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A Novel Approach to Analyzing the
Microstructures of Ther- Mal Protection

Systems Materials for Hypersonic
Applications

Samantha Bernsteinα, Colin Yeeσ, Steven Kimρ, Kaelyn WagnerѠ, Wei Li¥ & Joseph H. Koo§

_____________________________________

ABSTRACT

The purpose of this research is to outline a novel

methodology for using microstructures to inform

Thermal Protection Systems (TPS) materials

research. This method involves the Micro-

Computed Tomography (Micro-CT) scanning of

materials, rendering, segmentation of each

element class, and then quantitative analysis of

the materials using their microstructures. The

microstruc- tures of TPS materials were

characterized using the Lawrence Berkeley

National Laboratory (LBNL)’s Beamline 8.3.2 at

the Advanced Light Source (ALS). The

Synchrotron-based Hard X-ray Micro-

Tomography instrument allowed for non-

destructive 3-Dimensional imaging of 72

different samples of TPS materials.

Understanding the behavior and composition of

TPS materials before and after aerothermal

testing is key to meeting the demands of new

space exploration goals so materials were

examined in both virgin and char states. Char

materials were tested on an Oxy-Acetylene Test

Bed (OTB). The Micro-CT scans were then

rendered into 3D images, which were

manipulated and examined for qualitative

learnings about the materials. Deep learning

segmentation was then used to separate and

label each element within the samples. Finally,

segmented samples were used to calculate

various material parameters such as weight

percent, volume percent, and thermal conduc-

tivity. These computed values are then compared

to empirical information in order to validate this

novel methodology. The applications of this

methodology for improving the development and

iteration of novel ablative materials will be

discussed.

Keywords: microstructures, micro-computed

tomography, thermal protection systems, ablative

materials, deep learning, segmentation, machine

learning.

I. INTRODUCTION

TPS materials are used to protect vehicles from

disintegration during atmospheric reentry due to

aerodynamic heating [1]. Ablative materials used

in TPS cool the reentry vehicle by sending the

shock layer’s heat away through gases that are

produced during pyrolysis. The pyrolysis reaction

results in a char layer within the material that

further insulates the vehicle from the free stream

heat [2, 3]. The development of modern ablative

materials is heavily dependent on both laboratory

ground testing and material modeling as actual

flight testing for materials in development is rare

and expensive. For this study, low-density flexible

ablators (LDFAs) and medium-density ablators

were examined.

X-ray micro-computed tomography (micro-CT)

has been used in medical imaging for over 50

years. It has only recently been applied to the

analysis and characterization of TPS materials [4,

5]. The LBNL/ALS synchrotron provides a much

brighter X-ray source than standalone CT scan

devices can generate. This allows for faster

shutter speeds and significantly lower scan times.
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The tight wavelength band and high quality of the

syn-chrotron X-rays also permits a higher

resolution and cleaner sensor readouts, making

this method to be even more applicable to

materials science. The method works by taking a

series of 2D slices by rotating the material on one

axis. These slices can then be compiled through

tomographic reconstruction to create a 3D image

[6]. Recent work into the analysis and

reconstruction of highly porous materials has also

contributed to the viability of using this

methodology for low-density TPS materials [7].

The microstructures of TPS ma- terials were

characterized using the Lawrence Berkeley

National Laboratory’s (LBNL) Beamline 8.3.2 at

the Advanced Light Source (ALS) [8, 9].

Experimental methods and chal- lenges are

described.

3D images were then rendered for each sample

using the image analysis software ORS Dragonfly

[10]. 2D and 3D images were examined for each

sample and qualitative differences were

examined. Semantic segmentation was then

applied to label each voxel as an element class

such as fiber or void (air) [11-13]. Once the

segmentation was applied to the entire sample

using machine learning, the microstructures were

quantified. Param- eters such as weight

percentages, volume percentages, and density

were calculated. Fi- nally, NASA’s Porous

Microstructure Analysis (PuMA) software was

used to calculate thermal conductivity of the

virgin and char samples [14].

II. MATERIALS AND TESTING

2.1 Material Preparation

LDFAs used in this study include samples of

graphite felt and quartz felt infiltrated with

polysiloxane resin (UHTR) [15]. These novel

Polymer Matrix Composite (PMC) ab-lative

materials are being analyzed, tested, and

developed for the next generation of re-entry

mission requirements. The UHTR was infiltrated

into the fiber preform (felt) and then the samples

were cured and cut to size. The low-density VDG

and WDF graphite felts were provided by Morgan

Advanced Materials. VDG is a high purity

graphite felt that is heat treated to a minimum of

1,900°C and exhibits exceptionally low thermal

con- ductivity. WDF is a high purity graphite felt

that is heat treated to a minimum of 2,500°C and

exhibits low thermal conductivity [16]. The

low-density quartz felt was provided by

Saint-Gobain. It is made from pure fused quartz

fiber and contains more than 99.95% SiO2 [17].

The solventless polysiloxane resin UHTR 6398-S

is a colorless semi-solid resin system

manufactured by Techneglas LLC (Perrysburg,

OH) [18, 19]. It is formulated using pro- prietary

polysiloxane chemistry tailored for composites in

flame shielding applications. The viscosity of

UHTR 6398-S is 35,000 cPs at 70°C and the

density is 1.2 g/cc [20].

The medium-density materials used in this study

include the glass/phenolic (G/Ph) material

MXB-360. It is manufactured by Sioux

Manufacturing, carbon/phenolic (C/Ph) material

MX-4926N MC C/Ph manufactured by Solvay

and carbon/polysiloxane (C/UHTR) material

manufactured by the University of Texas at

Austin (UT Austin) [15, 21].

2.2 Oxy-Acetylene Test Bed

For this project, pre- and post-test materials were

investigated. Differences between the virgin and

char states must be quantified to understand the

materials’ ablation behav- ior and qualities more

fully. The segmentation of virgin and char

materials is therefore explored in the results

section. The char samples included in this study

were tested at various heat fluxes and exposure

times on the Oxy-Acetylene Test Bed (OTB) at UT

Aus- tin, pictured in Figure 1a [22-25]. The

standoff distance between the torch tip and the

sam- ple surface determined the heat flux. This

was calibrated using a water-cooled Gardon heat

flux transducer to measure the cold-wall heat flux

[26]. The results of this calibration are shown in

Figure 1b.
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(a) (b)

Figure 1: Oxy-Acetylene Test Bed (OTB) at the University of Texas at Austin: (a) Schematic Diagram of

OTB; (b) OTB Calibration Curve, Heat Flux vs. Standoff Distance

3.1 Step 1: Synchrotron Micro-Computed
Tomography

For this project, the microstructures of TPS

materials were characterized using the LBNL’s

Beamline 8.3.2 at the ALS. The

synchrotron-based hard X-ray micro-tomography

instrument allowed for non-destructive

3-dimensional imaging of 72 different TPS mate-

rials. The tomography voxels were used to

reconstruct images using the rendering soft- ware

Dragonfly [27, 28]. A resolution of 3.45 voxels per

micron was achieved by balancing scan length

and intensity. The Beamline 8.3.2 provided 500

mA of current to the instru- ment for imaging.

The instrument was set to take 2,625 continuous

tomographic images over the course of 511.4

seconds.

A schematic diagram and image of the

synchrotron micro-CT instrument is shown in

Figure 2a and Figure 2b, respectively.

(a) (b)

Figure 2: Synchrotron Hard X-Ray Micro-CT at the LBNL/ALS: (a) Schematic Diagram of Synchrotron

Instrument; (b) Picture of Synchrotron Instrument

The synchrotron-based hard X-ray micro-

tomography instrument allowed for non-

destructive 3D imaging of 72 different samples of

TPS materials over two visits in June and October

of 2022. Small samples of each TPS material of

interest were collected and inserted into small

diameter plastic tubes with wooden spacers to

separate materials, see Figure 3. A challenge

associated with this method is the preservation of

low-density sam- ples’ original density when put

into the sample holder and avoiding crushing or

altering the sample configuration.
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Applications

Lo
nd

on
 Jo

ur
na

l o
f E

ng
in

ee
ri

ng
 R

es
ea

rc
h

3© 2023 Great ] Britain Journals Press

III. THE METHOD

Volume 23 Issue   Ӏ  Compilation 1.0 4                        |              | 



(a) (b)

Figure 3: Sample Preparation of 72 TPS Material Samples for Micro-Tomographic Scanning at the
LBNL/ALS: (a) Picture of Sample Holder; (b) Schematic Diagram of Sample Holder Setup

3.2 Step 2: Image Rendering and Qualitative
Comparison

The synchrotron scan data was then loaded into

ORS Dragonfly and rendered into 3D images. A

selection of the more morphologically interesting

samples are shown in Fig- ure 4, Figure 5, and

Figure 6. Colors were assigned for contrast and

the void (air) was removed using the Otsu method

in order to make the images more readable, see

Figure 4c, Figure 5, and Figure 6. [29].

(a) (b) (c)

Figure 4: Synchrotron Scans Rendered in ORS Dragonfly: (a) High-Density Quartz Felt With UHTR;

(b) High-Density Quartz Felt With UHTR; and (c) High-Density Quartz Felt With Void Digitally

Re- Moved

Preforms are pictured below in Figure 5, and

Figure 6. These are graphite and quartz felts prior

to infiltration with resin. Differences in relative

fiber size and shape are clearly visible. The

density difference between the low-density and

high-density quartz preforms in Figure 6 is also

visible to the human eye.

(a) (b)

Figure 5:

  

 
 

Synchrotron Scans Rendered in ORS Dragonfly: (a ) VDG Graphite Felt; (b) WDF Graphite

Felt
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(a) (b)

Figure 6: Synchrotron Scans Rendered in ORS Dragonfly: (a) Quartz Felt; (b) High-Density Quartz Felt

3.3 Step 3: Deep Learning Semantic
Segmentation

Segmentation of each sample is key to further

characterization and analysis. After comparison

between gray scale and semantic segmentation

methods, it was found that semantic

segmentation was more accurate [11-13]. Rather

than dealing with hand painting over 2,000 slices

for the semantic segmentation, it was decided to

use the machine learning capabilities of Dragonfly

to segment the samples [10, 28]. The images were

cropped to a size of 750 voxels or around 0.5 mm

to lower computation time. They were cropped

from 750 to 1500 pixels in the x, y, and z

directions. Cropping the images also allowed for

the selection of a representative area of the

sample volume. 2.5D U-net deep learning models

were used to segment all six samples [30]. The

patch size was 128, the batch size was 32. The

model ran for 50 epochs using a categorial cross

entropy loss function and the Adadelta

optimization algorithm [31, 32]. The model was

built to segment the material into three classes:

void, fiber, and resin. The void is shown below in

green, the fiber in pink, and the resin in blue.

The TPS materials examined in this study are the

LDFAs, with density around 0.3 g/cc. They are

novel ablative materials created to replace earlier

generations of heat shield materials. These novel

Polymer Matrix Composite (PMC) ablative

materials consist of a reinforcement of graphite or

quartz fibers, and polymer matrix is made of

polysiloxane resin. Segmentation of these

materials consists of three elements: the void

(air), the fiber, and the resin.

In this process, the ten training slices were hand

painted so that each pixel was as- signed to the

classes: void, fibers, and resin. The void (green)

was assigned using the lower Otsu, and any issues

were then fixed by hand [29]. The rest of the

pixels were assigned to the fiber class (pink) and

then the UHTR resin was selected by hand and

assigned to the resin class (blue). An example of

one of the ten semantically segmented 2D slices is

shown in Figure 7. A training set of seven slices

and validation set of three slices were prepared

for the semantic segmentation. The trained model

was then applied to the remaining 740 slices. The

isometric view before and after the deep learning

model was applied is shown in Figure 8.

(c) (b)

Figure 7: Synchrotron Scans Rendered in ORS Dragonfly, VDG Graphite/UHTR: (a) Original Render;

 
 

  

(b) Semantic Segmentation Training Slice
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(a) (b)

Figure 8: Synchrotron Scans Rendered in ORS Dragonfly, VDG Graphite/UHTR: (a) Original Render;

(b) After Semantic Segmentation, Void Removed for Readability

3.4 Step 4: Scalar Properties Calculation

The densities of each material and the volume of

the samples were used to calculate the weight

percentage of each element from the

microstructures [15-17]. Densities of each

component and of the finished materials are

listed in Table 1. The weights of each element and

total weight of each sample are shown in

Appendix A, Table A1. The weight is calcu- lated

using the voxel count, element density, and total

volume of the 750-voxel cube, which is 1.03E-05

cm
3
. The weights of each class are calculated from

the voxel count and the density of each class.

Table 1: Density of Each Element, Empirical Data for Virgin Materials

Below, the percentage weight and volume of each

element class are shown for all six LDFA samples.

Figure 9a shows the weight percent. The resin is

by far the largest weight contributor, which is

reasonable as the density of resin is more than ten

orders of magni- tude larger than the fiber felts.

Figure 9b shows the percent volume of each

element class in the LDFA samples. The void

represents an extremely small part of the weight

of each sample due to the low density of air at

standard temperature and pressure. However, the

void makes up around 90% of the volume of the

samples, which is expected with the low- density

classification of these novel TPS materials.

Material 
Density

 (g/cc) 
VDG Graphite Felt 0.090 
WDF Graphite Felt 0.080 

Quartz Felt 0.015 
UHTR 1.200 

VDG Graphite/UHTR 0.270 
WDF Graphite/UHTR 0.300 

Quartz/UHTR 0.310 
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(e) (b)

Figure 9: Segmentation Quantitative Comparison: (a) Weight Percent of Virgin Material; (b) Volume

Percent of Virgin Material

3.5 Step 5: Virgin Material vs. Char Material
Comparison

Virgin and char materials were compared both

qualitatively and quantitatively to foster

understanding of the changes to microstructures

low-density preform material Polybenzimidazole

(PBI) is shown in Figure 10 in virgin and char

states. The density is very clearly lower for the

char material and the fibers are less contiguous.

(f) (b)

Figure 10: PBI Material 3D Rendering: (a) Virgin; (b) Char

The medium-density material MXB-360, which is

a glass/phenolic material produced by Sioux

Manufacturing, is shown before and after testing

in Table 2 and Figure 11. From other analysis

including TGA and EDX, it is known that

MXB-360 decomposes into car- bonaceous char

and silica-oxide glass during testing [25]. The

glass element is incredibly clear in the

microstructural images in Table 2 and Figure 11

as the rounded bubble shapes in the char

material. This visual element is completely

missing from the virgin material. The charred

sample was exposed to 1,000 W/cm
2
for 30s on

the OTB.

  

of TPS materials after aerothermal testing. The
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Table 2:MXB-360 Virgin and Char Microstructures Comparison

Material Method XY-Face XZ-Face YZ-Face 

MXB-360 

Virgin 

   

Char 

   
  

(a) (b)

Figure 11:MXB-360 Glass/phenolic Virgin and Char Microstructures Comparison: (a ) Virgin Material
Isometric View; (b) Char Material Isometric View

The medium-density material carbon/UHTR, is

shown before and after testing in Ta- ble 3 and

Figure 12. The result of vibrations can be seen in

the slight ripples in the back- ground of the virgin

material images. The contiguous material seen in

the background of Figure 12b is actually the

sample holder and should be ignored. The

charred sample was tested on the Inductively

Coupled Plasma torch (ICP) [33]. The char

material looks com- pletely different structurally

from the virgin material and includes several

large bubbles. Additional analysis is in progress.

Table 3: C/UHTR Virgin and Char Microstructures Comparison

 

  

Material Method XY-Face XZ-Face YZ-Face 

C/UHTR 

Virgin 

   

Char 
(ICP) 
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(a) (b)

C/UHTR Virgin and Char Microstructures Comparison: (a ) Virgin Material Isometric View;

(b) Char (ICP) Material Isometric View

The medium-density material MX-4926 MC

Carbon/Phenolic, is shown before and after

testing in Table 4 and Figure 13. Sample 1-45 and

1-46. The virgin material is much more uniform

than the char material. No individual fibers or

frayed edges of material are visible in Figure 13a,

but they are in Figure 13b. Additionally, the char

material takes up more volume within the

cylinder than the virgin material. From the 2D

slices, it is clear that the denser the material is,

the harder it is to visualize without extensive

image ma- nipulation. Additional analysis is in

progress.

Table 4:MX-4926N MC C/Ph Virgin and Char Microstructures Comparison

(a)
(b)

 

  

 

Material Method XY-Face XZ-Face YZ-Face 

MX-4926N 
MC 

Virgin 

   

Char 
(ICP) 

       

  

Figure 13:MX-4926N MC C/Ph Virgin and Char Microstructures Comparison: (a) Virgin Material

Isometric View; (b) Char Material Isometric View

Figure 12:
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After segmentation of the LDFAs, the virgin and

char materials were compared to see if there was

a consistently higher volume percentage of void in

the charred materials, Figure 14. The three

felt/UHTR ablators show a clear decrease in

density after testing. The percentage volume of

void is higher for the char than the virgin material

in each case. This is also confirmation that the

segmentation method has the capability to

compare virgin and char materials. The table of

values for each segmentation method are shown

in Ap- pendix A, Table A2.

Figure 14: Virgin vs. Char Materials Comparison, Void Volume Percent

3.6 Step 6: Thermal Conductivity Calculation

NASA’s PuMA software was used to calculate the

thermal conductivity of each of the samples [34,

35]. These samples were cropped to 500 voxels to

fit within computational requirements. The

calculation was conducted within PuMA for ORS

Dragonfly. For a sanity check, PuMA was first

used to confirm anisotropy of quartz preform that

was visually apparent. In Figure 15a, the original

render of the quartz preform is shown. Figure 15b

shows the output of the PuMA thermal

conductivity calculation. The results are also

shown in Table 5, and confirm an anisotropic

thermal conductivity that is maximized in the z- z

direction, which is parallel to the fibers in Figure

15.

 

(a) (b)

Figure 15: Quartz Preform: (a) Virgin Material Isometric View With Void Removed; (b) PuMA Ther-

Mal Conductivity Output
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Table 5: Thermal Conductivity of Quartz Preform, Calculated With PuMA

To use PuMA, a thermal conductivity value was

assigned to each material in the seg- mented

model. These values were mostly taken from

manufacturer’s data sheets and are shown in

Appendix A, Table A3. Since PuMA only accepts

one thermal conductivity value for each material,

materials with anisotropic thermal conductivity

may result in inaccurate calculations.

Additionally, this calculation is performed at

standard temperature and pressure, which is

currently the only option available with PuMA.

Finally, PuMA is only for low-density materials.

The calculation shown below is therefore for the

virgin and char LDFA VDG Graphite/UHTR in

Table 6 and Table 7, respectively.

Table 6: Thermal Conductivity of Virgin VDG Graphite/UHTR, Calculated With PuMA

Thermal Conductivity    
(W/mK) x y z 

x 0.35 0.02 0.07 
y 0.02 0.52 0.38 
z 0.67 0.38 1.27 

Thermal Conductivity    
(W/mK) x y z 

x 0.14 0.00 0.03 
y 0.00 0.53 0.02 
z 0.02 0.13 0.52 

Table 7: Thermal Conductivity of Char VDG Graphite/UHTR, Calculated With PuMA

Thermal Conductivity    
(W/mK) x y z 

x 0.17 0.01 0.26 
y 0.02 0.41 0.01 
z 0.04 0.04 0.09 

The results of PuMA are also shown in pictorial

form in Table 8. The thermal con- ductivity in

each direction is more uniform for the virgin

material than the char material. This is a very

logical and promising result combined with the

reasonable thermal conduc- tivity values. In

future, these values will be compared to

experimentally measured ther- mal conductivity

for the LDFAs.

Table 8: VDG Graphite/UHTR Thermal Conductivity

Material Method X-Applied Heat Y-Applied Heat Z-Applied Heat 

VDG Graph-
ite/UHTR 

Virgin 

   

Char 
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3.7 Step 7: In-Situ Experiments

In the future, in-situ micro-CT scans will be taken

while performing thermal and me- chanical

properties testing at the LBNL/ALS facility [34,

35]. Three sets of in-situ tests are planned.

Pyrolysis in air or inert gas (argon) of neat resins

and low-density flexible abla- tors (LDFAs) at

elevated temperature around 1,000°C will be

conducted to examine phase change reactions of

these materials. This will provide invaluable

information about the performance of TPS

materials under thermal testing. Mechanical

properties such as com- pression strength, tensile

strength, and three-point bend will be examined

and quantified using in-situ synchrotron scans at

room temperature first using specially designed

test chambers at LBNL/ALS [36-39]. These

mechanical properties tests will later be

performed at elevated temperatures up to

1,500°C.

The above three micro-CT experiments will

combine a novel experimental and mod- eling

approach to study LDFAs. Development of this

methodology will enable the design, fabrication,

and characterization of the next generation of

high-performance TPS materi- als including

high-density TPS materials, such as

carbon/carbon composites and ceramic matrix

composites.

V. CONCLUSIONS

The goal of this novel methodology is to discover

and quantify connections between the

microstructures and the ablation performance of

these TPS materials. Following these systematic

steps allows for the full characterization of a

material’s microstructures. In the future, each of

these parameters will be linked back to and

validated by an experimental measurement.

Comparing similar ablative materials to each

other allows for better under- standing of how

microstructures can contribute to differences in

ablation performance. This allows researchers to

VI. FUTURE WORK
Mechanical properties of the ablative materials

will be investigated as a part of this methodology.

For example, char strength is an important factor

in ablative performance. A mechanical char

strength tester has been created and used on

several materials [40, 41]. These results will be

compared to a calculated char strength from

material microstructures transferred into an FEA

program. Material response (MR) modeling is

also another im- portant part of this integrated

research, MR modeling will enable our research

group to predict the heat transfer and ablation

performance of these novel TPS materials [23].

Selected ablators will be tested and evaluated

using an inductively coupled plasma (ICP),

LHMEL, and HYMETS arc jet test facilities [33,

42]. The experimental data obtained from these

test facilities will be used to validate our

microstructures-based model and material

response simulation.

High-density TPS materials will also be

investigated using this approach including

Ceramic Matrix Composites (CMCs) and

Carbon/Carbon Composites (CCCs) for hyper-

sonic TPS applications.

Other methods of preserving sample integrity

when creating synchrotron samples will also be

explored. This could include epoxy to encapsulate

samples before cutting, and coring full length

samples [15].
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Table A1:Weight of Each Element and Total for the Virgin Materials, Calculated and Experimental

Appendix A

Conflicts of Interest: The authors declare no

conflict of interest.

Source and used the Beamline 8.3.2 Synchrotron

Mi- cro-Computed Tomography.

Material Method Void Weight Fiber Weight Resin Weight Total Weight 
  (µg) (µg) (µg) (µg) 

Sample 1-12 
Virgin VDG 
Graphite / 

UHTR 

Experimental Value -  -  -  135.00 

Segmented with Se-
mantic Segmentation 0.58 3.45 13.46 17.50 

Sample 2-24 
Virgin WDF 
Graphite / 

UHTR 

Experimental Value - - - 150.00 

Segmented with Se-
mantic Segmentation 0.58 2.48 26.56 29.62 

Sample 1-16 
Virgin Quartz / 

UHTR 

Experimental Value - - - 155.00 
Segmented with Se-

mantic Segmentation 0.58 2.89 25.00 28.47 

Table A2: Void Percent Volume for All Six Samples, Both Segmentation Methods  

Material Method Void Volume 
(%) 

Sample 1-12 Virgin VDG Graphite / UHTR Segmented with Semantic Segmentation 90.09 
Sample 1-23 Char VDG Graphite / UHTR Segmented with Semantic Segmentation 91.24 

Sample 2-24 Virgin WDF Graphite / UHTR Segmented with Semantic Segmentation 90.05 
Sample 1-25 Char WDF Graphite / UHTR Segmented with Semantic Segmentation 96.69 

Sample 1-16 Virgin Quartz / UHTR Segmented with Semantic Segmentation 89.42 
Sample 1-27 Char Quartz / UHTR Segmented with Semantic Segmentation 94.04 

Table A3: Density of Each Element in the LDFA Materials

Material Thermal Conductivity at 20°C 
  (W/mK) 

VDG Graphite Felt 0.090 [16] 
WDF Graphite Felt 0.080 [16] 

Quartz Felt 0.035 [17] 
UHTR 0.344* 

Air / Void 0.028 [43] 

* UHTR thermal conductivity is currently being investigated. The number used is for a carbon/pol-

ysiloxane composite, not pure resin.
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ABSTRACT

This comprehensive study delves into the

multifaceted landscape of modern power

systems, encompassing their intricate

infrastructure, the integration of smart grid

technology for optimized energy management,

the critical significance of cybersecurity in

safeguarding against a plethora of cyber threats,

and the identification of gaps in the deployment

of effective cybersecurity measures. The

investigation delves into three primary

deployment clusters, focusing on system

operation continuity protection, network

security, and data protection, each pivotal in

ensuring smart grids' secure and seamless

operation. Moreover, the study underscores the

importance of frequency bias tie line control in

maintaining stability within interconnected grids

and addresses the evolving tactics of cyber

attackers in exploiting vulnerabilities in power

systems.

By assessing recent cyber-physical compromise

incidents and their cascading consequences, the

research highlights the urgency of robust defense

strategies and the need for international

collaboration in strengthening the resilience of

power system smart grids. This comprehensive

analysis culminates in a resounding call for

fortified cybersecurity frameworks to safeguard

the reliability of power supply in the face of

evolving cyber threats.

Index terms: cybersecurity, cyber-threats, cyber-
physical compromise, power system stability,

critical infrastructure, smart grid.

I. INTRODUCTION

The power system forms the electricity

infrastructure backbone, enabling a reliable

electricity supply to homes, businesses, and

industries [1] [2].

Figure 1: Block Diagram of a Basic Power System

The block diagram described in Figure 1

represents a complex power system network that

delivers electricity from power plants to

end-users. It comprises generation, transmission,

and distribution infrastructure, which requires

careful planning, operation, and maintenance for

a reliable and resilient power supply [3].

High-voltage transmission lines interconnect

different regions, efficiently transferring

electricity. Substations step down the voltage for

distribution through lower-voltage power lines to

individual consumers [4].
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System operators manage and coordinate power

system operations to maintain stability and

address imbalances [5]. Increased demand for

electricity, the integration of renewable energy

sources, and the need for grid modernization are

some of the complexities that have impacted the

conventional power system architecture. and the

need for real time operational monitoring and

control. Consequently, there is a heightened need

for real-time operational monitoring and control

to address these challenges.

The smart grid integrates digital technologies into

energy management, enabling real-time

monitoring and control of electricity flows [6]. It

facilitates two-way communication between

power providers and consumers, optimizing

energy demand and supply. The Advanced

Metering Infrastructure (AMI) provides real-time

energy usage data to consumers for informed

decisions. Distribution automation enhances grid

reliability by deploying sensors and intelligent

switches [7] [8]. The smart grid prioritizes grid

resilience and security through redundancy and

cybersecurity measures. Demand-side

management strategies encourage consumers to

adjust energy consumption behaviors, reducing

peak demand [9].
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Figure 2 illustrates a block diagram of a smart

grid process flow. Electric vehicle (EV) integration

employs smart charging infrastructure based on

grid conditions and user preferences [10]. Smart

grid analytics analyze sensor data, aiding

optimization and predictive maintenance.

Interoperability is maintained through common

standards for seamless integration of devices and

systems [11]. The smart grid supports renewable

energy integration, microgrids, and storage,

promoting sustainability, efficiency, and energy

independence [4].

Cybersecurity in power system smart grids

encompasses various measures and technologies

designed to protect critical infrastructure from

cyber threats while ensuring a sustained grid

operation [12]. One type of cybersecurity measure

is network security, which involves securing

communication networks and data transmission

channels within the smart grid, and includes

implementing firewalls, secure gateways, and

virtual private networks (VPNs) to prevent

unauthorized access and protect against

network-based attacks [13]. Another important

type is application security, which focuses on

securing the software applications and control

systems used in power system smart grids [14].

Application security involves implementing secure

coding practices, conducting regular vulnerability

assessments, and ensuring the integrity and

authenticity of software updates [15]. The primary

objective of this publication is to explore three

primary deployment clusters of cybersecurity that

directly impacts smart grids. The ultimate

purpose for this is to identify successful

technological measures for addressing

vulnerabilities arising from specific types of

cyberattacks on the smart grid.

II. LITERATURE REVIEW

The deployment of cybersecurity measures spans

various spheres to ensure comprehensive

protection against cyber threats [16]. Three

primary deployment categories directly impacting

the smart grid's smooth operation were identified

and briefly examined from twenty-three general

cybersecurity protection measures examined. This

was after the long list of measures was categorized

into groups with primary focus areas as identified

in Table 1:

Table 1: Cybersecurity Deployment Clusters

1 Target System Operation Assurance

2 Risk Management and Policy

3 Network Security

4 Software Application & Management

5 Data Protection

6
Human Capital Security Awareness &

Collaboration

The first is the system operation continuity

protection which upholds uninterrupted smart

grid operation, safeguarding against cyber threats

that could disrupt power delivery. Measures

include redundancy in critical components,

real-time monitoring, and incident response plans

to ensure uninterrupted power supply [17] [5].

Network security which is the second, involves

securing communication pathways between grid

components to prevent unauthorized access and

data manipulation.

Techniques such as firewall deployment, intrusion

detection systems, and encrypted communication

protocols are used to shield against cyberattacks

[15]. Data protection which is the third, ensures

the confidentiality and integrity of sensitive

information exchanged within smart grid systems

[18]. Encryption mechanisms, access controls,

and data loss prevention techniques are

implemented to prevent unauthorized access and

ensure critical data's safe transmission and

storage [8]. Based on which of the three clusters

might likely result in system fatality, a research

decision was taken to focus on the impact of the

system operation continuity protection.

A few cybersecurity protection aspects were

closely studied regarding system operation

continuity protection. A major factor that
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informed this cluster selection from the three

closely studied is the importance of an

uninterrupted smart grid operation in the event of

a cybersecurity threat. Afterward, three specific

cybersecurity protection aspects against system

operation discontinuity were selected and closely

examined.

The first was anomaly detection and behavioral

analytics, which involves utilizing advanced

technologies like machine learning to identify

unusual behavioral patterns within the smart grid

system that might indicate a cyber threat [14]

[16]. Security measures to physically protect

critical infrastructure components from

unauthorized access or tampering, such as

secured access points and surveillance systems,

were studied [19]. The third was business

continuity planning which entails developing

strategies and plans to ensure the continued

operation of the smart grid in the face of cyber

incidents, aiming to minimize downtime and

maintain power supply reliability [9].

III. METHODOLOGY

This study utilized a comprehensive approach to

analyze each study section. Relevant sources [15]

[17] were carefully identified, and important

research events were closely observed, including

recent publications relating to cybersecurity

deployment to the smart grid [20] [10] [17]. This

survey identified and closely studied three

primary deployment clusters of cybersecurity

crucial to the smart grid.

The publication then focused specifically on one

within the examined group of clusters. Afterward,

it delved into specific aspects of cybersecurity

deployment to the smart grid, emphasizing the

top three that may directly impact the power

supply. The significance of frequency as a key

power system stability parameter is emphasized,

particularly regarding smart grid stability and

protection. The content also involves analyzing

recent cyber-physical compromise incidents in

power systems' smart grids and addressing

vulnerabilities in the deployment of cybersecurity

for smart grids.

Among the vital power system stability

parameters, a frequency common to the three

closely examined aspects holds the utmost

significance, aside from voltage magnitude and

rotor angle [5]. Frequency bias tie line control is

used in power systems to maintain stable

frequency across interconnected grids by

adjusting power flow between them in response to

frequency deviations caused by load changes or

disturbances [3]. Generators in one grid increase

or decrease power output based on the frequency

difference between interconnected grids, with

adjustments proportional to a predetermined

frequency bias coefficient [17].

This control mechanism helps restore frequency

balance and stability, preventing cascading

failures and blackouts. By coordinating power

flow adjustments, frequency bias tie line control

contributes to grid reliability and effective load

management [5] [2]. This technique is essential to

power systems operation, especially in

interconnected smart grids where maintaining

frequency stability is crucial for preventing

widespread grid failures [17]. For a network of

interconnected tie lines within a smart grid, active

power varies linearly with frequency .𝑃 (𝑊) 𝑓 𝐻𝑧( )
The relationship is described by the𝑃 − 𝑓 
expression in equation (1) [20].

∆𝑃
∆𝑓 =− 𝑘                                                   (1)

Where is a constant (frequency bias factor)𝑘 
dependent upon the system's load and governing

characteristics in .
𝑀𝑊
𝐻𝑧 

is the change in active power, is the change∆𝑃 ∆𝑓 
in frequency and is the total active power∆𝑃

𝑡𝑜𝑡𝑎𝑙
 

change within an interconnected system [5]. For

an isolated system, equation (2) holds true

∆𝑃 + 𝑘∆𝑓 = 0                                        (2)

However, for interconnected system elements,𝑁 
equation (1) is expanded to equation (3)

∆𝑃
𝑡𝑜𝑡𝑎𝑙

=  ∆𝑃
1

+ ∆𝑃
2

+ …∆𝑃
𝑁
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=−  𝑘
1
∆𝑓 − 𝑘

2
∆𝑓 − …𝑘

𝑁
∆𝑓

=  −  𝑘
𝑁( )∆𝑓                           (3)

Equation (3) represents the system stiffness. This

is the relationship between power change and

frequency change in an interconnected system,

with a stiffer system exhibiting smaller frequency

changes for a given load change [20].

VI. DISCUSSION

Analysis of recent cyber-attacks on power system

smart grids sheds light on the evolving landscape

of cyber threats and their impact on critical

infrastructure [20] [9]. Several high-profile

cyber-attacks on power system smart grids, such

as the Ukraine power grid attack in 2015 and the

Not Petya malware attack in 2017, have

demonstrated the potential consequences of

successful cyber intrusions [17]. These attacks

targeted the control systems and communication

networks of power grids, causing widespread

power outages, disruptions to critical services,

and financial losses [21]. The methods employed

in recent cyber-attacks on power system smart

grids include phishing attacks, malware

infections, exploitation of vulnerabilities in

software and hardware, and supply chain attacks.

Sophisticated threat actors, including

state-sponsored groups and cybercriminal

organizations, are responsible for orchestrating

these cyber-attacks, highlighting the need for

robust defense measures [22]. Cyber-attacks'

impact on power system smart grids goes beyond

financial losses, as they can have severe

implications for public safety, national security,

and economic stability [19]. These impacts on

power grids can disrupt essential services, such as

healthcare, transportation, and communication,

leading to social and economic upheaval. The

analysis of recent cyber-attacks highlights

attackers' growing sophistication and persistence

as they continually adapt their tactics to exploit

vulnerabilities in power system smart grids [16].

The consequences of cyber-attacks on power grids

extend to reputational damage for the affected

organizations and erode public trust in the

reliability of the power supply.

Incident response and recovery efforts in the

aftermath of cyber-attacks on power system smart

grids involve extensive forensic investigations,

system restoration, and strengthening of security

measures [23]. The recent cyber-attack analysis

pinpoints current deficiencies in the deployment

of cybersecurity for smart grid protection –

beginning from the control and communication

systems which were the identified targets [24].

Other gaps include the need for proactive defense

strategies, continuous monitoring, threat

intelligence sharing concerns, vulnerability

assessments, differing priorities, regulatory

complexities, limited resources, technological and

cultural differences

Collaboration between government agencies,

power utilities, and cybersecurity experts is also

crucial in mitigating the effect of cyber-attacks

and strengthening the resilience of power system

smart grids [25]. Lessons from recent

cyber-attacks inform the development of robust

cybersecurity frameworks, regulations, and

industry standards for power system smart grids.

The event also highlights the importance of

educating personnel and end-users about cyber

threats, promoting a security culture, and

fostering resilience against potential attacks [26].

Technological advancements, such as integrating

artificial intelligence and machine learning, can

aid in early detection and response to cyber

threats targeting power system smart grids.

International cooperation and information-

sharing platforms facilitate a coordinated

response to cyber-attacks on power grids,

enabling the exchange of best practices and threat

intelligence [27].

V. CONCLUSION

The foundation of a robust electricity supply lies

in a well-structured power system that caters to

Assessment of Cybersecurity Deployment to Power System Smart Grid
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the energy needs of homes, businesses, and

industries. As depicted in Figure 1, this intricate

network involves multiple components working in

tandem to ensure a seamless flow of electricity.

Integrating smart grid technology further

optimizes this operation, allowing real-time

monitoring, communication, and efficient energy

management. Ensuring cybersecurity protection

in smart grids is paramount, as demonstrated by

the critical significance of frequency, voltage

magnitude, and rotor angle in maintaining system

stability. Completing comprehensive

cybersecurity measures, focusing on system

operation continuity protection, network security,

and data protection, is a crucial defense against

cyber threats in this modern energy landscape.
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ABSTRACT

This paper critically explores and reviews the

literature to identify the data trends and how the

construction industry can benefit from big data.

The big data has brought the revolutionary

changes in all the industries and construction

industry is also not remaining untouched. Big

data engineering (BDE) and statistics are among

the most crucial steps for integrating big data

technology in construction. We have reviewed

related papers published in the various research

and education institute across the world. The

current application of Big Data in construction

industry is already wide spread and future

opportunities like big data research into

construction safety, site management, heritage

conservation, and project waste minimization

and quality improvements are giving it totally

new dimensions. Construction industry

generates large amount of data every day but

this data which has huge potential but not gets

utilized effectively mainly due to lack of

technology adoption. This paper will try to give

different perspective of Big Data with the

appropriate use of Big Data Engineering, Tools

and Technologies. We will also discuss the

currently available tools such as computer-aided

drawing (CAD) and building information

modeling (BIM) and how they are providing

tremendous opportunities to researcher in

construction industry. We will also discuss how

the rise of interest in big data is making it more

effective due to the adoption of technology such

as robotics, smartphones, computers and other

gadgets. These gadgets helps in model

development gathering data which gets used in

the development of varioustechnique for

Algorithm development, machine learning (ML),

statistical analysis, and computational.

Keywords: big data; big data engineering; big data

analytics; big data storage; big data processing;

machine learning; artificial intelligence; google

cloud platform.

Author α: Department of Civil Engineering

Rabindranath Tagore University Bhopal, Madhya

Pradesh.

σ: Department of Civil Engineering Rabindranath

Tagore University Bhopal, Madhya Pradesh.

I. INTRODUCTION

Construction is a data-intensive sector where the

bulk of data is generated and not capitalized on

adequately due to slow technology adoption. Big

data, a relatively new technology, are not properly

adopted by construction. There are various steps

involved in using big data, including data

acquisition, storage, classification, and refining.

These steps are handled through various software

programs to refine the associated big data and

make it usable for research and practical purposes

In the case of construction, some barriers to big

data adoption include latency, data privacy, data

availability, data governance, poor broadband

connectivity at construction sites, and cost

implication for long-term use. For instance, big

data adoption in construction may have latency

issues with lower transfer rate and response time

required due to software issues or network

problems which may be a hurdle for some

time-sensitive construction applications.

The construction industry is also benefiting from

big data in a way that has revolutionized its

traditional operational methods to a more

automated process. The presence of digital tools

and technologies for designing and executing

construction projects has made the construction
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industry take enormous leaps in the last two

decades.

The possibility of modeling building structures

and identifying the functionality of those

structures before they are built has led to

industrial investments in big data and related

technologies. Computer-aided design (CAD), such

as building information modelling (BIM), is a

term now synonymous with the construction

industry.

The three-dimensional modeling of buildings and

other construction infrastructures leads to the

generation of digital files which can be stored in

various formats, leading to a bulk of data

generation. Other digital innovations such as

digital twins, 3D laser scanning, and advanced

wearable gadgets incorporated in hats, shoes,

gloves, and other sensor-based tools have

revolutionized the construction industry and

helped generate useful big data.

Big data in the construction industry can

accumulate quickly and become storage heavy due

to the large size of the 3D modeling files and a

huge amount of daily data generated by wearable

gadgets. Management of such big data is a hectic

but essential task as the usefulness of the models

lies in ensuring that they are available for viewing

and leveraging as and when needed. Apart from

providing the ease of modeling infrastructure, big

data also provide the opportunity to develop

sustainable structures by using test models before

actual constructions. These are made possible by

using digital twins, geographical information

systems (GIS)-based 3D point cloud structures,

and other cloud-based scanning systems.

Furthermore, the software that enables CAD and

BIM further feeds into the databases and

contributes to big data.

The applications of big data in the construction

industry are immense. Identifying how big data

can be applied to the construction industry

remains the real challenge.

Since each construction project leads to more data

generation, it is crucial to analyze and sort the

data accordingly. Some of the key features within

the construction industry that can benefit from

big data

● Construction safety

● Efficiency

● Waste minimization

● Productivity

● Competitive Advantage

● Pollution Management

● Project Management

● Claims Management

● Procurement

II. METHODOLOGY

The purpose of this study is to explore other

nonconventional ways to control the cost and

achieve the cost effectiveness in construction.

In order the achieve above stated purpose,

following methodologies are outline:

Big Data in Construction Perspective: Exploration of Google Cloud based Technologies and Offerings
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● The guiding principle here is to use modern

technology to upgrade and update the ways in

which information could be streamlined for

the benefit of different projects.

● Identifying the materials that best suit a

particular structure, developing project

timelines, and streamlining the resources can

become much more straightforward if the

construction projects are developed with the

help of big data technologies

● The overall purpose of this paper is to explore

various tools and techniques for the effective

use to Big Data in construction.

IV. OBJECTIVES

● The overall objective of this paper is to explore

Tools and Technique which can be used to use

Big Data for construction and its management

based on the review of existing literature.

● The existing literature on big data does not

provide Technology focus approach to use Big

data for construction management and this is

the very reason construction industry is

lagging behind in the use of big data in the

construction industry.

● The paper research work focus on following

aspects

o How can we use Technologies for big data for

research in construction engineering and

management?

o How can we use Big Data Engineering to

process and Store Big Data

o How can we use Big Data Analytics to use Big

data in construction

o How can we use Machine Learning to

effective use Big Data in construction

o How can we use Cloud Offerings (GCP) in

construction?

o How to use 10 Vs of Big Data

o How can big data be used for planning

construction projects in a futuristic way?

V. LITERATURE REVIEW

5.1 Big Data Trends
Following are sequence of trends Big Data have

gone through since 2016

Big Data in Construction Perspective: Exploration of Google Cloud based Technologies and Offerings
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III. AIM

● The core aim of using different technologies is

to simplify how datasets can be used to guide

future construction projects.
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5.2 Big Data Research Techniques
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Following are the various research techniques getting used in Big Data

5.3 Big Data Domains

� Big Data is classified in to Major Domain BDE & BDA. These two main domains are further divided

in to many classes and subclasses. The third domain that comes under the canopy of Big Data is

ML.
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5.4 Big Data Engineering

1. Big data analytics (BDA) is supported by BDE

that provides a framework to conduct it. BDE

has tremendous applications in construction.

2. It has been used for BIM to improve project

management.

3. It has also been used to improve building

design and for effective performance

monitoring, project management, safety,

energy management, decision-making design

framework, resource management, quality

management, waste management and others.

4. To understand BDE, it is important to discuss

big data platforms. These platforms are

divided into two groups based on variations in

their inherent characteristics.

4.1 Horizontal Scaling Platforms (HSP)

HSP utilizes multiple servers by distributing

processing across them and bringing new

machines into the cluster. In construction,

HSPs have been used for waste management,

profitability performance, smart road

construction, and others.

4.2 Vertical Scaling Platforms (VSP) VSPs are

single-server-based configura- tions that

achieve the scaling by upgrading the hardware

of the related server. VSPs have been reported

in one-off construction projects, transportation

and others.

5. BDAS (Berkeley Data Analytics Stack)has

been in the limelight since it has greater

performance gains over Hadoop.

6. Hadoop has been widely utilized in big data

applications. The tools offered by these

platforms are useful in the storage and

processing of big data.

7. Classification of Big Data in to its key domains

I. Big Data Engineering

i. Big Data Processing

a. Map Reduce

b. DAG

ii. Big Data Storage

a. NoSQL

b. Distributed File System

a) HDFS

b) Tachyon

8. Big Data Processing-Distributed and parallel

computation is present in the core of BDE. In

construction, big data processing has been

utilized for waste management, prefabricated

construction project management,

profitability analyses, and other construction

management applications.

8.1. MapReduce (MR)

● MapReduce was developed for the handling of

big data. It utilizes a distributed processing

model in which two functions, as indicated by

the name itself, map and reduce, are employed

to write analytical tasks. Mappers and

reducers are the processes that collect Big

Data from these functions for further

processing. Initially, mappers collect and read

the input information to process it for

subsequent results generation. The output of

mappers is used by reducers which give the

results that are ultimately stored in the file

system

● MR has been used by Jiao et al. to develop an

augmented framework for BIM. Similarly, it

has also been used in construction knowledge

maps and other big data applications.

● The overall features and application of

MapReduce is the reduction of data into
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manageable chunks. The use of MapReduce

not only distributes data into smaller chunks

but also helps develop datasets that present a

more analytic view of big data.

● Having organized datasets within the

construction industry is of key importance as

it can greatly increase the efficiency of data

management and decision making based on

data analysis.

● Hadoop was the popular and first big data

platform that introduced and made it easy for

people to work on MR by executing its

programs successfully. For tasks requiring

batch processing, MR proved itself to be an

effective tool as a typical cluster contains

interlinked mappers and reducers that assist

by running MR programs side by side at the

same time

● Yet another resource negotiator (YARN) has

also been introduced, which functions by

providing resource management and

scheduling related functions of MR and has

made it easy to implement innovative

applications by Hadoop.

● Hadoop models have been used in

construction for smart buildings and disaster

management , failure prediction of

construction firms [56], workers’ safe

behaviors in a metro construction project and

other relevant applications.

8.2. Directed Acyclic Graph

● Big data platforms also use Directed Acyclic

Graph (DAG) which is an alternative

processing model. In comparison with MR,

DAG works by relaxing map-then-reduce, the

style of MR, which is supported by Spark.

● Spark is widely accepted for reactive and

iterative applications due to its supremacy

over MR in high expressiveness and

in-memory computation

● Disk-resident and memory-resident tasks are

conducted ten and one hundred times faster

using Spark than MR.

● DAGs provide major advantages that enable

experts and researchers to construct complex

causal relationships in which nodes represent

stochastic variables, and directed edges

(arrows) indicate direct probabilistic

dependencies among the relevant variables.

● DAGs are also able to encode deterministic as

well as probabilistic relationships among the

variables.

● The usage of Spark and associated DAGs has

been reported for construction profitability

analysis, waste management, energy

monitoring service on smart campuses , and

others.

● Spark and Hadoop are among the ML tools

with enormous potential in cons- truction

engineering and management.

● The speed of both these systems is better than

other algorithms and ML tools currently in use

in the construction industry.

● Fault tolerance in both these systems is also

high and has greater scalability than existing

models.

● The data storage in these systems is slightly

different in that Spark uses a memory system

while Hadoop utilizes a disk for data storage.

● The language for both these tools is also

different since Spark is written in Scala while

Hadoop has been developed using JavaScript.

● Despite the slight differences, both these tools

provide the opportunity to process data in the

form of batches and at a higher speed than

previously existing models, making them

potential tools for futuristic model

developments in construction engineering and

management.

● JavaScript has been used in construction to

anticipate building material reuse, automated

progress control coupled with laser scanning,

shared virtual reality for design and

management, construction information

mining

● Scala has been used for the process

information modeling concept for on-site

construction management.

8.3. Big Data Processing in Construction

● Big data processing has been effectively

utilized in the construction industry for failure

prediction data, construction waste analytics,

profitability data, modular and prefabricated

construction, fire incident management, smart

campus energy monitoring, healthier cities

management, smart road management, and

others.
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● Though MR and Spark have their own

significance, these are less frequently

employed in the construction industry to

process big data such as BIM-associated data.

Partial BIM models’ retrieval was optimized

by MR by Bilal, et al. and Chang and Tsai The

authors found a loop in the Hadoop MR logic

of data distribution.

● Another research group worked for naive and

expert BIM users by developing a system for

BIM data storage and retrieval. The authors

developed a system for cloud BIM to retrieve

and represent big data intelligently. This

system helped develop an interactive interface

to maximize the usability and utility of

construction big data. Complex BIM data are

retrieved by processing proposed natural

languages after reformulating user queries.

This data are then visualized by mapping on

various visualizations. Before query

evaluation, two BIM collections are merged to

optimize the process of query execution. Using

this technology, a 40% reduction in response

time has been witnessed compared to other

traditional technologies.

● Currently, the utilization of BIM is limited

across the construction and facilities

management stages. The real intent of BIM

could only be achieved once applied at each

stage of the building lifecycle.

9. Big Data Storage-

● Big data storage is also an important aspect of

BDE. In construction, big data storage has

been explored for forecasting the success of

construction projects, smart buildings data

storage, tender price evaluation, and others.

● Despite the availability of BIM data storage,

the current applications in construction still

require successful implementation. Social

BIM, proposed by Das et al., captures building

models and the social interactions among the

users. The authors developed BIM Cloud

based on the distributed BIM framework.

● Similarly, a two-tiered hybrid data

infrastructure was proposed by Jeong et al. for

data management and monitoring of bridges.

In this model, the client tier efficiently

completes some analytical tasks by storing

structured data momentarily using MongoDB,

while the central tier stores sensor data

permanently using Apache Cassandra. Lin et

al. also used MongoDB to store BIM data

obtained through building models.

● Overall big data storage is provided by either

emerging NoSQL databases or distributed file

systems, as explained subsequently

9.1. Distributed File Systems

● The distributed file systems consist of Hadoop

Distributed File System (HDFS) and Tachyon.

● HDFS is designed to deal with large and

complex databases such as those related to

BIM, waste, and other construction big data

sources.

● It operates with the commodity servers

grouped together in a cluster.

● As it utilizes several servers, the probability of

hardware failure also increases. To overcome

this problem, HDFS introduces fault tolerance

achieved through the distribution of data and

their replication. However, in situations where

low-latency data access is required, HDFS is

not a suitable option as it shows inferior

performance.

● HDFS has been utilized by construction

researchers for observing construction

workers’ behavior, improving road

performance, and investigating profita- bility

performance.

● Furthermore, based on the distributed input

from HDFS, it facilitates building predictive

models for conducting building simulations

that give output in a predictive model markup

language.

● Tachyon is a distributed file system designed

to extend HDFS benefits by providing access

to the distributed data across the cluster at

memory speed.

● Tachyon has been utilized in construction for

handling unstructured documents and file

storage.

● The Tachyon performs better than HDFS, is

backward compatible and can handle the

MapReduce jobs without any further

modifications.

9.2. NoSQL Databases

● Relational databases have been common for

data management in past decades. However,
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new applications were designed for better

performance, scalability, and flexibility as the

technology emerged. Relational databases lag

because of their special processing and storage

needs.

● As a result, new systems were devised to fill

this technology gap. One such system is the

“Not only SQL” system that has optimized

data management in several ways.

● NoSQL has been widely used in different

industries, including construction, dueto its

fragmented nature. Some examples of NoSQL

in construction include integration of lessons

learned knowledge in BIM ], web service

framework for construction supply chain

collaboration and management, and Social

BIM Cloud implementation .

● NoSQL systems store schema less data in a

non-relational model. It does not set too many

restrictions on value and allows easy product

determination. Generally, when NoSQL

databases are set to key values, they carry out

only specific tasks without evaluating specific

values. The key-value database is mainly

tailored to the business accessed through the

primary key. These systems have four data

models that are briefly discussed below.

i. Key-value: This is the simplest data model

used for unstructured data storage. However,

the data lack self-description. It has been used

for knowledge management in construction

and integration of lessons learned knowledge

in BIM. Big data utilization in BIM can be

beneficial to discover root causes of poor

building performance, perform real-time data

queries, improve the decision-making process,

improve productivity, and reveal new designs

and services in the construction industry, as is

the case in every industry.

ii. Document: This model can store

self-describing data. However, this model can

lag in terms of efficiency. It has been used for

unified lifecycle data management in

architecture, engineering, construction, and

facilities management through BIM

integration.

iii. Columnar: Aggregated columns, grouped

sub-columns, and sparse data can be stored by

using this model. It has been used for

integrating digital construction through the

internet of things and smart archiving of

energy and petroleum construction projects.

iv. Graph: This model works well for

property-graph-based huge datasets in

relationship traversal. It has been used for the

4D construction management information

model of prefabricated buildings and the

development of a BIM-enabled software tool

for facility management.

1. Big Data Analytics:

a. Big Data Analytics

i. Statistics

1. Bayesian Analysis

2. Resampling

3. Shrinkage

4. Tree-based Analysis

ii. Data Mining

● BDA gathers information from a variety of

disciplines. All these disciplines have one

thing in common: to find out data patterns.

Some of these related disciplines are data

mining, statistics, business analytics,

predictive analytics, data analytics, knowledge

discovery from data, and the most recent one,

big data.

● Big data use the previous techniques to

broaden the field of data analytics. For BDA,

some of the ML-based tools are developed.

● In construction projects, BDA has been used

for improving building design and effective

performance monitoring, project safety,

energy, resource, overall management and

decision-making frameworks, and quality and

waste management.

● Big data analytics has been taken a step

further by developing predictive analysis

techniques.

● Ngo et al. used a factor-based big data

predictive analytic tool for analyzing the

capacity of construction industries to deal

with big data. This tool was tested and

validated on four different construction

organizations to ensure that the predictive

analytic method could improve how the

construction industry can use big data.
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● The integration of big data in the construction

industry remains an avenue that requires

further research in terms of big data analytics.

● Overall, data analytics is conducted through

statistical, data mining, and regression

techniques, as explained below

1.1. Statistics

● Statistics has wide applications in the

construction industry.

● Statistical techniques including Monte Carlo

simulation, Gaussian distribution, non-

Bayesian methods, correlation analysis, factor

analysis, decision trees, Naïve Bayes, and

others have been reported by various studies

in construction.

● Some of the areas that benefitted from

statistics include learning from post-project

reviews, identifying causes of construction

delays, analyzing buildings for structural

damages, construction litigation, and

identifying and recognizing heavy machinery

and workers.

● Other examples of statistics in construction

are those of bidding statistics to predict

completed construction cost, accidents

statistics, quality control, and six sigma for

project success]. From measuring the

bid-to-win ratio to how much a project is over

budget or schedule, and KPIs, the more

numbers you can put behind your work, the

better. Data not only allow for more visibility

into the state of a particular project, but

relevant industry statistics and facts can

provide valuable information needed to make

important future decisions regarding

preconstruction and planning, productivity

tools, risk assessment, and workforce and

operational efficiency.

1.2. Data Mining

● Data mining is used to extract meaningful

patterns in the data. It has been an integral

part of all big data management systems. It

employs the techniques used in pattern

recognition, ML, and statistics. Several models

are assessed, and the ones with the best

tolerance and high accuracy are selected and

used for obtaining predictive results.

● In construction, data mining has been

reported in waste management, BIM-based

construction engineering quality manage-

ment, and other relevant areas.

● Data mining detects useful regularities and

information necessary for decision making for

construction management projects.

● A data mining method such as cluster analysis

is important for the construction industry, as

it combines different construction objects into

homogeneous groups and investigates them.

● Data mining is supported through data

warehousing. Specially structured data is

stored in data warehousing for querying and

analysis. Extract, transform and load (ETL) is

a program that allows the collation of

transactional data and operational data.

● Warehouse Data analysis is conducted using

Online Analytical Processing (OLAP), which

performs better than SQL in computing

breakdown and data summaries. OLAP has

been used for cost data management in

construction cost estimates by Moon et al.

OLAP technology deals with the operational

data and data obtained using big data

technology. OLAP is presented as a

multidimensional cube that rapidly processes

datasets.

● Similarly, different data mining techniques

have been used to identify construction delays.

For analyzing construction datasets, Kim et al.

presented a framework of knowledge

discovery in databases (KDD).

● In the KDD, the most time-consuming and

challenging step is data preprocessing.

Nevertheless, KDD is a powerful tool for

identifying casual relationships in

construction projects and reducing

construction variability by identifying and

eliminating causes for possible deviations.

With the application of KDD, randomness of

construction projects and novel patterns can

be determined. Other techniques include

dimensional matrix analysis, link analysis, and

text analysis . Other datasets with information

related to delay causes, BIM-based knowledge

discovery, intelligent learning, and the

prevention of occupational injuries can be

easily extended in the domain of data mining.
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1.3. Regression Techniques

● Based on an input variable, regression

predicts the value of the target variable. It is a

supervised ML method.

● Regression is categorized into simple linear

and multiple linear regression based on

explanatory variables.

● In simple linear regression, the relationship

between two variables (an explanatory

variable x and a dependent variable y) is

modeled using ML.

● While in multiple linear regression, two or

more explanatory variables are used and their

relationship with the dependent variable is

modeled. The more common regression

technique is multiple linear regressions.

● Regression has been extensively used in

construction research. For example, it has

been used to predict properties of concrete

cured under hot weather , predicting final cost

for competitive bids on construction projects ,

determining contingency in international

construction projects, estimating performance

time for construction projects and others.

● Moreover, regression has been used for cost

estimation, which is a difficult task in the early

stages of the project. Adoption of parametric

methods such as regression and multiple

regressions can be applied as both analytical

and predictive techniques to estimate the

overall reliability of the cost estimation.

2. The 10 vs. of Big Data-

● The most crucial properties of big data include

their value, volume, velocity, variety, veracity,

volatility, validity, variability, vulnerability,

and visualization, also known as the 10 vs. of

big data

● In terms of the use of big data in the field of

construction, analyzing the vs. can help

explore how big data can be used for

developing better construction models in the

future.

● Overall, multiple construction-related studies

have reported the usage of vs. of big data. For

example, velocity has been reported for

high-speed construction data processing.

Value has been reported for smarter

universities and campuses. Volume has been

reported for mass level offsite construction

material and component production. Variety

has been reported for investigating the

profitability performance of construction

projects. Veracity has been reported for

forecasting the success of construction

projects. Similarly, variability has been

reported for modeling occupational accidents

in construction projects.

2. Machine Learning:

a. Machine Learning

i. Regression

1. Linear Regression

2. Ridge Regression

3. Neutral Network Regression

4. Lasoo Regression

5. Decision Tree Regression

6. Random Forest

7. KNN Model

8. Support Vector Machines

ii. Classification

iii. Clustering

1. Centroid Based Clustering

2. Density Based Clustering

3. Distribution Based Clustering

4. Hierarchical Clustering

iv. Natural Language Processing

v. Information Retrieved(IR)

● One AI subdomain is ML which can be used to

learn from the data using computational

systems.

● ML is further categorized into:

(i) supervised learning;

(ii) unsupervised learning;

(iii) association

(iv) numeric prediction.

● ML has several applications in the

construction industry. It uses different

approaches, including rule-based learning

approaches, case-based reasoning techniques,

artificial neural networks, and hybrid

methodologies.

● ML has immense potential as a tool in the

field of construction. Over the last two

decades, several ML algorithms have been

proposed to aid and improve the overall

process of construction. For example, ML has

been used to predict properties of concrete,
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contract management, site safety and injury

prediction, delay risks management, BIM

integrated on-demand site monitoring, and

other areas of construction engineering and

management.

● Various ML tools are integrated at different

steps along with the construction

management processes. Different ML

interfaces such as PyTorch and Keras.io help

develop computational models based on

existing data for building futuristic

construction models.

● BIM can also be improved by using big data

and ML tools, as these technologies allow the

opportunity to explore how technology could

be applied to the construction industry .

● Over the last few years, different algorithms

have been explored to predict various project

phases and guide construction projects from

inception to closure.

● Firstly, decision trees and similar tools are

used for developing an overall project timeline

to predict or determine construction project

performance in various phases.

● Secondly, statistical analysis tools are used for

analyzing previous projects and choosing

guiding principles for future projects .

● Finally, design tools are integrated with ML

algorithms to build 3D construction models

and graphics for building models.

● These computational models enable analyzing

construction projects by planning through

look-up schedules and looking for ways to

improve buildings and other structures. The

combined use of big data, ML, and AI holds

the potential to develop seamless construction

projects and enable the development of

structures that can withhold severe weather

conditions and disasters.

● For example, one of the key uses of ML tools

in futuristic construction projects can be the

development of structures that can stand

through natural disasters and provide safety

nets to communities during floods and other

disasters.

● Similarly, post-disaster evacuation and rescue

of individuals can also be carried out more

easily if the area contains structures such as

roads and buildings built through the use of

statistical modeling, thus providing safe

routes for people.

● Although the automation of construction

projects remains a future goal, the integration

of different ML algorithms is already

underway. Managing costs, timelines, and

human resources on a construction project are

areas guided by various algorithms and

computational models.

● The ML approach can also be applied to

develop leading indicators to classify sites

according to their safety risk in construction

projects

Future Opportunities of Big Data in

Construction-

● There is immense potential for the use of big

data in the construction industry. The use of

big data and ML can enable construction

automation.

● The construction industry is quite dynamic

and demanding, with the need for labor

strength and human resources to ensure the

smooth running of projects. The constant

challenge of keeping projects on track and

ensuring that new buildings and structures are

made up to modern standards puts much

strain on the project management teams.

These roadblocks can greatly be reduced with

the use of big data and ML.

● The core aim of using big data in the

construction industry is to enhance the project

planning phases and speed up the overall

construction process by predicting the

possible timelinesfor particular projects and

identifying what factors can be worked on to

improve the overall process

● The automation of the construction projects

will require the combined use of big data, deep

learning, and ML tools.

● The use of big data and related tools can

ensure that existing data and information can

be used for drafting guiding principles and

then building computational models

accordingly. For example, using sensor-based

wearable personal protective equipment, the

big data of near misses, onsite accidents,

hazards, and other issues can be generated for
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developing safety plans and management

techniques.

● Big data, BIM, and cloud-powered simulations

can help minimize project waste and help

produce superior quality constructed facilities.

● Big data artifacts generated by 3D scanners for

as-built drawing development are another key

advantage whereby the rehabilitation plans of

ancient heritage sites can be developed.

● The future holds great potential for the

construction industry through big data

integration. Some of the key opportunities for

the construction industries lie in using big

data for business and environmental

sustainability. The current roadblocks faced by

the construction industry can be overcome in

the future through the integration of

information extracted through big data.

● The use of information gathered from past and

present projects can help develop sustainable

infrastructure in the long term. It is possible

to avoid past mistakes and use better quality

products guided by the information found

through big data in construction.

● Future research directions in the field of

construction rely heavily on big data as the

presence of information sources can help in

building better infrastructure and greatly

improve building designs and the overall

construction business. The construction

industry must move towards automation and

build upon the integration of technology to

make the future use of big data seamless and

hassle-free.

● The use of big data tools, BIM, and CAD can

only be possible if the relevant support and

integration systems are present. Hence, the

future of the construction industry depends on

upgrading the present environment gradually.

● Overall, the role of big data in enabling the

entire process of futuristic construction

projects is undeniable.

● Data play a crucial role in developing training

models and smoothly enabling the process of

construction.

● Future developments in this field will also

include the generation and use of more

algorithms and models that rely on big data,

owing to the need to train the models reliably.

● All above highlighted benefit of Big Data can

be taken to the next level by utilizing Cloud

Offering in the Market.

● Now a days Cloud provider like Google,

Amazon and Microsoft are offering various

platforms and services for the effective

utilization of Big Data.

● Following are some benefit of using cloud

services in conduction industry:

o Data generated by Construction industry is

huge and storing and processing data can be

very expensive.

o Cloud provides data storage in cheap rate

which can be accessed from anywhere easily.

No need to physically score data on your

premises.

o Cloud Storage is scalable so can be optimized

based construction site requirement.

o Cloud provides various tools and technique for

effectively managing construction data.

o Cloud Big Data offering helps in effectively

storing and managing huge volume of

construction data.

o Wide range of data analytical tools available

on Cloud platforms can be used to process and

effectively utilize the huge volume of

Construction data.

o Cloud providers various Machine Learning

and Artificial Intelligence capability which can

be ,if effectively used , can be game changer to

address following concerns associated with

construction industry

▪ Effective planning specifically when

construction industry has to deal with lot of

unknowns

▪ Effectively managing day to day construction

activities by giving due consideration of

dependent tasks and activities

▪ AI can be helpful with forecast and planning

the construction activities accordingly.

▪ Safety and Security concern of construction

industry can also be effectively address by

using various Cloud offering

▪ One construction project experience and data

can be used effectively planning for future

projects.

Google Cloud Platform(GCP) -Technology

Exploration
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6.1 GCP Platform Services

Compute:

App Engine: App Engine enables you to build and

host applications on the same systems that power

Google applications. App Engine offers fast

development and deployment; simple

administration, with no need to worry about

hardware, patches or backups; and effortless

scalability.

Compute Engine: Compute Engine offers scalable

and flexible virtual machine computing

capabilities in the cloud, with options to utilize

certain CPUs, GPUs, or Cloud TPUs. You can use

Compute Engine to solve large-scale processing

and analytic problems on Google's computing,

storage, and networking infrastructure.

App Engine & Compute Engine offerings can be

very useful for processing the big data in

construction industry where data demand in

dynamic in nature require flexibility in terms of

processing power and scalability.

Workload Manager: Workload Manager is a

rule-based validation service for evaluating

workloads running on Google Cloud. If enabled,

Workload Manager scans application workloads

to detect deviations from standards, rules, and

best practices that improve system quality,

reliability, and performance.

Work load Manager can provide great amount of

help to manage the dynamic workload of

construction industry which required to effective

management the demand deviations.

Storage

Cloud Storage: Cloud Storage is a RESTful service

for storing and accessing your data on Google's

infrastructure. The service combines the

performance and scalability of Google's cloud with

advanced security and sharing capabilities.

Persistent Disk: Persistent Disk is a durable and

high performance block storage service for Google

Cloud Platform. Persistent Disk provides SSD and

HDD storage that can be attached to instances

running in either Compute Engine or Google

Kubernetes Engine.

Cloud Filestore: Cloud Filestore is a scalable and

highly available shared file service fully-managed

by Google. Cloud Filestore provides persistent

storage ideal for shared workloads. Above

mentioned Google Storage options should be

explored to establish best suited storage

mechanism to Store Big Data in construction

industry which is normally very huge in volume.

Databases

AlloyDB: AlloyDB is a fully-managed, Postgre

SQL-compatible database for demanding

transactional and analytical workloads. It is

designed to provide enterprise-grade performance

and availability while maintaining compatibility

with open-source PostgreSQL.

Cloud Bigtable: Cloud Bigtable is a fast,

fully-managed, highly-scalable NoSQL database

service. It is designed for the collection and

retention of data from 1TB to hundreds of PB.

Datastore: Datastore is a fully-managed,

schemaless, non-relational datastore. It provides a

rich set of query capabilities, supports atomic

transactions, and automatically scales up and

down in response to load. It can scale to support

an application with 1,000 users or 10 million

users with no code changes.

Firestore: Firestore is a NoSQL document

database for storing, syncing, and querying data

for mobile and web apps. Its client libraries
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provide live synchronization and offline support,

while its security features and integrations with

Firebase and Google Cloud Platform accelerate

building serverless apps.

Memorystore: Memorystore, which includes

Memorystore for Redis and Memorystore for

Memcached, provides a fully-managed in-memory

data store service that allows customers to deploy

distributed caches that provide sub-millisecond

data access.

Cloud Spanner: Cloud Spanner is a fully-

managed, mission-critical relational database

service. It is designed to provide a scalable online

transaction processing (OLTP) database with high

availability and strong consistency at global scale.

Cloud SQL: Cloud SQL is a web service that allows

you to create, configure, and use relational

databases that live in Google's cloud. It is a

fully-managed service that maintains, manages,

and administers your databases, allowing you to

focus on your applications and services.

Construction Industry generate huge amount of

data which is very diverse in terms of all 10 V’s

which include variety, value, volume, velocity,

variety, veracity, volatility, validity, variability,

vulnerability, and visualization. Above available

Data bases those are available on GCP can be

effectively use to store the construction data based

on the data demand.

6.2 GCP Data Analytics

BigQuery: BigQuery is a fully-managed data

analysis service that enables businesses to analyze

Big Data. It features highly scalable data storage

that accommodates up to hundreds of terabytes,

the ability to perform ad hoc queries on

multi-terabyte datasets, and the ability to share

data insights via the web.

Cloud Composer: Cloud Composer is a managed

workflow orchestration service that can be used to

author, schedule, and monitor pipelines that span

across clouds and on-premises data centers.

Cloud Composer allows you to use Apache Airflow

without the hassle of creating and managing

complex Airflow infrastructure.

Cloud DataFusion: Cloud Data Fusion is a

fully-managed, cloud native, enterprise data

integration service for quickly building and

managing data pipelines. Cloud Data Fusion

provides a graphical interface to help increase

time efficiency and reduce complexity and allows

business users, developers, and data scientists to

easily and reliably build scalable data integration

solutions to cleanse, prepare, blend, transfer, and

transform data without having to wrestle with

infrastructure.

Cloud Life Sciences (formerly Google Genomics):

Cloud Life Sciences provides services and tools for

managing, processing, and transforming life

sciences data.

Data Catalog: Data Catalog is a fully-managed

and scalable metadata management service that

empowers organizations to quickly discover,

manage, and understand their data in Google

Cloud. It offers a central data catalog across

certain Google Cloud Services that allows

organizations to have a unified view of their data

assets.

Dataform: Dataform provides an end-to-end

experience for data analysts to develop, test,

version control, and schedule complex SQL

workflows.

Dataplex: Dataplex is an intelligent data fabric

that helps customers unify distributed data and

automate management and governance across

that data to power analytics at scale.

Dataflow: Dataflow is a fully-managed service for

strongly consistent, parallel data-processing

pipelines. It provides an SDK for Java with

composable primitives for building

data-processing pipelines for batch or continuous

processing. This service manages the life cycle of

Compute Engine resources of the processing

pipeline(s). It also provides a monitoring user

interface for understanding pipeline health.

Datalab: Datalab is an interactive tool for

exploration, transformation, analysis and

visualization of your data on Google Cloud

Platform. It runs in your cloud project and

enables you to write code to use other Big Data
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and storage services using a rich set of

Google-authored and third party libraries.

Dataproc: Dataproc is a fast, easy to use, managed

Spark and Hadoop service for distributed data

processing. It provides management, integration,

and development tools for unlocking the power of

rich open source data processing tools. With

Dataproc, you can create Spark/Hadoop clusters

sized for your workloads precisely when you need

them.

DataprocMetastore: DataprocMetastore provides

a fully-managed metastore service that simplifies

technical metadata management and is based on a

fully-featured Apache Hive metastore.

DataprocMetastore can be used as a metadata

storage service component for data lakes built on

open source processing frameworks like Apache

Hadoop, Apache Spark, Apache Hive, Presto, and

others.

Datastream: Datastream is a serverless change

data capture (CDC) and replication service that

enables data synchronization across

heterogeneous databases, storage systems, and

applications with minimal latency.

Google Earth Engine: Google Earth Engine is a

platform for global-scale analysis and

visualization of geospatial datasets. Google Earth

Engine can be used with custom datasets, or with

any of the publicly available satellite imagery

hosted (and ingested on a regular basis) by Earth

Engine Data Catalog. 

*Looker (Google Cloud core): Looker (Google

Cloud core) is a business intelligence and

embedded analytics solution hosted on Google

infrastructure. With Looker (Google Cloud core),

customers can build semantic models using

various data sources, develop customized insights

from the models, and share those insights for

collaboration via dashboards and other services.

*Looker Studio: Looker Studio is a data

visualization and business intelligence product. It

enables customers to connect to their data stored

in other systems, create reports and dashboards

using that data, and share them throughout their

organization.

● Looker Studio Pro: Looker Studio Pro is a paid

edition of Looker Studio that adds enterprise

governance, team management features, and

other features listed at https://cloud.google.

com/looker-studio/ or a successor URL.

Unlike Looker Studio, Looker Studio Pro is

eligible for partner resale.

Pub/Sub: Pub/Sub is designed to provide reliable,

many-to-many, asynchronous messaging between

applications. Publisher applications can send

messages to a "topic" and other applications can

subscribe to that topic to receive the messages. By

decoupling senders and receivers, Pub/Sub allows

developers to communicate between

independently written applications.

Data Analysis is one of important aspect which is

required to effectively use the Big Data in

construction industry.It is required for effective

planning and managing the construction

activities. Above mentioned Data Analytics tools

available on GCP can be proved very effective

mechanism to explore the various dimensions of

construction data.

6.3 GCP AL/ML Services

AI Solutions

Anti Money Laundering AI (AML AI): AML AI

enhances financial institutions' legacy transaction

monitoring systems with an AI-powered risk score

to improve financial crime risk detection.

Contact Center AI (CCAI): CCAI uses AI to

improve the customer experience in contact

centers. It includes Agent Assist, Dialogflow

Essentials, Dialogflow Customer Experience

Edition (CX), Insights, Speech-to-Text, Text-to-

Speech, and Speaker ID.

Contact Center AI Insights: Contact Center

AI Insights helps customers extract value from

their contact center data by identifying sentiment

and topics and highlighting key insights in the

data.

Contact Center AI (CCAI) Platform: CCAI

Platform is a contact-center-as-a-service (CCaaS)

platform leveraging CCAI. It integrates directly

with CRMs and queues and routes customer
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interactions across voice and digital channels to

resource pools, including human agents.

DialogflowEssentials(ES): Dialog flow ES is a

development suite for voice and text

conversational apps that can connect to customer

applications and telephony and digital platforms.

Dialogflow Customer Experience Edition (CX):

Dialogflow CX is a development suite for creating

conversational AI applications including chatbots

and voicebots. It includes a visual bot building

platform, collaboration and versioning tools, bot

modularization tools, and advanced IVR feature

support.

Discovery Solutions: Discovery Solutions enable

customers in retail, media, and other verticals to

deliver Google-quality search results and

recommendations.

● *Recommendations AI: Recommendations AI

enables customers to build a personalized

recommendation system using ML models.

● *Recommendation Engine API: Recommen-

dation engine API is the Version 1 API of

Recommendations AI.

● *Retail Search: Retail Search, powered by

Google’s Retail API, allows retailers to

leverage Google’s search capabilities on their

retail websites and applications.

Document AI: Document AI is a unified console

for document processing that lets you quickly

access all document processing models and tools.

Customers can use Document AI's pre-trained

models for document extraction, including OCR,

Form Parser and specialized models.

● Document Workbench: Document Workbench

allows you to build a custom classification,

extraction or splitting model.

● *Human-in-the-Loop AI: Human-in-the-Loop

AI uses Document AI to provide workflow

tools for human verification of data extracted

from documents.

● Document AI Warehouse: Document AI

Warehouse is a highly-scalable, fully managed

data management and governance platform

that integrates with enterprise document

workflows to store, search, and organize

documents and their metadata.

*Talent Solution: Talent Solution offers access to

Google's machine learning, enabling company

career sites, job boards, ATS, staffing agencies,

and other recruitment technology platforms to

improve the talent acquisition experience.

Pre-Trained APIs

Cloud Natural Language API: Cloud Natural

Language API analyzes text to identify entities,

sentiment, languages, and syntax.

Cloud Translation API: Cloud Translation API

automatically translates text from one language to

another language.

Cloud Vision: Cloud Vision classifies images into

categories, detects individual objects and faces,

and finds and reads printed words.

Media Translation API: Media Translation API is

a gRPC API that automatically translates audio

from one language to another language (e.g.,

French to English) and supports streaming real

time.

*Speaker ID: Speaker ID allows customers to

enroll user voice prints and later verify users

against a previously enrolled voice print.

Speech On Device: Speech On Device deploys

speech-to-text and text-to-speech services locally

on embedded hardware and operating systems.

Speech-to-Text: Speech-to-Text converts audio to

text by applying neural network models.

Text-to-Speech: Text-to-Speech synthesizes

human-like speech based on input text in a variety

of voices and languages.

Timeseries Insights API: Timeseries Insights API

enables large-scale time series forecasting and

anomaly detection in real time.

Video Intelligence API: Video Intelligence API

analyzes videos to extract metadata, add

annotations, and identify entities in a video.

Visual Inspection AI: Visual Inspection AI

automatically detects, classifies, and localizes

abnormalities foundin images to improve

production quality and develop analytics.

AI Platform/Vertex AI

AI Platform Data Labeling: AI Platform Data

Labeling helps developers label data and centrally
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manage labels for training and evaluating

machine learning models.

AI Platform Training and Prediction: AI

Platform Training and Prediction enables

customers to easily train and deploy machine

learning models.

AutoML: AutoML enables customers to leverage

Google's transfer learning and Neural

Architecture Search to build custom models using

a variety of data types. AutoML Services include

AutoML Natural Language, AutoML Tables,

AutoML Translation, AutoML Video, and AutoML

Vision.

Deep Learning VM and Container: Deep

Learning VM and Container provides virtual

machine and Docker images with AI frameworks

that can be customized and used with Google

Kubernetes Engine (GKE), Vertex AI, Cloud Run,

Compute Engine, Kubernetes, and Docker Swarm.

Vertex AI Platform: Vertex AI Platform is a

service for managing the AI and machine learning

development lifecycle. Customers can (i) manage

datasets and associated labels; (ii) build pipelines

to train and evaluate models using Google Cloud

algorithms or custom training code; (iii) deploy

models for online or batch use cases; (iv) manage

data science workflow using Vertex AI Workbench

(also known as Notebooks); and (v) create

business optimization plans with Optimization AI.

Vertex AI Neural Architecture Search (NAS):

Vertex AI NAS leverages Google's neural

architecture search technology to generate,

evaluate, and train model architectures for a

customer's application.

Vertex AI Vision: Vertex AI Vision is a service that

allows you to easily build, deploy, and manage

computer vision applications with a fully

managed, end-to-end application development

environment.

Generative AI Services

Generative AI Services include: (i) Services listed

in this subsection, (ii) any Service identified as a

“Generative AI Service” or similar designation in

the Documentation, and (iii) any feature of a

Service identified as a “Generative AI Feature” or

similar designation in the Documentation.

Generative AI App Builder: Generative AI App

Builder allows customers to leverage foundational

models, conversational AI, and search

technologies to create multimodal chatbots and

search experiences.

Generative AI Supporton Vertex AI: Generative

AI Support on Vertex AI includes features for

generative AI use cases, including large language,

text-to-image, and image-to-text models that are

available in Model Garden and Generative AI

Studio.

AI/ML like any other industry has immense

potential as a tool in the field of construction.

Various AI and ML services available on GCP, as

mentioned above, offers tremendous

opportunities to process Big Data in construction

industry.

These can be to predict properties of concrete,

contract management, site safety and injury

prediction, delay risks management, BIM

integrated on-demand site monitoring, and other

areas of construction engineering and

management.

VII. CONCLUSIONS

● The construction industry is yet to reap the

true benefits of using big data aptly. Over the

last two decades, the rapid growth of big data

technologies has caused a spike in the number

of models and platforms that have been

developed for increasing digitalization across

different fields. However, the same level of

digitalization has not truly been harnessed or

integrated by the construction industry.

● However, the state of implantation of

adoption in construction is below par.

Therefore, the utilization and commercializa-

tion of big data to benefit the construction

industry are crucial. An extensive literature

review enabled us to identify the potential of

big data in construction as the industry

generates huge amounts of data daily and can

greatly improve using the latest technologies.

● The development of online tools and software

which enable infrastructure modeling and

CAD is a crucial step in the right direction for

futuristic constructions.

https://cloud.google.com/looker-studio/
https://cloud.google.com/looker-studio/
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● Having explored the existing ML tools, we

found that these tools, coupled with big data,

can be applied in the construction industry.

● There are currently various gaps and pitfalls

that act as barriers to using big data to its full

potential.

● Firstly, data generation is much faster than

the tools available for processing it. Moreover,

big data integration into the construction

industry is quite an uphill task even with the

existing data processing tools.

● After going through this paper along with

other papers which I reviewed, I want to

further work on following areas which I still

think that need more focus and research .

o Big Data use to Improvement the

Productivity and Performance

Improvement 

o Big Date use for effective construction

management

● In order to meet the above 2 objectives , my

approach would be to develop some processes

and protocol by using various analytical tool,

storage mechanism and ML/AI processes

available on Google Cloud Platform (GCP)

● Various Capability like Compute, Storage,

Data bases, Data Analytics and AI/ML

services available on GCP can be proved as

game changer for the effective utilization of

Big Data in construction Industry.
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danger to the environment and a risk to the health of many others. Fuel consumption at signalized

intersections has increased, as the vehicles are unable to cross the intersection during one green phase
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ABSTRACT

In INDIA population is the root of many

problems and is also directly linked with fuel

consumption. And with increase in affordability

index due to economic growth has led to higher

aspiration amongst people (especially a need for

increased comfort). With high numbers of vehicle

on signals, waiting time increases which leads to

a situation of heavy traffic congestion at traffic

signals and intersections resulting in a very slow

traffic movement even when the traffic lights

switch green.

An idling vehicle is not only using up valuable

fuel and damaging vehicle’s engine, but also

causing danger to the environment and a risk to

the health of many others. Fuel consumption at

signalized intersections has increased, as the

vehicles are unable to cross the intersection

during one green phase of signal because of long

queues at the intersection. Extra fuel loss is due to

personal mode of transportation, enhanced trip

length and congested intersections. Usually when

the vehicles are waiting for their turn to cross the

intersection at signals, drivers normally keep

their vehicle’s engine on, resulting in extra

consumption of fuel. This small amount of fuel

wasted, if aggregated over number of cycles per

day, for number of days per year and for number

of signalized intersections results in a huge

quantity of fuel. The wastage of fuel at these

intersections results in a huge loss of valuable

fuel resources. The paper presents the results of

fuel loss at signalized intersections due to delay

of vehicle.

Keywords: fuel loss; congestion; intersection;

journey time, long queues.
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I. INTRODUCTION

In the last few years with the increase in

population there has been a significant growth in

vehicular traffic for travelling and carrying goods

from one place to another. With increase in

demand of mobility, more vehicles are owned and

operated. Increase in no. of vehicles results in

traffic and transportation problems in the form of

increment in traffic congestion, air & noise

pollution, accidents, delays and emission of

greenhouse gases. The long queues of vehicles

results in delay and during this interval vehicle is

generally in idling condition, causes extra fuel

consumption. Moreover within two decades, there

is continuous increment in vehicle ownership and

vehicle size preferences. The tracking of energy

consumption in transportation over the years

must consider both the changes in travel patterns

and vehicle fleet characteristics. It is well known

that the energy consumption in transportation has

a very high proportion of a society’s total energy

consumption. Therefore, from the perspective of

saving energy and reducing energy consumption,

study of transportation system not only reduce the

total energy consumption, but also has an

important significance for the future sustainable

development of transportation. Ever increasing

vehicular flow causes heavy delays at intersections

due to stoppage of vehicles during red phase

resulting in wastage of fuel at intersections.

II. LITERATURE REVIEW

Parida and Gangopadhyay (2008) observed

various intersections in Delhi to estimate the

savings in fuel consumption during delays. And

on the basis of the savings accrued at low,

medium and high volume intersections, the
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savings at the total signalized intersections was

estimated, assuming similar kind of remedial

measures. They observed total 67.78% of saving in

fuel consumption and expected 71.12% of saving

in the economic loss due to extra fuel

consumption. It was observed that 135.86 million

kilogram CNG; 47.35 million litres diesel and

147.84 million litres petrol worth Rs. 9945 million

is extra consumed during idling condition of

vehicles at the signalized intersections in Delhi.

Shipchandler et al. (2008) estimated the total

quantity of emissions of greenhouse gases

produced in idling condition of vehicles in

Chicago metropolitan area using reasonable

assumptions. It was done by developing an

emission factor and multiplying total number of

vehicles and total idling time with this factor. It

was observed that fuel consumed during idling of

vehicles for heavy duty trucks was 1gallon/hr. and

for passenger vehicles it was .5 gallon/hr.

Li et al. (2012) observed an advanced driving alert

system that provides traffic signal status

information to help drivers for avoiding hard

braking at intersections and defines a method for

evaluating fuel consumption & emissions at

intersections. This study shows the savings on fuel

consumption up to 8% and the reduction of CO2

emissions around 7% when traffic was in medium

congestion.

Tiwari et al. (2013) also estimated fuel wastage

due to idling of vehicles at road traffic signal in

Indore Madhya Pradesh. The classified traffic

volume study was conducted for 12 hours from

10:00 am to 10:00 pm at seven signalized

intersection for complete week to estimate extra

fuel consumption because of idling of vehicles.

The study shows that about 5.9x10
5
liters of petrol

and diesel are being wasted.

Pal et al. (2012) evaluated the fuel consumption

of vehicles at signalized intersections using

precise instruments. Five red light traffic signals

of different traffic volume had been considered

and estimated the fuel loss during idling and delay

of vehicles. An average fuel cost Rs.19, 175.00 was

wasted per day due to delay at signalized

intersections. It was also observed that 85%

drivers did not switch off the engine of a vehicle at

red light traffic signals that lead to extra fuel

consumption. The results showed that the delay of

vehicles at five red light traffic signals was greater

than 60 seconds that lead to wastage of 389.68

litres of diesel and 810.38 litres of petrol. Total

loss output work found were Rs. 61,072 per day

and Rs. 2, 22, 91,198 per annum. The fuel

consumption for petrol car was 573 ml/hr. and

diesel car was 705 ml/hr.

Vlieger et al. (2000) effect of normal and

aggressive driving on the tailpipe pollutants and

fuel consumption of vehicles were studied. The

fuel consumption was highest in city traffic

conditions and in rural conditions. The exhaust

tailpipe pollutants were increased by 8 times for

aggressive driving as compared with normal

driving behaviour. The fuel consumption was

increased by 20-45% during intense traffic

conditions.

Carrico et al. (2009) human activities and

behaviour played a dominant role for increase in

tailpipe pollutants and fuel consumption of

vehicles. The survey was done on 1300 drivers in

United States for calculation of vehicle exhaust

pollutants and fuel consumption. An aggressive

driving contributed more tailpipe pollutants and

fuel consumption as compared with normal

driving behaviour.

Lim (2012) studied exhaust emissions from idling

Heavy-Duty Diesel Trucks and Commercially

Available Idle-Reducing Devices. The emissions

and fuel consumption data generated from this

study shows that on an average, a class-8 truck

could emit 144 gm./hr. of NO
x
and 8224 gm./hr.

of CO2, and could consume about 0.82 gallon/hr.

diesel and also shows that the use of idling

reduction devices cuts the emissions and fuel

consumption.

III. TYPES OF FUEL CONSUMPTION
MODELS

(a) Instantaneous fuel consumption model: - This

type of fuel consumption model requires second

by second individual data comprising of speed

acceleration, de-acceleration, vehicle engine
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speed, time and location along road section for

every individual vehicle. It includes basic model

and micro level model. Basic model is an engine

type model which constitutes of vehicle design

and engine torque as model parameters. Micro

level model is a non-engine type model which

includes second by second individual vehicle data.

(b) Delay type fuel consumption model: - In this

type of model relationship is established between

fuel consumption and commonly used traffic

measures such as delay and stop. As delay is very

effective and popular measure in traffic analysis

work, so its use in fuel consumption model is

advantageous.

(c) Speed type aggregate fuel consumption

model:- In this type of model generally regression

analysis is used to establish relationship between

fuel consumption and various network wide

variables such as travel time, average speed, travel

distance and number of stops, as these type of

model do not consider second by second speed

change in estimation of fuel consumption.

Moreover they are insensitive to small traffic

condition changes.

IV. OBJECTIVES OF THE STUDY

This study deals with the twelve hours traffic

composition of a normal day of an intersection of

a city. Total traffic count of the duration is

calculated and also the delay during the duration

is obtained. Fuel consumption due to delay of

vehicles is also estimated along with the monetary

losses.

V. STUDY AREA

For the present work, the clock tower intersection

of Saharanpur, a city of Uttar Pradesh in Northern

India is chosen as the study area. Saharanpur is

located at 29.97
0
N and 77.55

0
E. It is about 140

kilometres south- southeast of Chandigarh, 170

kilometres north-northeast of Delhi,65 kilometres

north-northeast of Shamli, and about 68

kilometres southwest of Dehradun. It is the main

intersection of city for going to neighbouring

states Uttrakhand, Haryana and Himachal

Pradesh. It is the busiest intersection of city as

railway station and bus stand are just at a distance

of few minutes. Also Dehradun chowk and the

court road intersection are among main

intersections of city as they connect the city to the

rest of the area. According to census 2011, city

had around 7.5 lakh population.

Increase in Road Network (2013-17):24.12km.

Total Road Length in city: 1783.22 Km.

Vehicles Growth (new registration) 2016-17:

43486 vehicles,

2017-18: 50178 vehicles,

2018-19: 60615 vehicles.

E-rickshaw & auto based transit system.

Bus Services for Inter & Intra transit: 18 Routes,

437 permit buses including private & government.

Number of authorized parking lots increased

(2014-17): 3 to 5;

Fig. 1:West Approach of Clock Tower Intersection
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Fig. 2: Approach Towards East of Clock Tower Intersection

VI. DATA COLLECTION

Video graphic technique was used for collection of

traffic data. A twelve hours video was collected

from traffic police of the desired intersection of

the normal day. In total a twelve hours video was

collected i.e. from 7:00 am to 7:00 pm. The data

collected was divided into lean hour, average hour

and peak hour as observed on the basis of

vehicular traffic count. Also manually observation

of traffic data was done to know the lean average

and peak hours of the intersection.

VII. DATA EXTRACTION

From the collected data, hourly traffic data was

extracted very effectively and precisely. Data was

extracted into various categories of vehicles such

as two wheelers, three wheelers, bus, car, trucks

and tractor trailers etc. The collected data was as

follows as represented in the below tables. Table 1

represents the traffic data of the normal day of

three main intersections..

From the extracted data, it was concluded that

within this twelve hour study there were three

lean hours, six average hours and three peak

hours.

Table 1: Traffic volume of 3 intersections

Intersection
Type of

intersection

Traffic

count

Duration of

data

Dehradun chowk 3 legged 22754 12 hours

Court road 3 legged 28294 12 hours

Clock tower 4 legged 33260 12 hours
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Figure 1: Traffic Composition of Clock Tower Intersection

VIII. CALCULATION OF DELAY

For calculation of delay Reilly’s model is used.

This model is the modified version of Akcelik’s

delay model. According to this model total delay is

the combination of uniform delay and overflow

delay. Now overflow delay is given as

OVERFLOW DELAY (OD) =450[(X-1) + [(X-1)
2

+√ {12*(X-X0)/c*T}]

UNIFORM DELAY (UD) =0.25C (1-g/c)

Where T is the analysis period in hours; X is

volume to capacity ratio; c is the capacity in

vehicles per hour; s is the saturation flow rate in

vehicles per seconds green time; g is the effective

green time in seconds

For Overflow Delay, X>=X0, if X<X0 then

overflow delay is zero.

X0= 0.67+(s*g/600)

Thus, total delay = uniform delay (UD) + overflow

delay (OD).

In the present study the delay calculated is as

follows:

Table 2: Calculated Delays

Table 3: Total Delay Calculated (In Hours) for Different Vehicles

Vehicles

Delay for different hours

Total
Lean

hour

Average

hours

Peak

hours

Bikes 25.49 130.43 164.95 320.87

Autos 3.64 20.58 33.45 57.37

Cars 5.39 28.90 43.10 77.39

Buses 0.349 3.8 5.17 9.32

Trucks 0.67 1.5 2.62 4.79

Tractors 0.54 1.65 2.12 4.31

IX. FUEL CONSUMPTION CALCULATION

Fuel consumption of vehicles is obtained using a

CSIR-CRRI report of 2009 for fuel consumption

of vehicles. The idling fuel consumption of vehicle

is multiplied with the total delay of vehicle

obtained in table 3. Table 4 gives different values

for fuel consumption of different vehicles.

Hours Delay calculated(sec/veh)

Lean hours 24

Average hours 38

Peak hours 90

Fuel Consumption at Signalized Intersection Due to Delay
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Table 4: Idling fuel consumption in ml/hr. (CSIR- CRRI 2009)

Serial

no.
vehicle type

Fuel consumption

(ml/hr.)
Fuel type

1 Maruti gypsy 1045 Petrol

2 Maruti van 692 Petrol

3 Lml motor cycle 129 Petrol

4 Bajaj pulsar 166 Petrol

5 Honda active 118 Petrol

6 Ambassador car 952 Diesel

7 Mahindra jeep 1052 Diesel

8 Hyundai santro 563 Petrol

9 Taxi 1010 Petrol

10 Tata sumo 717 Petrol

11 Tata indica 547 Diesel

12 Esteem 740 Petrol

13 LCV 690 Diesel

14 HCV 1240 Diesel

15 Bus 3610 Diesel

16 Auto rickshaw 700 CNG

With using table 3 and table 4, total fuel

consumption can be calculated by multiplying the

idling fuel consumption of different vehicles to the

total delay calculated in hours in table 3. Table 5

gives the total amount of fuel consumption of

different vehicles.

Table 5: Total Fuel Consumption of Different Vehicles

Sr.

No.
vehicle

Idling Fuel

Consumption

Total

delay

Total fuel

consumption
Fuel type

1 Bikes 150 ml/hr. 320.87 48.13L/hr. Petrol

2 Autos 700ml/hr. 57.37 40.11L/hr. CNG

3 Cars 900ml/hr. 77.39 69.65L/hr. Petrol

4 Buses 3610ml/hr. 9.32 33.64L/hr. diesel

5 Trucks 1240ml/hr. 4.79 5.93L/hr. diesel

6
Tractor

trailer s
690 4.31 2.97L/hr. diesel

From table 5 it is evident that a total of 117.78

litres of petrol, 42.54litres of diesel and 40.11litres

of CNG is extra utilised during this 12 hours

study. Table 6 shows the cost of extra fuel utilised

during this 12 hours study.

Table 6: Total Cost of Extra Fuel Consumed

Sr.

no.

Fuel

type

Fuel

consumed(L)

Present

rate Rs/l

Total

amount(Rs.)

1 Petrol 117.78 70.28 8227

2 Diesel 42.54 63.66 2708

3 CNG 40.11 51.95 2083

X. CONCLUSION

From this study it is concluded that a total of

117.78 litres of petrol is extra consumed Worthing

of INR.8227, 63.67 litres diesel of INR.2708 and

40.11 litres CNG of INR.2083. Thus during this 12

hour study a total amount of 13018 INR is utilised

on extra consumption of fuel. This study is limited

to 12 hours and to one intersection only, if the
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same study to be carried out annually and on all

intersection of city then a huge amount of fuel

wasted can be carried out.

XI. REMEDIAL MEASURES:

As it is well versed that petroleum products are

non-renewable resources and cannot be

replenished in short span. Also petroleum

products are a major source of carbon emissions

largely responsible for environment deterioration,

they must be sustainably utilised.

● Switching off behaviour

● Encouraging public transport

● Encouraging non-motorised mode

● Imparting traffic education

● Removal and shifting of bus stand from centre

of the city.

● Strict measure to remove encroachment from

roadside.

● Route diversion of heavy vehicles.
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Optimizing Texture Position for Improved
Dynamic Stability and Operational

Performance in Two-Lobe Journal Bearings
Niranjan Singhα& R.K Awasthiσ

_____________________________________

ABSTRACT

This research paper presents a theoretical

investigation into the optimization of texture

position in two-lobe journal bearings using finite

element method (FEM). Journal bearings play a

vital role in various industrial applications by

supporting rotating machinery and ensuring

efficient operation. Surface texturing has

emerged as a promising technique to enhance

tribological performance by altering the

hydrodynamic lubrication mechanisms. The

present study is focussed on the influence of

texture position on dynamic stability and

operational efficiency. Through the development

of a comprehensive FEM model, the dynamic

behavior of the bearing system is analyzed under

varying texture positions. The effects of different

texture locations on the dynamic coefficients,

including stiffness and damping, are evaluated to

understand their impact on stability and

performance. Subsequently, the operational

performance metrics, such as friction reduction

and load-carrying capacity, are quantified. The

optimization process involves systematic

exploration of texture positions using numerical

algorithms to identify the optimal configuration

that maximizes dynamic stability and

operational efficiency. The outcomes of this study

provide insights into the intricate interplay

between texture placement and the bearing's

dynamic response, shedding light on the

underlying mechanisms that lead to improved

performance.

Keywords: two-lobe textured journal bearing,

load carrying capacity, dynamic stability, critical

mass of journal, threshold speed, whirl frequency

ratio.

I. INTRODUCTION

Two-lobe journal bearings find extensive use in

various industries due to their capacity for

high-speed, high-load support with minimal

friction and wear. However, surface texture

significantly impacts their performance. By

enhancing lubrication and decreasing friction and

wear, surface texturing improves these bearings.

Such textures aid in generating hydrodynamic

pressure and maintaining lubricating films.

Texture attribute like location influence bearing

performance. Optimal design parameters can be

identified through numerical simulations and

experiments.

Several studies have been undertaken to explore

the effect of texture location on the performance

parameters of two-lobe journal bearings. Hsu et

al. [1] explored texture location's impact on

performance of dynamic-loaded two-lobe journal

bearings. Their study revealed that placing the

texture at the leading edge enhanced load capacity

and decreased friction, as opposed to mid-span or

trailing edge placement. Kim et al. [2]

investigated the impact of texture location and

depth on two-lobe journal bearing performance

under different conditions. They found that a 10

µm deep texture placed at the bearing's trailing

edge improved stability and decreased friction. In

contrast, placing the texture at the mid-span

yielded opposite effects. Lee et al. [3] studied the

effect of texture location on the performance of

two-lobe journal bearings under various
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lubrication regimes. They found that placing the

texture at the mid-span of the bearing surface

improved its load-carrying capacity and reduced

its friction coefficient vis-a-vis placing the texture

at the edges of the bearing surface.

Park et al. [4] studied the effect of texture location

and depth on the performance characteristics of

two-lobe journal bearings. They found that

placing the texture at the edges of the bearing

surface improved its stability and reduced its

friction coefficient, while placing the texture at the

mid-span of the bearing surface had the opposite

effect. Experimental and numerical investigations

were undertaken by Karthikeyan et al. [5] to

explore the influence of texture location on the

load-carrying capacity of two-lobe journal

bearings. They found that the load-carrying

capacity increased by 7.5% when the texture was

located at 60° from the leading edge of the

bearing. Using a combined experimental and

numerical approach, Li et al. [6] conducted a

study to examine the impact of texture location on

the friction and wear characteristics of two-lobe

journal bearings. Their findings revealed that the

lowest friction coefficient and wear rate were

achieved when the texture was located at 120°

from the leading edge of the bearing.

Wu et al. [7] studied the effect of texture location

on the stability of two-lobe journal bearings using

a nonlinear dynamic analysis. They found that the

stability threshold increased by 22.5% when the

texture was located at 90° from the leading edge

of the bearing. Zhang et al. [8] conducted a study

to explore the influence of texture orientation and

location on the performance characteristics of

two-lobe journal bearings. The researchers

discovered that placing the texture at the edges of

the bearing surface with a 45° orientation resulted

in enhanced load-carrying capacity and reduced

friction coefficient, in contrast to placing the

texture at the mid-span of the bearing surface

with a 90° orientation. Zhou et al. [9] conducted

an experimental study to explore the effect of

different texture locations on the performance

characteristics of two-lobe journal bearings. Their

results revealed that the texture location had a

significant impact on the friction coefficient and

the bearing's stability. They concluded that the

optimal texture location was at the midpoint of

the bearing's length.

Zhang et al. [10] studied the impact of texture

location on the performance characteristics of

two-lobe journal bearings under misalignment

conditions using numerical simulations. They

reported that the maximum oil film pressure was

obtained when the texture was located at 180°

from the leading edge of the bearing. In another

study, Qiu et al. [11] conducted numerical

simulations to investigate the impact of texture

location on the lubrication performance

parameters of journal bearings. The authors

found that the optimal texture location depended

on the load and the sliding velocity. Wang et al.

[12] investigated the effect of texture location on

the dynamic characteristics of a two-lobe journal

bearing. The findings clearly indicated that the

placement of textures had a notable impact on the

dynamic stiffness and damping characteristics of

the bearing. Based on these results, the authors

reached the conclusion that by optimizing the

location of textures, the dynamic performance of

two-lobe journal bearings could be improved.

Li et al. [13] investigated the effect of texture

location and texture size on the performance of a

two-lobe journal bearing. The results showed that

the texture location and size had a significant

effect on the friction coefficient and load capacity

of the bearing. The authors proposed an

optimization method to determine the optimal

texture location and size for improved bearing

performance. Wang et al. [14] studied the impact

of texture location and pattern on the

performance parameters of two-lobe journal

bearings. The authors found that placing the

texture at the edges of the bearing surface with a

sinusoidal pattern improved its load-carrying

capacity and reduced its friction coefficient

vis-a-vis placing the texture at the mid-span of the

bearing surface with a rectangular pattern.

Li et al. [15] investigated texture positions'

influence on two-lobe journal bearings using both

experiments and simulations under varied loads.

Their findings indicated the midpoint as the

optimal texture location for all loads, impacting

oil film thickness, pressure distribution, and
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friction coefficient of the bearing. Zhao et al. [16]

studied the effect of texture location on the load

carrying capacity and friction coefficient of a

two-lobe journal bearing. The study's findings

revealed a substantial influence of texture location

on both the load carrying capacity and friction

coefficient of the two-lobe journal bearings.

Consequently, the authors concluded that by

optimizing the location of textures, the

performance characteristics of these bearings

could be enhanced. Another study by Liu et al.

[17] examined the effect of texture location on the

stability of a two-lobe journal bearing. The

authors found that the texture location had a

significant effect on the stability of the bearing.

They proposed an optimization method to

determine the optimal texture location for

improved bearing stability.

After an extensive review of the available

literature, it has become evident that the

understanding of the influence of texture location

on the performance of two-lobe journal bearings

is still insufficient. Consequently, this study aims

to investigate the impact of texture location on the

dynamic stability and performance parameters of

two-lobe journal bearings operating under

laminar flow conditions. Fig.1 depicts the

schematic diagram of a smooth/textured two-lobe

journal bearing for reference.

Fig. 1: (a) Depicts the Geometry of Smooth Two-Lobe Journal Bearing, (b) Textured Two-Lobe Journal
Bearing

II. ANALYSIS AND MATHEMATICAL
MODELING

 

 

 

 

  
                                         (a)                                                                     (b) 

The non-dimensional form of the governing

Reynolds equation for a two-lobe journal bearing,

under the assumptions of Newtonian, isoviscous,

and laminar fluid flow, can be mathematically

represented as per previous studies [18, 19].

(1)

Where , and are cross apparent viscosity integrals and can be calculated as

, ,

Fluid –Film Thickness ( )ℎ

Optimizing Texture Position for Improved Dynamic Stability and Operational Performance in Two-Lobe Journal

Bearings

Lo
nd

on
 Jo

ur
na

l o
f E

ng
in

ee
ri

ng
 R

es
ea

rc
h

© 2023 Great ] Britain Journals Press 55Volume 23 Issue   Ӏ  Compilation 1.0 4                        |              | 



The dimensionless expression for the fluid-film thickness of a two-lobe journal bearing system can

be derived as per the findings from previous research [20].

(2)

Where and represent the local coordinates of the lobe center for the ith lobe.

The fluid-film thickness for the upper-lobe of the two-lobe bearing system can be expressed as

follows:

(2a)

The fluid-film thickness for the lower-lobe of the two-lobe bearing system can be expressed as

follows:

(2b)

Where = dimple depth.

In the case of a bearing surface featuring spherical textures, the dimple depth ( ) can be represented

by the following expression, as indicated in earlier investigations [21, 22].

(2c)

2.1 FEM formulation
The fluid domain is discretized using four-noded quadrilateral iso-parametric elements. The pressure

distribution within an element is assumed to be linear and can be mathematically expressed as [21]:

= (3)𝑃
𝑗=1

𝑛
𝑒

∑ 𝑃
𝑗 
𝑁

𝑗

Where 𝑁𝑗 represents the shape function of the element and 𝑛𝑒 denotes the number of nodes per

element. By employing Galerkin's Finite Element Method (FEM) approach, the global system of

equations can be expressed in algebraic form as detailed in previous research [21].

(4)

(4a)
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Where, l1& l2 are the direction cosines and i, j =1,2.......... .𝑛
𝑒

2.2 Boundary Conditions

The solution is obtained by applying the

following boundary conditions:

a) The pressure at nodes located on the external

boundary is set to zero.

b) The pressure of the fluid at the trailing edge of

the positive region is assumed to be zero.

c) The pressure at the leading edge is considered

to be atmospheric.

By simultaneously solving Equation (4), the

pressure and fluid flow are determined. This

approach is employed as, at each node, one of the

two variables is already known.

2.3 Performance Characteristics

Static performance characteristics

Load carrying capacity ( ): The fluid-film

reaction components along the X and Z directions

can be expressed as per the findings from a

previous study [23].

(5)

(6)

The resultant load carrying capacity is expressed as

(7)

Attitude angle ( ): The calculation of the attitude angle ( ) is performed using the following method:

(8)

(4b)

(4c)

(4d)

(4e)

Fluid-film Frictin force ( ): The computation of the friction force in a journal bearing is

accomplished using the equation provided in previous research [24].
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(9)

The friction force in a journal bearing is determined based on the equation (9), wherein represents

the normalized Couette shearing stress. In the case of laminar flow, is set to zero.

The coefficient of fluid-film friction can be calculated using the following relation

(10)

Dynamic performance characteristics

The dynamic performance characteristics refer to the behavior and performance of a system under

varying dynamic conditions. By analyzing the dynamic performance characteristics, researchers can

assess and optimize the system's response to dynamic forces and vibrations, ensuring its reliability,

efficiency, and safety.

Fluid-Film Stiffness Coefficients: The dimensionless form of the fluid-film stiffness coefficients can be

expressed as per the findings presented in previous research [25].

(11)

The index 'i' corresponds to the force direction, while the index 'q' pertains to the displacement

direction concerning the coordinates of the journal center. The matrix of fluid-film stiffness

coefficients can be represented as follows:

=

(12)

Fluid-film Damping Coefficients: In non-dimesionalized form, the coefficients of fluid-film damping

can be represented as [25].

(13)

Where represents the velocity components at the center of the journal.

The matrix of fluid-film damping coefficients can be expressed as
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=

(14)

III. SOLUTION PROCEDURE

The study employed Finite Element Method (FEM) to analyze the effect of texture location on the

performance of two-lobe journal bearings. The authors
25

detailed the selection of axial and

circumferential elements and the overall methodology in their published work. To calculate static,

dynamic, and stability characteristics, a systematic approach is developed considering texture location.

A visual representation of the computation steps is given in Fig. 2, offering a clear and succinct

depiction of the process.
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Fig. 2: Flow Chart of Solution Procedure
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VI. RESULTS AND DISCUSSIONS
This study explores performance in smooth and textured two-lobe journal bearings through varied

texture positions. A MATLAB code is developed and validated against prior research, ensuring

computational accuracy. Static parameters align with Sinhasan and Goyal's [26] results, and dynamic

parameters match Lund and Thomson's [27] findings, as shown in Tables 1 and 2. The study's

operational and geometric parameters, outlined in Table 3, are derived from Singh and Awasthi's [25]

work.

Table 1: Comparative Analysis of Static Performance Parameters of Two-Lobe Journal Bearing
(Without Supply Groove)

1. Present work

2. Sinhasan & Goyal [26]

Table 2: Comparative Analysis Dynamic Performance Parameters of Two-Lobe Journal Bearing (With

Supply Groove 20° Arc)

1. Present work

2. Lund & Thomson [27]

Table 3: Geometric and Operating Values Used for Two-Lobe Textured Journal Bearing [25 ]

 
Performance                                                     ε = 0.25                                                      ε = 0.35                    
Characteristics                                        1                             2                                  1                             2  

0W                                                        3.2621                    3.1388                         5.5825                     5.6887 
                                                           83.621                     84.26                         80.2180                    78.83     

 
Performance                                                     ε = 0.25                                                      ε = 0.35                    
Characteristics                                        1                                  2                                   1                                 2  

0/xxS W                                       0.855                      0.82                       1.038                   1.14 

0/xzS W                                      3.3787                      3.43                        1.54                       1.52 

0/zxS W                                   -4.3815                   -4.51                      -3.46                    - 3.54 

0/zzS W                                    6.8685                    6.95                       5.16                      4.99 

0/xxC W                                    3.75                        3.86                       2.49                      2.49 

- 0( ) /xz zxC C W                          2.426                     2.55                       0.011                     0.01 

0/zzC W                                   13.457                   13.74                      8.90                       9.04 

Operating and geometric parameters                                          Non-Dimensional Value 

Speed parameter (��)                                                                                 1.0 
Eccentricity ratio (ε)                                                                                  0.3 
Clearance ratio (Cr)                                                                                  0.001 
Aspect ratio (L/D)                                                                                     1.0 
Shape of micro-dimple                                                                              Spherical  
No. of dimples in circumferential direction (N�θ)                                     7  
No. of dimples in axial direction (N�θ)                                                      4 
No. of nodes                                                                                               63×21 
Area density of dimple (Sp)                                                                       50% 
Dimple radius (�̅�)                                                                                     0.16 

Dimple depth (ℎ�p)                                                                                      0.16 
Offset factor (�̅ )                                                                                       0.4                       
a                                                                                                                 0.2 
b                                                                                                                 0.2 
Lx                                                                                                               2a 
Lz                                                                                                               2b 
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The arrangement of textures on the bearing surface plays a crucial role in determining the performance

characteristics of a two-lobe journal bearing. These textures are strategically placed depending on their

location relative to the upstream and downstream regions of the bearing surface. In order to identify

the most effective placement of textures on the bearing surface, nine different configurations of

partially textured two-lobe journal bearings are considered, as illustrated in Fig. 4. Fig. 5 depicts the

distribution of circumferential fluid-film pressure at the axial mid-plane of both smooth and textured

two-lobe journal bearings.

Fig. 4: Different Configurations of Partially Textured Two-Lobe Journal Bearing

Surface texturing introduces alterations in fluid-film pressure distribution, as depicted in Fig. 5. In the

context of hydrodynamic lubrication, pressure is primarily generated near the region of minimum

fluid-film thickness or clearance, while it reaches its lowest point at the area of maximum clearance or

film thickness. In a two-lobe journal bearing, two pressure profiles form due to the dual fluid

films—each for upper and lower lobes.
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Fig. 5: Circumferential Fluid-Film Pressure at the Axial Mid Plane (β=0.0) for Bearing Configurations at

ε=0.3

Load Carrying Capacity (𝐹
0
)

Fig. 6 shows the variation in load carrying

capacity ( for smooth and textured journal𝐹
0
)

bearings, plotted against the location of textures

on the bearing surface in the circumferential

direction. Notably, the load carrying capacity of

partially textured journal bearings reaches its

maximum improvement when the textures are

positioned within the pressure built-up region

spanning from =148° to =308° in theθ
1

θ
2

circumferential direction, covering the entire axial

direction. This improvement is in comparison to

the load carrying capacity of smooth journal

bearings. Similar findings have been reported by

Singh & Awasthi [24]. For a specific dimple depth

of 0.16, there is an 18.90% increase in the load

carrying capacity as compared to a smooth journal

bearing.

Maximum fluid-film pressure (𝑃
𝑚𝑎𝑥

)

Fig. 7 illustrates the variation in maximum

fluid-film pressure ( for both smooth and𝑃
𝑚𝑎𝑥

)

textured journal bearings, plotted against the

location of textures on the bearing surface in the

circumferential direction. It is noted that the

maximum fluid-film pressure of partially textured

journal bearings exhibits an improvement when

the textures are positioned within the pressure

built-up region spanning from =125° to =285°θ
1

θ
2

in the circumferential direction, covering the

entire axial direction. This improvement is in

comparison to the maximum fluid-film pressure

of smooth journal bearings. Similar results have

been reported by Singh & Awasthi [24]. For a

specific dimple depth of 0.16, there is a

remarkable 157.78% increase in the value of

maximum fluid-film pressure ( when the𝑃
𝑚𝑎𝑥

)

textures are created in the region of 125°-285°, as

compared to a smooth journal bearing.

Attitude angle (Φ)
Fig. 8 presents the variation in the attitude angle

(Φ) for both smooth and textured journal

bearings, plotted against the location of textures

on the bearing surface in the circumferential

direction. It is observed that the attitude angle (Φ)

of partially textured journal bearings reaches its

minimum value when the textures are positioned

within the pressure built-up region ranging from

=148° to =308° in the circumferentialθ
1

θ
2

direction, covering the entire axial direction. This

minimum value indicates that the partially

textured journal bearing exhibits greater stability

when the textures are created within the zone of

148°-308°, compared to a smooth journal bearing.

For a specific dimple depth of 0.16, there is a

9.79% decrease in the value of attitude angle for

the textured journal bearing, in comparison to the

smooth journal bearing.

Lubricant end flow ( )𝑄
Fig. 9 depicts the variation in lubricant end flow

for both smooth and textured journal bearings,
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plotted against the location of textures on the

bearing surface in the circumferential direction. It

is noted that the lubricant end flow of partially

textured journal bearings achieves its maximum

value when the textures are positioned within the

pressure built-up region spanning from =125°θ
1

to =285° in the circumferential direction,θ
2

covering the entire axial direction. This maximum

value indicates that the partially textured journal

bearing exhibits a higher lubricant end flow

compared to the smooth journal bearing. Similar

results have been reported by Singh & Awasthi

[90]. For a specific dimple depth of 0.16, there is a

significant 28.50% increase in the value of

lubricant end flow compared to the smooth

journal bearing.

Fluid-film friction coefficient ( )𝑓
Fig. 10 illustrates the variation in the fluid-film

friction coefficient ( ) for both smooth and𝑓
textured journal bearings, plotted against the

location of textures on the bearing surface in the

circumferential direction. It is observed that the

fluid-film friction coefficient ( ) of partially𝑓
textured journal bearings reaches its minimum

value when the textures are positioned within the

pressure built-up region ranging from =148° toθ
1

=308° in the circumferential direction, coveringθ
2

the entire axial direction. This minimum value

indicates that the partially textured journal

bearing experiences reduced fluid-film friction

compared to the smooth journal bearing. It

demonstrates that the flow of lubricant is more

efficient in the case of a partially textured journal

bearing when the textures are created within the

zone of 148°-308°. For a specific dimple depth of

0.16, there is a remarkable 119.36% decrease in

the value of the fluid-film friction coefficient ( )𝑓
for the textured journal bearing, compared to the

smooth journal bearing.

4.1 Fluid-Film Stiffness Coefficients

In general, a higher stiffness coefficient indicates

a bearing with greater stiffness capable of

supporting heavy loads without excessive

deflection. The presence of textures on the

bearing surface can significantly influence the

stiffness coefficients. When textures promote

hydrodynamic lubrication, they contribute to

increasing the stiffness coefficients. On the other

hand, textures that hinder lubrication can lead to

a decrease in stiffness. This is because

hydrodynamic lubrication helps maintain a thin

film of lubricant between the journal and bearing

surfaces, reducing friction, wear, and increasing

stiffness. Fig. 11 demonstrates the impact of

texture location on the fluid-film stiffness

coefficient in the horizontal direction of a

two-lobe journal bearing. It is observed that the

value of the fluid-film stiffness coefficient in the

horizontal direction increases by 38.45% when the

textures are created within the region of

148°-308° in the circumferential direction,

covering the entire axial direction, compared to a

smooth journal bearing.

Similarly, the texture on the bearing surface can

be designed to achieve the desired stiffness

coefficient in the vertical direction. This can be

accomplished by optimizing the distribution of

surface textures to enhance the contact area

between the journal and the bearing surface. Fig.

12 illustrates the effect of texture location on the

fluid-film stiffness coefficient in the vertical

direction of a two-lobe journal bearing. It is noted

that the value of the fluid-film stiffness coefficient

in the vertical direction increases by 7.33% when

the textures are created within the region of

125°-285° in the circumferential direction,

covering the entire axial direction, compared to a

smooth journal bearing. Surface textures tend to

enhance the stiffness coefficient in the vertical

direction because they provide additional contact

area between the journal and the bearing surface.

This increased contact area requires a higher force

to move the journal vertically, resulting in a

higher stiffness coefficient.

4.2 Fluid-Film Damping Coefficients

Surface textures can have a significant effect on

the damping coefficients of a two-lobe journal

bearing. In a journal bearing, the damping

coefficients are affected by the flow of lubricant

within the bearing. Fig. 13 illustrates the impact of

texture location on the fluid-film damping

coefficient in the horizontal direction of a
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two-lobe journal bearing. It is observed that the

value of the fluid-film damping coefficient in the

horizontal direction increases by 1.81% when the

textures are positioned within the region of

194°-354° in the circumferential direction,

covering the entire axial direction, compared to a

smooth journal bearing. The introduction of

textures on the bearing surface can affect the flow

of lubricant, thereby influencing the damping

coefficient. These textures can enhance the flow of

lubricant and promote the formation of

hydrodynamic pressure, which is crucial for

damping vibration.

In general, the vertical damping coefficient of a

journal bearing is affected by the oil film thickness

and the frictional losses in the bearing. Surface

textures can affect the oil film thickness and

distribution, and therefore the damping

coefficient. Fig. 14 presents the impact of texture

location on the fluid-film damping coefficient in

the vertical direction of a two-lobe journal

bearing. It is observed that the presence of

textures on the bearing surface leads to a

reduction in the value of the fluid-film damping

coefficient in the vertical direction. The specific

decrease in the damping coefficient would depend

on the exact texture configuration and location.

The presence of textures might reduce the ability

of the bearing to retain and distribute oil

effectively, and leading to increased friction and

reduced damping.

4.3 Critical mass

Fig. 15 shows the effect of texture location versus

critical mass of a two-lobe journal bearing. When

a texture is added to the surface of a journal

bearing, it creates a pattern of small grooves or

ridges that can enhance the bearing's ability to

retain lubrication and reduce friction. This can

increase the load capacity of the bearing, allowing

it to support a higher mass. It is noticed that the

value of critical mass of a journal is increased by

an amount of 29.288% when the surface textures

are located in the zone of 125°-285° in the

circumferential direction and over the entire axial

direction in comparison to smooth bearing. A

careful design and testing are necessary to ensure

optimal performance of the bearing with the

texture in the desired location.

4.4 Threshold Speed

Fig. 16 shows the effect of texture location versus

threshold speed of a smooth/textured two-lobe

journal bearing. It is noted that the presence of

textures on the bearing surface at proper location

can increase the threshold speed of a journal

bearing. The reason being that the addition of

texture to the bearing surface can increase its load

capacity, which may allow it to operate at higher

speed without failing. For a specific eccentricity

ratio 0.3 and dimple depth 0.16, the value of

threshold speed of a journal bearing is increased

by an amount of 3.19% when the surface textures

are located in the zone of 125°-285° in the

circumferential direction and over the entire axial

direction in comparison to smooth bearing.

4.5 Whirl Frequency Ratio

Fig. shows 17 the effect of texture location versus

whirl frequency ratio of a smooth/textured

two-lobe journal bearings. The whirl frequency

ratio of a two-lobe journal bearing is influenced by

the location and geometry of the texture. The

texture location can affect the whirl frequency

ratio by altering the oil film flow, pressure

distribution, and contact area between the journal

and bearing. The simulation results indicate that

the value the whirl frequency ratio is found

minimum when the textures are created in the

circumferential zone of 125°-285° and over the

entire axial direction at eccentricity ratio 0.3 and

dimple depth 0.16 as compared to smooth

bearing. This is because of the reason that the

texture located at 125°-285° on the bearing

surface may reduce the stiffness of the bearing

and increases the amplitude of the shaft motion,

leading to a lower whirl frequency ratio.

Therefore, it is essential to conduct a thorough

analysis to determine the optimal texture location

and geometry for a specific application.
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Fig. 6: Load Carrying Capacity Versus Texture Location in Circumferential Direction

Fig. 7:Maximum Fluid-Film Pressure Versus Texture Location in Circumferential Directio
n

Fig. 8: Attitude Angle Versus Texture Location in Circumferential Direction
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Fig. 9: Lubricant End Flow Versus Texture Location in Circumferential Direction

Fig. 10: Fluid-Film Friction Coefficient Versus Texture Location in Circumferential Direction.

Fig. 11: Fluid-Film Stiffness Coefficient in Horizontal Versus Texture Location in Circumferential

Direction
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Fig. 12: Fluid-Film Stiffness Coefficient in Vertical Versus Texture Location in Circumferential Direction

Fig. 13: Fluid-Film Damping Coefficient in Horizontal Versus Texture Location in Circumferential

Direction

Fig. 14: Fluid-Film Damping Coefficient in Vertical Versus Texture Location in Circumferential

Direction
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Fig. 15: Critical Mass Versus Texture Location in Circumferential Direction

Fig. 16: Threshold Speed Versus Texture Location in Circumferential Direction

Fig. 17:Whirl Frequency Ratio Versus Texture Location in Circumferential Direction
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V. CONCLUSIONS

This theoretical research paper delved into the

critical aspects of optimizing texture position in

two-lobe journal bearings to enhance both

dynamic stability and operational performance.

Through a comprehensive exploration of the

underlying principles and governing equations,

this study has contributed valuable insights to the

field of tribology and mechanical engineering.

Bases on the results presented, the following

conclusions can be drawn:

1. The study underscores the importance of

placing surface textures strategically within

bearing clearance zones. Such placement

significantly influences the dynamic behavior

of the bearing system, reducing instabilities

caused by operational variations like load

shifts, speed fluctuations, and changes in

lubrication.

2. Analyzing texture position's impact on

stability charts and whirl frequency ratios

reveals the link between surface patterns and

bearing dynamics. Optimal texture placement

significantly boosts dynamic bearing stability,

reducing risks of vibrations and system

failures.

3. The study delves into key benefits resulting

from optimal texture positioning, including

improved load carrying capacity and reduced

friction. These advantages collectively

contribute to extending bearing lifespan,

reducing maintenance requirements, and

increasing the operational efficiency of

machinery and rotating equipment.

Nomenclature

NOMENCLATURE

Dimensional Parameters

c: Radial clearance, mm

D: Diameter of journal, mm

Dij : Fluid-film damping

coefficients (i, j=1, 2)

e: Eccentricity of journal, mm

F: Fluid-film reaction , N
∂ℎ
∂𝑡 ≠ 0( )

: Fluid-film reaction components𝐹𝑥
1
, 𝐹𝑧

1

in

X and Y direction , N
∂ℎ
∂𝑡 ≠ 0( )

h: Nominal Fluid-film thickness, mm

hp: Dimple depth, mm

L: Bearing length, mm

l1, l2: Direction cosines

N: Rotational speed, rpm

: Bearing center𝑂
𝐵

: Journal center𝑂
𝐽

p: Pressure, N/mm
2

: Reference pressure, N/mm
2𝑝

𝑠

r = 𝑥
𝑙

2
+ 𝑧

𝑙

2

, : Radius of journal and bearing, mm𝑅
𝑗 𝑅

𝑏 

S: Sommerfeld Number

: Fluid-film stiffness coefficients𝑆
𝑖𝑗

(i, j=1, 2)

t: Time, sec

W: Load Capacity, N

: External load, N𝑊
0

x: Circumferential coordinate

y:Axial coordinate

: Coordinates of journal center

X, Y, Z: Cartesian coordinate system

z: Coordinate along film thickness

Non-Dimensional Parameters
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, dimple radius

Sp= , area density of dimple
𝐿

𝑥
×𝐿

𝑧

π𝑟
𝑝

2

: eccentricity ratio

: Preload factor

θ: Textured zone

μ: Lubricant viscosity, Pa. sec

: Angular coordinate, radianα
: Angular speed, radian/secω

𝑟𝑎𝑑
 

: Attitude angle, radian∅ 

= Assembled Fluidity Matrix

= Nodal pressure Vector

= Nodal Flow Vector

= Column Vectors due to

hydrodynamic terms

=Global right hand side

vectors due to journal center linear

velocities.

b: Bearing

j: Journal

max: Maximum value

.
: First derivative w.r.t. time

Greek Letters

Matrices

Subscripts and Superscript
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