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TABLE III: Test Results for Four Micropilewith Geofoam 

 

Sr. 

No. 

 

D/B 

 

L/B 

Maximum 

Heave  

(mm) 

% Heave 

reduction 

1 0.04 

0.4 

25.10 14.10 

2 0.048 24.69 15.50 

3 0.064 24.11 17.49 

4 0.1 18.90 35.9 

5 0.04 

0.6 

22.17 24.13 

6 0.064 21.49 26.45 

7 0.1 17.86 39.45 

8 0.04 

0.8 

22.61 22.66 

9 0.048 20.79 28.85 

10 0.064 17.70 39.43 

11 0.1 12.72 56.88 

 

Fig.6 shows the variation in % heave reduction due to change in D/B ratio for various L/B ratios of 

single micropile with geofoam. It is observed that, the micropile with geofoamhaving smaller D/B ratio (D/B 

ratio < 0.064)is less effective in controlling the heave of the clay soil. Maximum % heave reduction obtained for 

the D/B ratio of 0.1 and L/B ratio of 0.8 is 57 %. Thus, the single micropile with geofoam with greater D/B ratio 

(D/B > 0.064) is more effective in controlling the heave of clay soil. 

 

 

Figure 6:Effect of D/B Ratio of Single Micropile with geofoam on the Heave Reduction 

Fig.7 shows the variation in % heave reduction due to change in L/B ratio for various D/B ratio of 

geofoam single micropile system. It is observed that, for lower D/B ratio (D/B < 0.048) the % heave reduction 

increases up to a certain L/B ratio, such as L/B equal to 0.6 in the present study, and thereafter there is no further 

significant increase in the heave reduction with the increase in the L/B ratio. For higher D/B ratio (D/B > 0.048), 

however, the % heave reduction increases with increase in L/B ratio. In the present study, the maximum heave 

reduction using single micropile with geofoam is obtained for L/B equal to 0.8 and D/B equal to 0.1.  
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Figure 7:Effect of L/B Ratio of Single Micropile with geofoam on the Heave Reduction 

Table IV shows the results for heave observed and % heave reduction for the model heave test performed on 

expansive soil using four micropiles with geofoam layer. 

 

TableIV: Test Results for Geofoam Four Micropile 

 

Sr. No. D/B L/B 

Maximum 

Heave  

(mm) 

 

% Heave 

reduction 

1 0.04 

0.4 

19.35 33.64 

2 0.048 17.95 38.36 

3 0.064 9.63 67.04 

4 0.1 7.88 73.28 

5 0.04 

0.6 

 

16 45.24 

6 0.048 10.60 63.72 

7 0.064 7.60 73.99 

8 0.1 7.76 73.69 

9 0.04 

0.8 

9.52 67.42 

10 0.048 7.80 73.31 

11 0.064 6.13 79.12 

12 0.1 7.44 74.7 

  

 Fig. 8 shows the variation in % heave reduction due to change in D/B ratio for various L/B ratios of 

four micropiles with Geofoam layer. It is observed that, the effectiveness of the four micropiles with geofoam 

increases with increase in D/B ratio up to 0.064 and therefore there is no advantage by further increase in D/B 

ratio.Maximum % heave reduction obtained for the D/B ratio of 0.064 and L/B ratio of 0.8 is 80 %.  Hence four 

micropiles with geofoam having D/B ratio of 0.064 is found to be most effective. 
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Figure 8: Effect of D/B Ratio of Four Micropileswith geofoam on the Heave Reduction 

Fig.9 shows the variation in % heave reduction due to change in L/B ratio for various D/B ratio of four 

micropiles with geofoam layer. It is observed that, for lower D/B ratio i.e. (D/B<0.048), the effectiveness of the 

system doesn‟t increase with increase in L/B ratio. Thus, it may be concluded that a four micropiles with 

geofoam layer with higher D/B ratio and lower L/B ratio shall be adopted. 

 

 

Figure 9:Effect of L/B Ratio of Four Micropiles with Geofoam on the Heave Reduction 

One heave test was also performed on clay soil bed provided with four roughened micropiles of L/B 

ratio 0.8 and D/B ratio 0.1 and geofoam layer. The result of the tests is shown in Fig.10. The maximum 

heave observed in this case was 5.75 mm, which corresponds to the % heave reduction of 80.32 % as that of 

original soil. 
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Figure 10: Comparative Results of Heave Test for Soil with Geofoam and Four Micropilesand four Roughened 

Micropiles 

 The Fig. 11 shows the heave of the clay soil and the heave of the soil provided with various heave 

controlling arrangements in the form of bar chart. It is seen that the various heave controlling systems used in 

the present study are found to be effective in the following order; 

[1] Geofoam roughened four micropile system 

[2] Geofoam four micropile system  

[3] Geofoam single micropile system  

[4] Geofoam system 

[5] Micropile system  

 

Figure 11: Effectiveness of Various Heave Reduction Systems 
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IV. CONCLUSIONS 
Following conclusionsare drawn from the experimental investigations in the present study. 

[1] Provision of Geofoam layer below footing would be much more effective and economical for reducing the 

heave of expansive soil,as compared to provision of four micropiles. 

[2] Provision of single micropile with greater D/B ratio (D/B > 0.064) is more effective in controlling the heave 

of clay soil. 

[3] The maximum heave reduction using combination of geofoam layer and single micropile is obtained for 

L/B ratio equal to 0.8 and D/B ratio equal to 0.1.Maximum % heave reduction obtained in this case is about 

57 %. 

[4] The heave reduction system consisting of geofoam layer and four micropiles provided at the corners of 

footing is effective reducing the heave of the clayey soil bed. Such a system with L/B ratio equal to 0.8 and 

D/B ratio equal to 0.064 is found to be optimum. 

[5] Roughness of the surface of the micropiles further increases the effectiveof the system for heave reduction 

and is therefore recommended. 
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ABSTRACT: Soil reinforcement is now well established technique for geotechnical applications in most parts 

of world. This paper presents the application of soil reinforcement technique for slope stability of earthen dams. 

The dam section designed by Water Resources Department of Maharashtra has been considered for the study. 

The slopes of dam are then considered to be reinforced with horizontal layers of geotextile and its effect on 

factor of safety has been studied. The various parameters of the reinforcement such as spacing, length and offset 

from the face are varied and its effect on the stability is evaluated by using Oasys Slope software. It is found that 

much steeper slopes may be provided to the earthen dams by providing geotextile reinforcing layers. The 

suitable length of reinforcing layers, spacing between them and offset from the face needs to be determined for 

the required slopes of dam. The economic analysis of the reinforced slopes of dam has also been carried out and 

found to be much economical. This technique may be particularly useful for high earthen dams and may result 

in lesser construction cost as well as construction time. 

 

KEYWORDS : geotextile reinforcement, reinforced slopes, Oasys software 

 

I. INTRODUCTION 
The conventional method of embankment dams to a stable slope for a given height may involve 

considerable expenses in material, plant, construction time and extension to the base area of embankment dam. 

While for low height dams this may not be of much concern, but for high dams provided with flatter slopes may 

involve considerable increase in cost of dam. Also in some cases, if the suitable construction material is not 

available nearby site, then there will be an additional increase in cost due to transportation of suitable material. 

One of the solutions to this issue is to make the dam slopes much steeper than obtained by conventional design 

procedure. The slopes of embankment dam can be made steeper by reinforcing them with suitable reinforcing 

material. 

 

Reinforced soil is a technique where tensile elements are placed in soil to improve stability and control 

deformation. To be effective, the reinforcement must intersect the potential failure surface in the soil mass. 

Strains in the soil mass generate strains in the reinforcement, which in turn, generate tensile loads in the 

reinforcement. These tensile loads act to resist soil movements and thus impart additional shear strength. This 

results in composite soil reinforcement system having significantly greater shear strength than soil mass alone. 

Reinforced soil is very cost effective technique compared to other construction techniques. Literature clearly 

established that the reinforced soil technique provides cost effective solution with lesser construction period and 

higher stability of the completed structure.  

 

A great number of reinforced soil structures, particularly for retaining walls, for railways and highways 

has been constructed in recent parts and showed successful performance even in the seismic loading condition. 

It is also recognized that the technology is useful to reinforce and rehabilitate soil structures to have higher 

stability, rainfall and water flow as well [1].Zhu et.al. [2] study the anti-seismic measure of geogrid of high earth 

rockfill dam, using dynamic elasto-plastic analysis method and suggested installing geogrid in dam slopes to 

have better performance during strong earthquakes. Amit srivastava and G. L. Shivkumar babu [1] presented a 

case study where the soil reinforcement technique has been used to reconstruct and stabilize the u/s slope of 

water impounding reservoir in Karnataka which was failed by sliding under sudden drawdown condition during 

rainy season. Using FEM analysis in the Plaxis 2D software, it was demonstrated that the provision of 

reinforcement provides higher stability to the structure. The adoption of soil reinforcement technology is found 

to highly efficient in terms of ensuring stability and also very cost effective.  
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1.1 Objectives 

In the present paper, the soil reinforcing technique has been used to investigate the effect of horizontal 

planer reinforcement such as geotextile on strengthening of slopes of embankment dam so as to make them 

steeper as compared to those obtained by conventional design procedure. This will ultimately lead to economy 

and will also result in saving in construction material, cost, time and land width required for construction of 

dam. This may be particularly useful in case of high earthen dam. The main objective of the study was to decide 

the optimum parameters of the reinforcement such as length of reinforcing layers, spacing between geotextile 

layers and offsets to the layers from the faces of the dam. The designed section of the proposed Wasani dam to 

be constructed in Achalpur Taluka of Amravati district of Maharashtra has been considered for the study. The 

u/s and d/s slopes of the dam are considered to be provided with horizontal layers of woven geotextile. The 

analysis of slopes of the dam has been carried out by using Slope module which is available in the commercial 

software Oasys [3]. It is demonstrated that soil reinforced u/s and d/s slopes provides higher stability to the 

structure [4].  

II. COMPUTATIONAL ANALYSIS 
 

Details of the designed slopes and berms of Wasani dam are presented in TABLE I.  

Table I: Details of the Designed Slopes and Berms of Wasani Dam 
 

Top/ Lower Berm Widths (m) Slope   H:V 

R.L. u/s d/s U/S D/S 

339.90 6.5 6.5 2.5:1 3.0:1 

333.90 6.0 7.0 2.5:1 3.5:1 

327.90 5.0 14.0 3.0:1 3.5:1 

  

The model of the Wasani dam has been developed in Slope module of Oasys software as shown in Fig 1. The 

properties assigned to the dam material are presented in TABLE II. 

 

 

Figure 1: Model developed in oasys software 

Table II: Properties of Dam Materials 

 

Sr. No. Particulars Unit Weight (kN/m3) Angle of Friction Cohesion (kN/m2) 

01 Casing 15.8 25.17 7 

02 Hearting 15.16 14.57 18.5 

03 Foundation 14.98 16.69 18 

 

The tensile strength of the geotextile reinforcement to be provided for reinforcing the slopes of dam is 

considered as 200 kN/m. Dam section is analyzed using Bishop’s method of analysis. The minimum FOS for the 
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given section, reinforced or unreinforced, is determined by the software by selecting centre of critical slip 

surface which is automatically selected by the software. The broad steps in the analysis are as follows: 

[1] Selecting the general parameters such as slip surface type (circular or non-circular), type of analysis 

(static or pseudo static), direction of slip (downhill, increasing x or decreasing x), value of horizontal 

acceleration (%g), 

[2] Selecting method of analysis namely Swedish slip circle method, Bishop Method or Janbu method, 

[3] Assigning material properties such as unit weight, conditions (drained linear strength, drained power 

curved strength, drained hyperbolic curved strength), cohesion and angle of friction, 

[4] Setting ground water level, 

[5] Drawing strata for various components of dam such as casing, hearting, cut off trench and foundation, 

[6] Defining the slip surface (circle centre specification, circle radius specification, centres of grid and 

features of grid), 

[7] Analysis and data checking, 

[8] Viewing the results, 

[9] Graphical output. 

III. RESULTS AND DISCUSSIONS 

3.1 Stability Analysis of Unreinforced Slopes of Wasani Dam 

 The stability analysis of Wasani Earth Dam designed by Water Resources Department of Maharashtra 

State and the results obtained in the present study are presented in TABLE III. 

Table III: Results Obtained by Water Resources Department and Oasys Software 

 

Sr. No. Conditions 

Factor of Safety (FOS) 

Obtained by Irrigation 

Department 

Obtained by Slopes 

Software 

01 Steady seepage without Earthquake 1.501 1.777 

02 Sudden Drawdown without Earthquake 1.319 1.460 

 

3.2 Stability Analysis of Reinforced d/s Slope for Steady Seepage Condition 

 The d/s slope of the Wasani dam is then considered to be reinforced with horizontal layers of 

geotextile. As the provision of reinforcing layers of geotextile would result in increase in factor of safety, the 

steeper slopes may be provided to the d/s side of the dam. The d/s slope of the dam is therefore reduced in 

increment by 0.25 H: 1V.The spacing between layers (z) was varied from 0.9 to 3 m for each case. Analysis is 

then carried out for each case separately. During analysis of each case the length of reinforcing layer (L) and 

their offset (x) from the d/s face of dam was varied in such a way that the reinforcing layers remains activated 

i.e. intersect the potential failure surface and governing criteria of failure for the reinforcing layers remains as 

tensile. This ensures the maximum utilization of reinforcing layers and results in economy. Typical graphical 

output obtained from software is presented in Fig. 2.  

 

 
 

Figure 2: Typical graphical output of d/s slope 
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The results of analysis are presented in Fig. 3. 

 

Figure 3: Variation of factor of safety with respect to spacing between geotextile layers for steady seepage 

condition 

 

From the Fig. it is observed that by providing the geotextile layers at spacing of 3.0 m the d/s slopes of 

dam can be made steeper up to 2:1. For more steeper slopes, the vertical spacing between geotextile layers is 

required to be reduced up 1. 5 m. The length of the geotextile layers required for reinforcing the d/s slopes are 

found to be in the range of 4 m to 16 m and offset from d/s slope are found to be in the range of 3 m to 45 m 

depending upon the location of geotextile layers.  

 

3.3 Stability Analysis of Reinforced u/s Slope for Sudden Drawdown Condition 

 The u/s slope of the Wasani dam is then considered to be reinforced with horizontal layers of 

geotextile. As the provision of reinforcing layer of geotextile would result in increasing F.S., the steeper slopes 

may be provided on the u/s of dam. The u/s slope is reduced by 0.25 H: 1V in increments. The spacing between 

layers (z) was varied from 0.9 to 3 m for each case. Analysis is then carried out for each case separately. During 

analysis of each case the length of reinforcing layer (L) and their offset (x) from the u/s face of dam was varied 

in such a way that the reinforcing layers remains activated i.e. intersect the potential failure surface and 

governing criteria of failure for the reinforcing layers remains as tensile. This ensures the maximum utilization 

of reinforcing layers and results in economy. Typical graphical output obtained from software is presented in 

Fig. 4. 

 

 

Figure 4: Typical output for u/s slope 
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The results of analysis are presented in Fig. 5. 

 

Figure 5: Variation of factor of safety with respect to spacing between geotextile layers for sudden drawdown 

condition 

 

From the Figure, it is observed that a factor of safety decreases with increase in spacing between 

geotextile layers. It is also observed that by providing geotextile layers at spacing of 1.5 m, the u/s slope as steep 

as 1:1 can be provided. The length of the geotextile layers required for reinforcing the u/s slopes are found to be 

in the range of 4 m to 27 m and offset from u/s slope are found to be in the range of 3 m to 18 m depending 

upon the location of geotextile layers.  

 

IV. ECONOMIC ANALYSIS 
The economical analysis of the dam reinforcement has been carried out and compared with the 

unreinforced dam section. From the analysis it is observed that the reinforced dam section is 36% more 

economical. 

V. CONCLUSIONS 
 In the present study, soil reinforcement technology using geotextile reinforcement has been adopted for 

strengthening the u/s and d/s slopes of the earthen dam. It is found that much steeper slopes may be provided by 

providing the geotextile reinforcement. A spacing of 1.5 m between geotextile layers is found to be suitable for 

safe section of dam in all cases. In order to utilize the full strength of geotextile layers, geotextile layers of 

sufficient length and at appropriate offsets need to be provided. The economic analysis of the reinforced dam 

section indicates saving of about 36% in the cost. 
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functions to provide a reasonable measure of stiffness and load resistance and the piles are 

provided to reduce the vertical settlements as well as the differential settlements in raft. In 

Piled raft foundation, the piles are not required to reach the hard stratum; they can be 

curtailed at higher elevations as the skin friction serves the purpose. Therefore, piled raft 

foundations can be said economical than conventional pile foundations. By adopting Strategic 

configuration of piles, number of piles can be reduced which in turn reduces the overall cost. 

The analysis of piled raft can be done by analytical, experimental and numerical modeling 

methods. Out of these methods, 3D numerical modeling method is precise and popular as the 

soil-structure interaction is a 3D phenomenon.  

Many analytical and experimental studies have been carried out on piled raft. Most of the 

analytical methods are simplified for the ease of calculation. Also in experimental model 

studies, it is difficult to simulate the real field conditions as the problem of piled raft is 

complex and analysis on large scale is difficult with these methods because of limitation of 

time and complexity of the problem. Commercial finite element software programs provide 

user friendly interface which helps in analyzing complex problems. The 3D analyses provide 

comparatively precise results for these problems. For the current research work, a finite 

element software MIDAS GTS 3D was used. The soil model adopted was Mohr-Coulomb. 

2. LITERATURE REVIEW 

Increase in use of piled raft foundation grabbed the attention of the researchers on this topic. 

Various researchers have performed analyses to study the effect of different parameters on 

piled raft foundation. A brief review of previous studies on piled raft analysis is carried out. 

The review includes methodology adopted by the authors, parameters studied and brief 

conclusions of their study. The object of this review was to study the results and conclusions 

made by researchers and indentify the gap which was considered for the present research 

work. 

Oh et al. (2009) conducted 2D numerical analysis of un-piled raft and piled raft on two 

different soil conditions. Effect of pile spacing, number of piles, pile diameter and varying 

raft dimension ratio was studied. In the first case study with sandy soil condition, it was found 

that the maximum settlement of the piled raft depends on the pile spacing and the number of 

piles. The raft thickness did not have a significant effect. In second case study with clayey 

subsoil, it was observed that the settlement of un-piled raft was similar for different raft 

thickness. Raft thickness was found to have significant effect on differential settlement [1]. 

Srilakshmi and Darshan (2013) developed a 2D model of piled raft foundation in a FEM 

software program ANSYS. The type of soil considered was sandy and vertical loading on 

footing was assumed. The effect of pile length and pile diameter on performance of footing 

was studied. It was observed that pile diameter had significant influence on the ultimate 

capacity of piled raft foundation whereas the pile length had not of much significance [2]. 

Wulandari and Tjandra (2015) conducted analysis of piled raft in soft soil. For this, 2D 

model in PLAXIS 2D was developed. The study concluded that addition of piles caused 

reduction in settlement but after reaching certain number of piles, addition in piles showed 

that settlement was constant [3]. 

Oh et al. (2008) carried out 3D analysis of piled raft foundation on sand using PLAXIS. 

They studied the effect of pile spacing, number of piles and raft thickness. It was concluded 

that the maximum settlement of the piled rafts depended on the pile spacing and the number 

of piles; while the raft thickness did not have a significant effect [4].  

Moayed et al. (2010) conducted 3D analysis of piled raft with varying pile diameters. The 

effect of change in pile diameter was studied in soft and hard soil strata. The research 

concluded that  the piled raft foundation with different pile diameters may be a good solution 
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to reduce total and differential settlements if the bottom layer is a dense soil. In case of soft 

soil, change in pile diameter showed no significant change [5]. 

Patowary and Nath (2015) carried out 3D analysis of piled raft using PLAXIS 3D. Effect 

of pile length, pile diameter, pile spacing, raft thickness, angle of internal friction of soil and 

position of water table were studied. It was concluded that as the pile length increased in 

individual piled raft foundation, the settlement decreased. Presence of water table up to the 

depth of pile increased the settlement of piled raft. Introduction of piles below column at a 

considerable distance showed good results than piles positioned just below the column. As 

the spacing between the piles in group increased, the settlement of piled raft foundation 

decreased [6]. 

Sinha and Hanna (2016) carried out three dimensional analysis of piled raft using 

ABAQUS. The parametric study included effect of pile spacing, pile length, pile diameter, 

pile shape and raft thickness. Also, influence of mechanical properties of soil on piled raft 

performance was studied. The various important conclusions made from the study were - the 

pile cross-sectional shape did not appear to have any effect on the results. The raft settlement 

increased with the increase in pile spacing and decreased with the increase in the pile size and 

length. The settlement of the raft decreased with the increase of the angle of shearing 

resistance and the cohesion of the soil [7]. 

From the literature review it was observed that most of the researchers focused studying 

the effect of geometry of piles and raft on the performance of combined foundation. Also, 

very few researchers studied the effect of combined long and short pile configurations on 

reduction of total settlements.  

The main objective of the present study was to study the effect of uneven lengths of piles 

and non-uniform load configurations on the performance of piled raft foundation. Also, the 

effect of geometry of piled raft, i.e. number of piles, pile spacing, pile diameter, pile length 

was studied.  

3. MODEL DEVELOPMENT 

3.1 Problem Statement 

The analyses for present research work was carried out in MIDAS GTS 3D. Raft of size 20 m 

x 10 m x 1.2 m was considered. Mohr-Coulomb constitutive model was used for the soil. Pile 

and Raft were modeled as Elastic. Pile-Soil and Pile-Raft interfaces were generated to take 

into account, the soil-structure interaction. Figure 1 shows a typical piled raft model with 

various parameters selected for analysis, where, ‘Lr’ and ‘Br’ are the length and width of raft 

respectively, ‘L1’ and ‘L2’ are the lengths of long and short pile respectively, ‘D’ is the 

diameter of pile, ‘s’ is the centre to centre spacing between two piles and ‘q’ is the intensity 

of load applied to the raft. Table 1 gives the details of parameters studied. 
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Figure 1 A typical Piled Raft model showing different parameters adopted for analysis 

Table 1 Details of Parametric Study 

Sr. No. Parameters Details of Parameters 

1. Size of Raft (m) 20 (L) x 10 (B) x 1.2 (T) 

2. Dia. of Piles (m) 0.6, 0.8, 1.0 

3. Pile Spacing 3D, 4D, 5D, 6D 

4. No. of Piles 15, 25, 35, 45, 50 

5. Length to Diameter Ratio (L/D) 5, 10, 15, 20, 25, 30, 35, 40 

6. Type of Loading 
Vertical (UDL) 

Vertical (Non-uniform)* 

7. Varying Length of Pile 

Short Piles 

4 m, 8 m, 12 m, 16 m, 20 m 

Long Piles 

24 m (Constant) 

*Only for critical values of other parameters. 

Figure 2, 3 and 4 show the pile configurations considered for study of pile raft geometry, 

uneven length of piles and non-uniform load respectively. 
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Figure 2 Configurations of Piles selected for Study of Pile Length, Pile Spacing, Pile 

Diameter and No. of Piles 

 

Figure 3 Configurations of Piles with Uneven Lengths in a Piled Raft subjected to Uniform 
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Load 

 

Figure 4 Configuration of Piles selected for Study of Non-uniform Load 

Figure 5 shows the load configurations decided for the study. 

 

Figure 5 Load Configurations adopted for Analysis of Piled Raft Foundation 

The material properties of soil, raft and pile used in this research are given in Table 2. 

Table 2 Material Properties selected for analysis of Piled Raft foundation 

Property Unit Soil Raft Pile 

Material Model - Mohr-Coulomb Elastic Elastic 

Stiffness (E) MPa 15 30000 25000 

Angle of Internal 

Friction (φ) 

Deg 31 - - 

Cohesion (c)  kPa 5 - - 

Poisson’s Ratio (µ) - 0.3 0.2 0.2 

Unit Weight (γ) kN/m
3 

18 25 25 

Saturated Unit Weight (γsat) kN/m
3 

20 - - 

Permeability m/sec 10
-6 

0 0 
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4. RESULTS AND DISCUSSION 

The analysis of piled raft foundation was performed in MIDAS GTS for all the parameters 

given in the parametric study. The performance was analyzed in terms of B.C.R. and S.R.R. 

The B.C.R. is the ratio of U.B.C. of piled raft to the U.B.C. of raft only. The S.R.R. is the 

ratio of difference of settlements of unpiled and piled raft to the settlement of unpiled raft 

only under specified load. The results are discussed below. 

4.1. Effect of L/D ratio of piles 

The L/D ratio of piles was varied from 5 to 40. The pile configuration shown in Figure 3 (d) 

with 45 number of piles was selected where the pile spacing was kept constant as 3D and 

diameter of pile was 0.6 m. Figure 6 shows the variation of B.C.R. with respect to L/D ratio. 

It was observed that B.C.R. increases with increase in L/D ratio and the rate of increase of 

B.C.R. decreases after L/D ratio exceeds 20.  

 

Figure 6 Effect of L/D ratio of Piles on B.C.R. 

4.2. Effect of Number of Piles 

The number of piles was varied as 15, 25, 35, 45 and 50. Pile diameter was kept equal to 0.6 

m, spacing was kept constant as 3D and L/D was also constant as 20. Figure 7 shows that as 

the number of piles increases the B.C.R. also increases. 

 

Figure 7 Effect of No. of Piles on B.C.R. 

4.3. Effect of Spacing of Piles 

The pile spacing was varied as 3D, 4D, 5D and 6D. The constant parameters were number of 

piles equal to 45, L/D = 20 and pile diameter = 0.6 m. Figure 8 shows the variation of B.C.R. 

with respect to different s/D ratio of piles. No significant effect of pile spacing is observed. 
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Figure 8 Effect of Spacing of Piles on B.C.R. 

4.4. Effect of Pile Diameter 

Pile diameter was varied as 0.6 m, 0.8 m and 1.0 m. Number of piles was 15, spacing 3D and 

L/D was 20. From Figure 9, it is seen that there is no significant effect of pile diameter on the 

B.C.R. of piled raft. 

 

Figure 9 Effect of Pile Diameter on B.C.R. 

4.5. Effect of Uneven Lengths of Piles on Piled Raft subejected to Uniform Load 

Four different configurations of piles were selected as shown in Figure 4 for study of effect of 

uneven lengths of piles.The ratio of length of short pile to long pile, i.e. L2/L1 ratio was  

varied. From Figure 10, it is observed that the B.C.R. increases as the  L2/L1  ratio increases. 

This increase becomes marginal after L2/L1 ratio exceeds 0.83. 

 

Figure 10 Effect of Uneven Lengths of Piles in a Piled Raft subjected to Uniform Load on B.C.R. 
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4.6. Effect of Uneven Lengths of Piles on Piled Raft subejected to Non-uniform 

Load 

The piled raft was subjected to non-uniform load configurations B, C and D as shown in 

Figure 6. The total load intensity was divided into loading percentages such as 90% - 10%, 80 

% - 10% - 10% and 10% - 50% - 40% respectively for load configurations B, C and D. The 

pile configurations shown in Figure 5 were selected for the study. The piles were arranged 

such that longer piles were situated beneath load of larger intensity. Differential settlements 

in raft were determined and S.R.R. was determined for each case. Figure 11 shows the 

variation of S.R.R. with respect to L2/L1 ratio for different cases. It is observed that S.R.R. 

decreases with increase in L2/L1 for load configuration B, load configuration C (case II) and 

load configuration D (case I). There was no significant change observed in S.R.R. for load 

configuration C (case I). 

 

(i) For Load Configuration B 

 

(ii) For Load Configuration C (Case I) 
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(iii) For Load Configuration C (Case II) 

 

(iv) For Load Configuration D (Case I) 

Figure 11 Effect of Uneven Lengths of Piles in a Piled Raft subjected to Non-uniform Load on S.R.R 

5. CONCLUSIONS 

The study of effect of different parameters on the performance of piled raft was done with the 

help of finite element software program MIDAS GTS 3D.  The main objectives of the 

research were to study the effect of geometry of piled raft, uneven lengths of piles, non-

uniform load configurations and location of water table on the piled raft performance. From 

this study, following conclusions are drawn: 

• Bearing capacity of piled raft foundation increases and average settlement reduces as the 

length of pile increases, as well as, when the number of piles increases. Whereas, pile 

diameter and pile spacing have no significant effect on the performance of piled raft.  

• The optimum L/D ratio of piles may be considered as 20 from the bearing capacity point 

of view. However, increase in L/D ratio beyond 20 contributes further in the reduction in 

the settlement of the piled raft. 

• When subjected to uniform load, pile configurations those with short piles 

distributed over the central portion of the raft and long piles along shorter sides of 

the raft and configurations with short piles located on the periphery of the raft and 

long piles located at the central area of the raft have marginal decrease in the 

bearing capacity and marginal increase in the settlement of the piled raft 
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foundation, when the length of short pile is reduced. Thus, these configurations of 

piles can be used to achieve economy in the construction of piled raft foundation. 

• In case of piled raft subjected to non-uniform load in the form of combined large 

and small intensity load distributed over the parts of the raft, pile configurations 

with short piles situated beneath smaller intensity load and long piles situated 

beneath larger intensity load have significant decrease in the differential 

settlements, when the length of short piles is reduced.  This can contribute in 

achieving economy in construction of piled raft. 
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ABSTRACT 
Every day, petrochemical activities, oil spills, and pipeline or reservoir leakage contaminate the ground. In 

addition to environmental concerns, such as groundwater pollution, the alteration of geotechnical properties of 

the contaminated soil is also cause for worry. Contamination has been proven to alter the geotechnical properties 

of soil, and researchers have extensively studied the properties of contaminated granular soils. However, the 

effect of oil contamination on the geotechnical properties of fine-grained soils has not yet been well evaluated. 

Therefore, a comprehensive set of laboratory pile load tests has been conducted in contaminated sand. The 

model parameter are varied, namely thickness of contaminated layer and percentage of oil contamination. The 

tests were performed with an oil content of 2.0, 2.5, and 3.0 % with respect to dry soil to match the field 

condition. This is an extensive program of work, done on single pile in oil content of 0, 0.5, 1.0, and 1.5 which 

were published earlier. From the results, it is observed that the maximum pile capacity in all percentages of oil 

contamination was found in the range of Lc/Lp = 0.50 to 1.0. 

 

KEYWORDS: Soil pollution; Kanhan Sand; Pile capacity; oil contaminated sand; Length of pile to length of 

contamination ratio (Lc/Lp). 

 

I. INTRODUCTION 
Air, water, and land are being contaminated for short-term benefits by industrial, petrochemical, construction, 

and sanitary activities. Considering land contaminations, environmentalists are concerned about subsurface 

water aquifer contaminations, plant growth in contaminated soil, and environmental and health hazards. On the 

other hand, geotechnical experts should consider the effects of soil contamination on the geotechnical properties 

of the soil. The soil-bearing capacity, foundation settlement, shear resistance, compressibility, and plasticity are 

the factors that must be taken into consideration. Crude oil is one of the most common soil contaminants. Over 

two million tons of oil are produced all over the world every day, and about 10 percent is entering the 

environment due to pipeline breaks, leakage from reservoir tanks, tanker accidents, discharge from coastal 

facilities, and offshore petroleum productions [3]. 

 

Although scientists have evaluated the geotechnical properties of contaminated granular soils through 

comprehensive studies, few researchers have studied the effects of oil contamination on the geotechnical 

properties of fine-grained soils. Meegoda and Ratnaweera in 1994 examined the compressibility of 

contaminated fine-grained soils by performing consolidation tests.  Their finite-element analysis showed that the 

settlement of the foundation increases due to oil contamination. Al-Sanad et al. in 1995 and Al-Sanad and 

Ismael in 1997 found that oil contamination leads to decreased permeability and strength. Vesic in 1973 found 

that the the angle of friction and bearing capacity factor Nϒ got reduced due to oil contamination. Ghaly (2001) 

performed direct shear tests on oil-contaminated sands which showed a reduction in angle of friction with an 

increase in the oil percentage.  Shin et al. (2002) reported a significant reduction in angle of friction with oil 

contamination. According to Ratnaweera and Meegoda (2006), the shear strength of granular soil decreases with 
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an increase in pore fluid viscosity. Mashalah et al. (2007) carried an extensive laboratory testing program which 

shows that oil contamination induces a reduction in the permeability and strength of all soil samples.  

 

The knowledge about the behaviour of axially loaded pile foundation embedded in oil-contaminated sand is very 

limited. However, the objective of the current study is investigating performance of single pile embedded in oil-

contaminated by performing laboratory model pile load test. Based on the results, the effect of various 

parameters influencing the performance of pile group such as the percentage of oil content, thickness of 

contaminated sand layer and pile group configurations were investigated. In addition, the comparison between 

uncontaminated and oil-contaminated sandy soil are studied. Any change in the engineering properties and 

behaviour of the soil strata may lead to a loss in the bearing capacity and an increase in the total or differential 

settlements of the foundation systems of structures [2]
.  

 

II. MATERIALS AND METHODS 
Test Tank and Loading Frame 

The experimental setup consist of the loading frame used as a reaction frame, hydraulic jack, load measuring 

unit, vertical displacement measuring unit and a test tank. A schematic diagram of the testing arrangement is 

shown in Figure 1. 

 

The axial load was applied with the help of the hydraulic jack consisting of loading unit and pumping unit. 

Loading was recorded by using a proving ring (2.5 kN capacity) connected to a long screw from the upper 

direction and to the pile cap from the lower direction by using an eye bolt. The vertical displacements were 

measured using two dial gauges accurate to 0.01 mm.  

Figure 1: 

 

1- Contaminated sand layer; 2-clean sand; 3-pile attached with pile cap; 4-model tank; 5-proving ring; 6-

reaction frame; 7-Dial Gauge 

Schematic view of test configuration 

 

Tests were conducted in a square steel tank with inner dimensions 400 mm long X 400 mm wide X 500 mm 

high. The tank was made of 3-mm-thick steel plate. The bottom and vertical edges of the tank were stiffened 

using steel angle sections. The inside walls of the tank are smoothly polished to reduce the friction with the sand 

as much as possible. The tank was designed to be large enough so that there will be no interference between the 

walls of the tank and the failure zone around the piles. 
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Sand Properties 

For the model tests, cohesionless, dry and clean Kanhan sand was used as the foundation soil. This sand is 

available in Nagpur region of Vidharabha, Maharashtra. The test sand has angular shape, uniform yellow colour 

with small proportion of flint stone of black colour. The particle size of sand decided for the test was passing 

through 2 mm IS sieve. The various laboratory tests were performed to determine the different engineering 

properties of sand in accordance with the relevant IS codes. 40 % relative density was maintained in all the tests.  

The grain size distribution of the sand is shown in Figure 2.  

 

The sand is poorly graded sand (SP) according to the IS Soil Classification System. The properties of clean and 

oil contaminated sand used are as shown in Table1. 

Figure 2: 

 
Grain size distribution curve for sand 

Table 1: Properties of Sand Used 

Properties 
% of oil contamination 

0(Uncontaminated) 2.0 2.5 3.0 

Specific gravity (G) 2.71 2.55 2.50 2.44 

γmax(kN/m3) 17.16 - - - 

γmin(kN/m3) 15.86 - - - 

Angle of internal friction, Ø (°) 45 24 22 18 

Cohesion (kN/m2) 0.0 30 33 36 

Average grain size (D60) (mm) 0.82 - - - 

Effective grain size (D10) (mm) 0.35 - - - 

Coefficient of uniformity (Cu) 2.343 - - - 

Coefficient of curvature (Cc) 1.472 - - - 

I. S. Classification SP - - - 

Relative Density (%) 40 40 40 40 

 

Model pile foundation 

The model piles for experimental investigation were made from M.S. rods. Clean sand was applied to the model 

pile with the help of epoxy glue to make it friction pile. The piles were provided with threads at one end for 

attachment of pile cap for ease of applying vertical load. The loads were applied with the help of hydraulic jack 

and were measured with the help of proving ring. The groove at centre of the pile cap was provided for applying 

the loads. Pile cap made up of 3 mm thick steel plate is used for model piles to be able to fix it to the proving 
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ring, which is attached to the long screw. L- Shaped angles were welded to the pile cap to place the dial gauge. 

Table 2 shows the details of model pile. 

Table 2: Model pile foundation used in testing 

Pile number Shaft diameter Pile length Self weight 

1 10 m 100  0.25 kN 

Mazurkiewicz (1968) reported that the pile length/pile diameter ratio (L/D) of 10:1 is a good ratio for model pile 

tests. Consequently, the length of the model pile was set to be 100 mm and the diameter to 10 mm. The model 

pile used in an experimental investigation is as shown in Fig. 3.[1] 

Figure 3: 

 
Model Pile used in an investigation 

Oil properties and preparation of contaminated sand 

In experimental work, waste engine oil from garage was used to contaminate the sand bed in the model tests. Oil 

added for contamination of sand worked as a softener which caused decrease in the friction between sand 

particles and piles. The properties of oil use in the experiments are shown in the table 3. 

Table 3: Oil Properties 

Type of oil Kinematics Viscosity (m2/s ) Density (kN/m3) Specific gravity 

Waste Engine Oil 45 x 10-6 8.3 0.83 

For contaminated sand, the amount of oil was calculated as a percent by weight of the dry sand. Contaminated-

sand layers were prepared by mixing the sand with an Oil Content (O.C.) of 2.0, 2.5, and 3.0 %. The mixed sand 

layers were put into closed bags for 2 days for aging and equilibrium, allowing possible reactions between sand 

and oil [1]. 

 

As pile shaft resistance is highly dependent on the friction angle of granular soil, direct shear tests were 

performed on clean as well as contaminated sands to examine the effect percentage of O.C. on the angle of 

shearing resistance values of sand. Variation of peak friction angle with oil content is shown in Figure 4.  
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Figure 4: 

 

Variation of friction angle with O.C. 

Installation of model pile in sand 

The method for pile installation used in this investigation was the jacking method. Jacked piles are basically 

displacement piles pushed into the ground by static load. According to Li et al. (2003), in Hong Kong, the 

jacking process is often taken as an installation method. Jacked piles have the advantage that they cause little 

pollution to the environment in the form of noise, air, and vibration. In the model tests, the pile was pushed into 

the sand manually. After the pile has reached the final penetration depth, the proving ring was attached [1]
.
 

Experimental procedure 

The procedure for these experimental tests consisted of the placement of clean and contaminated sand, 

placement of a pile, applying the axial load and recording of load and displacement.  

 

The empty tank first of all was filled up with required level of clean sand. Sand rainfall technique was used for 

placement of clean sand. . The sand was poured in the tank by sand rainfall technique keeping the height of fall 

as 50 cm to maintain the constant relative density 40% corresponding bulk density 16.31 kN/m3 throughout the 

test.  

 

In case of contaminated sand a raining technique (pluviation) for soil placement in the test tank was not suitable 

and did not provide uniform compaction. Therefore, the sand unit weight was controlled by pouring the 

precalculated weight of contaminated sand into the box for each layer separately, then the sand was placed and 

surface was leveled [1]
. Centering of the tank was done to locate the centre of the tank and pile was embedded at 

that centre into the sand bed upto a pile length with the help of hydraulic jack. 
 

Finally, the dial gauges were placed on welded portion opposite sides across the center of the pile cap, and load 

was applied incrementally. The pile loading was carried out with approximately (0.003 kN) incremental steps, 

and the pile was permitted to stabilize. Each load increment was maintained constant until the pile vertical 

displacement was stabilized. The axial load was recorded with the help of the proving ring, whereas the vertical 

displacements of the pile were recorded by the dial gauges. After completing the test, the whole tank had to be 

emptied, and then, the preparation for the next set had to be made. Experimental setup used in investigation is 

shown in Fig. 5. 
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Figure 5: 

    
Experimental Setup used for experimental investigation 

 

Test Program 

The model testing program included a parametric study that investigated different variables. Table 4 shows a 

summary of model test parameters and their values. To study the effect of contaminated sand, the test on pile 

embedded in clean sand was also carried out as a reference. A total of 18 tests were conducted to study the 

effect of oil contamination on performance of pile under axial load in oil contaminated sand.  

 

Table 4. Model Test Program 

Series 
Constant 

parameter 
Varying Parameter 

I OC = 0 % - 

II OC = 2.0 % Lc/Lp=0.25,0.50,0.75,1.0,1.25,1.50 

III OC = 2.5 % Lc/Lp=0.25,0.50,0.75,1.0,1.25,1.50 

IV OC = 3.0 % Lc/Lp=0.25,0.50,0.75,1.0,1.25,1.50 

 

III. RESULTS AND DISCUSSION 
The results of each test were plotted in terms of load versus settlement. Figure 6 shows load settlement curves 

for pile in 2.5 % of oil contamination for all Lc/Lp ratios. The laboratory study would give an idea about the 

behaviour of pile group on oil contaminated sand bed with various oil content and depths of contamination. 

During the experimental investigations, depth of contamination, and augmented whereas the other parameters 

viz., diameter of pile, length of pile, type of soil, type of oil and density of sand were kept constant. 

Figure 6: 
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Load settlement curve for 2.5 % OC Sand 

The variation of Pile Capacity with LC/LP for single pile in 2.5 % oil contamination is shown in Figure 7. Table 

5 shows tests results for pile foundation embedded in clean and oil contaminated sand for Lc/Lp= 0.25 to 1.50. 

Figure 7: 

 

Variation of Pile Capacity with LC/LP for single pile in 2.5 % O. C. 

Table 5: Pile capacities values of pile embedded in clean and oil contaminated sand bed 

% 

OC 
Pile capacities for various Lc/Lp (kN) 

 0.25 0.50 0.75 1.0 1.25 1.50 

0 0.047 

2 0.04 0.053 0.052 0.044 0.0285 0.0225 

2.5 0.037 0.048 0.06 0.05 0.024 0.0144 

3 0.028 0.048 0.06 0.043 0.02 0.016 
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Influence of Depth of Oil Contamination 

One of the most important objectives of the present experimental study was to investigate the influence of the 

depth of oil contamination on the behavior of pile under axial loading. Therefore, a series of tests were 

conducted with various percentages of oil content (O.C.) viz., 0, 2.0, 2.5, and 3 % and for various LC/LP ratios 

viz., 0.25, 0.50, 0.75, 1.0, 1.25, and 1.50. For comparing the test data, the term Pile Capacity Ratio (PCR) is 

used and is defined as 

PCR =
PU,oil

PU,uncontaminated

                                          

 

where, 

PU,oil  = Pile Capacity of the pile/pile group embedded in oil-contaminated sand from experimental  

tests; and  

PU,uncontaminated  = Pile Capacity of the pile/pile group embedded in uncontaminated sand from experimental tests. 

Summary of PCR values for single pile in oil contaminated sand for different percentages of oil and 

depths of contamination is given in Table 6. 

 

Table 6: PCR values for different depths of contamination and percentage of oil contamination 

% Oil Contamination 

PCR for various LC/LP ratios 

0.25 0.5 0.75 1 1.25 1.5 

 1 1 1 1 1 1 0 

2 0.85 1.13 1.11 0.94 0.61 0.48 

2.5 0.79 1.02 1.27 1.06 0.51 0.31 

3 0.59 1.02 1.27 0.91 0.42 0.34 

The variation of PCR with LC/LP for single pile in 2.5 % of oil contaminated sand is shown in Figure 8. 

 

Figure 8 

 

Variation of PCR with LC/LP for single pile in 2.5 % O. C. 

From figure 8, it is observed that the PCR is affected remarkably by the thickness of the contaminated-sand 

layer with respect to the length of pile. However, this variation is neither of increasing or decreasing trends, and 

is non uniform in nature. It decreases initially and then increases upto a certain value of LC/LP depending upon 

percentage of oil contamination. With further increase in LC/LP, PCR decreases. 

 

IV. CONCLUSION 
The main purpose of the current study was to perform laboratory testing programs to determine the effects of oil 

contamination of sandy soil on the pile capacity and settlement of a model pile foundation. In addition, the 

comparison between uncontaminated and oil contaminated sandy soil are studied. 
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The following main conclusions emerged from this study: 

1. Friction angle was decreased as percentage of oil increased. 

2. The range of LC/LP for which the pile capacity is maximum is 0.5 to 1.0 

3. PCR is affected remarkably by the thickness of the contaminated-sand layer with respect to the length of 

pile. However, this variation is neither of increasing or decreasing trends, and is non uniform in nature. It 

decreases initially and then increases upto a certain value of LC/LP, depending upon percentage of oil 

contamination. With further increase in percentage of oil contamination, PCR decreases. 
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Abstract— Underground multiple cavities/voids can be 

created by different reasons such as tunneling, mining, water 

and gas networks and old conduits. These voids can cause 

serious engineering problem leading to instability of the 

foundation, incurring severe damage to the superstructure. 

With population growth there is need to study this geotechnical 

engineering problem regarding the foundation stability in these 

areas. In this paper, numerical investigation of such 

phenomenon is presented using PLAXIS, 2D software. This 

paper investigates the bearing capacity of surface strip footings 

on C-Ø soil with multiple square voids. The bearing capacity of 

strip footing influenced by placement of three voids and found 

that voids in single row influences more than other positions. 

The bearing capacity of strip footing with multiple voids is 

greatly influenced by position of first void. 

Keywords— Multiple Square Voids, Underground Square 

Cavity, Strip Footing, Finite Element Analysis Introduction  

I. INTRODUCTION 

The stability of any structure depends on bearing 

capacity of foundation soil, which plays major role in 

geotechnical engineering. The bearing capacity will change 

with presence of minerals in soil, with level of water table 

and with presence of cavities or voids in soil. The existence 

of underground void affects stability of rigid surface 

structures such as foundations, rigid pavements over tunnels 

and underground pipe lines and also the integral stability of 

structure. The void may exists exactly below the foundation 

or at any location within the critical region means the region 

of pressure bulb, it affects stability of footing. 

 Due to the population growth and in response to 

existing needs, the demand of tunnels for urban transportation 

has rapidly increased. These tunnels usually excavated close 

to the soil surface and their effects will develop to the ground 

level and can significantly affect the performance of shallow 

foundations located above these voids. Results of prior 

researches in this field indicated that the interaction between 

shallow foundation and underground voids has significant 

effects on the performance of shallow foundations. 

 The severity of damage due to presence of 

underground voids depends on the degree of vertical as well 

as lateral proximity of the voids to footing. The alternatives 

available to a geotechnical engineer are (i) to use piles or 

caissons to bridge the void and to bear on soil or rock below 

the void; (ii) to fill the void with acceptable materials; (iii) to 

relocate the foundation away from the void; and (iv) to 

excavate and found the foundation below the bottom of the 

void. From these alternatives relocation is practicable only if 

sufficient space is available. Other alternatives are very 

expensive and also are infeasible. To design a stable 

foundation system above a cavity, it requires a method of 

stability analysis for foundation above multiple cavities. Such 

a method is also essential for the economic design of 

foundations above other types of void/cavity. 

 The studies on the interaction between shallow 

foundation and tunnel focused on single or double voids 

which are illustrated below.  

 Baus and Wang (1983) studied an effect of shape 

and location on the bearing capacity of footing located above 

single void experimentally and analytically and concluded 

that there exists a critical depth below which the presence of 

a void has a negligible influence on the bearing capacity. 

 Peng et al. (2006) studied single square cavity effect 

on bearing capacity of foundation with respect to void depth 

and void eccentricity i.e., location using two dimensional 

elasto-plastic FEM. 

 Kiysumi et al. (2007) studied yielding pressure of 

spread footing above single and double voids and concluded 

that there is a strong tendency for a failure zone to develop 

near the nearest void. 

 Hussein (2013) carried a finite element analysis for 

stability of strip footing on sand bed of different relative 

densities with circular void and concluded that effect of voids 

on the BCR of sand bed is proportional inversely with 

relative density of sand. 

 Lee et al. (2014) studied undrained stability of 

surface strip footings on clay over centered and eccentric 

single and double voids continuous void using finite element 

analysis.  

 In practice, there may more than two voids in the 

soil deposit which affects the bearing capacity of shallow 

foundations located above them. The study on the effect of 

three square voids on the bearing capacity of shallow footing 

doesn’t exist with more than two voids. Therefore, this work 

focus on investigating the bearing capacity of the system of 

footing and three square voids for different widths of voids, 

embedment depth, and horizontal and vertical spacing 

between voids. 

II. PROBLEM DEFINITION  

The bearing capacity of strip footing on    c- soil 

with three square voids in different configuration was 

consider for different widths of voids, embedment depth, and 
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horizontal and vertical spacing between voids. As shown in 

the figures a strip rigid footing is placed on soil model with 

Young’s modulus (E), a uniform unit weight (, friction 

angleand Poisson’s ratio ( 

 The performance of footing above voids is affected 

by location, shape, size and number of voidwhich are 

expressed through dimensionless parameters i.e. size of void 

b/B, vertical distance of the top of cavity from bottom of 

footing Z/B, vertical distance between two cavities ZC/B and 

horizontal distance between two cavities S/B are considered 

in this study. These configurations are divided in four groups, 

i.e., all in one row, all in one column, skew placement and 

right angle placement as shown in Fig. 1. 

        

(a)All in One Row         (b) All in One Column 

                
  (c) Skew Placement        (d) Right Angle Placement 

Fig. 1. Configurations of Voids 

III. FINITE ELEMENT ANALYSIS 

 A commercially available two-dimensional finite 

element program PLAXIS 2D version 2012 was used to 

model the footing and three voids system. The soil was 

modeled with fifteen node triangular element.  

 The well-known Mohr-Coulomb model was 

considered as a first order approximation of real soil 

behavior. The parameters of soil used for this elasto-plastic 

model are given in Table I. 

 
TABLE I.  SOIL PARAMETERS 

Properties  Value 

Unsaturated Unit weight 18 kN/m3 

Young’s modulus (E) 25000 kN/m2 

Cohesion 50  kN/m2 

Friction angle 28° 

Dilatancy angle 0° 

Poisson’s ratio 0.3 

 

The rigid concrete strip footing having 2 m width was 

modeled with parameters as given in Table II.  

 

 

 

 

 

TABLE II.  FOOTING PARAMETERS 

Properties Value 

Unit weight 24 kN/m3 

Axial stiffness (EA) 25000000 kN/m 

Flexural rigidity (EI) 320000 kN-m2/m 

Equivalent thickness 0.4 m 

Poisson’s ratio 0.2 

 

Fig. 2 shows a typical finite element mesh and modeled 

boundary conditions were assumed such that the vertical 

boundaries are free vertically and constrained horizontally 

while the bottom horizontal boundary is fully fixed. The 

external boundaries were positions 9.5B laterally from edge 

of footing and 15B below ground surface.  The global 

coarseness of the mesh adopted was fine. Cavity cluster was 

refined to remove discontinuity of elements. No specific 

interface elements along the soil and footing were used. Then 

ultimate bearing capacity (UBC) of footing was evaluated 

from load-settlement curve by tangent line method and results 

were interpreted in the term of Bearing Capacity Ratio 

(BCR). 

 

 
Fig. 2. Finite Element Mesh 

Table III summarizes all the varied parameters used. The 

bearing capacity analysis of strip footing was carried out for 

the centric point load. As the b is 0.5m, 1m, 1.5m and 2m the 

area of single square cavity is 0.25m2, 1m2, 2.25m2 and 4m2 

respectively. 

TABLE III.  DETAILS OF PARAMETERS 

Configuration 
No of 

Voids 
b/B Z/B Zc/B S/B 

All in One 
Row 

3 
0.5, 1, 
1.5, 2 

0.5, 

0.75, 1, 

1.5, 2, 3 

- 
0,0.25
,0.5,1 

All in One 
Column 

3 
0.5, 1, 
1.5, 2 

0.25, 
0 .5 

0, 
0.25 

- 

Skew 

Placement 
3 

0.5, 1, 

1.5, 2 

0.25, 

0.5, 0.75 

0, 

0.25 

0, 

0.25, 
0.5, 1 

Right Angle 

Placement 
3 

 0.5, 1, 

1.5, 2 
0.5, 1 

0, 

0.25, 
0.5, 1 

0, 
0.25, 

0.5, 1, 

2 
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IV. RESULT AND DISCUSSION  

 

 The effect of cavity on the bearing capacity is 

evaluated by Bearing Capacity Ratio (BCR) as: 

 

 
 

 The magnitude of BCR can quantitatively evaluate the 

cavity effect on the bearing capacity of footing foundation 

without voids subjected to same loading condition.  

 

A. All in One Row 

 Fig.3 to Fig. 8 shows variation of BCR for square 

cavities in one row for different void depth, spacing between 

voids and size.  The bearing capacity found to be reduces in 

all cases with no void condition. As the void spacing 

increases, the bearing capacity increases. As size of void 

increases, the bearing capacity reduces in all case. 

 

 

 

Fig. 3. Variation of BCR with respect to Size of Cavity for Z/B=0.5 

 

 

Fig. 4. Variation of BCR with respect to size of Cavity for Z/B=0.75 

 

 

Fig. 5. Variation of BCR with respect to Size of Cavity for Z/B=1 

 

 

Fig. 6. Variation of BCR with respect to Size of Cavity for Z/B=1.5 

 

 

Fig. 7. Variation of BCR with respect to Size of Cavity for Z/B=0.5 
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Fig. 8. Variation of BCR with respect to Size of Cavity for Z/B=3 

B.  All in One Column 

 As shown in Fig. 9 and Fig. 10, BCR reduces with 

respect to size of void and vertical distance of void. However, 

the distance between cavities has less influence on BCR.  

 

 

Fig. 9. Variation of BCR with respect to Size of Cavity for Z/B=0.25 

 

Fig. 10. Variation of BCR with respect to Size of Cavity for Z/B=0.5 

 

C. Skew Placement 

 Fig.11 to Fig. 22 shows the variation of BCR with 

respect to size of cavity for various depth of voids (Z/B), 

spacing of voids (S/B). In skew placement of voids, the BCR 

is influenced by vertical spacing of first void and meagerly 

affected by distance between voids. 
 

 

Fig. 11. Variation of BCR with respect to Size of Cavity for Z/B=0.25, 

S/B=0 

 

 

Fig. 12. Variation of BCR with respect to Size of Cavity Z/B=0.25, S/B=0.25 

 

Fig. 13. Variation of BCR with respect to Size of Cavity Z/B=0.25, S/B=0.5 
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Fig. 14. Variation of BCR with respect to Size of Cavity Z/B=0.25, S/B=1 

 

Fig. 15. Variation of BCR with respect to Size of Cavity Z/B=0.5, S/B=0 

 

 

Fig. 16. Variation of BCR with respect to Size of   Cavity Z/B=0.5, S/B=0.25 

 

Fig. 17.  Variation of BCR with respect to Size of Cavity Z/B=0.5, S/B=0.5 

 

Fig. 18.  Variation of BCR with respect to Size of Cavity Z/B=0.5, S/B=1 

 

Fig. 19.  Variation of BCR with respect to Size of Cavity Z/B=0.75, S/B=0 
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Fig. 20. Variation of BCR with respect to Size of Cavity Z/B=0.75, S/B=0.75 

 

Fig. 21.  Variation of BCR with respect to Size of Cavity Z/B=0.75, S/B=0.5 

 

Fig. 22.  Variation of BCR with respect to Size of Cavity Z/B=0.75, S/B=1 

D.  Right Angle Placement  

 Fig. 23 to Fig. 32 shows the variation of BCR with 

respect to size for different Z/B, S/B and Zc/B ratios for right 

angle placement of voids. BCR decreases with increase in 

size of cavity and increases with increase in void depth for 

constant size and spacing. As the size increases vertical 

spacing has no influence on BCR.    

 

 

 

Fig. 23.  Variation of BCR with respect to Size of Cavity Z/B=0.5, S/B=0 

 

 

Fig. 24.  Variation of BCR with respect to Size of Cavity Z/B=0.5, S/B=0.25 

 

Fig. 25.  Variation of BCR with respect to Size of Cavity Z/B=0.5, S/B=0.5 
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Fig. 26.  Variation of BCR with respect to Size of Cavity Z/B=0.5, S/B=1 

 

 

Fig. 27. Variation of BCR with respect to Size of Cavity Z/B=0.5, S/B=2 

 

 

Fig. 28. Variation of BCR with respect to Size of Cavity Z/B=1, S/B=0 

 

 

Fig. 29.  Variation of BCR with respect to Size of Cavity Z/B=1, S/B=0.25 

 

Fig. 30. Variation of BCR with respect to Size of Cavity Z/B=1, S/B=0.5 

 

 

Fig. 31. Variation of BCR with respect to Size of Cavity Z/B=1, S/B=1 
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Fig. 32.  Variation of BCR with respect to Size of Cavity Z/B=1, S/B=2 
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V. CONCLUSION 

i. Three voids beneath a surface footing leads to 

decrease the bearing capacity of footing depending 

on the geometry of system i.e.,  stability and bearing 

capacity of the footing significantly affected by the 

presence of the void.  

ii.  In all types of configuration, increasing the void 

size causes decrease in the bearing capacity of the 

footing located above them while the relative 

vertical and horizontal distance between voids and 

footing is kept constant. 

iii. As the void depth increases the BCR increases. 

iv. The bearing capacity of the footing situated above 

three square cavities is influenced by the pattern of 

placement of void. 

v. Voids in a single row influences bearing capacity of 

footing than any other placement of voids.  
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Abstract:  The present paper is the study of the performance of strip footing placed on sandy slope stabilized with a number of 

rows of piles at various locations. The parameters such as a number of pile rows and location of pile rows are varied. The 

length of piles, the diameter of piles, and spacing between two adjacent piles in a row and setback distance of strip footing were 

kept constant. The study revealed that provision of rows of piles along the slope improves the bearing capacity of strip footing. 

The bearing capacity increases as the number of rows of piles increases. 

  

Keywords:  Slope stabilization, Piles, Pile Row Locations, Bearing Capacity, BCR.   

 

I. INTRODUCTION 

In many situations, engineers are forced to construct footings on sloping surfaces like hills, such as footings for bridge 

abutments. This results in a decrease in bearing capacity of footing, depending on the location of the footing with respect to the 

slope crest. Therefore, shallow foundations are avoided, and provision of piles or caissons to stabilize the slope remains the only 

feasible choice.  

Stability of slope can be increased by using various solutions such as injection of bacterial solutions in the soil, soil 

reinforcement, or installation of continuous or discrete walls or piles. These type of solution not only increases the bearing 

capacity of footing but also affects the settlement of footing. In the case of stabilizing piles, these goals are achieved by the lateral 

resistance provided by piles against the movement of the soil mass. 

Most of the previous studies were concentrated on the analysis of slope stability, very few considered the performance of 

footing and its bearing capacity. Therefore, this study aims to study the changes in bearing capacity of strip footing placed on 

slope stabilized with a number of rows of piles. The main objective is to determine the optimum location of rows of piles along 

the slope. So, a number of tests were carried out for different combinations of varying parameters and the results obtained are 

presented and discussed below. 

II. LITERATURE REVIEW  

A. Mostafa et al. (2005) studied the behavior of strip footing on pile and sheet pile stabilized the sand slope. The parameters 

studied were pile diameter, pile length, the ratio of c/c spacing and footing width, pile diameter footing width, the height of sheet 

pile, the location of sheet pile, the ratio of length to width of the pile. It was observed that the bearing capacity was found 

maximum when pile spacing was minimum and pile length was maximum. The pile spacing had greater significance than pile 

length or diameter. The optimal location of the pile for maximum bearing capacity ratio was at slope crest. However, sheet pile 

stabilized slope shows better results as compared to pile stabilized slope. 

 

P. Induja et al. (2015) studied the effectiveness of providing micropile as foundation support to resist dynamic loads. The 

parameters varied were footing edge distance from the crest, micropile depth, and slope inclination. The coefficient of elastic 

uniform compression (Cu) was determined from cyclic load test conducted and it was found that the value of Cu for reinforced 

case shows an increase by about 2.5 times that of the value obtained for unreinforced case indicating an increase in stiffness of 

soil. They also concluded that it is safe to place the footing at a setback distance of two times the width of the footing for safe 

behaviour.   

 

H. Gullu et al. (2013) studied the effect of the pile on slope stability by PLAXIS 2D by changing the location of the pile at the 

toe of the slope, at the middle, at the top, two rows of pile at toe and middle of slope & at middle and top of slope. He concluded 
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that factor of safety of slope-pile system increases with the increased row of pile. In the single row of pile application, it was 

found that the factor of safety decreases as the slope was reinforced towards the top of the slope. The study suggests using either 

the single row pile at the toe or two-row piles at the toe and middle of slope in practice. 

 

I. Hsuan et al. (2014) presented the results of numerical study of slope stabilizing piles in undrained clayey slopes with a weak 

thin layer by varying parameters such as ratio of undrained shear strength of weak layer to that of remaining soil mass (0.2-1), 

ratio of width of slope to that of height of slope (0-12), ratio of distance of pile from toe to that of slope length (0-1), spacing to 

diameter ratio (0-12) and pile head conditions as free and fixed. He concluded that the pile should be extended half way below the 

weak layer. The use of fixed head piles increases the effectiveness of stabilizing piles compared with free head piles. He also 

stated that the middle portion of the slope is the optimal pile position for pile stabilized slope. 

T. Ito et al. (1981) analysed the stabilizing piles against landslide using one row of piles with varying parameters as ratio of 

clear distance between piles to the centre to centre distance between them (0.4-0.9), pile head as free, hinged, unrotated and fixed, 

diameter of pile (0.6- 1.0). It was concluded that safety factor of the pile stability decreases with increase in pile length while 

safety factor for slope stability increases. The improvement in the safety factor for pile and slope stability with multi-row to single 

row pile was observed. 

M. Ghazavi et al. (2013) proposed an analytical approach to calculate the bearing capacity of a footing supported on one or two 

rows of piles stabilizing slope with the effects of fixity of pile head, crest distance, the ratio of the distance of pile from toe to that 

of slope length. They concluded that the maximum footing bearing capacity is achieved when non-fixed piles in the stable layer 

are installed at the middle of the slope and fixed piles in the stable layer are installed near the slope crest at various positions and 

the restrained pile head (hinged or fixed) was recommended for slopes. 

 

III. EXPERIMENTAL SETUP 

To study the load settlement characteristics of the footings for various parameters, the plate load tests were conducted. The 

laboratory set-up consisted of a tank, a reaction frame, a model footing, and screw jack, proving ring, dial gauges, and piles as 

reinforcement. These are described in following sections. 

A. Test sand 

For the model tests, cohesion-less, dry, clean and washed Kanhan sand was used as a filling material for slope. The particle size 

of sand used for the test was passing through 2 mm IS sieve and retaining on 1 mm IS sieve. 

B. Model footing 

The model footing used for model plate load test was made up of a rigid steel plate. The strip footing with dimension 80 mm x 

580 mm and 10 mm thick was used. Footing had a little groove at the center to facilitate the application of load. 

C. Model Piles 

The model piles of the circular section were fabricated by using mild steel rods of diameter 6.0 mm and length 120 mm. 

D. Tank  

The test tank used for experimental investigation was made of 3 mm thick mild steel sheet having dimensions 1000mm x 

600mm in plan and 650mm high. The minimum tank size required is 5 times the width or breadth of footing whichever is more. 

The bulging effect counteracts by providing sufficient horizontal and vertical bracings at sufficient intervals. 

E. Screw Jack 

The load was applied on the model footing with the help of a 25 Ton capacity screw jack. The screw jack was fixed at the 

center of the horizontal member of reaction frame.  

F. Proving Ring 

For laboratory plate load test, proving ring of 50 kN capacity was used. The proving ring was fixed to the bottom plunger of 

screw jack to transfer load from proving ring to footing. 

G. Reaction frame   

    The reaction frame used for applying loads on the model footing consisted of a horizontal member and two vertical members 

made of IS channel section. 

H.  Slope Preparation and Pile Insertion  

In the present experimental investigations, the relative density of sand slope was maintained by using sand rainfall technique. 

The height of fall to achieve the desired relative density was determined as a priory by performing a series of trials with different 

height of fall. In the present investigation, the height of fall was selected as 40 cm in rainfall technique and the corresponding 

relative density was maintained at 40% and corresponding density was 16.56 kN/m3. The height of slope was maintained as 360 

mm. The slope was prepared in layers of 5 cm and face of the slope was smoothened with a trowel to obtain the slope of 1:1.5 (V: 

H).  

 

Once the setup of the sand slope was completed, a row of model piles was installed using an assembly of steel plates which 

held the piles vertical during the installation. The guide system was initially placed in the tank on the slope and then the piles were 

pushed vertically manually at the pre-decided location along the slope with required spacing. The spacing of piles was kept 

constant as 80 mm center to the center of piles. No visible movement in the sand slope was observed during the installation 

process. The difference in the relative density of the sand, which occurs during pile installation due to the difference in the pile 

lengths, was considered to be small and neglected. 
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Fig. 1. Geometric parameters of pile -stabilized sand slope model 

 

TABLE 1 

MODEL TESTS PROGRAM 

Sr. 

No. 

No. of Rows of 

Piles 
Location of Rows of Piles 

1 
For 1 Row 

0X, 0.25X, 0.5X, 0.75X, 1X 

2 
For 2 Rows 

0X&0.25X, 

0.25X&0.5X, 

0.5X&0.75X, 

0.75X&1X 

3 
For 3 Rows 

0X&0.25X&0.5X, 

0.25X&0.5X&0.75X, 

0.5X&0.75X&1X 

 

I.  Laboratory plate load test  

For the experimental investigations, the model plate load tests were conducted in accordance with IS: 1888-1982 to evaluate the 

bearing capacity and settlement.  

J. TEST PROCEDURE 

The tests were performed on stabilized sand slope as per following procedure.  

1. The test sand slope was prepared as discussed above. The footing was placed carefully without disturbing the sand slope at 

distance 2B from the crest.  

2. The dial gauges were carefully placed on a model strip footing. The loading unit was then lowered through proving ring so 

that the bottom plunger attached to the proving ring just touches the center groove on the footing.  

3. The load was then applied on a footing in increments. Each load increment was approximately equal to one-fifth of the 

ultimate bearing capacity of the strip footing. The final dial gauge readings were noted when the rate of settlement became less 

than 0.02 mm/hour. 

4. After the failure occurred, the load on the footing was released. The footing and piles were removed and the test sand slope 

was again prepared and next tests were then performed. 

 

IV. EXPERIMENTAL RESULTS AND DISCUSSION 

A.  Load Settlement Behavior of Strip Footing on Slope Stabilized with One Row of Vertical Piles 

A single row of piles was placed at various distances viz., 0X, 0.25X, 0.5X, 0.75X and 1X along the slope to study the effect of 

location of vertical pile row on improvement in bearing capacity of strip footing on a slope. The load-settlement curves for strip 

footing corresponding to various locations of a single row of vertical piles are as shown in Fig.2. 
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Fig. 2. Load Settlement Curves for Strip Footing Corresponding to Various Locations of Single Row of Vertical Piles 

The variations of BCR for a single row of piles at various pile row location are shown in Fig.3. 

 

 
 

Fig. 3. Variations of BCR with Location of Pile Row for Single Row of Piles 

 

From Fig.2, the ultimate bearing capacity of strip footing on the slope for different locations of a single row of piles was 

determined. The ultimate bearing capacity of strip footing on a slope and the values of bearing capacity ratio for the various 

location of the single row of piles are tabulated in Table 2.  

TABLE 2 

 UBC OF STRIP FOOTING FOR DIFFERENT LOCATIONS OF SINGLE ROW OF PILES 

Sr. 

No. 

Crest Distance of 

Single Row of Piles 

UBC 

(kN/m2) 
BCR 

1 0X 93.5 1.98 

2 0.25X 81 1.71 

3 0.5X 76.5 1.63 

4 0.75X 64.5 1.37 

5 1X 58.5 1.25 

 

It can be seen that the single pile row placed closer to the slope crest, gives higher bearing capacity. Maximum improvement in 

UBC is obtained when pile row is placed at the crest of the slope. Thus, the optimum location for a single row of vertical piles 

may be considered as at the slope crest. 

 

B. Load Settlement Behavior of Strip Footing on Slope Stabilized with Two Rows of Vertical Piles 

Two rows of piles were placed with the first row of piles at various horizontal crest distances viz., 0X, 0.25X, 0.5X, 0.75X and 

1X along the slope and the second row of piles at a horizontal distance of 0.25X from the first row to study the effect of location of 

vertical pile rows on improvement in bearing capacity of strip footing on slope. The load-settlement curves for strip footing 

corresponding to various locations of two rows of vertical piles are as shown in Fig. 4. 
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Fig. 4. Load Settlement Curve for Strip Footing Corresponding to Various Locations of Two Rows of Vertical Piles 

The variations of BCR with the location of pile rows are shown in Fig. 5. 

 

 
 

Fig. 5. Variations of BCR with location of Pile Rows for Two Rows of Piles 

 

From Fig. 4., the ultimate bearing capacity of strip footing on the slope for different locations of two rows of piles were 

determined. The corresponding values of UBC and the values of bearing capacity ratio for various locations of two rows of piles 

are tabulated in Table 3. 

TABLE 3 

 UBC OF STRIP FOOTING FOR DIFFERENT LOCATIONS OF TWO ROWS OF VERTICAL PILES 

Sr. 

No. 

Crest Distance of 

Two Rows of Piles 

UBC  

(kN/m2) 
BCR 

1 0X & 0.25X 91.5 1.95 

2 0.25X & 0.5X 102 2.17 

3 0.5X & 0.75X 84 1.78 

4 0.75X & 1X 70 1.49 

 

From the Fig. 5., it is observed that the optimum location for two rows of vertical piles is 0.25X from crest for the first row of 

piles and second row of piles at a spacing of 0.25X from the first row of piles. From Fig. 5., it is also seen that the performance of 

strip footing is better when rows of piles are provided in the upper half of the slope as compared to the lower half. 

 

C. Load Settlement Behavior of Strip Footing on Slope Stabilized with Three Rows of Vertical Piles 

    Three rows of piles were provided with the first row of piles at a horizontal distance of 0X, 0.25X, 

0.5X, 0.75X and 1X from the crest and second and third rows of piles at a horizontal distance of 0.25X and 0.5X from the first row 

respectively along the slope to study the effect of location of vertical pile rows on improvement in bearing capacity of strip 

footing on a slope. The load-settlement curves for strip footing corresponding to various locations of three rows of vertical piles 

are as shown in Fig. 6. 

file:///C:/Users/omak/Downloads/www.IJARIIT.com


Somwanshi Surabhi .S, A. I Dhatrak, S. W Thakare., International Journal of Advance Research, Ideas and Innovations in 

Technology. 

 

 

© 2017, www.IJARIIT.com All Rights Reserved                                                                                                        Page | 1422 

 
Fig. 6. Load Settlement Curves for Strip Footing Corresponding to Various Locations of Three Rows of Vertical Piles 

The variations of BCR with the location of pile rows are shown in Fig. 7. 

 
Fig. 7. Variations of BCR with Location of Piles for Three Rows of Piles 

 

From Fig. 6., the ultimate bearing capacities of strip footing on slope for different locations of three rows of piles were 

determined. The corresponding values of UBC and the values of bearing capacity ratio for various locations of three rows of pile 

are tabulated in Table 4. 

TABLE 4 

UBC OF STRIP FOOTING FOR DIFFERENT LOCATIONS OF THREE ROWS OF PILES 

Sr. 

No. 

Crest Distance of 

Three Rows of Piles 

UBC 

(kN/m2) 
BCR 

1 0X & 0.25X & 0.5X 106 2.26 

2 0.25X & 0.5X & 0.75X 122 2.59 

3 0.5X & 0.75X & 1X 95 2.02 

 

From the Fig. 7, it is observed that the optimum location for three rows of vertical piles is 0.25X from crest for the first row of 

piles with second and third rows at a spacing of 0.25X and 0.5X respectively from the first row of piles. 

 

CONCLUSIONS 

Based on the experimental results, the following conclusions can be drawn. 

 Pile reinforced slope shows the better performance as compared to natural slopes. 

 Higher the number of pile rows, better is the performance of strip footing on slope.  

 The optimum location of the single row of piles for reinforcing the slope is at the crest of slope.  

 For two rows of piles provided for reinforcing the slope, the optimum location for the first row of piles is at 

distance of 0.25 times the horizontal projection of slope from the crest and for the second row of piles is at a 

spacing of 0.25 times the horizontal projection of slope from the first row of piles along the slope. 

 For three rows of piles provided for reinforcing the slope, the optimum location for the first row of piles is at a 

distance of 0.25 times the horizontal projection of slope from crest and second and third rows of piles at spacing 

of 0.25 times the horizontal projection of slope and 0.5 times the horizontal projection of slope respectively 

from first row of piles along the slope. 
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ABSTRACT: Bearing capacity and settlement are two main criteria for designing the foundation of a structure. 
Traditional bearing capacity theories for determining ultimate bearing capacity of foundation assume that soil below 
the footing as homogeneous. However, this is not true in all cases. But, layered soils are mostly encountered in practice. 
The footings of retaining wall, portal framed buildings, abutments of bridges, offshore structures are not only subjected 
to vertical or inclined load but also to eccentric loading. Due to load eccentricity the overall stability of the foundation 
decreases with increase in settlement and tilting of the foundation which reduces bearing capacity. To overcome this 
reduction in bearing capacity of foundation, T-shaped footing can be used as an alternative. The vertical downward 
projection of T-shaped footing provides stability against lateral load acting on the structure. In this experimental 
investigation, an attempt has been made to study the effect of layered type of sand on bearing capacity of T-shaped 
foundation. Model plate load test were performed on T-shaped footing over layered sand. The depth of insertion cut-off 
of T-shaped footing was varies in the ratio of D/B = 0.25, 0.5, 0.75,1. Depth of top layer of sand was varied in the ratio 
of d1/D = 0.5, 1, 1.5, 2. The results were plotted in terms of load-settlement curves. From results it was concluded that 
UBC of T-shaped footing increases with increase in the depth of insertion cut-off and it reaches its optimum value at 
insertion depth equal to 0.5 times the width of footing. In case of T-shaped footing on layered sand, ultimate bearing 
capacity and BCR of T-shaped footing increases with increase in depth of top layer up to the depth of top layer equal 
1.5 times depth of insertion cut-off.  
 
KEYWORDS: Strip footing, T-shaped footing, Layered soil, Medium sand, Fine gravel, eccentric loading.  

I. INTRODUCTION 
 
 Traditional bearing capacity theories for determining the ultimate bearing capacity of shallow foundations assume that 
the bearing stratum is homogenous and infinite. The best estimation of bearing capacity and settlement on layered soil 
are possible only, if the pressure-settlement characteristics of the foundation-soil are known for the size of the footing. 
The footings of retaining wall, portal framed buildings, abutments of bridges, offshore structures are not only subjected 
to vertical or inclined load but also to moments. Footings are also subjected to sliding and overturning which also 
reduces the bearing capacity and sometimes results into failure of structure. Thus, due to improper designing aspects or 
some natural calamities structures built on foundation with multilayer soil and subjected to various loads (horizontal 
load, vertical loads, moments and eccentric loads) may be collapse. In such cases, T-shaped footing can be used as a 
foundation which improves bearing capacity of footing against the action of inclined and eccentric forces. The vertical 
insertion of the rigid T-shaped footing into bearing soil provides considerable resistance against both sliding & 
overturning. Due to this there is a reduction in settlement of footing & increase in bearing capacity of soil. 

II. LITERATURE REVIEW 

Verma et al. (2013)1 conducted an experimental study to determine bearing capacity of granular layered soils by plate 
load test. From their experimental work, it was concluded that as the depth of top layer of sand (fine gravel) increased, 
bearing capacity increased and settlement decreased. 
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Kumawat and Dr. Mahiyar (2015)2 conducted an experimental study on T-shaped footing under eccentric vertical 
loading. In their study, different sizes of square footing were used and effect of varying D/B ratio, e/B ratio was studied. 
In case of Tee shaped footing, load intensity within permissible tilt is effective up to an eccentricity width ratio of 0.15 
only.  
Kaya and Ornek (2013)3 conducted an experimental and numerical studies of T-shaped footings. In their study, loose 
and dense sand were subjected to eccentric loading by varying H/B ratio. It was observed that, the ultimate values of 
bearing capacity were increased when the sand gets denser.  
Thakare and Kapse (2015)4 conducted a numerical analysis on T-shaped footing on sand using PLAXIS 2D. Effect of 
depth and inclination of insertion cut-off for different load inclination angles and eccentricities ratio on performance of 
T-shaped footing the selected parameters were studied. It was concluded that bearing capacity increases as the depth of 
insertion cut off reached its optimum value at insertion depth equal to 0.6 times the width of footing. Bearing capacity 
ratio increases as with increase in eccentricity ratio as well as inclination of load.  
From literature review, it is clear that work on performance of T-shaped footing on layered sand is lagging. Thus, 
present experimental work was carried out to enhance the knowledge about behaviour of T-shaped footing on layered 
sand with respect to following parameters.  
 Effect of depth of insertion cut-off of T-shaped footing 
 Effect of depth of layers of sandy soil with different densities 
 Effect of eccentricity  
 

III. SYSTEM DEVELOPMENT 
 

In this experimental study, performance of T-shaped footing on single and layered sand bed has been studied. For this 
purpose, experimental investigations were carried out on model T-shaped footings in a test setup. 

A. TEST MATERIALS AND THEIR PROPERTIES 

 Test Sand 

For the model tests, cohesionless, dry, clean and hand washed Kanhan and Wardha sands were used as the foundation 
material. These sands are available in Nagpur (Maharashtra). The particle size of sand decided for the test was passing 
through 2 mm IS sieve for Kanhan Sand and passing through 10 mm and retained on 4.75 mm IS sieve for Wardha 
Sand. The properties of sand determined are listed in Table 1. In this experimental investigation, Kanhan sand and 
Wardha sand are termed as medium sand and fine gravel respectively. 
 

Table 1Properties of Medium Sand (Kanhan Sand) and Fine Gravel (Wardha Sand) Used in Experimental Work 

Sr. 
No Properties Medium Sand  Fine Gravel 

1 Specific Gravity 2.65 2.67 

2 Maximum Unit Weight (ߛ௫ ) 
(kN/m3) 17.70 18.06 

3 Minimum Unit Weight  (ߛ) 
(kN/m3) 17.27 16.96 

4 Angle of Internal Friction (φ) 28o 35o 

5 Cohesion (kN/m2) 0 0 

6 IS Classification SP SW 
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 Model T-Shaped Footing 
The model T-shaped footing was fabricated by using mild steel plate having dimensions of top rectangular plate as 700 
mm × 100 mm and 20 mm thick. This rectangular plate has a little groove at the centre to facilitate the application of 
load. It has small holes at specific interval, so that bottom plate would be attached to the strip footing easily. The plan 
of model strip footing is as shown in Figure 2. 
The insertion cut-off with different depth has been used in this study. The depth of insertion was varied in the ratio of 
D/B = 0.25 B, 0.5 B, 0.75 B, B, where, B is the width of strip footing. The Figure 3 shows various sizes of insertion cut 
off used in this study. These insertion cut-offs (i.e. bottom plate) has screws at specific distance which will be easily 
inserted in the holes provided to the top rectangular plate (i.e. strip footing), for the purpose of fixing these plates to the 
top plate. 

 
(a) Strip footing                                                                   (b) Insertion Cut-off 

Fig. 3 Insertion Cut-off of Different Depths Used in Experimental Investigation 

B. EXPERIMENTAL PROGRAM  
In present experimental investigation, plate load tests have been carried out in accordance with IS 1888- 1982. The test 
tank was made of 4 mm thick M.S. sheets having internal dimensions 800 mm × 600 mm in plan and 750 mm high. 
Sufficient horizontal and vertical bracings at sufficient intervals were provided to prevent it from bulging. To prepare 
sand bed using medium sand, rainfall technique was used. 60 cm height of fall was used to achieve 60 % of relative 
density of medium sand. The density of fine gravel was maintained by compacting known weight of sand to the 
required depth to achieve 60 % of relative density. After completely filling the tank with the sand to the required level, 
the bed was levelled. The load was applied on the footing with the help of screw jack. 
 

 
Fig 4.Complete Experimental Setup  
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In case of T-shaped footing on single layer sand bed, the sand bed was first prepared up to the level corresponding to 
the bottom level of insertion cut-off (i.e. bottom plate). The insertion cut-off was placed vertically on sand bed such 
that centre of bottom plate would match with centre of screw jack. Preparation of sand bed was then continued till the 
full depth of sand bed. The top surface of sand bed was levelled and then the top plate was kept over the sand bed. The 
screws attached to the insertion cut-off (bottom plate) were fixed to the top plate by bolts, so that insertion cut-off and 
top plate would act as a monolithic structure. In case of layered sand bed, depth of upper layer of sand, medium sand 
(i.e. Kanhan sand) was varied as 0.5D, D, 1.5D, 2D (D is the depth of insertion cut-off i.e. bottom plate). In case of 
layered sand bed, same procedure was adopted; only the location of insertion cut-off on sand bed was varied with 
respect to d1/D ratio. After the preparation of sand bed along with T-shaped footing, proving ring was fixed to the 
screw jack.  

The complete experimental set up is shown in Fig.4. The load was applied on the T-shaped footing in increments of 
one-fifth of estimated ultimate bearing capacity and the settlements were recorded with dial gauges. Each load 
increment was kept constant till the rate of settlement become less than 0.02 mm/min. The next increment of load was 
then applied and the settlement was measured. This procedure was continued till the failure of foundation or up to 
settlement reached at 10 % of width of T-shaped footing. The details of parametric study are given in Table 2. 

Table 2: Details of Parametric Study Layered Sand Bed 

 

   

 

 

 

IV. EXPERIMENTAL RESULTS 
 
The results obtained from model plate load tests were plotted in terms of load-settlement curves and bearing capacity ratios were 
determined in each case. Bearing capacity ratio is the ratio of UBC of T-shaped footing with respect to UBC of strip footing, for 
similar condition of sand bed. To determine bearing capacity ratios of T-shaped footing on layered sand, ultimate bearing capacity of 
strip footing on layered sand deposit was required. For that purpose, model plate load tests were conducted on strip footing by 
varying depth of top layer of sand bed. The UBC of strip footing on single layer of medium sand is found to be 89 kN/m2 and 138 
kN/m2 in case of fine gravel. Table 3 shows UBC of strip footing on layered sand bed. Fig. 6 shows the variation of UBC of strip 
footing on layered sand bed. From Fig.6 it is observed that UBC of strip footing on layered sand is more as compared its UBC on 
single layer of sand bed. Thus, as the depth of top layer of sand bed increases, UBC of strip footing increases. 

Table 3: Ultimate Bearing Capacities of Strip Footing on Layered Sand Bed 
Sr. 
No. d1 (cm) d2 (cm) d1/d2 ratio UBC (kN/m2) 

1 0 50 0 138 

2 1.25 48.75 0.025 146.604 

3 2.5 47.5 0.052 151.886 

4 3.75 46.25 0.081 155.883 

5 5 45 0.111 160.736 

6 7.5 42.5 0.176 .167.731 

7 10 40 0.25 175.58 

8 11.25 38.75 0.290 182.946 

9 15 35 0.428 190.143 

10 20 30 0.666 198.422 

Sr. No. Parameter Value 

1 Depth of Insertion Cut-off Ratio (D/B ratio) 0, 0.25 B, 0.5 B, 0.75 B, B 

2 Eccentricity Ratio of loading (e/B ratio) 0, 0.1 B, 0.2 B, 0.3 B 

3 Depth Ratio of Top Layer of Sand (d1/D) 0, 0.5 D, D, 1.5 D, 2 D (for e/B=0) 
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Fig. 6 Variation of UBC of Strip Footing on Layered Sand Bed 

Model plate load tests were conducted on T-shaped footing on single layer of medium sand bed and fine gravel bed. 
The depth of insertion cut-off (D) was varied with the ratio of D/B = 0.25, 0.5, 0.75,1. Table 4 shows values of ultimate 
bearing capacities and bearing capacity ratios of T-shaped footing on single layer of medium sand and fine gravel bed. 
Fig. 7 shows variation of UBC of T-shaped footing on single layer of medium sand and fine gravel bed. Fig. 8 shows 
variation of BCR of T-shaped footing on single layer of medium sand and fine gravel bed. From Fig. 7, it is observed 
that as the depth of insertion cut-off increases, UBC of T-shaped footing increases. It reached to its optimum value 
when depth of insertion is equal to half the width of footing. Similarly, from Fig. 8, it is observed that as the depth of 
insertion cut-off increases, BCR of T-shaped footing increases and it reached to its optimum value when D/B ratio is 
equal to half the width of footing. Thus, from Fig. 7 and 8 it is observed that the bearing capacity of T-shaped footing is 
more in case of fine gravel sand bed as compared to that of medium sand bed. 

Table 4 Ultimate Bearing Capacity and Bearing Capacity Ratio of T-shaped Footing on Single Layer of Sand 
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Sr. 
No. 

D/B 
ratio 

UBC (kN/m2) BCR 

Medium 
Sand Fine Gravel Medium 

Sand 
Fine 

Gravel 

1 0 89 138 1 1 

2 0.25 104 174.726 1.16 1.26 

3 5 116 198.42 1.3 1.43 

4 0.75 119 204.56 1.33 1.48 

5 1 119 209.84 1.33 1.52 
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 Model plate load tests were conducted on T-shaped footing by varying depth of top layer of sand (d1) with respect to depth 
of insertion cut-off (i.e. d1/D ratio), where top layer of sand bed was made by medium sand. Table 5 shows variation of ultimate 
bearing capacities and bearing capacity ratios of T-shaped footing on layered sand. Fig. 9 shows variation of UBC of T-shaped 
footing on layered sand bed. Fig. 10 shows variation of BCR of T-shaped footing on layered sand bed. 

Table 5 UBC and BCR of T-shaped Footing on Layered Sand Bed 

Sr. No. D/B ratio d1/D UBC (kN/m2) BCR 

1 0.25 

0 174.726 1.26 

0.5 196.709 1.34 

1 212.554 1.39 

1.5 225.69 1.44 

2 233.66 1.45 

2 0.5 

0 198.42 1.43 

0.5 226.63 1.49 

1 252.953 1.57 

1.5 272.224 1.62 

2 289.78 1.65 

3 0.75 

0 204.56 1.48 

0.5 241.533 1.54 

1 272.22 1.62 

1.5 305.627 1.67 

2 319.76 1.68 

4 1 

0 209.84 1.52 

0.5 253.46 1.57 

1 288.926 1.64 

1.5 318.9 1.67 

2 339.887 1.71 
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Fig. 7 Variation of UBC of T-shaped Footing on Single Layer of 
Medium Sand and Fine Gravel 

 

Fig. 8 Variation of BCR of T-shaped Footing on Single Layer of 
Medium Sand and Fine Gravel 
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Fig.9. Variation of UBC of T-shaped Footing on Layered Sand Bed              Fig. 10.Variation of BCR of T-shaped Footing on Layered Sand Bed 

 
From Fig. 9, it is observed that as the depth of top layer of sand increases, UBC of T-shaped footing increases. From 
Fig. 10, it is observed that as the depth of top layer of sand increases, BCR of T-shaped footing increases and it reached 
to its optimum value when depth of top layer of sand is equal to 1.5 times the depth of insertion cut-off. Thus, bearing 
capacity of T-shaped footing on layered sand bed is more as compared to its bearing capacity on single layer sand bed 
of both types of sands. 
 

Table 6 UBC and BCR of T-shaped Footing on Medium Sand Subjected to Eccentric Loading 
Sr. 
No. e/B ratio D/B ratio UBC 

(kN/m2) BCR 

1 0.1 

0 77 1 

0.25 96 1.24 

0.5 105.34 1.36 

0.75 105.34 1.36 

1 105.34 1.36 

2 0.2 

0 66 1 

0.25 82 1.24 

0.5 90 1.36 

0.75 95 1.43 

1 96 1.45 

3 0.3 

0 60 1 

0.25 78.94 1.31 

0.5 84.22 1.4 

0.75 93.07 1.55 

1 94.23 1.57 

T-shaped footing with different depths of insertion cut-off was subjected to eccentric loading. The load with different 
eccentricity was applied on T-shaped footing with eccentricity (e) to width of strip footing ratio (i.e. e/b ratio) = 0.1, 0.2 
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and 0.3 and model plate load tests were conducted on sand bed of medium sand. Load-settlement curves were obtained 
from these tests and UBC of T-shaped footing was determined. Table 6 shows values of UBC and BCR of T-shaped 
footing on medium sand bed. Fig.11 shows variation of UBC of T-Shaped footing on single layer of medium sand bed. 
Fig. 12 shows variation of BCR of T-shaped footing on single layer of medium sand bed. From Fig.11, it is observed 
that as the eccentricity ratio increases UBC of T-shaped footing decreases however from Fig.12, it is observed that 
BCR of T-shaped footing increases with increase in load eccentricity ratio, particularly in case of T-shaped footing with 
D/B ratio greater than 0.50. 

 

 

 V. CONCLUSIONS  

From the experimental investigations on T-shaped footing on single and layered sand bed following conclusions are 
drawn 
1. UBC of T-shaped footing on fine gravel bed is more as compared to that on medium sand bed.  
2. UBC of T-shaped footing increases with increase in depth of insertion cut-off. The bearing capacity reached to 
its optimum value when depth of insertion cut-off is 0.5 times the width of footing.  
3. The BCR of T-shaped footing on layered sand bed increases with increase in depth of insertion cut-off and it 
reaches to its maximum value when depth of insertion cut-off is 0.5 times of the width of footing, after that increment 
in BCR of T-shaped footing is marginal. 
4. The BCR of T-shaped footing on layered sand increases with increase in depth of top layer of sand bed and it 
reaches to its optimum value when depth of top layer of sand bed is equal to 1.5 times of the depth of insertion cut-off.  
5. Bearing Capacity Ratio of T-shaped footing increases marginally with increase in load eccentricity ratio. 
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Abstract: In general the structure within elastic range have quiet high displacement & forces. There by requiring linear 
methods for analysis. The bridge being a special type of structure requires higher load carrying capacity due to introduction 
of ductility in design requiring the design for lesser forces as compared to the forces obtained in elastic range. Pushover 
analysis (Non linear analysis)  is an effective tool to evaluate the expected non-linear behavior and consequent failure pattern 
in different components of the bridge. The present study, deals with nonlinear pushover analysis at a specific bridge structure 
with elastic foundation in urban area. The procedure recommended in ATC 40 (Capacity Spectrum method) is adopted for 
analysis under various seismic demand. The hinge formation for expected performance level are recorded. The response 
parameter like base shear & roof displacement are studied. Performance point for bridge under consideration is determined. 
 
Keywords: Pushover, Capacity Spectrum, Performance Point, Base Shear. 
 
 
I. INTRODUCTION 
 
A bridge is an important component of the road 
transportation network. Its performance during and 
even after an earthquake event is quite crucial for 
socio-economic considerations. Bridge often provides 
a vital link to earthquake ravaged areas as seen in the 
Bhuj earthquake and hence have vital post-disaster 
operations. Therefore, critical bridge must remain 
functional even after the seismic event is over to 
provide relief as well as for security and defense 
purpose. Bridge consists of various components such 
as superstructure, substructure, foundation and the 
performance of the substructure, which is the link 
between ground and superstructure, influences the 
most towards performance of the bridge during an 
earthquake. Much of the substructure damage in past 
earthquake has occurred at columns (Godse, 2013). 
Substructure may be of single or multiple column 
bents, reinforced concrete walls. The individual 
column may extend below the ground surface as a 
pile or caissons foundation or may be supported on a 
pile cap or spread footing. Therefore, the inclusion of 
influence of soil termed as soil-structure interaction is 
desirable to carryout seismic performance study of 
bridges. The seismic performance of structure can be 
studied (Dameron and sobhash, 1999) using 
simplified methods (response spectrum), time series 
method or non-linear static analysis. Non-linear static 
analysis is effective technique to study seismic 
response of structure like bridges. 
In the present study, the performance of bridges in 
urban area under high seismicity typical multi bent 
structures like flyover has been studied. The seismic 
region of greater impact i.e seismic zone IV and V 
(IRC:6 and IS:1893) have been considered. Soil-
structure interaction (SSI) has also been considered. 
The hinge formation for expected performance level 

is recorded. The response parameters like base shear 
and roof displacement are studied. Evaluation of 
performance point (Sa, Sd) for the given structure is 
considered as per capacity-demand methodology. 
Structural analysis has been carried out using 
software SAP2000 in the present study. This would 
help assessing an existing bridge or for performance 
based design of bridge 
 
II. CAPACITY SPECTRUM METHOD 
 
The Capacity Spectrum Method (CSM), a 
performance-based seismic analysis technique, can be 
used for a variety of purposes such as rapid 
evaluation of a large inventory of buildings, design 
verification for new construction of individual 
buildings, evaluation of an existing structure to 
identify damage states, and correlation of damage 
states of buildings to various amplitudes of ground 
motion. The procedure compares the capacity of the 
structure (in the form of a pushover curve) with the 
demands on the structure (in the form of response 
spectra). The graphical intersection of the two curves 
approximates the response of the structure. In order to 
account for non-linear inelastic behavior of the 
structural system, effective viscous damping values 
are applied to linear-elastic response spectra similar 
to inelastic response spectra. The purpose of 
Performance-Based Seismic Design (PBSD) is to 
give a realistic assessment of how a structure will 
perform when subjected to either particular or 
generalized earthquake ground motion. While the 
code design provides a pseudo-capacity to resist a 
prescribed lateral force, this force level is 
substantially less than that to which a building may 
be subjected during a postulated major earthquake. It 
is assumed that the structure will be able to withstand 
the major earthquake ground motion by components 
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yielding into the inelastic range, absorbing energy, 
and acting in a ductile manner as well as by a 
multitude of other actions and effects not explicitly 
considered in code applications. Although the code 
requires special ductile detailing, it does not provide a 
means to determine how the structure will actually 
perform under severe earthquake conditions. This is 
the role of PBSD. 
 
The basic assumption in Capacity Spectrum Method 
is also the same as the previous one. 
That is, the maximum inelastic deformation of a 
nonlinear SDOF system can be approximated from 
the maximum deformation of a linear elastic SDOF 
system with an equivalent period and damping. This 
procedure uses the estimates of ductility to calculate 
effective period and damping. This procedure uses 
the pushover curve in an acceleration displacement 
response spectrum (ADRS) format. This can be 
obtained through simple conversion using the 
dynamic properties of the system. The pushover 
curve in an ADRS format is termed a ‘capacity 
spectrum’ for the structure. The seismic ground 
motion is represented by a response spectrum in the 
same ADRS format and it is termed as demand 
spectrum (Fig. 1). 

 
Fig. 1: Schematic representation of Capacity Spectrum Method 

(ATC 40) 
 

The equivalent period (Teq) is computed from the 
initial period of vibration (Ti) of the nonlinear system 
and displacement ductility ratio (µ). Similarly, the 
equivalent damping ratio(βeq) is computed from 
initial damping ratio (ATC 40 suggests an initial 
elastic viscous damping ratio of 0.05 for reinforced 
concrete building) and the displacement ductility 
ratio(µ). ATC 40 provides the following equations to 
calculate equivalent time period (Teq) and equivalent 
damping (βeq). 

T = T
µ

1 + αμ − α 

β = β + k
2
π

(µ − 1)(1− α)
πμ(1 + αμ − α)

= 0.05 + k
2
π

(µ − 1)(1− α)
πμ(1 + αμ − α) 

 
where α is the post-yield stiffness ratio and κ is an 
adjustment factor to approximately account for 
changes in hysteretic behavior in reinforced concrete 
structures. 
 
The equivalent period in Eq. 1is based on a lateral 
stiffness of the equivalent system that is equal to the 
secant stiffness at the target displacement. This 
equation does not depend on the degrading 
characteristics of the hysteretic behavior of the 
system. It only depends on the displacement ductility 
ratio (µ) and the post-yield stiffness ratio (α) of the 
inelastic system. ATC 40 provides reduction factors 
to reduce spectral ordinates in the constant 
acceleration region and constant velocity region as a 
function of the effective damping ratio. The spectral 
reduction factors are given by: 
 

SR =
3.21− 0.68 ln(100β )

2.12  

SR =
2.31− 0.41 ln(100β )

1.65  
where βeqis the equivalent damping ratio, SRA is the 
spectral reduction factor to be applied to the constant 
acceleration region, and SRV is the spectral reduction 
factor to be applied to the constant velocity region 
(descending branch) in the linear elastic spectrum. 
Since the equivalent period and equivalent damping 
are both functions of the displacement ductility ratio, 
it is required to have prior knowledge of displacement 
ductility ratio. However, this is not known at the time 
of evaluating a structure. Therefore, iteration is 
required to determine target displacement. 
 
A. Performance Level 
Performance Level is defined as the expected 
behavior of the structure in the design earthquake in 
terms of limiting levels of damage to the structural 
and nonstructural components The limiting condition 
is described by the physical damage within the 
structure, the threat to life safety of the structure’s 
occupants created by the damage, and the post 
earthquake serviceability of the structure. Under 
incrementally increasing loads some elements may 
yield sequentially. Consequently, at each event, the 
structures experiences a stiffness change as shown in 
Figure 2, where IO,LS and CP stand for immediate 
occupancy, life safety and collapse prevention 
respectively. 
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Fig.2: Performance levels described by pushover analysis 

 
Immediate occupancy: 
This corresponds to the most widely used criteria for 
essential facilities. The structure’s spaces and systems 
are expected to be reasonably usable. 
Life safety: 
This level is intended to achieve a damage state that 
presents an extremely low probability of threat to life 
safety, either from structural damage or from falling 
or tipping of nonstructural component  
Collapse Prevention: 
This damage state addresses only the main structure 
frame or vertical load carrying system and requires 
only stability under vertical loads.  
 
B. Study of typical bridge 
Bridge geometry 
The bridge is located at the Badnera highway. It is a 
proposed construction of two lane over bridge of span 
24 m c/c at a chainage of 122447.5 m of Narkhed-
Amravati new broad gauge line of Maharashtra state 
Highway (MSH) no.6.The bridge length is 312 m and 
consists of 13 spans. The superstructure is composed 
of pre-tensioned concrete beams. Each span includes 
8 girders spaced at 2.23m. The deck slab width is 
17.2m and cap beam is of thickness 1m.The columns 
are spaced at 7.8m centerline to centerline. Each 
column is of diameter of 2.6m.The columns are 
extended approximately 8 m into the ground to act as 
piles. The columns and crossbeam were cast 
monolithically adding considerable rigidity to each 
bent. Bridge geometry is shown in Fig 3 and fig 4. 

 
Fig. 3: Schematic diagram in longitudinal direction 

 
Fig. 4: Cross-sectional details of the bridge 

 
Seismic loading 
To perform analysis of structure, the next step after 
modeling is applying loads. Design response 
spectrum should be available in order to perform 
pushover analysis. This bridge is to be built  in a 
seismic zone with an acceleration coefficient of PGA 
= 0.3g.A 5%- damped response spectrum for 
accelerations is shown in Fig5. 

 

 
Period (Seconds) 

Fig 5: 5% damped response spectrum 
 
III. RESULTS AND PARAMETRIC STUDY 
 
A. Effect of pushover direction: 
The predominant direction of excitation during an 
earthquake would have a low probability of being 
aligned with either pushover direction investigated 
here. Therefore, any dependencies on pushover 
direction could be very important in the response, and 
potentially to the survivability, of a wall pier 
supported bridge subjected to an earthquake. In 
general, the types of failures encountered were 
directly related to the direction of pushover, with wall 
bending and ductility failures more prevalent in the 
longitudinal direction and bearing failures more 
prevalent in the transverse direction. Pushover 
direction also affected the ultimate load attained 
during the analysis. It is shown in Fig 6. Bridges 
pushed in the longitudinal direction, on average, 
attained a higher ultimate load than those pushed in 
the transverse direction. 
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Fig 6: Capacity Curve. 

 
B. Performance point: 
Performance point is calculated. The location of 
performance point for bridge is shown in fig 7. Based 
on Pushover curve: performance point Base shear, 
displacement (V, D) as 141.34,0.234, performance  
 
point Spectral acceleration, spectral displacement 
(Sa,Sd) as 0.068g, 0.232m, performance point, 
Effective time period, effective damping(Teff, Beff) 
as 3.546, 0.235. respectively. Hence it is observed 
that the target displacement of performance point is 
234mm. 

 
Fig.7:Location of Performance Point 

 
Target displacements were calculated for different 
performance level as per the procedures discussed. 
Table 1 presents the target displacement values 
calculated . 

 
Table 1: Target displacement values at different level. 

 
 
IO = Immediate Occupancy; LS = Life Safety; CP = 
Collapse Prevention 
The results obtained from Pushover Analysis shows 
that the bridge collapses before reaching the Target 
Displacement. As the bridge could not achieve the 
target displacement in any of the pushover cases it 
can be concluded that the bridge is not safe for any 

performance limit state under the seismic demand 
corresponding Zone V. 
 
CONCLUSION: 
 
Bridges extends horizontally with its two ends 
restrained and that makes the dynamic characteristics 
of bridges different from buildings.  
i) By analyzing the structure using capacity 

spectrum pushover analysis, it was concluded 
that: Pushover direction has a large impact on 
the types of failures encountered and the 
ultimate load attained. 

ii)  Wall bending and ductility failures were more 
prevalent in the longitudinal direction and 
bearing failures were more prevalent in the 
transverse direction.  

iii) The ultimate load attained was greater in the 
longitudinal pushover cases.  

iv) Here the performance of the bridge, according 
Analysis is not acceptable. Therefore it 
requires retrofitting. 

v) Hinges are distributed over the entire length of 
the bridge. However, Under longitudinal push 
over, the exterior columns were observed to be 
weak as hinges were formed first. 
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Abstract:  The recent advent of performance based design has brought the nonlinear static pushover analysis procedure 

to the forefront. Pushover analysis is a static, nonlinear procedure in which the magnitude of the structural loading is 
incrementally increased in accordance with a certain predefined pattern. With the increase in the magnitude of the loading, 
weak links and failure modes of the structure are found. The loading is monotonic with the effects of the cyclic behavior 
and load reversals being estimated by using a modified monotonic force-deformation criteria and with damping 
approximations. Static pushover analysis is an attempt by the structural engineering profession to evaluate the real 
strength of the structure and it promises to be a useful and effective tool for performance based design. In this study an 
urban bridge in Amravati which is accounted for as an important structure in the city transportation is studied using 
nonlinear static procedure. Three-dimensional model of the mentioned bridge is developed and analyzed using nonlinear 
static procedure (NSP) thus its seismic performance is evaluated accordingly. The results show the vulnerability of this 
bridge during earthquake and the necessity of retrofitting for improving its seismic behaviour. 

Keywords- Pushover Analysis, Cyclic Behavior, Vulnerability. 
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INTRODUCTION 

Bridges as one of the important man-made structures play a vital role in everyday life of the 

people of Amravati city. Serviceability of bridges is of high importance in order to help injured 

people and required transportation, especially after earthquakes. Strong ground motions in the 

past decade in the densely populated area had great impacts on many bridges specially those 

designed according to older codes and demonstrated that these structures are vulnerable. In 

order to verify current codes which have had great changes compared with old ones and also 

recognizing of possible deficiencies, the careful study of bridges performance in the recent 

earthquake is necessary. Therefore, it’s preferable to investigate the structures that play a main 

role in everyday life. Linearly elastic procedures are efficient as long as the structure behaves 

within elastic limits. If the structure responds beyond the elastic limits, linear analyses may 

indicate the location of first yielding but cannot predict failure mechanisms and account for 

redistribution of forces during progressive yielding. This fact makes the elastic procedures 

insufficient to perform assessment and retrofitting evaluation for those bridges in particular 

and structures in general. Nonlinear (static and dynamic) procedures can overcome this 

problem and show the performance level of the structures under any loading level. 

Although elastic analysis provides a useful overview of the expected dynamic response of a 

bridge, in general it cannot predict the failure mechanisms or the redistribution of forces that 

follow plastic hinge development during strong ground shaking. Nonlinear pushover analysis on 

the other hand, is a widely used analytical tool for the evaluation of the structural behavior in 

the inelastic range and the identification of the locations of structural weaknesses as well as of 

failure mechanisms. Nevertheless, the method is limited by the assumption that the response 

of the structure is controlled by its fundamental mode. In particular, the structure is subjected 

to monotonically increasing lateral forces with an invariant spatial distribution until a 

predetermined target displacement is reached at a monitoring point. As a result, both the 

invariant force distributions and the target displacement, do not account for higher mode 

contribution, which can affect both, particularly in the inelastic range, thus limiting the 

application of the approach to cases where the fundamental mode is dominant. 

Nonlinear static (pushover) analysis can provide an insight into the structural aspects, which 

control performance during severe earthquakes. The analysis provides data on the strength and 

ductility of the structure, which cannot be obtained by elastic analysis [2]. By pushover analysis, 

the base shear versus top displacement curve of the structure, usually called capacity curve, is 

obtained. To evaluate whether a structure is adequate to sustain a certain level of seismic 

loads, its capacity has to be compared with the requirements corresponding to a scenario 
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event. The aforementioned comparison can be based on force or displacement. In pushover 

analyses, both the force distribution and target displacement are based on very restrictive 

assumptions, i.e. a time-independent displacement shape. 

2.0 Standard pushover analysis method 

This method primarily estimates the elastic displacement of an equivalent SDOF system 

assuming initial linear properties and damping for the ground motion excitation under 

consideration. Then it estimates the total maximum inelastic displacement response for the 

building at roof by multiplying with a set of displacement coefficients. 

 

Fig. 1: Schematic representation of Displacement Coefficient Method (FEMA 356)[1] 

The process begins with the base shear versus roof displacement curve (pushover curve) as 

shown in Fig. 1a. An equivalent period (Teq) is generated from initial period (Ti) by graphical 

procedure. This equivalent period represents the linear stiffness of the equivalent SDOF system. 

The peak elastic spectral displacement corresponding to this period is calculated directly from 

the response spectrum representing the seismic ground motion under consideration (Fig. 1b). 

                     (1) 

Now, the expected maximum roof displacement of the building (target displacement) under the 

selected seismic ground motion can be expressed as: 

         (2) 
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C0 = a shape factor (often taken as the first mode participation factor) to convert the spectral 

displacement of equivalent SDOF system to the displacement at the roof of the building. 

C1 = the ratio of expected displacement (elastic plus inelastic) for an inelastic system to the 

displacement of a linear system. 

C2 = a factor that accounts for the effect of pinching in load deformation relationship due to 

strength and stiffness degradation 

C3 = a factor to adjust geometric nonlinearity (P-Δ) effects. 

These coefficients are derived empirically from statistical studies of the nonlinear response 

history analyses of SDOF systems of varying periods and strengths and given in FEMA 356 [6]. 

Short comings of standard pushover analysis [4] 

Pushover analysis is a very effective alternative to nonlinear dynamic analysis, but it is an 

approximate method. Major approximations lie in the choice of the lateral load pattern and in 

the calculation of target displacement. FEMA 356 guideline for load pattern does not cover all 

possible cases. It is applicable only to those cases where the fundamental mode participation is 

predominant. Both the methods to calculate target displacement (given in FEMA 356) do not 

consider the higher mode participation. Also, it has been assumed that the response of a MDOF 

system is directly proportional to that of a SDOF system. This approximation is likely to yield 

adequate predictions of the element deformation demands for low to medium-rise buildings, 

where the behaviour is dominated by a single mode. However, pushover analysis can be grossly 

inaccurate for buildings with irregularity, where the contributions from higher modes are 

significant. 

3.0 BRIDGE SELECTION AND MODELING 

A multi-span concrete bridge in Bandera area is chosen as the study case. The bridge deck is 

supported by single-span prestressed concrete girders. The girders are placed on the concrete 

pier head through the bearing and locked in the transverse direction. The supporting piers are 

in various heights, but in this study equal height of 8 m is selected. The width of the bridge is 

17.2 m with24 m length of equal span. The bridge is considered is 13 span bridges which is to 

be able to represent the behavior of multi-span bridge as the whole.  

The deck is supported by eight prestressed girders, connected. The deck structure is modeled 

as an assemblage of linear elements in SAP2000 Nonlinear program. The deck is assumed to be 
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rigid in x- and y-direction. All node lies at the same elevation in which at the centre of gravity of 

the girder and stringers, and mass is lumped at both ends of element. Each pier is modeled as 

an element with an elastic plastic behavior. It is assumed that the piers will fail in flexural mode 

where a plastic hinge formed at the pier’s base. The moment-rotation capacity of the plastic 

hinge is defined based on the stress-strain relationship of the section considering the 

confinement effect from transverse reinforcement. Bearing is modeled using link element in 

SAP2000 Nonlinear program. To accommodate the soil-structure interaction, each pile is 

modeled as spring with six degree of freedom to represent translational and rotational support.  

To perform analysis of structure, the next step after modeling is applying loads. Design 

response spectrum should be available in order to perform pushover analysis. This bridge is to 

be built in a seismic zone with an acceleration coefficient of PGA = 0.3g. 

4.0 RESULTS AND DISCUSSION 

Standard pushover analysis is performed according to the FEMA 356 [6] and Pushover curves 

are plotted in both the direction i.e. Transverse and longitudinal as shown in fig. 1 and fig. 2. 

The predominant direction of excitation during an earthquake would have a low probability of 

being aligned with either pushover direction investigated here. Therefore, any dependencies on 

pushover direction could be very important in the response, and potentially to the survivability, 

of bridge subjected to an earthquake. In the longitudinal direction results obtained are more 

conservative and in transverse direction the results are reasonable. Bridge pushed in 

longitudinal direction achieves higher displacement as compared to bridge pushed in transverse 

direction. It is observed that the displacement is increasing rapidly in longitudinal direction 

therefore more failures will occur.    

 

Figure 1: Pushover Curve for Transverse direction. 
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In transverse direction the target displacement achieved is 245mm with the base shear 240KN. 

Output for the pushover analysis can be printed in a tabular form for the entire model or for 

selected elements of the model. The types of output available in this form include joint 

displacements at each step of the pushover, frame member forces at each step of the 

pushover.  

 

Figure 2: Pushover Curve for Longitudinal Direction. 

In longitudinal direction the target displacement achieved is 390 mm with the base shear 50KN.  

4.2 Evaluation of Different Procedure 

Results of the standard pushover approaches are evaluated by comparing them with those 

from the NL-THA, the latter is considered to be the most rigorous procedure to compute 

seismic demands. To this effect, a time acceleration records compatible with the design 

spectrum is used in the NL-THA analyses. The deck displacements determined from each of the 

SPA analysis with respect to the control point of the most critical pier are compared with those 

from NL-THA for increasing levels of earthquake excitation, as shown in Fig 3. It is noted that 

the deck displacements shown in the figures as the THA case are the average of the peak 

displacements recorded in the structure during the time history analyses. As shown in Fig 3, it is 

observed that the SPA procedure poorly predicts the transverse displacements at the end areas 

of the bridge and gave better estimates only in the area of the central piers; such area is 

dominated by the first fundamental transverse mode 
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Figure 3 Deck Displacements at the Pier Location 

In order to further evaluate the results obtained from the SPA analysis, comparison is also 

performed for total base shear and plastic hinges’ rotations at the bottom of piers between 

results from the SPA with corresponding values from the NL-THA procedure for increasing 

levels of earthquake excitation. SPA underestimates the base shear by about 27%. It is observed 

that SPA poorly predicts plastic rotations. 

 

Figure 4: Rotation of Plastic Hinges at Bottom of Piers. 

5.0 CONCLUSION 

The predominant direction of excitation during an earthquake would have a low probability of 

being aligned with either pushover direction investigated here. Therefore, any dependencies on 

pushover direction could be very important in the response, and potentially to the survivability, 

of the bridge subjected to an earthquake. 

As a result of the work that was completed in this study, the following conclusions were made: 
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1. Conservative results are obtained from the Displacement coefficient method in the 

longitudinal direction of the bridge and those results become to be over-conservative as the 

structure is driven farther into the inelastic range. 

2. Reasonable results are obtained from the Displacement coefficient method in the transverse 

direction and those results become more conservative as the structure is driven further into the 

inelastic range. 

3.The variation of displacements along the bridge is rather different. The SPA method predicts 

well the displacement only in the central, first mode dominated, area of the bridge. 

4. To run a full dynamic, non – linear analysis on even a simple structure takes a long time. But 

with pushover analysis accurate results can be obtained in fractions of the time it would take to 

get any useful results from the fully dynamic analysis.  
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Abstract: Cost of steel is increasing day by day and use of steel has become inevitable in the 
construction industry in general and in industrial building in particular. Hence to achieve economic 
sustainability it is necessary to use steel to its optimum quantity. Pre-Engineered Building (PEB) 
Concepts are introduced to the Indian market lately in the 1990’s with the opening up of the Indian 
economy and a number of multi-nationals settings up their green-field projects.PEB methodology is 
versatile not only due to its quality pre-designing and prefabrication, but also due to its light weight 
and economical construction. The present work presents the comparative study of PEB and 
Conventional Steel Building (CSB).The study is achieved by designing 3D frame of a Industrial 
Warehouse building using both the concepts and analyzing the frames u sing the STAAD Pro.v8i 
Software. The economy of structure is discussed in terms of its weight comparison.  
Keywords: Pre-Engineered Building, Conventional Steel Building, Tapered I Section, STAAD Pro 
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INTRODUCTION 

The philosophy of lean construction is well applicable to steel construction. The possibilities to 

reach increased efficiency concerning time, cost, material and resources are already enable 

through the material property and accuracy, and the established industrial construction 

concept. Lean construction is one way towards sustainability. Steel is a material which has high 

strength per unit mass. Hence it is used in construction of structures with large column-free 

space. India has the second fastest growing economy in the world and a lot of it, is attributed to 

its construction industry which figures just next to agriculture in its economic contribution to 

the nation. In its steadfast development, the construction industry has discovered, invented 

and developed a number of technologies, systems and products, one of them being the concept 

of Pre-engineered Buildings (PEBs), as in [2]. A combination of standard hot-rolled sections, 

cold-formed sections, profiled sheets, steel rods, etc. are used for the construction of industrial 

steel structures. Industrial buildings can be categorized as Pre-Engineered Buildings (PEB) and 

Conventional Steel Buildings (CSB), according to the design concepts.  A section depicting the 

importance of the software used and the software procedure followed is included. Final portion 

explains the results obtained from the software analysis of the case study and the inferences 

from the literature studies. The paper aims at developing a perception of the design concepts 

of PEB structures and its advantages over CSB structures. 

II. METHODOLOGY  

The present study is included in the design of an Industrial Warehouse structure located at 

Nagpur. The structure is proposed as a Pre-Engineered Building of 22 meters width, 10 bays 

each of 7.5 meters length and an eave height of 8 meters. In this study, a PEB frame of 22 

meter width is taken into account and the design is carried out by considering wind load as the 

critical load for the structure. CSB frame is also designed for the same span considering an 

economical roof truss configuration. Both the designs are then compared to find out the 

economical output. The designs are carried out in accordance with the Indian Standards and by 

the help of the structural analysis and design software STAAD pro v8i. 

A. PRE ENGINEERED BUILDINGS 

Pre-Engineered Building concept involves the steel building systems which are predesigned and 

prefabricated. The basis of the PEB concept lies in providing the section at a location only 

according to the requirement at that spot. The sections can be varying throughout the length 

according to the bending moment diagram. This leads to the utilization of non-prismatic rigid 

frames with slender elements. Tapered I sections made with built-up thin plates are used to 
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achieve this configuration. Standard hot-rolled sections, cold-formed sections, profiled roofing 

sheets, etc. is also used along with the tapered sections, as in [3]. The use of optimal least 

section leads to effective saving of steel and cost reduction. The concept of PEB is the frame 

geometry which matches the shape of the internal stress (bending moment) diagram thus 

optimizing material usage and reducing the total weight of the structure. 

 

 

 

 

Figure 1: PEB Frame 

B. CONVENTIONAL STEEL BUILDINGS 

Conventional steel buildings (CSB) are low rise steel structures with roofing systems of truss 

with roof coverings. Various types of roof trusses can be used for these structures depending 

upon the pitch of the truss. 

 

Figure 2: CSB Frame 
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C.COLD FORM STEEL SECTION 

The high strength-to-weight ratio of cold-formed steel members provide substantial savings. As 

a result, they have become very popular in industrial structures, where usually heavy and bulky 

structures are required. In such structure utilization of high strength-to-weight ratio will leads 

to help in reduction of the total load on structure and saving of construction time & cost, as in 

[10].The easy availability of required shapes and sizes will help us in choosing the most 

economical cold-formed shape in design of structures. There are various shapes and cross 

section which can be formed easily and there is no limitation in forming the cross section of any 

type for column/portal, truss members, purlins / side girts & decking profiles /roofing sheet. 

Following are some of the typical cold formed section profiles readily available. 

 

 

 

 

Figure 3: Typical Cold Formed Section Profiles used for purlin members 

III.STRUCTURE CONFIGURATION DETAILS 

Table 1: Structural Parameters 

Type Of Building Industrial  Building 

Type Of Structure Single storey industrial structure 
Location Nagpur, India 
Total bay length 75 m  
Single bay length for CSB 3.75 m 
Single bay length for PEB 7.5 m 
Span Width 22 m 
Clear height 7.5 m 
Wind speed 44 m/sec 
Wind terrain category 2 
Wind class C 
PEB roof slope 5.710 
CSB roof slope 13.30 
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The building plan of the proposed industrial warehouse structure considered for the study is as 

shown in Figure 

Figure 4: Building Plan 

IV.LOAD CALCULATIONS 

The loads acting on the structure includes dead load, live load, wind load, as in [4].The load 

calculation for the structure can be carried out in accordance with IS : 875 – 1987 .For this 

structure wind load is critical than earthquake load Hence, load combinations of dead load, live 

load, and wind load are incorporated for design. 

4.1. DEAD LOAD 

Dead load comprises of self-weight of the structure, weights of roofing, steel sheets, purlins, 

sag rods, bracings and other accessories, in passing [5]. The dead load distributed over the roof 

is found to be 1.125 kN/m excluding the self weight. This load is applied as uniformly 

distributed load over the rafter while designing the structure by PEB concept. For CSB concept 

the load is applied as equivalent point load of 0.884 kN at intermediate panel points and half 

the value at end panel points over the roof truss. Reference [5] shows the procedure for dead 

load calculation.  

4.2. LIVE LOAD 

According to IS : 875 (Part 2) – 1987, for roof with no access provided, the live load can be 

taken as 0.75 KN/m2 with a reduction of 0.02 KN/m2 for every one degree above 10 degrees of 

roof slope, explicitly as in [6]. Total uniformly live load acting on the rafter of the PEB structure 

is found to be 5.625 kN/m. Similar to dead load, live load is also applied as point loads at panel 

points for CSB structure and is found to be 4.03 kN at intermediate panel points and half this 

value at end points. Reference [6] shows the procedure for live load calculation. 
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4.3. WIND LOAD 

Wind load is calculated as per IS : 875 (Part 3) – 1987. The basic wind speed for the location of 

the building is found to be 44 m/s from the code, in passing [7]. The wind load over the roof can 

be provided as uniformly distributed load acting outward over the PEB rafter and as point loads 

acting outward over the CSB panel points. For side walls, the wind load is applied as uniformly 

distributed loads acting inward or outward to the walls according to the wind case. The wind 

loads over the roof and side walls comes in six different combinations as in Table 2. 

Table 2: Wind Load Cases 

Case Side wall (KN/m) PEB Rafter (KN/m) CSB panel points(KN) 

 Left Right Windward Lee ward Wind ward Lee ward 

     Intermediate End Intermediate End 

WLP 1.506 5.65 3.262 0.753 2.633 1.316 0.608 0.304 

WLS 9.401 -1.88 10.796 6.7810 8.714 4.357 5.473 2.736 

WRP -5.65 -1.5069 0.7534 3.2624 0.608 0.304 2.633 1.316 

WRS 1.88 -9.04 6.781 10.79 5.473 2.736 8.714 4.357 

WLEP -7.53 7.53 2.004 0.7534 1.617 0.808 0.608 0.304 

WLES 0 0 9.538 8.2879 7.69 3.849 6.689 3.344 

 

4.4. LOAD COMBINATION 

Loads combinations can be adopted according to IS: 800-2007.Thirteen different load 

combinations adopted for the analysis of the frame in both the concepts, as in [4] and are listed 

as follows 

1) 1.5DL+1.5LL                    8)1.5DL+1.5WLP     

2) 1.2DL+1.2LL+0.6WLP                                     9)1.5DL+1.5WLS    

3)1.2DL+1.2LL+0.6WLS                                           10)1.5DL+1.5WRP      

4)1.2DL+1.2LL+0.6WRP                            11)1.5DL+1.5WRS                                                                                         
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5)1.2DL+1.2LL+0.6WRS      12)1.5DL+1.5WLEP   

6)1.2DL+1.2LL+0.6WLEP      13)1.5DL+1.5WLES  

7)1.2DL+1.2LL+0.6WLES                

 Note: 

DL – Dead Load                   WLS – Wind Left Suction    

LL – Live Load                WRP – Wind Right Pressure   

WL – Wind Load                                                        WRS – Wind Right Suction 

WLP – Wind Left Pressure               WLEP – Wind Longitudinal Pressure 

                  WLES – Wind Longitudinal Suction 

V. STAAD.PRO PROCEDURE  

The Staad.Pro software package is a structural analysis and design software which helps in 

modeling, analyzing and designing the structure. The software supports standards of several 

countries, including Indian standard. The procedure includes modeling the structure, applying 

properties, specifications, loads and load combinations, analyzing and designing the structure. 

This software is an effective and user-friendly tool for three dimensional model generation, 

analysis and multi-material designs, explicitly as in [8]. 

VI.RESULTS AND DISCUSSION 

 

Figure 5: Bending moments and reactions at support and in columns 
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Figure 6: Bending moments and reaction at end of columns and in rafters 

 

Figure 7: Bending moments and reaction at end of rafters and at ridge portion 

Table 3: Tapered member steel take off 
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Figure 8: Properties of tapered member I section 

Table 4: Quantity of steel utilized for the purlins 

Description Section Weight 

Cold form steel as PEB 200Z20 102 KN 

Hot rolled steel as CSB ISMC75 67KN 

 

                                                                                                            

 

                                                                                         

 

 

Figure 9: Weight of CFS and HRS 
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Table 5: Quantity of steel utilized for the structure 

Description Weightage 

Conventional steel building 747 KN 

Pre-engineered building 467 KN 

 

                                                                                  

                                                                                

 

 

 

 

Figure 10: Weightage of PEB and CSB 

6.1 DISSCUSSIONS 

1. After analyzing at different load cases it is observed that the axial force at supports in PEB 

(32.62 KN) is less than when compared to that in CSB (67.42 KN).In mid-span of column ,the 

axial force in PEB (29.88 KN) is less than when compared to that in CSB (64.89 KN).The bending 

moment in PEB (5.83 KN-m) is more due to its light weight structure (Tapered sections) when 

compared to that in CSB (1.36 KN-m). 

2.At end of column the axial force in PEB (28.144 KN) is less than when compared to that in CSB 

(40.8 KN).The bending moments in PEB (11.67 KN-m) is more due to its light weight structure 

(purlins and rafter) when compared to that in CSB (4.94 KN-m).In rafter, the bending moments 

in PEB (20.23 KN-m) is more due to its light weight structure (purlins and rafter) when 

compared to that in CSB . 

3. In Rafters at Ends, the Axial force in PEB (0.954kN) is less when compared to that in CSB  

(1.496 kN). The Bending Moments in PEB (17.43 kN-m) is more when compared to that in CSB. 
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In Rafters at Ridge portion The Bending Moments in PEB (25.336 kN-m) is more when 

compared to that in CSB. 

VII.CONCLUSIONS 

In this work, Analysis and design of Conventional Steel Building and Pre-Engineered Building has 

been carried out and conclude that, 

1) PEB structures can be easily designed by simple design procedures in accordance with 

country standards. 

2) Low weight flexible frames of PEB offer higher resistance to wind loads. 

3) Cold formed steel section over hot rolled section as purlin is almost lighter than 32%. 

4) Pre-engineered building weight is 35% lesser than the weight of conventional steel building. 

5) Pre-Engineered Building construction gives end users a much more economical and better 

solution for long span structures where large column free areas are needed. 
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Abstract: Flat-slab building structures possesses major advantages over traditional slab-beam-
column structures taking a advantages of reduced floor height , shorter construction time, 
architectural –functional and economical aspects. Because of the absence lateral load resisting 
elements, flat-slab structural system is significantly more flexible for lateral loads then traditional RC 
frame system and that make the system more vulnerable under seismic excitation. Flat slab structure 
is most vulnerable to the seismic excitation therefore the careful analysis of flat slab is important. In 
this paper the seismic analysis on flat slab is performed and compared it with the conventional RC 
building. To improve the performance of flat slab system shear wall and beam at periphery is applied 
and the seismic response of the same is determined and compared it with the flat slab building.  
 

Keywords: Flat Slab, Shear Wall, Peripheral Beam, Conventional Building, Lateral Displacement, 
Storey Drift. 
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INTRODUCTION 

Earthquake resistant design of RC buildings is a continuing area of research since the 

earthquake engineering has gained prominence across the globe. Earthquakes occurred in past, 

have shown that poorly designed and constructed structures result in great destruction. Hence, 

there is a need to determine seismic response of tall buildings for designing earthquake 

resistant structures. The type of building based on slab system, i.e., Flat slab building and 

traditional slab building i.e. two way slab or grid slab building.  

Flat slabs have been widely used in building construction due to their advantages in reducing 

storey height and construction period (compared with RC frames with beams and columns), 

leading to a reduction of construction costs. Two- way slab, the slab is supported by beams, the 

load of both slab and beams is conveyed to columns and footings. Flat slabs are extensively 

used to resist wind and seismic forces in low-to-moderate seismicity regions compare to two 

way slab. The behavior of this type of structural system under gravitational loads is well 

established. The flat slab is often thickened closed to supporting columns to provide adequate 

strength in shear and to reduce the amount perimeter of the critical section, for shear and 

hence, increasing the capacity of the slab for resisting two-way shear and to reduce negative 

bending moment at the support. Flat slab Building structures are significantly more flexible than 

traditional concrete slab under seismic excitations. In the present study to improve the 

performance of flat slab building shear wall and beam at periphery is introduce. Shear wall is 

design to resist the lateral forces acting on its own plane hence it helps in improving the 

performance of flat slab building. 

1. Analysis Approach 

In this paper the seismic analysis of flat slab building, flat slab building with shear wall and flat 

slab strengthen by perimetric beam is done and their results compare with the traditional two 

way slab building. For the analysis purpose the finite element based software ETABS Nonlinear 

version 9.7.3 is used. 

2. Structural Modeling of Building: 

In the present study the G + 6 storey having a plan dimensions of 22 x 14 m flat slab building 

with and without shear wall, with beam at periphery and traditional two way slab building 

situated in earthquake zone V is analyzed. The various properties and aspects of the buildings 

given below. 
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3.1 Material properties: 

M-25 grade of concrete and Fe-415 grade of reinforcing steel are used for all members of the 

frame structures. Elastic material properties of these materials are taken as per Indian Standard 

IS 456 (2000). The modulus of elasticity (Ec) of concrete is taken as:  

Ec = 5000    0.5 MPa  

Density of reinforced concrete = 25 kN/m3 

Density of brick masonry = 18 kN/m3 

3.2 Structural element sizes:- 

Column size 450 x 450 mm. 

Beam size 230 x 400 mm. 

Thickness of flat slab 150 mm. 

Thickness of convectional two way slab 120 mm. 

Thickness of shear wall 200 mm 

Thickness of wall 230 mm 

Thickness of interior wall 115 mm 

3.3 Description for Loading 

1. Dead load 

a. Wall load with 230 mm thickness = 0.23 x 2.6 x 18 = 10.764 kN/m 

b. Wall load with 115 mm thickness = 0.115 x 2.6 x18 =5.382 kN/m 

c. Floor finish = 1.5 kN/m2  

d. Self weight of the building is automatically considered by ETABS software 

2. Live load 

Live load of 3 kN/m2 is considered on the building. 
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3. Earthquake force data 

Earthquake load for the building has been calculated as per IS-1893-2002: 

i. Zone (Z) = V 

ii. Response Reduction Factor ( RF ) = 5 

iii. Importance Factor ( I ) = 1 

iv. Rock and soil site factor (SS) = 2  

v. Type of Structures = 1  

vi. Damping Ratio (DM) = 0.05  

4. Loading Combination 

  

 

                     

 

 

 

 

3.4. Building geometry: 

The building (G+6) having a four bay in x-direction and three bay in the y-direction having 

typical storey height of 3 m. at each floor as shown in fig 1. And fig.2  

 

 

 

 



Research Article                             Impact Factor: 4.226                                   ISSN: 2319-507X                                                                                                     
P. S. Lande, IJPRET, 2015; Volume 3 (8): 51-58                                                                  IJPRET 
 

 
 

Organized by C.O.E.T, Akola & IWWA, Amravati Center.     Available Online at www.ijpret.com 
 
 

55 

 

 

 

 

 

 

 

 

4. RESULTS AND DISCUSSION 

The equivalent static load analysis is performed on the four different structure viz. flat slabs 

building with and without shear wall; flat slab with beam at periphery and conventional two 

way slab building. The results obtained from this analysis are discussed below. 

1. Storey Displacement 

The storey displacement due to the earthquake forces are computed in table 1. And the graph 

of the same is shown in fig. 3. The maximum displacement is found for the flat slab building and 

least for the flat slab building with shear wall. 

Table 1 lateral displacement of building in meter 

 

 

Story Flat slab building Building with Perimetric beam Conventional 
building 

Flat slab 
with SW 

Story1 0.0138 0.0081 0.0078 0.0015 
Story2 0.0329 0.0225 0.0213 0.0049 
Story3 0.0529 0.0377 0.0355 0.0096 
Story4 0.0716 0.052 0.0489 0.0152 
Story5 0.0875 0.0641 0.0602 0.0212 
Story6 0.0992 0.073 0.0685 0.0273 
Story7 0.1065 0.0781 0.0732 0.0332 

Fig. 1 plan of the building Fig 2 3D view of building in ETABS 
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Fig. 1 displacement of the building with resp. to storey height 

Storey drift:- 

It is the displacement of one level relative to the other level above or below IS 1893. The storey 

drift in Y- direction is shown in the table 2 and also the graph of the same is drawn in fig.04   

Table 2 storey drift 

Story Flat slab 
building 

Building with perimetric 
beam 

Flat slab building 
with SW 

Conventional 
building 

Story1 0.003888 0.002494 0.000685 0.002396 
Story2 0.005104 0.004273 0.001589 0.004066 
Story3 0.005231 0.004486 0.002165 0.004255 
Story4 0.004867 0.004197 0.002471 0.003976 
Story5 0.004132 0.003572 0.002562 0.003383 
Story6 0.003049 0.00263 0.002502 0.002486 
Story7 0.001823 0.00152 0.002366 0.001427 

 

 
 Fig.  2 storey drift verses storey 
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Base shear, axial force and Moment: 

Table 3 shows the maximum values of axial force, bending moment and shear force for the 

considered loading condition. The bending moment is found maximum for the flat slab with 

beam at periphery. Axial force is least in the flat slab building. 

Table 3 Axial force, bending moment and shear force 

 Axial force bending moment shear force 

Flat slab building 37261.87 kN 260833.125kN.m. 2865.29 kN 

flat slab with SW 40884.38 kN 286190.625 kN.m 3092.29 kN 

flat slab with perimetric beam 41811.18 kN 292678.05 kN.m 3167.48 kN 

conventional building 41461.93 kN 77966.35 kN.m 3119.42 Kn 

 

5. CONCLUSIONS. 

 This paper presents a summary of the study, for conventional R.C.C building and flat slab 

building with and without shear wall and building with beam at periphery for seismic zone v. 

The effect of seismic load has been studied for these four types of buildings. On the basis of the 

results following conclusions have been drawn:  

1. The storey displacement is found maximum for the flat slab building as compared to 

conventional RC building and flat slab with shear wall the maximum displacement of the flat 

slab building is due to the absence of lateral load resisting system. 

2. The storey displacement is found least for the flat slab with shear wall.  Displacement of the 

flat slab building is 31.36% larger than the conventional RC slab building therefore in the 

seismically active region the shear wall is advisable. 

3. For all the cases considered drift values follow a parabolic path along storey height with 

maximum value lying somewhere near the middle storey.  

4. It is found that flat slab structures exhibit higher flexibility compared to traditional frame 

structures. In order to limit deformation demands under the seismic excitations, combination 

with other stiffer structural systems as shear-walls is advisable. 
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5. The axial force is found least in flat slab building as compared with other buildings. The 

bending moment is found maximum in the flat slab building and least in the conventional RC 

building. 
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Abstract: The strength of concrete determined in situ never is same to cube strength determined in the laboratory. Also 
the results of non-destructive tests (NDTs), are predicted not a actual results. So to get more accuracy there is a need to 
develop a technique which gives more accuracy in prediction. It is not possible to take core from the structure as it may 
damage the structure. Therefore to find correlation between compressive strength and NDTs data are required. From the 
number of non-destructive tests Rebound hammer test and Ultra-pulse velocity test are generally used to determine 
compressive strength of existing concrete structures.  For the determination of strength, the use of regression analysis is 
not sufficient. This is due to the fact that a number of other properties of concrete such as its elastic behavior and in some 
extent its service performance can be approximated, directly or indirectly, from its strength characteristics. In addition to 
the correlation curve, a procedure is needed for analyzing the results so that one can estimate the in-place compression 
strength with a high degree of accuracy. The new approach Artificial Intelligence (Artificial Neural Network) is presented for 
making correlation between DT & NDT to predict the compressive strength of unknown mix. Three feed forward error back 
propagation networks are selected for the task. Out of this Levenberg-Marquardt network (LM) is found best on the basis 
low training and testing MSE value as well as high correlation coefficient R with low learning rate. From the study it is 
clearly observed that artificial neural network (2-45-1) gives the compressive strength very closed to actual compressive 
strength of cube samples and can be effectively used for interpreting the NDTs data. 
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INTRODUCTION 

As widely known, concrete is an essential material in civil engineering. However, its properties 
can vary considerably, depending on the nature and proportions of its constituents, the 
construction methods applied to create it, and the loading and environmental conditions to 
which it will be subjected over time. Therefore, the development of control methods to 
determine the condition and ascertain the quality of concrete is critical. Non-destructive tests 
can play an important role in this area, since they allow us to monitor the structural health of 
concrete in terms of its density, homogeneity and providing information about the strength 
development. For structural health monitoring the Rebound Hammer is being widely used by 
many consultants. But the rebound hammer should not be used alone for any old structures for 
predicting the service life or damage assessment. However Ultrasonic pulse velocity is more 
reliable for such purposes and can be used together with Rebound hammer tests. To ensure 
that the information provided is reliable, expert knowledge is needed for interpreting the Non-
destructive tests (NDT) data. Manufacturers of devices usually give empirical relationships for 
their own testing system. Such relationships are not suitable for every kind of concrete. 
Therefore, they need to be calibrated for different mixtures. The conventional approach to 
derive a mathematical relation relationship using NDTs and compressive strength of concrete 
by means of regression analysis has not been very successful. Numerous data and the 
correlation relationships between strength and different NDTs results of concrete have been 
proposed and presented. In this context, the use of Artificial Neural Networks (ANN) techniques 
is seen as a viable and adequate strategy. This study is focused on the evaluation of the 
feasibility of developing a specialist ANN tool. This kind of technique allows provides the 
processes of specialists when dealing with uncertainty. Using a neural model, it is possible to 
establish a non-linear correlation between known input data, such as NDT data and a certain 
output in this case, compressive strength, since it is the most used parameter to determine 
concrete quality. The net has been trained using a back propagation algorithm to minimize the 
mean squared error. The results obtained indicate that, the estimation power of the neural 
network is better than using traditional modeling techniques, such as regression analysis. 

 To examine this possibility a proper data set for training and testing the neural networks has 
been created in the laboratory by carrying out DT & NDT tests on concrete cubes representing 
wide range of strength and of different age. Most suitable type of neural network is worked out 
by its performance on the basis of mean squared error.  

II. ARTIFICIAL NEURAL NETWORK 
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Artificial neural networks are non-linear data driven self adaptive approach. They are powerful 
tool for modeling, especially when the underlying data relationship is unknown. Therefore 
Artificial Neural Network, classed as Artificial Intelligence can use as computational tool for this 
purpose. Suitable neural network for the analysis of experimental results can be selected on the 
basis of literature on this subject.  

An artificial neural network can be represented as a simplified model of the nervous system 
consisting of a large number of information processing elements. The elements are called 
artificial neurons. The prototype of the artificial neuron is the biological neuron. In its 
cybernetic counterpart the neuron’s body is referred to as a processor. From the nerve cell 
originate thin, branching dendrites, constituting its “input” and a long thicker axon. In the 
artificial neuron this corresponds to input and output signal. The junction between two nerve 
cells called a synapse. Through the later signals are transmitted to other nerve cells. 
Information is transferred in the form of electric impulses called potentials. The structure of the 
nerve cell and that of its cybernetic counterpart are as shown in fig. 1 

 
 

 
Fig.1 General Structure of nerve cell (a) and its cybernetic counterpart (b) 

 

Artificial neurons connected together form a network. The structure of artificial neural 
networks is, as a rule, layered. Three functional groups can be distinguished in the artificial 
neural network, i.e. the inputs receiving signals from the networks outside and introducing 
them into its inside, the neurons which process information and the neurons which generate 
results. 
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Fig. 2   Model of artificial neuron 

A model of the artificial neuron is shown in Fig.2 The model includes N inputs, one output, a 
summation block and an activation block. The following variables and parameters were used to 
describe the model shown in the figure above are 

                                       ܺூ = (ܺ ଵ,ܺଶ , … … ,ܺே)    an input vector, 

= ூݓ                                        ,ଶݓ,ଵ ݓ) … …  ,ே)  a weight vectorݓ,

                                       b     =  = w0               a bias 

ݒ                                        = ݑ + ܾ =  w୨x୨
ே

ୀଵ
 -  

Where            w୨x୨
ே

ୀଵ
   a network potential 

                      F(v)              an activation function 

2.1 Characteristics of neural network: 

1) The Neural networks can map input pattern to their associated output pattern. 

2) The Neural network architectures can be ‘trained’ with known examples before they are 
tested for the ‘inference’. 

3) The Neural networks are robust system and are fault tolerant. Therefore it recall full pattern 
from incomplete, partial or noisy pattern. 

4) The Neural networks can process information in parallel at high speed and in a distributed 
manner.  
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Depending on the way in which the neurons are connected, three types of artificial neural 
networks are distinguished: unidirectional networks, cellular networks and recursive networks 

2.2 Development of an ANN Model: 

The various steps in developing a neural network model are- 

1) Variable selection: - The input variables important for modeling. Variables under study are 
selected by suitable variable selection procedures. 

2) Formation of training, testing and validation sets:- The data set is divided into three distinct 
sets called training, testing and validation sets. The training set is the largest set and is used by 
neural network to learn patterns present in the data. The testing set is used to evaluate the 
generalization ability of supposly trained network and final check on the performance of 
trained network is made using validation set. 

3) Neural network architecture: - Neural network architecture defines its structure including 
number of hidden layers, number of hidden nodes and number of output nodes and activation 
function. 

4) Evaluation criteria:-The most common error function minimized in neural networks is the 
mean squared errors. 

5) Neural network training:-The objective of training is to find the set of weights between the 
neurons that determine the global minimum of error function. This involves decision regarding 
the number of iteration, selection of learning rate (a constant of proportionality which 
determines the size of the weight adjustments made at each iteration) and momentum values 
(how past weight changes affect current weight changes. 

III. METHODOLOGY 

 Methodology to be adopted for strength identification by means of Artificial Intelligence 
neural network on the basis of NDT are given below 

1) Prepare data set for neural network from destructive and nondestructive tests. 

2) Develop neural network which includes normalization and denormalization of data using 
MATLAB- N N Toolbox, Selection of neural network, training and testing of selected 
network. 

3) Validation of neural network. 
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IV. EXPERIMENTAL STUDY 

A total of 216 concrete cube of size 15x15x15 cm samples of unknown mix are tested using 
Ultrasonic Pulse Velocity tester for the determination of the direct ultra-pulse velocity (Vd) and 
Rebound Hammer Test for the determination of Rebound number (R) before the execution of 
destructive compressive test.  The values of the Vd are observed to be lying within 2.16 km/s 
and 5.37 km/s; Rebound number varied from 10 to 40 and the concrete cube compressive 
strengths varied between 2.23 MPa and 40 MPa.  

On the basis of a review of the literature the following feed forward error back propagation 
networks are selected for the task 

 The network descent gradient with adaptive learning rate (GDA) 

 The network with momentum and the descent gradient (GDM) 

 The Levenberg-Marquardt network (LM) 

Gradient descent with adaptive learning rate backpropagation (Traingda) can train any network 
as long as its weight, net input, and transfer functions have derivative functions. 
Backpropagation is used to calculate derivatives of performance (dperf) with respect to the 
weight and bias variables X. Each variable is adjusted according to gradient descent: 

dX = lr*dperf/dX 

At each epoch, if performance decreases toward the goal, then the learning rate is increased by 
the factor lr_inc. If performance increases by more than the factor max_perf_inc, the learning 
rate is adjusted by the factor lr_dec and the change that increased the performance is not 
made. 

Gradient descent with momentum backpropagation (Traingdm) can train any network as long 
as its weight, net input, and transfer functions have derivative functions. Backpropagation is 
used to calculate derivatives of performance (perf) with respect to the weight and bias 
variables X. Each variable is adjusted according to gradient descent with momentum, 

dX = mc*dXprev + lr*(1-mc)*dperf/dX 

where dXprev is the previous change to the weight or bias. 
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Levenberg-Marquardt backpropagation (Trainlm) supports training with validation and test 
vectors if the network's NET.divideFcn property is set to a data division function. Validation 
vectors are used to stop training early if the network performance on the validation vectors 
fails to improve or remains the same for max_fail epochs in a row. Test vectors are used as a 
further check that the network is generalizing well, but do not have any effect on training. 
‘trainlm’ can train any network as long as its weight, net input, and transfer functions have 
derivative functions. Backpropagation is used to calculate the Jacobian jX of performance perf 
with respect to the weight and bias variables X. Each variable is adjusted according to 
Levenberg-Marquardt, 

jj = jX * jX  

je = jX * E 

dX = -(jj+I*mu) \ je         where E is all errors and I is the identity matrix. 

It should be noted that each of the above networks has been trained & tested for all the 
samples to find out the best one for the task. 

The experimental data is saved in a mat file which is then used as input data for the network. 
The data was randomly divided into training (80%), testing (10%) and validation (10%). All the 
data has been normalizing by applying the procedure of the MATLAB-Neural Network Toolbox 
simulator to get MSE value nearer to zero and correlation coefficient R nearer to one. While 
training the network optimum numbers of neurons in the hidden layer and learning rate have 
been calculated. The neural network learnt to identify the compressive strength of concrete 
cube samples. The training phase is stopped when the variation of error became sufficiently 
small. The ANN model is then tested and the results are compared by means of root mean 
squared error and coefficient of determination.  
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Table 4.1. Optimum elements and Performance of different network architecture  

Sr.N
o. 

NDT Short 
Name 
of 
Neural 
Netwo
rk 

Elements of Neural Network Performance of 
Different Neural 
Network 

Inp
ut 
Dat
a 

Hidde
n 
Layer 

Neuro
ns in 
Hidde
n 
Layer 

Outp
ut 

Learni
ng 
Rate 

No. 
of 
Epoc
hs 

Correlati
on 
Coefficie
nt R 

Mean 
Square 
Error 
MSE 

1 Reboun
d 
Hamme
r Test 

GDM 1 1 10 1 0.02 6 0.997 0.0031
0 

2 GDA 1 1 40 1 0.4 639 0.9993 0.0004
93 

3 LM 1 1 20 1 0.04 3 0.9737 0.0000
13 

1 Ultraso
nic 
Pulse 
Velocity 

GDM 1 1 20 1 0.1 134 0.95 0.0037
90 

2 GDA 1 1 40 1 0.2 252 0.999 0.0004
95 

3 LM 1 1 10 1 0.02 1 0.968 0.0000
59 

 

Finally the Levenberg-Marquardt network (LM) was selected on the basis low training and 
testing MSE value as well as high correlation coefficient R with low learning rate, the obtained 
result was give in the table 4.1 & 4.2. 

V. RESULT AND DISCUSSION 

The Levenberg-Marquardt network (LM) was selected on the basis low training and testing MSE 
value and high correlation coefficient R with low learning rate, to obtained result for 
combination of both NDTs result as an input for output as compressive strength. Ultra pulse 
velocity and Rebound No. are taken as input and Compressive strength of cube kept as output 
(target).The data was randomly divided into training (80%), testing (10%) and validation (10%). 
They were normalizing before testing and denormalize after by applying the procedure of the 
MATLAB-Neural Network Toolbox simulator. While training the network optimum numbers of 
neurons in the hidden layer and learning rate were calculated. The neural network learnt to 
identify the compressive strength of concrete cube samples.  
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After taking number of trainings in the neural network simulation, the optimum hidden neuron 
number and hidden layer number are determined as 45 ( 2-45-1) and other  parameters for 
Levenberg-Marquardt network (LM) found  as Learning rate 0.04 with training performance 
goal 10−5, momentum constant 1.0 and maximum number of epochs 1000 with activation 
functions as tangent sigmoid. It can be seen that the smallest MSE and the highest R values are 
obtained by 45 hidden neurons in hidden layer. The analyst had the optimum flexibility to be 
able to determine the number of hidden neuron numbers, on a MSE basis. Table 4.2 & Table 4.3 
show the performance of the LM network for different hidden neuron numbers. Bar chart has 
been prepared for comparing different type of network tested for the task is as shown in Fig.  

Table 4.2 Selection of No. of Neurons in hidden layer of LM-Network for RN, Vd & Fs 

No. of Neurons Learning Rate MSE R No. of Ephocs 

10 0.04 0.0000231 0.9817 5 
20 0.04 0.0000523 0.9824 8 
25 0.04 0.0000424 0.9799 2 
30 0.04 0.0000676 0.9704 1 
35 0.04 0.0000355 0.9653 1 
40 0.04 0.000112 0.9204 1 
45 0.04 0.00000704 0.9892 4 
50 0.04 0.0000952 0.9584 1 
55 0.04 0.00000823 0.9863 4 
60 0.04 0.0000582 0.9629 1 
65 0.04 0.000107 0.9576 1 
70 0.04 0.0000306 0.97 1 
75 0.04 0.0000550 0.9896 3 
80 0.04 0.0000382 0.9848 3 
85 0.04 0.00000736 0.9672 1 
90 0.04 0.0000820 0.9534 1 
95 0.04 0.000141 0.9806 2 
 

It can be seen that the model of hidden layer with 45 neurons has the smallest MSE (7.04E-06), 
and it has the highest R (0.98919). The best validation performance is obtain  at 4 epoch  and 
MSE value is 7.04E-06 MPa shown in Fig.8.It is not surprising to observe some fluctuations in 
the mean squared errors due to the nature of the back propagation algorithm. However, it is 
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observed that the modeling results are exceptionally close to the real compressive strength test 
results; therefore there is no doubt regarding the accuracy of the MSE values. 

Table 4.3 Selection of learning Rate of LM-Network for RN, Vd & Fs 

No. of Neurons Learning Rate MSE R No. of Ephocs 

45 0.01 3.45E-05 0.9875 2 

45 0.02 1.11E-04 0.97681 3 

45 0.03 1.06E-05 0.9862 9 

45 0.04 7.04E-06 0.98919 4 

45 0.05 7.69E-06 0.96561 4 

45 0.06 4.44E-05 0.97989 1 

45 0.07 1.30E-04 0.95805 1 

45 0.08 1.52E-04 0.93696 1 

45 0.09 1.05E-06 0.98839 7 

45 0.1 9.73E-06 0.97552 3 

able 4.4 clearly depicts the comparison of results using ANN in terms of average, maximum and 
minimum percentage of error involved in prediction of concrete compressive strength basis of 
UPV and Rebound No. of concrete specimen. As seen the maximum percentage error through 
ANN is 24.47 whereas average %error for all 216 tested sample is only 0.25%. A better 
inference can be drawn from values of average percentage error, that ANN prediction is 
observed to perform better for prediction of compressive strength. 

The results are plotted in the form of a graph showing comparison of prediction through ANN. 
Fig.10 shows predicted compressive strengths through ANN and experimental compressive 
strength for cubes. The figure clearly depicts that experimentally evaluated values of 
compressive strength are in strong coherence with the values predicted through ANN for most 
of the samples. 

% Error ANN(LM) 
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AVERAGE  -0.25 

MAXIMUM  24.47 

MINIMUM  -96.48 

 

VI. CONCLUSIONS 

This study indicates the ability of the multilayer feed forward back propagation neural network 
as a good technique for model the concrete compressive strength with UPV and RN 
relationship. The ANN model performs sufficiently in the estimation of concrete compressive 
strength. Gradient descent algorithm and one hidden layer are employed in the analysis. The 
MSE values are reasonably small indicating that the estimates are most accurate and the 
trained network yield superior results.  

The neural network model to predict compressive strength based on UPV and RN of concrete 
specimens is utilized in this study. The prediction from values of average percentage error ANN 
shows a high degree of consistency with experimentally evaluated compressive strength of 
concrete specimens used. Thus, the present study suggests an alternative approach of 
compressive strength assessment against destructive testing methods. 

This current study employed data set which is composed of limited input and output vectors. 
Therefore, it would be reasonable to propose a further works using more data sets from various 
areas could be needed to generalize the conclusions in this study. 
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(C) 

 

(D)

Fig. 4.1 Optimum elements (A & B) and Performance (C & D) of different network architecture 
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Fig.4.2 The MSE and R plot of Levenberg-Marquardt network (LM)  for different no. of neurons 
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Fig.4.3 The performance and regression plot of Levenberg-Marquardt network (LM) 

  

Fig.4.4 The MSE plot of Levenberg-Marquardt network (LM)  for different learning rate 
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 Fig. 4.6 Actual and Predicted compressive strengths through Experimentation and ANN for a 
cubes 
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 Mitigation of Response of Asymmetric Building 
using Passive Tuned Mass Damper   

S.N. Khante, B.P.Nirwan 
 

Abstract- In present scenario, most of the buildings are often constructed with irregularities such as soft storey, torsional irregularity, 
vertical and plan irregularity. Past earthquake studies shows that the most of the RC buildings having such irregularities were severely 
damaged under the seismic ground motion. Torsional effects may significantly modify the seismic response of buildings and cause 
collapse of structures. These effects occur due to different reasons, such as non uniform distribution of the mass, stiffness and 
strength and torsional components of the ground movement. The concept of structural control is now widely accepted and has been 
frequently implemented in construction. Among the numerous passive control methods available, tuned mass damper (TMD) is one of 
the simplest and most reliable system for reducing dynamic response of structure. The mechanism involved in mitigating the vibration 
consists in the transfer of the vibration energy to the TMD, which dissipates it by damping. In order to increase the efficiency of a 
TMD, it is necessary to define its optimum parameters.  The response of asymmetric building with tuned mass damper to the selected 
ground motion is investigated with respect to the following parameters; eccentricity ratio of the superstructure (ex/d), ratio of 
uncoupled torsional to lateral frequencies of the superstructure (ωθ/ωx), uncoupled time period of the superstructure (Tx) and mass 
ratio (md/ms). G+8 storey RCC asymmetric building is considered for analysis. Nonlinear time history analysis is carried out in 
SAP2000 software using El Centro earthquake record. The numerical results of the parametric study help in understanding the 
torsional behaviour of the building using passive tuned mass damper. 

          Keywords- Asymmetric building, Eccentricity ratio, Mass ratio, Non-linear Time History Analysis, Optimum Parameter of TMD, Passive tuned            
                              mass damper, Time period of superstructure, Torsional to lateral frequency ratio.  

——————————      —————————— 

1 INTRODUCTION
 he seismic response of asymmetric buildings subjected 
to ground motions may be significantly modified due to 
the occurrence of torsional effects. As a result, the floors 

of the building not only translate laterally but also rotate 
along a vertical axis. This effect produces an uneven 
distribution of the lateral displacements at the same level 
(with an increase of the displacement at some points of the 
perimeter of the building), and a modification of the internal 
actions. The main reasons for the occurrence of torsional 
effects are two. First, lack of symmetry of the structural 
system due to a non-uniform distribution in plan of the 
stiffness, mass or strength. Second, asynchronic movement 
of the foundation of building due to characteristics of the 
seismic excitation. The asymmetric configuration of the 
building results in a coupling of the translational and 
rotational mode of vibration of the structures.  An ideal 
multi-storey building designed to resist lateral loads due to 
earthquake would consist of only symmetric distribution of 
mass and stiffness in plan at every storey and a uniform 
distribution along height of the building. Such a building 
would respond only laterally and is considered as 
torsionally balanced building. But it is very difficult to 
achieve such a condition because of restrictions such as 
architectural requirements and functional needs. The issue 
of mitigating the response of structures due to seismic loads 
has drawn the interest of  many researchers in recent years. 
Tuned mass dampers (TMD) have been widely used for the 
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vibration control in civil engineering structures. The concept 
of vibration control, using a mass damper, dates back to the 
year 1909, when Frahm invented a vibration control device 
called a dynamic vibration absorber. Since 1971, through 
intensive research and development in recent years, the 
TMD has been accepted as an effective vibration control 
device for both new and existing structures. The TMD is 
found to be a simple, effective, inexpensive and reliable 
means for suppressing undesirable vibrations of structures 
caused by seismic excitations. TMD is attached to a structure 
in order to reduce the dynamic response of the structure. 
The frequency of the damper is tuned to a particular 
structural frequency so that when that frequency is excited, 
the damper will resonate out of phase with the structural 
motion. Then the excess energy that is built up in the 
structure can be transferred to a secondary mass and is 
dissipated by the dashpot due to relative motion between 
them at a later time. Mass of the secondary system varies 
from 1-10% of the structural mass [3]. Lin et al. [1] illustrated 
the practical considerations and vibration control 
effectiveness of passive tuned mass dampers for irregular 
buildings, modelled as multi-storey torsionally coupled 
shear buildings, under bi-directional horizontal earthquake 
excitations. Zaharai and Ghannadi [2] presented the 
effectiveness of TMD in controlling building under 
earthquake excitation and investigated the practical 
consideration and vibration control efficiency of TMD for 
moment resisting frames. Mane and Murudi [3] investigated 
the influence of various ground motion parameter on 
seismic effectiveness of TMD. Den Hortog [4] derived closed 
form expression for optimum damper parameter assuming 
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no damping in mass of structure to facilitate derivation. Soni 
et al. [5] presented the behaviour of asymmetric building 
isolated by the double variable frequency pendulum isolator 
(DVFPI). The DVFPI is an adoption of single variable 
frequency pendulum isolator (VFPI). The numerical results 
of the extensive parametric study help in understanding the 
torsional behaviour of the structure isolated with the double 
sliding surfaces as in the DVFPI.  Khante and Nirwan[6] 
presented the seismic performance of asymmetric building 
using passive tuned mass damper and determine location of 
TMD on installed floor for effective performance. 
 
2. BASIC PRINCIPLE  
Consider the response of a single-degree-of-freedom (SDOF) 
structure-TMD system subjected to a vibratory force, f (t), as 
shown in figure 1. Referring to figure 2, the equations of 
motion are given as follows [2]. 
 

𝑚. �̈�(𝑡) + c.�̇�(𝑡) + k.u(t) = cd . 𝑧(̇ 𝑡) R+ kd.z(t) + f (t)      (1)                       

       md. �̈�(t) + cd.�̇�(𝑡) R+kd.z (t) = - md.u (t) +g (t)              (2) 
 

 
 

Fig. 1 Model of SDOF structure and TMD [3]  

where u is the displacement of the SDOF system, z is the 
relative displacement between the SDOF system and the 
mass damper, m is the main mass, md is the damper mass, k 
is main spring stiffness, kd is the absorber spring stiffness, cd 

is the absorber damping, f (t) is the force acting on the main 
mass and g (t) is the force acting on the damper mass. Force 
acting on damper mass equals to zero for wind excitation 
and equals to µ.f (t) for earthquake loading. Summation of 
equation (1) and (2) leads to: 
 
(m+md).�̈�(𝑡)R+ c.�̇�(𝑡) +k.u (t) = f (t) + g (t) - md.�̈�(t)         (3) 
  
 From the equation 3, it is seen that the net merger effect of 
added small mass (md) on the structure, aside from a slight 
decrease in natural frequency and a slight increase in 
external force from f(t) to f(t)+g(t), in addition of a force term 
[-md.�̈�(t)]. These equations for are valid only for SDOF 
structural system. Since most of building structure is MDOF 
structural system, a more general form of the equation of 
motion for a structure-TMD system is necessary. TMD is 

installed on top of the structure, for earthquake loading has 
the vector-matrix form: 
 

𝑚. �̈�(𝑡) + c.�̇�(𝑡) + k.u(t) = cd .�̇�(𝑡)R+ kd.z(t) + f (t)         (4) 
 

md. �̈�(t) + cd.�̇�(𝑡)R+ kd.z (t) = - md.𝜙𝑇𝑀𝑟
𝜙𝑇𝑀𝜙

 + g (t)              (5) 

 
Where 𝜙 represent the mode shape vector. Under wind type 
loading, force acting on damper mass equals to zero while 
for earthquake-type excitation, force on damper mass 
equals: 
             g (t) = 𝑢

┌
 . f (t)   and   ┌  =  𝜙𝑇𝑀𝑟

𝜙𝑇𝑀𝜙
                           (6)  

 
To facilitate discussions, additional notations are introduced 
here as follows: 
µ is damper mass to main mass ratio, µ= md/ms, ω is the 
frequency of a harmonic excitation, ωs is the natural 
frequency of the main mass, ωd is the natural frequency of 
the damper mass, β is the ratio of excitation frequency to 
main mass natural frequency, β = ω /ωs , α is the frequency 
ratio, α = ωd / ωs , ξd is the damping ratio of TMD and ξs is 
the damping ratio of the main mass. 
 
3 BUILDING DISCRIPTION 
 
The model of building is G+8 storeys RCC structure 
considered for the analysis. The building is asymmetric in 
plan as shown in figure 3. The building has bay width of 3m 
in X and Y direction with 3m storey height. Slab is modelled 
as rigid diaphragm. Building is eccentric with respect to 
mass and stiffness. Tuned mass damper is installed at top of 
building. Non-linear time history analysis is carried out in 
SAP2000 software using El Centro Earthquake records. CM 
(Centre of mass) is location where all mass of the system can 
be considered to be located. CR (Centre of rigidity) is the 
stiffness centroid within a floor diaphragm plan. When CM 
not coinciding with CR then eccentricity is created in 
structure i.e. distances between CM and CR. CM and CR are 
calculated by using ETABS software. Since building is 
eccentric with respect to mass and stiffness, the structure 
exhibits a torsional effect when excited in lateral X-direction. 
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Fig. 3 Plan of building 

 
 

Fig. 4 Install location of TMD 
 
The dynamic behaviour of the system under consideration 
to earthquake excitation can be described by following three 
degree of freedom. The two translational displacement udx 

and udy in orthogonal direction and rotation udθ about 
vertical axis of the centre of mass. Let kxi and kyi, i=1, 2…..N 
denote the lateral stiffnesses of the ith column in x and y-
direction respectively, when N denote the number of 
column in each direction. The total lateral stiffness of the 
system in each direction, Kx, Ky is given by [6]  
 

                Kx =  ∑  𝑘𝑥𝑖𝑁
𝑖=1  ; Ky = ∑  𝑘𝑦𝑖𝑁

𝑖=1                 (7) 

And the torsional stiffness defind about the centre of mass 
(CM) of the slab is 

               Kθ  =  ∑ (𝑘𝑥𝑖𝑌𝑖2𝑁
𝑖=1 + 𝑘𝑦𝑖  𝑋𝑖2)                (8)  

 
Where Xi  and Yi denotes the x and y- co-ordinate of the ith 
column with respect to the centre of mass of the slab the 
eccentricity between the CM (centre of mass) of the slab and 
the static centre of resistance (CR) of column is given by 

 
                         ex = 1

𝐾𝑦𝑖 
 ∑ (𝑘𝑦𝑖𝑋𝑖)𝑁

𝑖=1                               

(9)  

 
Corresponding to the translational and rotational modes, the 
three uncoupled modal frequency of the superstructure will 
be equal to  

                   ωx  =�𝑘𝑥
𝑚

;  ωy = �𝑘𝑦
𝑚

;   ωθ =  � 𝑘𝜃
𝑚 𝑟2

                   

(10)     

Where, r is the radius of gyration of the slab about the 
vertical axis through the CM. The frequencies ωx, ωy, and ωθ 

may be interpreted as the natural frequencies of the system 
if it is torsionally uncoupled but m, kx, ky and kθ are the 
same as in the coupled system. 
The numerical data for G+8 storeys RCC asymmetric 
building is as shown in Table 1.  
  

 
 

 

 
 

TABLE 1 
 NUMERICAL DATA FOR BUILDING 

 
 
4 OPTIMUM PARAMETER OF TMD 
 
The optimum TMD parameter α and ξ as proposed by Den Hartog 
[5] are given in equation (11) and (12).   
 

            αopt   =  1
1+𝜇

 .�(2−𝜇)
2

                        (11) 

 

                      ξopt    =� 3𝜇
8(1+𝜇)

 .� 2
(2−𝜇)

                    (12) 

 
Where µ is damper mass to main mass ratio, µ= md/mS, αopt 
is frequency ratio i.e ωd /ωs, ωd is frequency of damper and 
ωs is natural frequency of structure. ξopt is damping ratio of 
TMD. Optimum values of stiffness Kd and damping Cd  of 
the TMD can be calculated as given in (13) and (14). 
 
                         Kd = 4 π2 µ αopt2  𝑚𝑠

𝑇𝑠 2
R                              (13) 

   
                                              Cd = 4 π µ ξopt αopt    𝑚𝑠

  𝑇𝑠 
                              (14)   

    
It is established that [7] mass ratio μ=0.04 leads to             
maximum response reduction. Optimum parameter of TMD 
for mass ratio of 0.04 is as shown in Table 2. 
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TABLE 2 
           OPTIMUM PARAMETER OF TMD 

 
 
5 PARAMETRIC STUDY 
 
The response of asymmetric building using passive tuned 
mass damper to the selected ground motions is investigated 
with respect to the following non dimensional parameters: 
eccentricity ratio of the superstructure (ex/d), ratio of 
uncoupled torsional to lateral frequencies of the 
superstructure (ωθ/ωx), uncoupled time period of the 
superstructure (Tx), and mass ratio (md/ms). Since these 
parameters predominantly influence the torsional coupling. 
Three response quantities, viz. peak displacement of slab, 
peak rotation of slab, peak base shear, in x-direction 
considered for the present study. 
 
 

6 RESULT AND DISCUSSION 

The response of asymmetric building with tuned mass 
damper for El Centro ground motion is investigated in 
terms of peak displacement, peak rotation and peak base 
shear. 
 
6.1 Effect of eccentricity ratio (ex/d) 
The superstructure stiffness eccentricity, ex/d is the most 
important parameter causing torsional coupling and 
torsional motions. Fig. 5 is plotted to show the effects of 
superstructure eccentricity on building with tuned mass 
damper.    
 

 
 

Fig.5 (a) Effect of eccentricity ratio (ex/d) on maximum displacement of 
asymmetric building with and without TMD 

 
 

Fig.5 (b) Effect of eccentricity ratio (ex/d) on maximum base shear of 
asymmetric building with and without TMD 

 

 
 

Fig.5 (c) Effect of eccentricity ratio (ex/d) on maximum rotation of 
asymmetric building with and without TMD 

The superstructure eccentricity is varied from ex/d=0.1 to 
ex/d=0.25. From the fig. 5 (a), (b) and (c) it is observed that 
the eccentricity increases torsional responses i.e. peak slab 
rotation, peak slab displacement while the application of 
TMD reduces the torsional response. However the lateral 
responses i.e. peak base shear are not much influenced by 
superstructure eccentricity. 
 
6.2. Effect of time period of superstructure (Tx) 

The response of asymmetric building with tuned mass 
damper is plotted for different values of superstructure time 
period (Tx) as shown in fig. 6 (a), (b) and (c). 
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Fig. 6 (a) Effect of time period (Tx) on maximum displacement of 
asymmetric building with and without TMD 

 

 
 

Fig. 6 (b) Effect of time period (Tx) on maximum base shear of 
asymmetric building with and without TMD 

 

 
 

Fig. 6 (c) Effect of time period (Tx) on maximum rotation of asymmetric 
building with and without TMD 

From fig. 6 (a), (b) and (c) it is observed that as increasing 
the time period (Tx), thereby making superstructure flexible 
in horizontal direction. All the torsional responses of 
building increase and lateral response decrease with and 
without TMD. The peak lateral displacement and peak 
rotation increases with increase in superstructure flexibility 
whereas peak base shear decreases as time period increases. 
Sudden rise in displacement is observed from time period 2 
to 2.5 while with TMD response is very controlled and linear 
rise is noted. Steep change of slope in reduction of base 
shear is noted without TMD. With TMD the reduction in 
base shear steel continued for time period 2.5. For building 
with TMD with increasing time period from 2 to 2.5 sudden 
rise in slope is noted indicating sudden rise in rotation while 
without TMD with increase in time period slope is 
decreasing indicating reduction in rotation. Increase in 
rotation with TMD is due to TMD frequency is not exactly 
tuned with structural frequency. 
 
6.3 Effect of mass ratio (md/ms) 

 
The fig. 7 (a), (b) and (c) depicts the influence of variation in 
mass ratio on the structural response.  

 
 
Fig. 7 (a) Effect of mass ratio (md/ms) on the maximum displacement of 

the asymmetric building with and without TMD 
 

 
Fig. 7 (b) Effect of mass ratio (md/ms) on the maximum base shear of 

the asymmetric building with and without TMD 
 

 
 

Fig. 7 (c) Effect of mass ratio (md/ms) on the maximum bending 
moment of the asymmetric building with and without TMD 

 
The base shear is highly influenced by variation of md/ms. 
this is expected as the base shear is directly proportional the 
weight of the building. The peak displacement, peak 
bending moment and peak base shear decrease with 
increase in of mass ratio. Beyond mass ratio µ=0.05, peak 
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displacement, peak bending moment show increasing trend. 
Decrease in peak base shear is due to opposite movement of 
mass of tuned mass damper relative to structural movement 
resulting lesser effective inertia force on building and 
consequently lesser maximum base shear. As the mass ratio 
increases the frequency (tuning) ratio of tuned mass damper 
are decreases, Hence effectiveness of TMD decreases 
resulting in increase in peak bending moment. 
 
6.4 Effect of torsional to lateral frequency ratio of the 
superstructure (ωθ/ωx) 
 
The ratio of uncoupled torsional to lateral frequency is an 
important parameter in behaviour of the asymmetric 
buildings that is, it highly influences the response of the 
system as shown in fig. 8 (a), (b) and (c). 

 
 

Fig. 8 (a) Effect of (ωθ/ωx) on the maximum displacement of the 
asymmetric building with and without TMD 

 

 
 

Fig. 8 (b) Effect of (ωθ/ωx) on the maximum base shear of the      
asymmetric building with and without TMD 

 
 

 
 

Fig. 8 (c) Effect of (ωθ/ωx) on the maximum rotation of the 
asymmetric building with and without TMD  

 
From fig. 8 (a), (b) and (c) it is observed that with increase in 
ratio of (ωθ/ωx), peak displacement, peak rotation, peak base 
shear increases at the initial stage, later on it decreases as the 
system become stiffer. When above results are compared 
with results for superstructure eccentricity ratio, it is found 
that superstructure eccentricity ratio increases the torsional 
response quite rapidly than ratio of torsional to lateral 
frequency ratio. In general it is observed that use of TMD 
introduces reduction in response of building.  
 
7 CONCLUSIONS 
Based on the present study following conclusions are 
drawn:  
     TMD is reliable and practical alternative to enhance the 
earthquake resistance of existing and new structures. It is 
capable of providing the rigidity needed to satisfy structural 
drift limits. It is stable and has substantial energy absorption 
capability. Investigation of various non-dimensional 
parameters revealed that superstructure eccentricity 
increases torsional response such as peak rotation however 
peak base shear are not much influenced by superstructure 
eccentricity while with the application of TMD torsional 
response decreases. The superstructure flexibility magnifies 
torsional response and reduces lateral response of building 
with and without TMD. From results, it is observed that for 
higher values of torsional to lateral frequency ratio reduces 
torsional response such as rotation of building with and 
without TMD however the superstructure eccentricity 
increases torsional response quite rapidly than torsional to 
frequency ratio therefore superstructure eccentricity should 
be controlled. From results, it is noted that the peak 
displacement, peak bending moment peak base shear 
decreases with increasing mass ratio. Beyond mass ratio 
µ=0.05 peak displacement, peak bending moment show 
increasing trend.  
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Abstract : Performance of Beam-column joint is matter of concern in 
the modern ductile design of building. Especially under the 
earthquake loading this is more susceptible to damage. Brittle nature 
failure is responsible for devastating damages. Since 1970’s this area 
is focused by researchers. But still due to versatile nature of the 
joints core behaviour, the problem still needs attention. The cyclic 
forces in beam-column joint during earthquake may cause cracks and 
failure, when not designed and detailed properly. In the present 
work, two, one third scale beam column joints’ finite element models 
are analysed using ANSYS11. A refined model of exterior beam 
column joint is used by representing steel and concrete by different 
elements in FE model. The first specimen detailed as per guidelines 
of IS13920:1993(conventional) and second is detailed with 
additional diagonal cross bracing bars of 10mm diameter at joint 
and beam reinforcement(non-conventional). Cyclic loading was 
applied at the beam tip and constant axial load on the column to 
simulate severe seismic loading. This paper compares the 
performance of exterior beam-column joint by conventional and non-
conventional reinforcement near the joint. Behaviour of these two 
specimens studied by plotting and calculating, Load-displacement 
curves, ductility factor, cumulative energy dissipation, stiffness 
behaviour. The study indicates that non-conventional reinforcement 
improves the seismic performance.       

Keywords: Beam-column joint, cyclic loading, ANSYS11, ductility, 
stiffness, energy dissipation 

1. INTRODUCTION 

Beam-column joints are an important part of a reinforced 
concrete moment resisting frame subjected to earthquake 
loading and should be designed and detailed properly. Failure 
of beam-column joints during earthquakes is governed by 
bond and shear failure mechanism which are brittle in nature 
which is not an acceptable structural performance especially in 
seismic conditions. Understanding the joints behavior is 
essential in exercising proper judgments in the design of 
joints. Therefore it is important to discuss about the seismic 
actions on various types of joints and to highlight the critical 
parameters that affect joint performance with special reference 
to bond and shear transfer. The anchorage length requirements 
for beam bars, the provision of transverse reinforcement and 
the role of stirrups in shear transfer at the joint are the main 

issue. A study of the usage of additional cross-inclined bars at 
the joint core shows that the inclined bars introduce an 
additional new mechanism of shear transfer and diagonal 
cleavage fracture at joint will be avoided. However, there were 
only limited experimental and analytical studies for the usage 
of non-conventional detailing of exterior joints. In spite of the 
wide accumulation of test data, the influence of cross inclined 
bars on shear strength of joint has not been mentioned in 
major international codes. In this work an attempt has been 
made to improve the confinement of core concrete without 
congestion of reinforcement in joints. Syed and Shaikh [1] 
carried out computational analysis in ANSYS11. The 
specimens designed as per IS13920:1993 with additional 
diagonal cross bracing bars at joint or beam. The comparison 
showed better performances of the joint when it is provided 
with cross bars 8 mm in beam region. Bindhu and Jaya [2] 
studied the performance of exterior beam column joint with 
non-conventional reinforcement detailing. They tested four 
specimens under cyclic load at beam end. The specimens 
detailed as per IS: 456 with diagonal confining bars had 
improved ductility, energy absorption capacity and ultimate 
load carrying capacity. Siddiqui et al. [3] carried out 
experimental investigation of beam column joint using Carbon 
Fibre Reinforced Polymers. They studied two specimens for 
cyclic lateral load histories. They found CFRP sheets 
improves the shear resistance of the joint and increase 
ductility.  

The performance of exterior joint assemblages designed for 
earthquake loads as per IS 1893:2002  are compared with the 
specimens having additional cross bracing bars provided in 
column and beam region confining reinforcements[1]. 

2. DETAILS OF SPECIMENS 

The beam column joints had identical beam and column sizes. 
The beam and column sizes were 150mm x 100mm and 
200mm x 100mm respectively. Figure 1.shows the 
reinforcement detailing for conventional specimen and Figure 
2.Shows the reinforcement detailing for Non-conventional 
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specimen. The cover for the beam and column section was 
maintained at 20mm.    

  

 
Figure 1. Reinforcement details of specimen as per  
               IS13920:1993guidelines(Conventional)  
               Specimen1. 

 
Figure 2. Reinforcement details of specimen provinding 
                cross digional bars in beam and column (Non-  
               Conventional)-Specimen2 

3. ANALYTICAL MODELING 

The exterior beam-column joint is considered to study joint 
behavior subjected to cyclic loading. The exterior beam 
column joint is analyzed using ANSYS11 software. The 
elements used are solid i.e.concret65 and link i.e.spar8. 
Concrete65 element was used to model the concrete of eight 
nodes with three degree of freedom at each node and Spar8 
element was used to model steel reinforcement of two nodes 
with three degree of freedom at each node. 

 
 

3.1. Real constants 
 
The real constants considered for concrete65 element were 
volume ratio and orientation angles. But there was no streak 
reinforcement; the real constants were set to zero. The real 
constants set for spar8 element are cross-sectional area and 
initial strain. 
 
3.2. Material Properties 
 
The material properties used in the models are given in Table 
1. Grade of concrete and steel used are M25 and Fe415 
respectively.   
 
            Table 1. Material properties used in model 

Material 
No. 

Element 
type 

Material properties 

1 Link-spar8        Linear Isotropic 
 EX 2.1x1011N/m2 

PRXY 0.3 
      Bilinear Kinematic 
Yield 
stress 

432x106N/m2 
 

Tangent 
Modulus 

847x106N/m2 

2 Solid-
concrete65 

      Linear Isotropic 

 EX 2.5x1010N/m2 
PRXY 0.15 
     Concrete 
Shear 
transfer 
coefficient 
for open 
crack 

0.2 

Shear 
transfer 
coefficient 
for closed 
crack 

0.9 

Uniaxial 
tensile 
cracking 
stress 

2.895x106N/
m2 

 
3.3. Modeling of Exterior Beam-Column Joint 
 
The exterior beam-column joint is modeled in ANSYS11 
software using above element and the material properties. 
Modeling details are shown in Figure 3 to Figure 5.The axial 
load is applied on column of 110kN and the load on the beam 
is applied in the interval of 0Hz to 20Hz at a distance of 40mm 
from the free end in upward and downward direction. The 
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models were analyzed with cyclic loading in the upward and 
downward direction. 

    
Figure 3. Modeling of reinforcement in ANSYS11 Using 

IS13920:1993 guidelines (Conventional)-Specimen1. 
 

 
Figure 4. Modeling of reinforcement in ANSYS Using 

Cross Bars in Beam and Column region (Non-
conventional)-Specimen2. 

 
                      Figure 5. Mesh of concrete. 

4. RESULTS AND DISCUSSION 

In this section the results of analytical studies are briefly 
described. 

 
4.1. Hysteretic Curves 
 
The load-displacement hysteresis loops for the specimens are 
shown in Figure 6 and Figure 7. For Non-conventional 
specimen, hysteresis loops were observed with large energy 
dissipation capacity. From Table 2 it can be observed that the 
ultimate load carrying capacity is higher for Non-conventional 
specimen than Conventional specimen. In general, specimen 
with diagonal cross bars in beam and column perform better 
than conventional specimen. 
 

 
Figure 6. Load-displacement curve for Conventional 

Specimen1. 
 

 
Figure 7. Load-displacement curve for Non-Conventional 

Specimen2. 
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Table 2. Yield load and ultimate load of specimens from 
ANSYS11 

Specimen   Yield Load(kN) Ultimate Load(kN) 
 Downw

ard 
directio
n 

Upwar
d 
directio
n 

Downwa
rd 
direction 

Upward 
directio
n 

Conventiona
l 

3 3 14 14 

Non-
conventiona
l 

4 4 17 17 

 
4.2. Cumulative Energy Dissipation 
 
The area enclosed by the hysterisis loop in Load-displacement 
curve at a given cycle represents the energy dissipated by the 
specimen during that cycle. Comparison of cumulative energy 
dissipation for the specimens is shown in Figure 8. It is found 
that the energy dissipation capacity is enhanced by the addtion 
of diagonal cross bars. 

 

 
Figure 8. Comparision of cumulative energy dissipation. 

 
4.3. Ductility 
  

Ductlity is measured in terms of displacement 
ductlity factor, which is the ratio of the maximum deformation 
that structure or an element can undergo without significant 
loss of initial yielding resistance to the intial yield 
deformation[2]. The displacement values and the displacement 
ductlity factor for both the specimens is shown in Table 3. It is 
observed that the ductility for non-conventional specimen 
incerases by 11% over conventional specimen. So, the the 
non-conventional reinforcement at joint region improves the 
ductlity of the joint. 
 

 

Table 3. Displacements and Displacement ductility factor 
of specimens 

      Displacement(mm) 
 Conventional 

Specimen 
Non-Conventional 
Specimen 

     Yield 
Displacement(mm) 

  

Download 7.117 6.431 
Upward 7.089 6.500 
    Ultimate 
Displacement(mm) 

 

Download 23.481 21.730 
Upward 23.496 21.815 
                     Displacement Ductlity Factor 
Displacement 
ductlity factor 

 

Download 3.299 3.696 
Upward 3.314 3.697 
Average 
Displacement 
Ductlity Factor 

3.307 3.697 

 
4.4. Stiffness Behavior 
 
Siffness gets degraded when the joint is subjected to cyclic 
loading. During cyclic loading concrete and reinforcement 
steel bars are subjected to different loading, unloading and 
reloading paths[3]. Comparison of Stiffness degradation for 
both the specimen is shown in Figure 9. 
 

 
           Figure 9. Comparison of stiffness degradation. 
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5. CONCLUSIONS 

In the present study, the performance of exterior beam-column 
joint with non-conventional reinforcement detailing was 
studied analytically. The following conclusions are made. 
1. Reinforcement providing non-conventionally had 

improved ductility factor by 11% than conventional 
reinforcement. 

2. Energy dissipation for non-conventional specimen had 
increases by 52.31% than conventional specimen. 

3. Stiffness degradation process is slow in non-conventional 
specimen proves better performance. 

4. It is observed that provision of cross diagonal 
reinforcement bars increased the ultimate load carrying 
capacity and ductility of joint in the upward and downward 
loading condition.   
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Abstract 
The most familiar civil engineering structure is reinforced concrete (RC) structure. Performance 
of structure undergoes changes during their service life with time. Thus, it is of great concern to 
monitor the health of RC structure. Structural health monitoring (SHM) is the art of detecting the 
changes in structure that influences its performance. Various techniques to monitor the health of 
structure are broadly studied worldwide. PZT based smart aggregate can play an effective role as 
an advanced tool in the development of structural health monitoring. This research work contri-
butes for proposing a more generous Non-Destructive Evaluation (NDE) technique for structural 
health monitoring by using smart materials. If performance of a structure deviates from the de-
sign parameters with time, appropriate and effective maintenance is required. Considering the 
relevant need of RC structures, a more sensitive and cost-effective approach by using Electro-Me- 
chanical Impedance (EMI) technique has been proposed for implementation in real-life situations. 
In general, surface bonded PZT transducer is used for SHM. Since PZT transducers are of very 
small dimension and brittle in nature, for consistent characteristics, they should be protected 
from severe environmental condition and other external interruptions. For this reason, PZT 
transducer is embedded in structure at the time of construction and manufacturing of the embed-
ded transducer is simple. The proposed EMI technique assesses the health of RC structures more 
rationally by embedding PZT transducer in the structure, whose health is to be monitored over the 
user specified preset frequency range. The conductance and susceptance signatures are acquired 
by using LCR meter. At any future point of time, when it is desired to assess the health of structure, 
the conductance and susceptance signatures are acquired and further utilized for damage detec-
tion and quantification. The Root Mean Square Deviation (RMSD) is used to specify damage severity. 
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1. Introduction 
Structures consist of an assembly of various members like columns, beams, slabs, etc. Piezoceramic transducer 
has been playing an important role in structural health monitoring. Any damage of the host structure reflects 
changes in its properties. Major damages to structures can lead to failures, causing inconvenience and safety 
problems. Therefore, continuous monitoring of structure is essential. Numerous structural engineers drew atten-
tion towards developing modern sensor technology for making structures, smart enough to warn the concerned 
authorities before their failure in the recent decade years.  

Sensors like accelerometers, strain gauges, Piezo based Lead Zirconate Titanate (PZT) patches, etc. can be 
used to monitor the health of the structures. As compared to other sensors, piezo based sensors are becoming 
more popular because of their efficiency of monitoring. Smart materials are widely used in Structural Health 
Monitoring (SHM) systems due to the viability of them in host structures; to act as sensors and/or actuators to 
assess the continuous health of a structure. 

Among all the health monitoring methods, Electro-Mechanical Impedance (EMI) based health monitoring 
using piezoelectric materials is extensively acknowledged. The conductance signature is acquired with the help 
of EMI active sensor which serves as an indication of damage in structure. Kaur, Gupta, Jain and Bhalla [1] 
presented the integrated application of the global vibration technique and the low-cost EMI technique for dam-
age detection and severity assessment. Shanker [2] experimentally investigated the possibility of an embedded 
PZT as a sensor by using impedance based method over concrete beams and steel beams. Annamdas, Yang, and 
Soh [3] proposed a double protection wrap method employing both metal and non-metal of embedding PZT 
sensor in concrete for monitoring either fresh or cured concrete using embedded piezoelectric transducer (PZT) 
via EMI technique. Negi, Kaur, Bhalla and Chakraborty [4] presented the responses of PZT patches while em-
bedded in host structure in three different configurations after embedding in a prototype RC beam. Dumoulin, 
Karaiskos and Deraemaeker [5] studied the embedded transducers to detect and follow the crack propagation in 
a reinforced concrete beam subjected to a three-point bending test. Song, Gu and Mo [6] proposed the multi- 
functionality of smart aggregates for early-age concrete strength monitoring, impact detection and structural 
health monitoring. Feng, Dandjekpo and Zhou [7] detected the post-earthquake damage in concrete dams by us-
ing embedded electro-mechanical impedance (EMI) sensors. Visalakshi and Bhalla [8] compared the sensing 
capabilities of surface bonded and embedded piezoceramic (PZT) patches in diagnosing chloride-induced corro-
sion for RC structures. Yoo, Khatibi and Kandare [9] reported a study on the degradation of embedded PZT 
transducers under cyclic loadings. 

Damage identification is carried out by comparing the signature of structure in healthy state with the signa-
tures obtained after a damage. The specific objective of the present study is to carry out the structural health 
monitoring of structures using indigenously prepared embedded PZT patches. 

2. Electro-Mechanical Impedance (EMI) Technique 
The Electro-Mechanical Impedance (EMI) technique using piezo elements is relatively a new technique for 
SHM. The EMI technique employs PZT patches as a sensor. A PZT patch is surface bonded or embedded inside 
the structures to be monitored, as shown in Figure 1. The sensing zone of PZT patch is limited to 0.4 to 2 m.  

The patch (length 2l, width w and thickness h) behaves as thin bar undergoing axial vibration. When an alter-
nating electric field is applied to the patch; it expands and contracts dynamically in direction “1”. Two end 
points of the patch can be assumed to encounter equal impedance Z from the host structure. An electro-me- 
chanical model of the system is shown in Figure 1(b), where the structure has been replaced by two equal me-
chanical impedances Z. 

( ) ( ) ( )T 2 2
33 31 31

tan2 E Ea

a

Zwl klY j d Y d Y
h Z Z kl

ω ε
    = + −    +     

                  (1) 

Equation (1) represents the complex electro-mechanical admittance Y of the coupled system. 
Where, Za is mechanical impedance of the PZT patch, ω is angular frequency and kl is the wave number, d31 

is the piezoelectric strain coefficient of the PZT material, EY  is the complex Young’s modulus under constant 
electric field, ( )T

33ε  is the complex electric permittivity at constant stress. 
The mechanical impedance Z of the host structure is the function of the structural parameters, i.e., as stiffness, 

damping and mass. Any damage to the structure will cause these parameters to change, and hence changes the 
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(a)                                              (b) 

Figure 1. Modeling PZT-structure interaction [2]. (a) A PZT patch bonded to structure under electric 
excitation; (b) Interaction model of PZT patch and host structure. 

 
drive point mechanical impedance Z. As a result, the electro-mechanical admittance Y will change and this 
serves an indicator of the state of health of the structure. Equation (1) is utilized in EMI technique for damage 
detection. The electro-mechanical admittance Y consists of the real and the imaginary component called con-
ductance and susceptance respectively. Hence, the magnitude of complex admittance can be calculated as given 
in Equation (2): 

2 2Y G B= +                                      (2) 

where, G = Conductance; real part of admittance, 
B = Susceptance; imaginary part of admittance. 
There are several techniques available to quantify damages in structure. In the present work, to quantify 

damage in structure Root Mean Square Deviation (RMSD) technique is used which is given as: 

( ) ( )
2

2 1
2

1

100 %
G G

M
G
−

= ×∑
∑

                              (3) 

where, M = Damage metric (Root Mean Square Deviation), 
G1 = Conductance before damage, 
G2 = Conductance after damage. 

3. Experimental Investigation 
3.1. General  
In order to perform structural health monitoring of concrete structures using EMI technique, a model RC beam 
and smart aggregate was cast. The experimental investigation is carried for damage identification and crack de-
tection. The instrument used is digital Impedance Analyzer (LCR meter E4980A) of frequency range of 20 Hz 
to 2 MHz and its connecting fixture, and a USB cable and VEE Pro 9.32 for data acquisition. To monitor the 
health of a structure experiment was performed in two stages i.e. firstly for the healthy state of host structure and 
then for damaged state of structure. 

3.2. Materials and Specimen 
The test was carried out on reinforced concrete beam. The PZT sensor was fabricated and embedded inside the 
RC beam. To prepare the embedded sensor SMart AGgregate (SMAG), both the surfaces of naked PZT patch 
with the dimensions of 10 mm × 10 mm × 0.2 mm are welded to coaxial cable wires, respectively, and the bare 
PZT impedance sensors is formed. The form work of card board with 20 mm diameter was first filled with ce-



S. N. Khante, S. R. Gedam 
 

 
45 

ment mortar of proportion (1:2) to the half depth. After 7 days curing, the PZT (5 H) patch was bonded on the 
top of the surface of the cement block using epoxy (Araldite). After 24 hours, the card board was filled to full 
depth with the cement mortar. After 7 days of curing, the card board was removed from cement block and was 
ready to use in any structure under construction as shown in Figure 2. 

The performance of sensor was studied on the R.C. beam structure whose dimensions and properties are 
shown in Table 1. The typical block diagram of RC beam with SMart AGgregate (SMAG) is shown in Figure 3. 

3.3. Experimental Set-Up 
This experiment essentially involves a simply supported RC beam with embedded SMAG at 100 mm distance 
from right support and 30 mm distance from bottom of beam as shown in Figure 4. The instrument required to 
obtain signatures are digital Impedance Analyzer (LCR meter E4980A) and its connecting fixture and a USB 
cable and VEE Pro 9.32 for data acquisition. This test was performed in two stages i.e. in the first stage signa-
tures for healthy condition of the beam and in second stage for the damaged condition of beam is obtained. 

In the first stage, the soldered PZT patch in the form of SMAG was wired to Impedance Analyzer through 
Connecting Fixture of LCR meter. Then the frequency was swept through 100 kHz to 400 kHz i.e. the PZT 
patch transfers this vibrations to the structure through adhesive bond layer. These vibrations are transferred to 
structures and reflected back from the same PZT patch through waves, which will indicate the health of the 
structure. The required parameter i.e. Conductance (G) is directly measured through LCR meter for all the val-
ues of frequency. From the obtained data, the graph of Conductance versus Frequency is plotted. These graphs 
are said to be the Conductance Signature or just a signature shown by particular sensor for specimen. This data 
is saved in excel format and can be available as and when required. The assembly for the experiment of EMI 
technique is as shown in Figure 5. 

In the second stage, damage was introduced in the form of significant visible crack by loading the specimen 
under Universal Testing Machine (UTM) as shown in Figure 6 and then the same damaged specimen with PZT 
patch was reanalyzed for damaged state by using the same procedure as previously adopted. The PZT patch 
again acts as an actuator and sensor. Then the data for healthy state and damaged state was compared. 
 

Table 1. Material properties and dimensions of RC beam. 

Dimensions/Properties  Value 

Length (L) 410 mm 

Cross-section 100 mm × 100 mm 

Grade of cement (OPC) 43 

Grade of steel Fe 415 

Reinforcement bars 2#8 mm dia at top and bottom 

stirrups 6 mm dia @80 mm c/c 

Characteristic strength of concrete 20 N/mm2 

Curing period 7 days 

 

 
Figure 2. Typical SMart AGgregate (SMAG). 

Water-proof coating

Electric wires

Piezoceramic patch
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Figure 3. Block diagram of RC beam with embedded SMAG. 

 

 
Figure 4. RC beam with embedded SMAG. 

 

 
Figure 5. General configuration of set-up and instrument using 
E4980A impedance analyzer. 

 

 
Figure 6. Damaged RC beam. 

4. Results and Discussions 
4.1. Response for Healthy Condition of Embedded SMAG 
For the first stage, the healthy structure response is taken, with the SMAG embedded in simply supported RC 
beam. Piezoelectric patch was connected via cable to LCR meter and corresponding response was recorded. The 
beam was subjected to frequency range of 100 to 400 kHz. In this range, corresponding conductance values 

Enlarged diagram of smart aggregate

Coated piezoceramic patch

Smart aggregate
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were recorded by LCR meter. The conductance graph is shown in Figure 7 and susceptance graph is shown in 
Figure 8. The conductance graph shows abundant peaks where the susceptance graph is comparatively flat. 

4.2. Response for Damaged Condition 
In the second stage, the beam is laterally loaded on Universal Testing Machine until significant visible crack is 
seen. The same beam with embedded SMAG was connected via cable to LCR meter and corresponding response 
in term of conductance and susceptance was recorded as shown in Figure 9 and Figure 10 respectively.  

By comparing the results obtained for both the stages as shown in Figure 11 and Figure 12, it can be said that 
the responses for RC beam is different for healthy and damaged conditions. Changes in the responses are the in-
dications of damages. The effectiveness of embedded PZT is evident from the fact that there is clear shift in ver-
tical as well as lateral direction in the recorded conductance response. The absence of peaks in the original sus-
ceptance response in Figure 8 and Figure 10 and lesser deviation from original curve in Figure 12 makes sus-
ceptance signature a weak candidate for flaw detection. Structural health monitoring with embedded piezoelec-
tric patches proves to be effective tool for damage detection. 

The damage index recorded by embedded SMAG using root mean square deviation technique (RMSD) is 
found to be 5.0014% in frequency range of 100 - 400 kHz. 
 

 
Figure 7. Conductance graph for healthy beam by embedded SMAG. 

 

 
Figure 8. Susceptance graph for healthy beam by embedded SMAG. 

2.00E−03

1.80E−03

1.60E−03

1.40E−03

1.20E−03

1.00E−03

8.00E−04

6.00E−04

4.00E−04

2.00E−04

0.00E+00

C
O

N
D

U
C

TA
N

C
E 

(G
)

FREQUENCY (kHz)

0            50         100        150         200        250         300         350        400        450

1.20E−02

1.00E−02

8.00E−03

6.00E−03

4.00E−03

2.00E−03

0.00E+00

SU
SC

EP
TA

N
C

E 
(S

)

FREQUENCY (kHz)

0            50         100        150         200        250         300         350        400        450



S. N. Khante, S. R. Gedam 
 

 
48 

 
Figure 9. Conductance graph for damaged beam by embedded SMAG. 

 

 
Figure 10. Susceptance graph for damaged beam by embedded SMAG. 

 

 
Figure 11. Conductance graph for healthy and damaged beam by embedded SMAG. 

FREQUENCY (kHz)
0          50         100       150        200       250       300        350      400        450

C
O

N
D

U
C

TA
N

C
E 

(G
)

2.00E−03

1.80E−03

1.60E−03

1.40E−03

1.20E−03

1.00E−03

8.00E−04

6.00E−04

4.00E−04

2.00E−04

0.00E+00

FREQUENCY (kHz)
0          50         100        150       200        250       300        350        400       450

1.20E−02

1.00E−02

8.00E−03

6.00E−03

4.00E−03

2.00E−03

0.00E+00

SU
SC

EP
TA

N
C

E 
(S

)

2.00E−03

1.80E−03

1.60E−03

1.40E−03

1.20E−03

1.00E−03

8.00E−04

6.00E−04

4.00E−04

2.00E−04

0.00E+00

C
O

N
D

U
C

TA
N

C
E 

(G
)

FREQUENCY (kHz)
0         50       100      150       200     250      300        350    400       450

Healthy 
Damage 



S. N. Khante, S. R. Gedam 
 

 
49 

 
Figure 12. Susceptance graph for healthy and damaged beam by embedded SMAG. 

5. Conclusion 
It is concluded from the above experimental work that continuous health monitoring of structure is possible us-
ing proposed simple low cost technique. Instead of surface bonded PZT patches, structural health monitoring 
with embedded PZT patches is very effective and easy to implement and the record data can be available as and 
when required. For health monitoring of RC structure, it is a challenging task to detect incipient damages. It is 
found that the incipient level damages are very quickly and effectively detected by using present EMI technique. 
It is again established that the conductance signature is more effective in damage detection than susceptance 
signature. 
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Abstract 

Edge is one of the most fundamental and significant feature of image. It helps us to analyze, infer and take decision 
in various applications. Several edge detection algorithms are available; each one has significance based on 
subjective application. In this paper edge detection algorithm is proposed to be implemented over Field 
Programmable Gate Array (FPGA) for real time applications. FPGA has large internal memory, embedded 
multipliers and it offers parallelism. Hence, provides platform for processing real time algorithm with substantially 
higher performance than programmable Digital Signal Processor (DSPs) and microprocessor. Hardware 
implementation yields dedicated system which can serve for many real time image processing applications. For 
implementation ‘Xilinx System Generator’ (XSG) tool of Matlab may be used that generates net-list and bit-stream 
file by simplified approach. 
 
Keywords: Edge detection algorithm, FPGA, XSG, Matlab. 
 

Introduction 
   One of the main objectives of image 
processing is to improve the quality of the images for 
human interpretation. Low level image processing 
operations like image segmentation using edge detection 
and feature extraction helps us to analyze, infer and take 
decision in various applications. It focuses on processing 
an image pixel by pixel and over its neighborhood. 
Image processing operations can be applied to the whole 
image or its parts. Feature extraction algorithms are 
essential for many computer vision applications such as 
object recognition, real time flaw detection, 
meteorological applications, etc. It is important basis for 
the field of image analysis such as image target area 
identification, extraction and region formation. Edge 
detection outlines the points in an images corresponding 
to sharp intensity variations or discontinuities. It is 
widely used in image segmentation, image recognition, 
texture analysis, etc.             

Several edge detection algorithms are available; 
it should not only find abrupt variations in intensity 
values but also should identify their exact location. 
Among all edge detection algorithms, Canny edge 
detection algorithm is most widely used feature 
extraction algorithm because of its reliable performance 
with noisy images. The discontinuities are abrupt 
variations in pixels intensity which characterize 
boundaries of objects in a scene structure. This process 
significantly reduces the image file, while preserving its 
most important structural features. Edge detection is 

considered as the ideal algorithm for images that are 
tainted with white noise subjected to features extraction. 
In recent years FPGAs (Field Programmable Gate Array) 
have become superior platform, with high-speed parallel 
computing capacity. FPGA is a ‘fine grained device’. 
FPGA is rich source of high speed multipliers, adder, and 
memory; in the design process they can be directly 
called. Subsequently it is easy to implement complex 
convolution over this platform. FPGA based design 
offers an advantage of short Turn Around Time (TAT) 
and small Non Recurrent Expense (NRE). While 
implementing an algorithm over hardware platform, in 
the traditional approach, user needs to emulate the 
floating point algorithm in HDL code. Further, it can be 
tested and verified by repeated functional simulations, 
post simulation processes and finally generate bit stream 
file. Xilinx introduces the system modeling tool ‘Xilinx 
System Generator’.  

It has simplified the development process. User 
only needs to follow the design requirements to generate 
executable bit stream file, test files, etc. It removes the 
complicated simulation comparison and verification 
process, speed up the FPGA based system. ISE is 
integrated FPGA development software of Xilinx. The 
platform integrates design entry, logic synthesis, place 
and route. System Generator tool can be used in feature 
extraction of   images, it is available as a module in 
Matlab Xilinx. Edge detection algorithm will be designed 
and simulated in Matlab (Simulink) for generation of 
top-level file in ISE environment. Xilinx ISE software is 
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ABSTRACT 
Clustering is a process of dividing the data into groups. Where each group called as cluster, consisting of objects that are 

similar between themselves and dissimilar compare to the objects of other groups. In this paper an approach of clustering 

called as M-step clustering is proposed. The results of experimental study of proposed algorithm are presented. The 

explanation of these results based on analysis is proposed by checking whether the images are correctly grouped, wrongly 

grouped and wrongly ungrouped.      
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1. INTRODUCTION 

In 1854, in London during cholera outbreak, John 

Snow had plotted the diseased reported cases using a 

special map. After the creation of map it was 

observed that there was close association between the 

density of diseased cases and a single well located at 

a central street. With the above map it is very simple 

to identify association between phenomena, which is 

very difficult to analyze in actual. This was the first 

known application of clustering analysis for many 

researchers [4]. 

Clustering can be broadly defined as the process of 

organizing the objects into groups whose elements 

are similar under certain consideration. Clustering 

had been studied extensively by the mid of 1970's, 

comparatively little clustering research was carried 

out in the 1980's. But in the recent years, the dramatic 

rise in the use of the web and the improvement in 

communications in general have transformed our 

society into one that strongly depends on information 

technology. The huge and amount of data that is 

generated by this communication process contains 

important information that accumulates daily in 

databases and is not easy to extract. So it requires 

more sophisticated way or method to partition the 

data in database into groups or cluster and the 

concept of “data mining" massive databases has lead 

to a renewal of interest in clustering algorithms [6].  

Since then cluster analysis has been widely used in 

many fields such as statistics, marketing, engineering, 

medical and other social sciences, for clustering large 

data sets into natural groups, the number of clustering 

algorithms had been proposed for performing 

clustering task. k-means is the most popular and 

commonly used clustering algorithm. k-means was 

first proposed over 50 years ago. It was 

independently discovered in many scientific fields, in 

1956 by Steinhaus, in 1957 by Lloyd, by Ball and 

Hall in 1965 and by Macqueen in 1967. A simple 

step for executing k-means algorithm was given by 

Jain and Dubes in 1988. Elkan’s algorithm gives an 

efficient method for high-dimensional k-means 

clustering. Then Greg Hamerly gives another 

modified and simplified Elkans’s algorithm
 [1]

. k-

means algorithm is most widely used because it is 

easy to implement and simple to understand, but its 

output depends on the selection of the initial 

partition(s).In one of the study a new method for 

determining number of clusters in k-means clustering 

is proposed. This method overcomes the limitation of 

indicating the number of cluster by using validity 

measure based on the intra-cluster distance 

measurement, but the additional time overhead 

associated with calculation of number of clusters and 

their cluster centres is present [7]. Documents can be 

clustered [Iwayama & Tokunaga, 1995] to generate 

topic wise hierarchies for efficient information access 

[Sahami, 1998] or retrieval [Bhatia & Deogun, 

1998].In the field of marketing, clustering is also 

used to group customers into different types for 

efficient marketing [Arabie & Hubert, 1994] and to 

group services delivery engagements for workforce 

management and planning [Hu et al. , 2007]. Also it 

is useful to study genome data [Baldi & Hatfield, 

2002] in biology [8]. Clustering is the process of 

grouping the similar type of objects or data points in 

one group while the objects in different groups are 

less similar. There are number of algorithms 

available for clustering which differs in there process 

of finding the clusters. Popular methods of clustering 

include groups with low distances among the cluster 

members, dense areas of the data space, intervals or 

particular statistical distributions. It is not an 

automatic task, but it is an iterative process of 

knowledge discovery or interactive multi-objective 

optimization that involves trial and failure. Clustering 

can therefore be formulated as a multi-objective 

optimization problem. 

The most popular clustering algorithm that is k-

means clustering requires apriori knowledge of 

number of clusters. It also involves random 

initialization of cluster centres at the beginning; 

therefore the convergence of the algorithm to same 

output is not guaranteed on every run. The proposed 

approach of clustering called as M-Steps clustering 

may overcome both the drawback of k-means 

clustering i.e. need of apriori of number of clusters 

and accuracy to produce same output for same input 

at various instances.  

2. METHODOLOGY 

Clustering is process of grouping similar image 

pixels according to some property into single cluster 

so that the resulting output cluster shows high intra-

cluster similarities and low inter-cluster similarities. 

It is process of unsupervised classification of data 

points into groups or clusters [2]. It is a task which 

involves number of stages. Typical steps in clustering 

process are characteristics representation, it includes 

the feature extraction or feature selection, similarity 

measurement, it compute the similarity among data 

points, collecting the data points, it groups the similar 

data points under certain consideration, data 
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Abstract—Content-based image retrieval (CBIR) has 

received much research interest since couple of decades. The 

query technique for CBIR using relevance feedback is being 

used by the researchers, to search desired image from huge 

collection of visual data. This paper reviews various processes of 

image search and few query techniques. 

 

Keywords—Content-based image retrieval (CBIR), image 

search, query technique, relevance feedback (RF). 

I. INTRODUCTION 

Because of increasing popularity of digital devices and 

personal computers, the usage of multimedia data including 

real time videos has been increased in today‟s electronic 

world. Vast amount of multimedia data brings a lot of 

significant challenges for retrieving the contents 

successfully from large-scale multimedia databases [12]. 

Gigabytes of multimedia content are produced by every user 

of cell phone, digital camera or PC and are being made 

available as multimedia database [11]. The main concern is 

how to find out desired data from such huge collection. 

Text-oriented search engines, that are generally used, 

tried to give response to above query. On completely manual 

annotations of multimedia content, such systems are based. 

A lot of time and efforts requires in process of manual 

annotating. Clarifying the images in just few key words may 

be very complex and tough task, even if there is sufficient 

time to annotate them. These types of annotations are quite 

personal, disturbing the class of retrieval, and the class of 

searching frequently depends on user‟s understanding, 

skilfulness and capability to define satisfactory query [11]. 

Other important drawbacks are the sensory gap and the 

semantic gap. Sensory gap is the gap between the object in 

the real world and it‟s representation in recorded form. It 

could be understood by observing that how one can imagine 

a 3D scene from a 2D picture/image. Semantic gap is the 

difference between the representation / description made in a 

given condition to the prior information available about the 

visual data [10]. 

Content-based image retrieval (CBIR) systems are 

built-up as an answer to above mentioned problems [11]. In 

recent days, retrieval of multimedia data has received much 

research attention and the most admired research area is 
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CBIR [12]. Retrieval of information from real data that is 

most relevant to a query is the major intention of CBIR 

systems [9]. 

Two main disadvantages of text-based images retrieval 

are: slowness of manual image annotation process and 

personalise human annotation methods. Slowness of manual 

image annotation is mainly true with the large collection of 

data. In personal human annotation different viewers can 

annotate the same image in a distinct way. CBIR systems are 

dedicated to rise above these difficulties by indexing images 

according to low-level visual features such as colour, texture, 

shape to retrieve similar images [1]. An example image 

serves as a query to the system and all similar images are 

retrieved as outcome. CBIR system is not only used for 

image retrieval purpose but also to organize the content of 

common intent image databases of a digital library [6]. 

By comparing pairs of images and assigning a similarity 

measure to every pair a CBIR system selects images from a 

dataset. The comparison is made through automatically 

extracted features from each image [5]. The feature 

extraction may be carried out for a complete image or for 

image sub parts (sub-images). By using standard grid, like 

3x3, 4x4 or more pixels, sub-images can be created, to split 

the image into square shaped sub-sections. Superior outcome 

can be produced using more section (6x6, 10x10) but the 

execution speed becomes very time-consuming [11]. The 

mentioned features are described in more detail as follows. 

A. Colour Features 

Colour is linked to the chromatic part of an image. A 

colour histogram provides allotment of colours which is 

achieved by damaging image colour and plus how many 

numbers of pixels fit into every colour. For the whole 

collection every image‟s colour histogram is examined and 

saved in the database. Retrieval of those images has been 

done in the matching process whose colour allotment 

matches to the example query very much [6]. 

B. Texture Features 

By dissimilarity in brightness with high frequencies in the 

image spectrum, textures are characterized. While making a 

distinction between areas of the images with same colour, 

these features are very useful. Measures of image texture 

such as the degree of contrast, coarseness, directionality, 

regularity and randomness can be calculated using 

second-order statistics [6]. 

C. Shape Features  

By either the global form 

of the shape or local elements 

of its boundary, shape 
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---------------------------------------------------------------------***---------------------------------------------------------------------
Abstract - Meditation can significantly contribute physical 
and mental relaxation. In modern stressful life meditation is 
gaining popularity as most feasible solution for stress 
reduction. Many researchers discovered that a lot of 
constructive changes have been observed in the brain which is 
indirectly reflected in the behavior of human being. This 
survey shows the effect of meditation on human brain using 
electroencephalograph (EEG) signals and various signal 
processing methods. 
 

Key Words: Meditation, Electroencephalogram, Mantra 
chanting. 
 

1. INTRODUCTION  
 
Meditation involves induction of specific modes or states of 
consciousness. People carried out Yoga Practices and 
Meditation since long back. Meditation continues to be used 
as self-mastery and self-help technique along with chanting 
of mantras bound up with the religious context. In general 
meditation can be divided into two types: mindfulness and 
concentrative. Mindfulness based meditation is allowing all 
your thoughts, feelings and sensations to arise while staying 
aware of yourself and your location [4]. Recent research has 
found that mindfulness meditation is associated with an 
increase in psychological well-being and a decrease in stress 
and mood disturbance [4]. Mindfulness gives a simple but 
strong direction for getting ourselves unstuck, back into 
touch with our own intelligence as well as liveliness [4].  
 
This review includes those meditation techniques, which are 
well established. There are meditative exercises in which 
concentration initially plays role and in which ones attention 
is confined or focused on mantras as in transcendental 
meditation. 
 
In 1950s it was hoped that the EEG would be the feasible aid 
for understanding the function of brain. EEG studies have 
utilized these methods to portray the brainwave changes 
that occur during meditation. Although the meditative 
changes in EEG signals have not yet been firmly established, 
the prior findings have interpreted increases in theta and 
alpha band power and decreases in overall frequency [1]. 
For analyzing these EEG signal various Time- Frequency 
analysis methods are available in the stream of signal 
processing which are discussed in the later section.  

2. ELECTROENCEPHALOGRAPHY (EEG) 
 
The function of electroencephalogram is to detect and 
amplify the bioelectric potential of the brain by electrodes 
placed on the surface of the scalp. EEG’s can detect changes 
within a small time frame. 
 
The brainwaves having different frequencies within our 
brain can be classified as shown below in Table (1) with its 
mental state and corresponding frequencies. 
 

Frequency Wave Mental State 

Above 40 Hz. Gamma Thinking, integrated thought 

13-40 Hz. Beta 
Alertness, focused, integrated, 
thinking, agitation, aware of self 
and surroundings 

8-12 Hz. Alpha 
Relaxed, non-agitated, conscious 
state of mind 

4-7 Hz Theta 
Intuitive, creative, recall, fantasy, 
dreamlike, drowsy and knowing 

0.1 to  4 Hz. Delta 
Deep, dreamless sleep, trance and 
unconscious 

 
Table 1: Frequency bands 

 
The Alpha signal physiologically co-relates to relaxed or 
healing condition. The alpha signal is sub divided into two 
sub bands as, Low alpha of frequency 8-10Hz: It is mainly 
associated with inner-awareness of self, mind/body 
integration. High alpha of frequency: 10-12Hz. It is mainly 
associated with centering, healing, mind/body connection. 
The beta signal physiologically co-relates to alert, active, but 
not agitated, general activation of mind and body functions. 
The Gamma signal physiologically co-relates with 
information rich task processing. The Delta signal 
physiologically co-relates to not moving, low level of arousal. 
The Theta signal physiologically co-relates to healing and 
integration of mind or body [3]. 
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---------------------------------------------------------------------***---------------------------------------------------------------------
Abstract -   Malaria is a severe infectious disease caused by 
female Anopheles mosquito. In 2016 alone 216 million cases of 
malaria occurred worldwide and 445000 died. So treatment 
should be initiated as soon as possible. Apart from species of 
infecting parasite, concentration of malaria parasite decides 
the course of proper treatment. Patients with severe malaria 
need intensive parental care until the parasite density falls 
below 1% and they can tolerate oral therapy. If parasitemia 
exceeds 10% then exchange transfusion may be necessary. A 
general structure of image processing is used to find the 
concentration of malaria parasite. The thin blood smear 
images of Giesma stained are processed. The system uses 
intensity as a feature to find out the malaria parasite. The 
image is preprocessed and binarized and segmented to find 
the circles of interest where infected erythrocytes are found. 
This study investigates the use and application of Digital 
Image Processing for detecting malaria parasite and 
determining its concentration using microscopic color images.  

 
Key Words:  Malaria, parasitemia, Exchange 
transfusion, blood smear, Giesma stained, Digital Image 
Processing. 
 

1. INTRODUCTION 
 
Malaria is a parasitic infectious disease caused by being 
bitten by female Anopheles mosquito which is infected with 
it. There are approximately 430 types of species of 
Anopheles mosquito out of which 30 to 40 are the carrier of 
malaria parasite. Five species of parasite within genus 
Plasmodium are the agents for malaria.  
 
In 2016 total 216 million cases of malaria occurred 
worldwide and 445000 people died mostly children and 
pregnant women. Most affected areas are tropical and 
subtropical regions which include Africa and South Asia. So 
malaria can be severe and is potentially fatal. Hence early 
and rapid diagnosis of malaria is must and treatment should 
be started as soon as possible. Severe malaria patients need 
special care and accurate treatment until malaria parasite 
density falls below 1% and patients will be able to tolerate 
oral therapy. If malaria parasite density exceeds 10% or 
patient is showing any complications then blood transfusion 
may be necessary. So determining the parasitemia is of high 
importance, as high malaria parasite density patients do not 
properly respond to oral treatment. 
 

There are so many numbers of vision studies address the 
automated diagnosis of malaria but none of the work 
provides the concentration of malaria parasites in blood 
images using digital image processing. So proposed system 
not only detects the malaria parasite in the blood but also 
determines the concentration of malaria parasite in blood 
smear image. 
 

2. RELATED WORK 
 
Manual microscopy is carried out by examining thin blood 
films on slides under the microscope and reporting the 
percentage of parasitaemia (i.e. a number of infected red 
blood cells (iRBCs) for over 100 microscopic fields). 
Microscopists also need to identify parasite morphology by 
various life cycle stages for speciation, described in The 
WHO practical microscopy guide. 
 
[1]. Five species of the parasite within genus Plasmodium 
which are the agents for malaria are P.vivax, P.falciparum, 
P.ovale, P.malarie, P.Knowlesi.   
 

 
 

Fig.1. Species of Malaria parasite, (a) Plasmodium 
Falciparum (b) P. Vivax (c) P. Knowlesi (d) P.ovale (e) P. 

Malaria 
 
When a female anopheles mosquito penetrates human skin 
to obtain a blood meal it injects saliva mixed with 
anticoagulant. If the mosquito is infected with Plasmodium it 
will also inject elongated sporozoites asexual cells into the 
blood cells of its victim. Thee sporozoites travel to the liver 
and they enter the liver cell and rapidly divide asexually. 
This asexual division which is called schizogony generates 
the next life cycle form called merozoites. The released 
merozoites invade other liver cells and enter the host's 
bloodstream where they invade erythrocytes. Once inside 
the erythrocytes, merozoites begin to enlarge as a unit 
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    Abstract-   Touch screen is the demanding technology in recent world. Most of the digital operations are performed 

using touch screens. These techniques improve the operating system of computers, laptops, cell phones, tablets pc, etc. 

and gives better performance of operation. Various complex operations are easily performed using touch screen. The 

touch screen operated on physical existence of contact on the touch surface. The touch screen operation required 

physical existence of touch event. A physical contact is essential for the operation of touch devices. The physical touch 

does not possible in those operations where the screen is far located away from users and no possibility of direct contact, 

or user have no time to go toward the screen. At this situation virtual touch screen give determinant solution regarding 

the operation. The virtual touch screen operates on the movement of finger without any physical existence. Webcam 

provides generated depth image which is used for identification and correction. Here proposed virtual touch screen which 

operated according to user’s finger. The algorithm shows the image extraction and segmentation process. This work gives 

human computer interaction for movements of finger in virtual environments. 

Keywords- Depth Image, Gesture Recognition,   Haptic Technology Mixed Reality, Webcam. 

I. INTRODUCTION 

Researches on haptic technology gives man machine interfaces. It shows interaction of human with computer. 

This technique implements the communication of man and machines. This technology gives the creation of real 

input and shows the interaction of human with computer [1]. This communication is gives lot of advantages for 

developing modern technologies. Haptic techniques enhance the communication of man and machine. Mixed 

reality deals with addition of virtual object with real scene. The virtual reality changes the way for human 

operators interact with computer. Virtual reality provide working environment to interact with object. In virtual 

environment all objects are graphics model that follow no physical restriction.. The technology is camera based 

provides depth image information. The depth image is the image generated by camera. when finger comes in 

surrounded area tracking action performed and touch event detection occurred.. A virtual touch screen is 

implemented by means of image processing technique. When the object initially comes in suspected area of 

initial sense contact is provided by the touch receptor in the skin which provides information on the contact 

surface geometry. The haptic system must issue motor command that exerts a force on object this force uses for 

object manipulation and it is highly dependent on the type of grasping. Virtual touch screen recognize gesture of 

human finger and gives sense of touch on screen.  

 

II. TOUCH SCREEN IMPLIMENTATION 

This system is based on virtual wall concept. The virtual wall is the work surface in which object tracking 

actions are performed. The virtual wall is computational frame work of generic depended module for arbitrarily 

static scenes. The virtual wall consists of generic dependent virtual module responsible for computation on static 

scene within the cell. The interaction of finger is occurred within the wall without any physical contact surface 

in place; a virtual touch screen generates a virtual touch at a given distance from the camera and recognizes the 

touch events of a object on the screen.  The implementation of virtual screen is obtained using a webcam and 

work surface. Here proposed a camera-based virtual touch screen, which derives the two dimensional (2D) 

position of finger image input from fixed camera and recognize the touch point [3]. When a finger is interacting 

within the surface area a webcam tracks the finger and this touch is recognize by screen. The floating finger 

shape also sets the initial position for the finger tracking process. If snapshot taken is good enough for resolution 

user’s finger could be also used for identification and verification purposes. The finger identity is already stored 

in the form of gesture. The gesture is for the image identification. The data regarding user’s identity is stored in 

this engine. The snapshot of the object is then passed on to a recognition engine for identification.  A 2D 

environment designer allows the user to define the geometry of the environment surfaces. 


	1 INTRODUCTION
	PZT Based Smart Aggregate for Unified Health Monitoring of RC Structures
	Abstract
	Keywords
	1. Introduction
	2. Electro-Mechanical Impedance (EMI) Technique
	3. Experimental Investigation
	3.1. General 
	3.2. Materials and Specimen
	3.3. Experimental Set-Up

	4. Results and Discussions
	4.1. Response for Healthy Condition of Embedded SMAG
	4.2. Response for Damaged Condition

	5. Conclusion
	References

