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ABSTRACT

A sustainable design is achieved by balancing the four aspects, so called the four Es, of
sustainability i environment, economy, equity, and engineeri@ven that geotechnical
constructions involve land transformations through earthworks and construction e$dalge
concrete and/or steel structures (e.g., bridge abutments, retaining structures, and tunnels),
geotechnical engineering can play a vitdermm sustainable development by ensuring that the
resources are consumed responsibly with minimakgions to the environmerit this thesis,
methodology frameworks, developed based on efivironmental impact assessmenit) (
reliability-based design, andiij multi-objective optimization, are proposed to facilitate the
process of sustainable design in geotechnical engineering. The frameworks are applied to common
geotechnical structures such as drilled shaft foundation, pile group, and mechanically stabilized
earth (MSE) wall. To quantify the environmental sustainability of-gjeactures, life cycle
assessment (LCA) is usetdCA utilizes inventory of energy and materials to calculate the
emissions from the life cycle stages and characterize the emissions into environmental impacts.
this thesis, the procedures of LCA, which have been tailored to geotechnical applications, are
demonstrated meticulously with detailed sample calculations to encourage the use of LCA in
standard design practices and to demonstrate the usefulnessgitibn obtained from LCA. In

fact, for example, it was fountbased o this research studthat the global warming impact and
human toxicity of a typical drilled shaft are 39 and 486% of annual world impact per person,
respectively. The use of reliabiltyased design (RBD) methods has been strongly promoted in
the last two decades to bettasktie the uncertainties involved in design and soil parameters; hence,

the connection between important factors in RBD and environmental impacts is investigated in



this thesis. Acomprehensive analysis conductedn the relationship between reliability and
global warming impact ofjeotechnical designs (i.e., drilled shaft and MSE walhsidering
uncertainties in soil propertiesjaterial propertiesapplied load, model, andesigndimension.
Parametric and sensitivity studies are systematically conducted using reliability anidy$iest-

order reliability method (FORM) and Monte Carlo simulatiarslLCA. To balance the multiple
aspects of sustainability, @ulti-objective optimization framework is proposed usingich
designers can determidesign dimensiorthat aim for minimizatioaof cost and global warming
impact and maximization of reliability of a geotechnical structure. The framawitides several
methodologiegcludingLCA, FORM, response surface methodology, anddaminated sorting
genetic algorithm (NSGAI). To encourage sustainability considerations in geotechnical
engineering design, charts are developed which are useful for determjngigb@l warming
impact of the gestructures designed withorking stress design (WS@hd RBD approaches and

(i) design dimensions optimized with respect to cost, engineering reliability, and environmental
impact, without the use of and knowledge in the sophisticated methodologies incorporated in the

proposed frameworks.



ACKNOWLEDGEMENTS

| would like to express my sincere gratitude to my supervisor, Dr. Dipanjan Bashjsfor
unwaveringsupport throughout mgntiregraduate studies at the University of Waterlbavas

indeed a long journey with many challenges and obstacles along the whis éntouragement
served as a driving force that kept me going throughout this joudigyechnical expertise and
philosophies were pivotal in broadening the knowledge and perspectives on my research studies.
| am deeply gratefub have had the opportunity to work widin. Basywho has been a remarkable
mentor offering guidance that has not only enriched my academic life but also had a significant

positive influence omy personal development.

| am also thankful to my examinilmmittee members, Dr. Giovanni Cascante, Dr. Rebecca
Saari, and DriKumaraswamyonnambalangnd the external reviewer, Dr. Tim Newstor,their
invaluable feedbacwhich was helpful forefining and improving the quality of my reseassid

thesis

| would like to extend my appreciation to my desifriends, Hannah Jin, Jennifer Yoo, and Jessica

Yoo for their support.

Lastly, | thank my belovedparents and brother for their constant support, patience, and

understanding throughout this long journey.

Vi



TABLE OF CONTENTS

Examining Committee Membership...........uuuiiiiiiiiiiieeee e ii.
Aut hor 6s .De.c.l.a . atal 0. e iii
N 0 1] 1 = ox AP PPPPRRRPPP \Y
ACKNOWIEAGEIMENES. ...ttt a e e e e e e e e e e e e e e e annna s s e e e e eeeeeeeeeees Vi
LIST Of FIQUIES. ...ttt e e e e e e e e e e Xii
S o B 1= o] =P RPN PP PPPPPPPPPPPPPR XVi
Chapter 1: SUSTAINABILITY IN GEOTECHNICAL ENGINEERING..........ccccoviiiiiiiiianee. 1
1.1 Need of Sustainable Practices in Geotechnical Engineering.............ccccccoeeviiiiinnens 1
1.2 Methodologies for Sustainability Assessment in Geotechnical Engineering............ 7
1.3 Reliability and SuStaiNability..........ccoooiiiiiiiiiii e 12
1.3.1 Methodologies for Reliability Analysis and RBD of Geotechnical Structures..14

1.4 Design Optimization of Geotechnical Structures...............oovvivveeiieeeeeeeie, 15
1.5 RESEAICH ODJECHVES. ... .ttt ieee ettt eeer et e e e e e e e e e e e e s s e e e e ns 17
1.6 SEruCtUre Of TRESIS. . ... nennee 17
PART I: LIFE CYCLE ASSESSMENT (LCA) IN GEOTECHNICAL ENGINEERING.......19
Chapter 2: LCA METHODOLOGY......cciiiiiiiiiiiiiiitieeesiibbbeeess e e s eeessesseeeeeeeaaaaeaeeeeas 19
2.1 GOAl ANU SCOPE...ceiieiiiiei e 21
2.2 Life Cycle INVeNtory ANAIYSIS...........oooviiiiiiiiiieeme e e 26
2.2.1 Raw Material Extraction and Refining, and Manufacturing..............ccccceeeeeeeee. 27
2.2.2 TraNSPOITALION. ...t ittt ie e et e et e e eeeb e e e et e e et e e e e e e e e e e e e e s ammmeeeeeeeeas 31
2.2.3C0ONSITUCTION. ..o eei ettt e ees st e e enes et e et e e et e eeeaeaeeeesmmmraeeaeeeaeens 34

2.3 Life Cycle IMpPact ASSESSIMEINL.........coiiiiiiiiiirrer bbb eeeess b e e e e eeeeeeeeas 36
2.3.1 COMPIALION. ...ceiiiiieieeeee e 37
2.3.2 ClaSSIfICALION. ... uuutiiiiiiiiiiiii ettt rmmr e e e e e e e e e e e e s s nees s nnnnes 38
pZRCIRC T O o F- T = Td (=] 74> 1o ] OSSR 39

Y2 T\ o] 1 4= 1742 £ [ R 24

P 1 (= o] =] = 1o o OSSPSR 43
2.5 SUMIMI@IY. .ottt e e e emea s e e e e e e e e e e e et e e e ammea s e e eeeeeeeeeeennnnnnnns 44
2.6 LiSt OFf SYMDOIS.....coiiiiiiiieeee e 45
Chapter 3: ENVIRONMENTAL IMPACTS OF PILE FOUNDATIONS.......ccovvvvieeiiiiiiiies 47
3.1 Problem DescCription @nd SCOPE........uuviiiiiiiiiie ettt rrmmme e 47
3.1.1 Design of Single and Group Drilled Shafts...............cuuuiiiiimmmiiiiiiiiiiiieeeeeen 48

vii



3.2 LCA Of DB SNATS ... e e e anenaaes 55

3.2.1 GOAl BNU SCOPE ... ..ttt ieeeiiie ettt e e e e e e e eeemr e e e et e e e e e e e e e e e e e e e s s ammmeaeeeeeas 55
3.2.2 Assumptions iN LCLand LCIA........ooori e 57

BB RESUILS ..ottt e e e e e eere s s e e e e e e e e e e e e e eeeeeeannneaeeeeeeeeeeeeeeennnrrnnnnn ] 63
3.3.1 Environmental Impacts of Single Drilled Shafts.............cccoooiiiices 64
3.3.2 Parametric Study of LCA of Drilled Shafts................oovviccciiieecceeee e 72
3.3.3 Environmental Impacts of Pile GroUpS...........cooooiiiiiimmmn e 80
3.3.4 GWP per Unit Volume and Length.............ooiiiiiienieee e 82

G IR [ 0] 4= VPP 84
3.5 LISt Of SYMDOIS.....euiiiiiiiiiiiii e 85
Chapter 4: ENVIRONMENTAL IMPACTS OF MECHANICALLY STABILIZIED EARTH
(MSE) WALLLS ...ttt e e ettt sttt et e e et s e e e e e e e e e e e aeeeeeeeas 87
4.1 Problem Description @and SCOPE..........uuuuiuimiiiiiieaeiiitiiinnieeeeeee e et e e e s esemrereeeeeeaeaaaeaeeens 87
4.1.1 Design Of MSE WalS..........uuuiiiiiiiie e eeeeeee s e e 90

4.2 LCA OF MSE WaIS... ...ttt e e e e e e e e e mnne e 96
4.2.1 GOl QNG SCOPE......cii ittt eeee et eeeene bbb e e e e et e e e e e e e e e emareeeeeaea? 96
4.2.2 Assumptions iN LCI and LCIA........oeeiiiei e eeeeen e 98

4.3 RESUIS ..eiiiiiiii ettt r et ettt et e e e e e e aaaaaas 105
4.3.1 Environmental Impacts of MSE WallS.............ciiiiiiioanee 106
4.3.2 Parametric study of LCA of MSE WallS........cccoooiiiiiiiiiiiceeiiciie e 109
4.3.3 GWP EStimation ChallS.........cuuuiiiiiiiiiiiieeeiiiiieeieee e 115

A4 SUMMIMAIY. ¢ttt e eeeea e e e e e e e e et et et e e e e s mnne e e e et e e eeeeeeeeee s as s ammme e e e s ne e e 117
4.5 LiSt Of SYMDOIS.....ciiii e 118
PART II: THE RELATIONSHIP BETWEEN RELIABILITY AND SUSTAINABILITY IN
GEOTECHNICAL ENGINEERING........cuutiiiiiiiiiiiii s ceeeiieeeee e rmmme e e e e e e e e 120
Chapter 5: RELIABILITY AND SUSTAINABILITY OF PILE FOUNDATIONS............... 120
5.1 Reliabilitybased DEeSIGN.......cccoiie i e 120
5.2 Drilled Shaft Cases CONSIAELEU.......ccoeeeeeeeieeeeeeeeee e eeeeeeeme e e eeeeaeeees 125
5.3 Probabilistic Characterization and Quantification................ccouvvieeereeiiie e, 126
5.3.1 S0il VariabIes..........uu e 126
5.3.2 DESIGN EQUALIONS. .....uuiiiiiiiiiiiiiiee ettt smmee e aeeeaan 128
5.3.3 Applied LOAAS. .....covuiiieiii e ————— 129
5.3.4 Pile DIMENSIONS......uuuuitiiiiiiae e eeeeiies e e e e e e e e e e et e aneea s s e e e e e e e e eaeeeeeesseernrnnneaeees 130

5.4 Reliability Analysis of Drilled Shaft...........cccoooiiiiiiiiioc e 130



5.5 Reliabilitybased Drilled Shaft DeSign.........cccoooeiiiiiiiiiieeee e 133

5.6 Environmental Impact ASSESSMENL...........ccccuuuiiiimmrriaiiiieb e eeeeeeeee e 135
5.7 Multiple RegresSion ANAIYSIS.........iiiiiiiii e eeieceeeiiis s e e e ee e e e eeeetenne e e e e e e e e e eeeaaennnnn 135
5.8 Connecting Reliability and Global Warming Impact of Drilled Shaft.................... 149
LIRS I =TS PRSP 151
5.9.1 ParametriC STUAY.........oooveiiiiiiiiiimmre et err s e e e e e e e e e e e s amaeaaas 152
5.9.2 Relationship Between Reliability and Global Warming Impact...................... 155
5.9.3 Global Warming Impact of LRFD DeSIgNS...........uuuiiiiiiiiiieeniiiiiiiieieeeeeeeeeeeen 159
5.9.4 GWP EStimation CRAITS.........coouiiiiiiiiiiiicee e e 160
5,00 SUMIMIATY ..ttt ie e ettt e ettt e e et e e e e e e et e 162
5.11 LiSt Of SYMDOIS ....uutiiiiiiiiiiiiii e 163
Chapter 6: RELIABILITY AND SUSTAINABILITY OF MSE WALLS.............eeeeiiiiiinne. 166
6.1 MSE Wall CONSIAEIEd..........uuiiiiiiiiiee e eeeee e e e e e e e e nnne s 166
6.2 Probabilistic Characterization and Quantification.................oevvvimemeeiiiiieeeeeiiiiiinnnns 166
6.2.1 SOIl ValNi@bIES......ccouiiiiiiee e 166
6.2.2 Reinforcement Material Properties.............uueiviiiiiieeeiiiiiiiieeeeeeeeee e 168
6.2.3 DESIGN EQUALIONS. .....eiiiiiiiiiiiiie ettt eeaaes 169
I A o o] 1= To I I - Vo £ PP 169
6.3 Reliability Analysis of MSE WallS..............uuuiiiiiiiiiieeeiiiiiiiiieeeeeeeee e 169
6.4 Reliabilitybased MSE Wall DEeSIgN.........oooiiiiiiiiiiiiieeee s 170
6.5 Response Surfaces for Estimating GMWR.............oooviiiie i, 171
B.6 RESUILS.....coiiiiieeeeeeee e e e e erre e e e e e e e e e e e e e e e e amnna e e e e e e eeeeeaeeeeeennnnnes 178
6.6.1 ParametriCc STUGY..........uuuuiiiiiiiiiiiieeeiiiie et eene s 179
6.6.2 Relationship Between Reliability and Global Warming Impact...................... 181
6.6.3 Relationship Between Reliability and Design Variables................coovvceeee. 182
6.6.4 GWP Estimation ChartS..........coooviiiiiiiiieeee e 183
AU [ 111 0 F= U/ PO 185
6.8 LiSt Of SYMDOIS .. .cooiiiiii e e e e 186
PART Ill: OPTIMIZATION FOR SUSTAINABLE GEOTECHNICAL DESIGN............... 187
Chapter 7: MULTIOBJECTIVE OPTIMIZATION FRAMEWORK........cccovvieiiiiiiiiiiiieen. 187
7.1 Need for an Optimization Framework in Geotechnical Engineering..................... 187
7.2 Multi-Objective Optimization Methods and Problems...............coooiiien e 188
7.3 Defining Input Variables and Objective FUNCLIQNS..............covvviiiiieeeiieeeeciiiceeeeeees 190
7.4 CONSITAINTS ....ciiiiiiiiiiiii sttt e e e e e e e enana s s s e e e e e e e e eeeeeeeeeesssbnnneeeeeeeeeeeennnnees 191



ST ST | PP TP TSP PPPPPPPPPPPP 192

700 SUIMIMIATY. .. ettt ettt ettt ettt e e et ettt e e e e emmeeeeeeetba e e eeeeassan e e amanaseeeeesnnnnaaaeennes 201
7.7 LiSt Of SYMDOIS......cooiiiiiieeee e e e e e e e e e e e e e e e e aeeer e e e e aaeaas 202
Chapter 8: OPTIMIZED MSE WALL DESIGNS........ccuuiiiiiiiiiiiireniieee e 203
8.1 Selection of Design Variables and Bounds...............cooooiimnn e 203
8.2 Formulation of ObjeCtiVEUNCLIONS............ccooiiiiiiiiiiieeee e eeeneees 203
8.2.1Estimation of Environmental IMpPact............cccuviiiiiiimmmiiieeee e 204
8.2.2EStIMAtiON OFf COSL.....uuiiiiiiii e eeeeee e eaees 205
8.2.3Estimation of Engineering Reliability.................uuviiiiiccciiecce e 205
8.2.4Construction of Regression MOJEIS............oviiiiiiieeeie e 206
8.3 Formulation Of MOO PrOgraM...........cueiiiiiiiiiiiieeeeieeee e esrmmme e 207
B4 RESUILS ... eeet ettt e e e e e e e e e e e e e am— e e e e e e e e e e e e e e e aananae 208
8.4.1 Evolutions of MOO Results Over NS@IAStages and Generations................. 208
8.4.2 Relationships Between Objective FUNCLIONS.............ccccuviiimmmnniiiiivieeeee 211
8.4.3 MOO Results With RANQESML.........ccvvvieiiiiiieiciieeee e 215
8.4.4 MOO Results After Applying Cost CONSraint...........cooovviiiiiiiccceee e 215
8.4.5 Other Parameters that Affect the MOO results..............ooooeiiicccee e 218
8.4.6 Design Charts with Variable.H...............ooiiiiic e 218
8.5 SUMIMIAIY ...ttt ettt eree e e e e e e e e e et e et e e e eesnnneeeeeeeeeeeennnnnnnne 223
8.6 LISt Of SYMDOIS....coiiiiiiieeeeie e erer e 224
Chapter 9: OPTIMIZED PILE FOUNDATION DESIGNS........ccooiiiiiiiiiiiiieeeeeeee 225
9.1 Selection of Design Variables and Bounds...............cooooiiemriieiiiiieeee 225
9.2 Formulation of Objective FUNCHONS..........ccouiiiiiiiiii e 226
9.2.1 Estimation of Environmental ImpacL.............ccooiiiiiiieeei e 226
9.2.2 EStIMAtiON Of COSL....uuuiiiiiei e eeeeeeeeeeeee e e e e emmees 226
9.2.3 Estimation of Engineering Reliability..............coooriiiiiiiccc e 228
9.2.4 Construction of Regression ModelS.............uuciiiiiiceciiiiiiciie e eeeeees 228
9.3 Formulation of MOO ProgramsS............oeiiiiieiiiiieeiie e eeeeiiie e e e eeesvmmmssss e e e eennnnnas 230
S =S | USSP 230
9.4.1 Optimization of Single Drilled Shaft DeSignSs.............ccoeiiiiiiieemeeciiicee e, 231
9.4.2 Optimization of Pile Group DeSIgNS........ccuuuiiiiiiiiiieeceiie e eenme e 234
0.5 SUMIMIAIY....cteeiieeiettt et e e e e eeae s e e e e e e e e e e et et eeeessbnnneeeeeeeeeeeeennnnnnnes 238
9.6 LiSt Of SYMDOIS... .ot e e aeee 238
Chapter 10: CONCLUSIONS, limitations, AND FUTURE STUDIES...........cccccccvvvrrnee. 240

X



References

Xi



LIST OF FIGURES

Figure 1.1. The four EOs of s etal 20i50a.b.l.el devel

Figure 1.2. Scope of sustainable geoteChRCS..............uuuiiiiccceeeiicr e 5
Figure 1.3. Existingustainability assessment frameworks in geotechnical engineering...8
Figure 1.4. Probability of failure versus factor of safety (adapted from Lacasse and Nadim, 1996)

..................................................................................................................................... 14
Figure 2.1. Typical life cycle of drilled shafts............ccoovviiiiie s 20
Figure 2.2. Life cycle assessment Of BQICIUIES..........coooriiiiiiiiiiiiiceee e 21
Figure 2.3. Sample calculation of life cycle inventory analysis (LCI) for concrete............ 30
Figure 2.4. Sample calculation of life cycle impact assessment (LCIA) for cancrete......38
Figure 3.1. Top and section views of @ Pile QrOUD............uueiiiiiiiecrriiiir e e e e e e aeeeen 52
Figure 3.2. Sand profiles considered in this study: (a) Profile 1, (b) Profile 2, (c) Profile 3, (d)

Profile 4, and (€) Profil@ B.........oooreiiiiie et e e anee 54

Figure 3.3. Environmental impacts of a drilled shaft with fixed length and fixed diameter in (a)
soil profile 1 and (b) soil profile ZEnvironmental impacts normalized to the annual world
impact per person in 2010. [GW: global warming; IR: ionizing radiation; TA: terrestrial
acidification; ME: marine eutrophication; POF: photochemical oxidant formation; PMF:
particulate matter formatiordT: human toxicity; MET: marine ecotoxicity; FET: freshwater
L= ToT0 ] (0 )q [ Y SRR 66

Figure 3.4. Change in environmental impacts of drilled shaft designs with different pile diameters
in (a) soil profile 1 and (b) soil profile 2. Environmental impacts normalized to the drilled shaft
design with fixed diameter @p = 0.9 M........cciiiiiiiiii e 67

Figure 3.5. Breakdown of environmental impacts per life cycle stage of drilled.shafts...68

Figure 3.6. Relationship of normalized environmental impacts with drilled shaft dimensions: (a)
fixed length design approach and (b) fixed diameter design approach....................... 70

Figure 3.7. Environmental impacts as a function of volume of concrete for (a) Profile 1 and (b)
(011 = RS PPRPPPPPPN 70

Figure 3.8. Environmental impacts as a function of volume of steel reinforcement for (a) Profile 1
AN (D) Profil@ 2. ——————————— 71

Figure 3.9. GWPs of drilled shafts in different soil profiles under an appliedPlead00 kN73

Figure 3.10. Variation of GWP with soil properti€a) relative density, (b) critical state friction
angle, and (c) coefficient of earth pressure at mestnfalizationof GWP in the secondary
vertical axis is done with respect to the annual world impact per person, which is 10757 kg of
(@0 PRSP 76

Figure 3.11. Variation of GWP with (a) applied load, (b) factor of safety, and (c) volume of steel
reinforcement{normalizationof GWP in the secondary vertical axis is done with respect to the

annual world impact per person, which is 10757 kg of6LQ............cccoeiiiiiiimeerecccins 78
Figure 3.12. Relationship between designed length and diameter of drilled shafts for different
applied loads along with GWP contours (GWP in K€Q.........cooovviiiiiiiiieenne e 79

Figure 3.13. GWP versus omay hauling distance (normalization of GWP in the secondary
vertical axis is done with respect to the annual world impact per person, which is 10757 kg of

Figure 3.14. GWP of pile groupsr (a) different applied loads, (b) different centeicenter pile
spacings, and (c) different thicknesses of pile capgnfalizationof GWP in the secondary

Xii



vertical axis is done with respect to the annual world impact per person which is 10757 kg of

(010 PP RP TP PP PR 81
Figure 3.15. GWP per meter length of drilled shaft.................coooii e, 83
Figure 4.1. Schematic diagram of MSE Wall..........cccoooiiiiiiiiecciiii e, 89

Figure 4.2. Failure surface for internal stability design of MSE walls with (a) inextensible
reinforcements and (b) extensible reinforcements (adapted from FHWA, 2009h)......94
Figure 4.3. Typical life cycle of a mechanically stabilized earth (MSE) wall.................... 97
Figure 4.4. Life cycle inventory analysis (LCI) example for HDRE..................coovveeeen.. 100
Figure 4.5. Environmental impacts of MSE wallavironmental impacts normalized to the annual
world impact per person in 2010. [GW: global warming; TA: terrestrial acidification; ME:
marine eutrophication; POF: photochemical oxidant formation; PMF: particulate matter

formation; FET: freshwater @COtOMM] ...........ccceeeeiiiiiiiiiiieeee e 108
Figure 4.6. Breakdown of environmental impacts per life cycle stage of MSE walls with steel strips
................................................................................................................................... 109

Figure 4.7. Variation of GWP with soil properties (a) unit weights of backfill, retained, and
foundation soil (b) friction angle of backfill soil, and (c) friction angles of retained and
foundation soillnormalizationof GWP in the secondary vertical axis is done with respect to
the annual world impact per person, which is 10757 kg oECO...........cccceeiiiiiivieeennns 111

Figure 4.8. Variation of GWP with material properties of reinforcement (a) yield strength of steel
and (b) tensile strength of geog(ibrmalizationrof GWP in the secondary vertical axis is done
with respect to the annual world impact per person, which is 10757 kg-ej CQ......... 112

Figure 4.9. Variation of GWP with design parameters (a) live load surcharge, (b) factor of safety,
and (c) height of wallnormalizationof GWP in the secondary vertical axis is done with respect

to the annual world impact per person, which is 10757 kg eECQ...........ccooerrrvrrnnnnn. 113
Figure 4.10. Variation of GWP with transportation distances of reinforcement materials and soils
................................................................................................................................... 114

Figure 4.11. Estimation of GWP based on design dimensions of MSE wall with steel strips: (a)
vertical spacing of steel strip and (b) height of wall [Soil properties: 19 kN/n?, o = 19
KN/mM3, o= 16 KN/MP, L5 =36, L1 = 32, L1 = 30°] it eeme et 116

Figure 4.12. Estimation of GWP based on design dimensions of MSE wall with geogrids: (a)
vertical spacing of steel strip and (b) height of wall [Soil properties: 19 kN/n?, o = 19

KN/M3, o= 16 KN/IP, L5 = 367, L1 = 32, L 1= 307 eeoeeieieceeecee ettt 116

Figure 5.1. Probability distribution of safety margin..............cccooveiiieeciiicieiee e 122

Figure 5.2. lllustration of the firgirder reliability method (FORM)...........uvviiiiiiiiiiiicennne. 124

Figure 5.3. Distributions of (a) ultimate base resistdpga and (b) limit shaft resistand@s 133

Figure 5.4. Central composite design for 2 design variables................cc.ooeeeiiiiiiiiiinnne. 141

Figure 5.5. Normal probability plot of residuals for the full secorder model of GWR......145

Figure 5.6. Residual plot for the full seceadier model of GWR............cccvvviiiiiiiiieeciiinnnee. 145

Figure 5.7. (a) Response surface and (b) contour plot of global warming impact as a function of
PIlE AIMENSIONS. ..cciiiiiiieie ettt et e ettt e e e e e e e e e eeeeas 149

Figure 5.8. Variation of mean global warming impact for different mear(g)otritical state
friction angle, (b) relative density of soil, (c) unit weight of soil, (d) coefficient of lateral earth
pressure at rest, () model uncertainty associated with unit base resistance, (f) model uncertainty

associated with unit shaft resiate, and (g) ratio of live load to dead load................. 154
Figure 5.9. Relationship between global warming impact and probability of failure of drilled shaft
(0 =T [0 ] PR TTPPPPPPPPPN 156



Figure 5.10. Variation of global warming impact at different probabilities of failure for soil profile
1 and for different means @) critical state friction angle, (b) relative density of sail, (c) unit
weight of soil, (d) coefficient of lateral earth pressure at rest, () model uncertainty associated
with unit base resistance, (f) model uncertainty associated with unit shafamesisand (g)
ratio of live load to dead [0ad.............ooeiiiiiiiiii e 158

Figure 5.11. Global warming impact of drilled shaft using LRFD method assuming resistance
factorsfrom Basu and Salgado (2012) and @&FF 1.25 and (LR). = 1.75 (a) different soll
profiles and (b) with relation to resistance factors for all profiles..............cccovvveeeen. 160

Figure 5.12. Relationship of pile diameter, pile length, load ratio, and probability of failLG&

Figure 5.13. 2D projectiomf Figure 5.12with GWP contour lines (a) for different target
probability of failure and (b) for different load ratiQs..............cooevvviiiimmmeiiieiieeeeiiiiiiees 161

Figure 6.1. Central composite design used for construction of regression eodetdculating
global warming potential (GWP) and reliability indéx. of MSE wall (adapted from Myers
et al 2009) (a) 3D viewk = 3) and (b) top projected vieW £ 2)...........ccceiiviriririiiennnnns 175

Figure 6.2. GWP response surfaces as function dfg#) ands,, (b) Lr/H ands,, and (¢c)Lr/H
=L 0 | o USSR 177

Figure 6.3. Contours for GWP response surfacesy{b)ands,, (b) Lr/H ands,, and (c)Lr/H and

Figure 6.4. Variations of global warming impact for different mear{(g)ofinit weight of backfill
soil, (b) friction angle of backfill soil, (c) yield strength of steel, and (d) live load surcharge

Figure 6.5. Relationship between global warming impact and probability of failure of MSE walll
[0 =TS T | =SSR 181
Figure 6.6. Relationship between reliability index daylLr/H, (b) s,, and (¢c)s,» of MSE walls

Figure 6.7. GWP estimation charts for MSE walls with steel strips (@yrsusLr/H for different
pr, (b) s, versusLr/H for differentpr, (c) s, versusLr/H for differentq, and (d)H versusLr/H

L0 G0 L1 (=T =] 1 £ 184
Figure 7.1. Multiobjective optimization framework for sustainable geotechnical design190
Figure 7.2. General process of mudbjective optimization.............cccccevviiiiiieecciiiiiieneeeen, 190
Figure 7.3. Flowchart Of NSGM ..........coooo i e 193
Figure 7.4. Initialization, evaluation, and reproduction of NSIGA............ccceeevvvevivieeeeeennn. 194
Figure 7.5. DOMINANCE CHLEIIA..........ceveiiiiiiei et e e ereer e e e e e e e e e e e e e eeaes 196
Figure 7.6. Crowding distance of SOIULION. ...........ccoooiiiiiiiiiccc e 197
Figure 7.7. Elimination procedure in NS@A(adapted from Debt al, 2002)..................... 199
Figure 7.8. Constraint on the cost difference between solutions...............ccccoeeriiiinnes 201
Figure 8.1. MOO results after (a) initialization, (b) binary tournament, (c) reproduction, and (d)

elimiNAation Of NSGAID ....cooeiiii e e e e e e e erree s s e e e e e e e e e e e e e e eeeeeesnnnneeeees 209
Figure 8.2. Evolution of population @)t =1, (b)t=3, (c)t=5, (d)t=10, (e}t =50, and (ft =

B 2 0O TP 211

Figure 8.3. Sustainable solutions of MSE wall reinforced with (a) steel strips and (b) g&b§rids

Figure 8.4. Relationship between reliabilitgd (a) global warming impact, (b) total cost of MSE
wall reinforced with steel strips, and (c) between total cost and global warming impat4

Figure 8.5. Optimized solutions of MSE wall reinforced with (a) steel strips and (b) ge@g&ds

Xiv



Figure 8.6. Optimized solutions after application of constraint on cost difference: (a) steel strip

= g o I (o) 1o [T Yo | o PSS SSPPPP 217

Figure 8.7. Optimized design dimensions after application of constraint on cost difference: (a) steel
Strip and (D) GEOGIIA.......cco o e ana 217

Figure 8.8. Optimization design charts of MSE wall reinforced by (a) steel strips and (b) geogrids
................................................................................................................................... 221

Figure 9.1. Sustainable solutions for single drilled shaft designs..............cccvueeeeeeneeeee. 232

Figure 9.2. Relationship between reliability and (a) global warming impact, (b) total cost, and (c)
between global warming impact and total cost of single drilled shafts...................... 233

Figure 9.3. Design charts for optimized single drilled shaft designs..............ccovvveeee.. 234

Figure 9.4. Sustainable solutions for pile group designs...............ueeeeiieeeivviinieeeeeeeeeeeenn 235

Figure 9.5. Relationship between reliability and (a) global warming impact, (b) total cost, and (c)
between global warming impact and total cost for pile group............ooooeiiciieneieeeene 236

Figure 9.6. Design charts for optimized pile group designs................ceevcccreeeeevreenennnnn. 237

XV



LIST OF TABLES

Table 1.1. Sustainability assessment methods used in geotechnical engineering............ 9

Table 2.1. LCI and LCIA databases..........uuuiiiiiiiiiiieeeiiiiiiiiiieeeeee et 24

Table 2.2. Environmental impact categories (adapted from Huijbeegts 2017)................. 25

Table 2.3. Sample calculations for life cyat@entory analysis (LCI) of a single drilled shalf, (
= 15 M ANMBp = 0.8 M).eiiiiiiiiiiie e e aner e 28

Table 2.4. Example of life cycle inventory analysis (LCI) data for manufacturing 1 kg of cdncrete
..................................................................................................................................... 30

Table 2.5. Sample calculation of transportation emission for carbon dioxide (for transporting
concrete mix using a 2bnne capacity truCk)..........ooovriiiiiiiiiiicc e 33

Table 2.6. Sample calculations for life cycle impact assessment (LCIA) of a drilledlsiaft§
m andBp = 0.8 m) for global Warming...............eeeeiiiiiiieeeiiiiiiie e 36

Table 2.7. Sample characterization factors of emissions iN GWRER...............oceeceeeeennn. 40

Table 2.8. World impact per person in 2010 (normalization factors in LCIA) (adapted from RIVM,
120 1 ) PP PPPRPSP 43

Table 3.1. Range of parameters considered in drilled shaft design................................48

Table 3.2. Samples of drilled shaft deSigNS.........cccooeeiiiiiiieeei e, 55

Table 3.3. Summary of LCI databases used for drilled shafts..............ccveniiiririnnnnnnnld 58

Table 3.4. Characteristics of spboduct or assumptions used in LCA of drilled shatft....... 58

Table 3.5. Parameters for fuel calCulation................uueiiicceeiie e 63

Table 3.6. Environmental impacts of a drilled shaft{ 15 m andBp = 0.8 M).......ccccvvveennnn. 65

Table 3.7. Comparison with the results obtained from the EFFC/DFI Carbon Calculatoi7Tool

Table 3.8. GWP per unit volume of drilled shaft................cooooiiieeeiiiiiii e 83

Table 4.1. Values of parameters considered in MSE wall designs.................eveeeecevvennee. 89

Table 4.2. Resistance and driving forces/moments for external and internal stabilities of MSE wall
..................................................................................................................................... 91

Table 4.3. Samples of MSE wall deSIgnS.......cccooiiiiiiiiiiiieeeiic e eeeeeeeeeeeeeee e 95

Table 4.4. Estimation of masses for excavation, backfill, and reinforcemddtfat m,Lr/H =
O =T Lo YR O 10 N o  F SRR 95

Table 4.5. Life cycle processes, databases, parameters, and assumptions used in LCA of MSE
LT 7= U PP UPU PR PP 98

Table 4.6. Example of life cycle inventory analysis (LCIl) data for HDPE (adapted from NREL,
12 0 2 PP PPPERSRP 99

Table 4.7. Sample calculations for LCI of an MSE wall with geogrid reinforcement.....101

Table 4.8. Estimation of workload and production rate of the construction equipment for MSE wall
................................................................................................................................... 103

Table 4.9. Calculation of fuel volume used by the construction equipment for MSE.wallo4
Table 4.10. Sample calculations for LCIA of an MSE wall with geogrid reinforcement.105
Table 4.11. Environmental impacts of an MSE wall with geogtigd+4= 0.7 ands, = 0.45 m)

................................................................................................................................... 107
Table 4.12. Normalized environmental impacts of MSE walls with geodridd € 0.7 ands, =
O 43 TS PRP PRSP 107

Table 5.1. Characteristics of deterministic and random variables used in drilled shaft. d&3ign
Table 5.2. Expected performance level (adapted from U.S. Army CoErgyofeers, 1997)134
Table 5.3. Regression models for global warming impact of drilled shafts.................... 141

XVi



Table 5.4. Analysis of variance (ANOVA) for the GWP regression models................... 143

Table 5.5. Residual diagnOSHICS.......cciiiiiiieeiiiiiieeeee e e 144

Table 5.6. Results of regression diagNOSHCS ... ..uuiiiiiiiiiaiii it eeee e 147

Table 5.7. Resistance factors for LRFD of drilled shafts (adapted from Basu and Salgado, 2012)
................................................................................................................................... 151

Table 5.8. Sensitivity of GWP with respect to input variables............cccccvvvveeeeeieeeee 155

Table 6.1. Characteristics of deterministic and random variables for MSE.walls........... 167

Table 6.2. Coded and natural variables of the design variables..............cccoveeeeiiieennn. 172

Table 6.3. Regression models for global warming impact of MSE.Wall....................... 175

Table 8.1. Unit costs of material, construction work, and transportation activity for MSE)&all

Table 8.2. Regression models for reliability index of MSE wall................cccooivcivveennnnns 206

Table 8.3. Optimized design dimensions of MSE wall with steel strips..............cc......... 222

Table 8.4. Optimized design dimensions of MSE wall with geogrids...............cccccoeeen. 223

Table 9.1. Unit cost of single drilled shaft................cooiiiiiee e 227

Table 9.2. Unit COStS Of PIlE CAP....ceveiiiiiieeeeee e s 227

Table 9.3. Coded variables used in CCD of pile groupbor..........ccovveeeeiiiiiiivieeeiieeeeenns 229

Table 9.4. Maximum and minimum values of natural variables used in CCD of pile group (for
(T PP PPPPPRPS 230

XVii



CHAPTER 1: SUSTAINABILITY IN GEOTECHNICAL ENGINEERING
1.1 Needof Sustainable Practicesn GeotechnicalEngineering

In a broad context, sustainability advocates the-tgithg of human and other life forms
that is maintained over generatiomghin the carrying capacity of the earth.civil engineering,
sustainability can be achi evedendrgnméngécenonyyj ng t |
equity, and engineerings illustrated ifFigure1.1 (Basuet al, 2015).Geotechnical engineering
invol ves all the four E6s of sustainability
reliable, sustainable and resilient infrastructure, including regional and transborder infrastructure,
to support economic developmesmdd human welb e i ng o0, and in making i
settlements inclusive, saf e, resilien2030and su

Agenda for Sustainable Developmehthe United Nations (UN, 2015).

Resource and
pollution conflict

Environment Economy

Growth control o Redundancy and
conflict 2 ., profitability
[% conflict

Engineering

Access and
marginalization
conflict

Figurell. The four EO0s of sdapteddromBasbdta, 201B)v el op ment

There hadeen a rising awareness on the importance of employing sustainability principles
in civil and geotechnical engineering because the construction sector is responsible for nearly 40%
of carbon emissions and energy use in the w@ldbally, the building and construction sector

emitted 6.9 billion tonnes of direeinergy related carbon dioxide (@ 2019, which is equal to
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19% of the globatarbon dioxideemissionsUNEP, 2020). Manufacturing and use of construction
materials for buildings such as steel, cement, and glass, resulted in 3.5 billion tonnes of carbon
dioxideemissionsn 2019, which is 10% of all energy sector emissions. The main sources of direct
carbon dioxide emissions in the construction sector are the gasoline and diesel usesltéor on
construction operations (Huareg al, 2018). Other significant contributors to global carbon
dioxide emissions in the cetruction sector include the use of fossil fuels (e.g., hard coal and
natural gas) in processing sand and gravel, and in manufacturing -eaedygarbonntensive
materials like cement and steel. The construction sector is also the largest generatie of wa
resulting in 1.1 tonnes of waste (equivalent to 36% of the global waste) every&z?, (2015).
Construction of buildings accounts for 40% of annual stone, sand and gravel use, 25% of annual
timber use, and 16% of annual water consumption globally (Arena and de Rosa, 2003). Thus, the
construction sector is responsible for a significant portif emissions and resource consumption

in the world.

Global population growth and expanding economic activities are the major drivers of
natural resource use (UNEP, 2016). To accommodate higher living standards and human
wellbeing, the demand for civil infrastructure systems has been growing and the gtoduian
of materials has tripled since the 1970s (IRP, 2019). Manystgaotures are important
components of the physical infrastructure belonging to transportation, power and energy, and
defense sectors, and it is likely that the demand for geotetleoistruction will keep rising as
investments in infrastructure increase. Hence, ensuring responsible consumpticnenfaveable
resources and reduction of pollutants in construction are important for achieving sustainable
development. However, addrasgithese impacts has not been an integral part of geotechnical

designs, and the current practice has focused primarily on optimizing designs based on cost and



safety. Use of recycled materials has often been blindly accepted as an approach to reduce cost,
energy, and carbon footprint; however, quantitative environmental impact assessments are
necessary to verify the merits of using recycled materials. An absénasored guidelines of
environmental impact assessment for-ggactures and a lack of general awareness, experience,
and expertise among the geotechnical engineers are possibly some of the reasons why geotechnical
designs are not optimized withrespwthef our E 6 s o {Abreuetalt 2008;Damiand i t vy
et al, 2017; Holt et al, 2010; Jefferis, 2008).

Geotechnical constructions are directly connected with issues like depletion -of non
renewable resources and environmental pollution. For example, earthwork constructions for
embankments and subgrades consume substantial amounts of natural aggregatesdesand,
and gravel) while gestructures such as foundations, retaining structures, and tunnels are made of
energy and carbonintensive materials like cement, concrete, and steel. The production processes
of these construction materials consumenisicant amount of fossil fuels (e.g., hard coal and
natural gas), natural aggregates, and metal ores, and generate carbon emissions that significantly
contribute to global warming impact. According@obal Resource Outlook 2018RP, 2019),
the global iron and steel production chain causes the largest climate change impacts among metal
resources. Cement, one of the primary materials for concrete production, is responsible for 1.5%
of global anthropogenic carbon emissions becafisalcination of limestone (Spauldirgg al,

2008). The carbon emissions from the use of gasoline, diesel, and compressed natural gas for on
site construction operations are also concerning (Shilketkadr, 2014).Hence, the environmental
impacts of geotechnical structures cannot be overlooked. Efforts taowiarthization of the
environmental impacts of geotechnical structures should be made as early as possible in the design

phase (Baset al, 2015). In order to consider the environmental sustainability as a criterion in



geotechnical design, a proper estimation of the environmental impacts -strgetores is,
undeniably, necessary.

Geotechnical projects involvearth works ground improvement, building geotechnical
structures, and practice @eoenvironmentalengineering, which require consumption and
transportation of both natural resources (e.g., aggregates and soil) antacamaterials (e.g.,
concrete and steel) over the life cycle of the projects. Although geotechnical engineers cannot
solve global susinability problems, they can contribute significantly toward sustainable
development, as illustrated liigurel.2. In geotechnical engineering, the sustainability objectives
(i.e., desirable outcomes) can be considered as the followihgsergy efficiency and carbon
reduction, i{) materials and waste reductioii,)(maintaining natural water cycle and enhancing
natural watershed,i) climate change adaptation and resiliensg, €ffective land use and
managementy() economic viability and whole life cost, andij positive contribution to society
(Pantelidouet al, 2012). Bastet al. (2015) considered the following to be part of sustainable
geotechnical engineering practicg:yse of alternate, environment friendly materials reuse of
waste materials in geotechnical construction (e.g., use of construction and demolition wastes in
pavement subgrade, and appropriate use of geosyntheticg)névative, environment friendly
and energy efficient geotechnical techniques for site investigation, construction, monitoring,
retrofitting, ground improvement, and deconstruction (bigslopeengineering and use of natural
fiber in soil reinforcement),ii() retrofitting and reuse of foundations and other geotechnical
structures, i) use and reuse of underground space for beneficial purposes like pedestrian
pathways, public transit and water distribution system, and for storage of energy, carbon dioxide
and waste productsy)( characterization, analysis, design, monitoring, repairing and retrofitting

techniques in geotechnical engineering that ensure safety, serviceability, and resiignce, (



geotechnical techniques involved in the discovery and recovery of geologic resources like minerals
and hydrocarbons,vif) geotechnical techniques for pollution control and redevelopment of
brownfields and other marginal sitegiji() mitigation of geohazards (e.g., landslides, earthquakes,
heavy rainfall, and blast) that also include the effects of global climate chatgetactice of

energy geotechnics (e.g., gixilities for storage and extraction of renewable energy sources like
solar, wind, and gg#hermal energies)x) environmental and soceconomic impacts from geo
activities, for example from mining and petroleum extraction, dam construction and landfill/waste
disposal, Xi) practice of geoethics and geodiversity, aril) (development of sustainability

indicators and assessment tools in geotechnical engineering.

Global Systems
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Regional Systems
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4 \\

Infrastructure Systems
(Bridges and Buildings)

Environmental Systems
(Landfills and Levees)

--------

Sustainable Geotechnics

Engineering Solutions Environmental Impacts Economic Impacts Social Impacts
» Mitigation of geohazards > Reuse of waste materials » Resource use » Change in land use pattern
» Reliability and resilence of » Reuse of existing structures » Community development » Infrastructure and public
geo-systems » Renewable energy » Employment service

Figure 1.2. Scope of sustainable geotechnics



Over the last two decades, geotechnical engineering designs have undergone a paradigm
shift in North America and Europe from the traditional working/allowable stress design
(WSD/ASD) method to the limit state design method (LSD) or load and resistarmedasign
(LRFD) method (Fentoret al, 2016). The factor of safety in ASD, determined from ad hoc
assumptions and experience, is replaced by rationally and/or mathematically determined load and
resistance factors in LSD and LRFD. In North American practice, the load and resistance factors
are determined probabilistically with different target values of reliability index (or probability of
failure) so that the uncertainties associated with the designs can be approximately accounted for
(FHWA, 2010b). Reliability based design (RBD) method ma@e rigorous approach in which
the probability of failure is explicitly quantified on a cesgecific basis based on actual loads,
geologic site interpretations, geotechnical properties, and calculation models €W\&ng011).

LRFD and RBD both help reduce overdesign and ensure safety and serviceability with a quantified
level of probability of failure.

Restricting overdesign is necessary to not only minimize the construction cost but also
reduce the environmental impact. There is a growing awareness that the Earth has limited natural
resources, and geotechnical engineering has an important role inngvowxkruse of non
renewable materials and energy sources like natural aggregates, minerals, and fossil fuels (Abreu
et al, 2008; Bastet al, 2015; Pantelidoet al, 2012). The quantities of construction materials
differ based on how much risk the designer decides to accept. For example, a pile foundation
designed with 0.1% chance of failure will need larger dimensions to attain the desired level of
reliability thanthat designed with 1% chance of failure. Higher quantities of construction materials
increase energy consumption, emissions, and the embodied carbon considering the life cycle

(Purnell, 2012). Foa geotechnical structuremissions argypically generated during extraction



and refining of raw materials, production of construction materials like concrete and steel,
transportation of construction materials to the site, operation of construction machineries, and
decommissioning at its eraf-life span. Therefore, there is aelit relationship between reliability

of a geotechnical structurand its environmental impact#i. is necessary to understand and
guantify the relationship and tradés between safety and environmental impactgeattechnical
structuresso that optimal design outcomes can be achieved.

From the foregoing discussion, it is clear that sustainability problems require
multidimensional and lifecycle views in a systematic manner to unravel their complexities. A
balanced geotechnical design that not only ensures the safety and servicedlaldgp bises less
resources are considered sustainable. Therefore, sustainable design entails considering and
evaluating multiple criteria that include environmental impact, cost, and reliability over the life

cycle of the structure.

1.2 Methodologiesfor Sustainability Assessmenin GeotechnicalEngineering

In geotechnical engineering, a large number of studies are based on the common notions
of sustainability like recycling, reuse and use of alternative materials, technologies, and resources;
but, without a life cycle view, it is difficult to understand if these practices are truly sustainable.
For example, use of recycled materials may seerstaigable solution at all times; however, there
are cases in which the benefits of recycling are largely offset by the environmental impact of
transporting back the recycled materials and may be unsustainable when looked upon with a life
cycle point of viav. Thus, development and use of a proper sustainability assessment framework
is necessary to assess whether sustainable choices are indeed made for a project. Sustainability

assessment tools available in geotechnical engineering can be categorizgdsingbe( criterion



based methods (quantitative)),) (multiple criteria based methods (qualitative or quantitative or

combined), andii{) point based rating systems (quantitative), as showigurel.3.

Sustainability Assessment Methods in Geotechnical Engineering

Qualitative Methods Quantitative Methods
Color Coded Charts and Figures Rating Systems
Sustainability Metrics
SGEM EGIs [
GeoSPeAR Geo-SAT | |
SPeAR
Greenlites Single Criterion Based Multiple Criteria Based
I-LAST Global warming potential LCA
Greenroads Carbon footprint LCC
Green Pavement Rating System Embodied carbon GAPI
Cumulative energy demand BE2ST-in-Highways
Embodied energy Environmental Sustainability Index
SEEAM
DPSIR
MIVES

Figure 1.3. Existing sustainability assessment frameworks in geotechnical engineering

Quantitative environmental metrics like global warming potential, carbon, embodied
carbon, cumulative energy demand, embodied energy and a combination of embodied energy and
emissions (carbon dioxide, methane, nitrous oxide, sulfur oxides and nitroges)dxade been
used to compare competing alternatives in geotechnical enginedomgver assessment of
sustainability on the basis of a single metric like embodied carbon or global warming potential
involves ad hoc assumptions, puts excess emphasis on the environmental aspects, and neglects the
technical, financial and social aspects (Jsffaet al, 2007). According to Carpentetral. (2007),

a combination of life cycle analysis and site and material specific factors is more contextual for
any decisiormaking framework than a singular metric. The multidimensional aspect of
sustainability has been addressed in geotechnical engineering through qualitative and quantitative
methods. Qualitative models are comprised of indicators that are evaluated baskudl coded

rose diagrams. Life cycleased tools have been widely used for quantifying environmental

impacts or costs that are expected over the life cycle of geotechnical prafeatgcle assessment



(LCA) and life cycle costing (LCC) have been particularly used. LCA focuses on quantifying the
environmental impacts and LCC is used to quantify the costs associated with the life cycle of a
system. The third approach to sustainability assessment comprisebgs®d rating systems in

which points scored in different relevant categories are used as measures of sustainability of
geotechnical projectsTable 1.1 summarizes the past studies that developed or utilized
sustainability assessment methods for various geotechnical applications. It is important to note that
sustainability assessment frameworks in geotechnical engineering shoabd(a life cycle view

of the geotechnical processes and products (Bradiaylor, 2011),f) i ncor por at e al |l
of sustainability (Holtet al, 2010; Steedman 2011)ii Y enforce sound engineering design and
maintenance i) assess the reliability and resilience of the-ggstem and offer flexibility to the

user to identify site specific needs, amyigccount for uncertainties in geotechnical works. Many
studies, especially the single criterion based methods, focused on assessing sustainability solely
based on environmental impacts and did not incorporate multidimensional perspective by
capturingthdoure 6 s of sustainabil i ty. Tadfel.Xdidhotaonsidemost s

the impact of engineering design (e.g., reliapjldn sustainability.

Table 1.1. Sustainability assessment methods used in geotechnical engineering

Sustainability Application Indicator, metric, rating, References

assessment or model

method

Single criterion ~ Concrete retaining  Global warming potential ~ Storesuncet al

based methods  walls and (2008)
bioengineered slopes
Ground improvement Carbonfootprint Spauldinget al
methods (2008)
Retaining wall Embodied carbon Inui et al (2011)
systems
Ground improvement Embodied carbon Egan and
methods Slocombe (2010)
Geosynthetics Cumulative energy demanc Heerten (2012)
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Table 1.1(continued).

Sustainability
assessment
method

Application

Indicator, metric, rating,

References

Single criterion
based methods

Retaining walll
systems
Tunnel

Embodied energy

Embodied energy

Chauet al (2006)
Inui et al. (2011)
Chauet al. (2012)

Multiple criteria
based methods
(qualitative)

Slope stabilization

Geotechnical projects

The Sustainable
Geotechnical Evaluation
Model (SGEM)
Geotechnical Sustainable
Project Appraisal Routine
(GeoSPeAR)

Jimenez (2004)

Holt (2011)
Holt et al. (2010)

Multiple criteria
based methods
(quantitative)

Pavement design

Airport pavement
treatments

Recycledmaterials in

pavement

Highway construction

Underground mining

Geotechnical projects

Ground improvement

projects

Geotechnical projects

Treatments for
surficial slope

Life cycle costing (LCC)

Green Airport Pavement
Index (GAPI)

Life cycle assessment
(LCA) and LCC

Building Environmentally
and Economically
Sustainable Transportation
i Infrastructuré Highways
(BE?ST-in-Highways)
Environmental
Sustainability Index

Streamlines Energy and
Emissions Assessment
Model (SEEAM)
Driver-Pressurestate
ImpactResponse (DPSIR)

Reigleet al
(2002)

Praticoet al
(2011)

Zhanget al
(2008)

Pittenger (2011)

Leeet al (2010Db)

Leeet al (2010a)

Torres and Gama
(2006)

Misra (2010)
Misra and Basu
(2012)
Shillaberet al.
(2016a; 2016b)

Lee and Basu
(2018)
Daset al. (2018)

Geotechnical projects Integrated Value Model for da S Trentiret al

Sustainable Assessment

(2019)




Table 1.1 (continued).

Sustainability Application Indicator, metric, rating, References
assessment or model

method

Multiple criteria.  Retaining walls LCA and MIVES Damianset al
based methods (2017; 2018)
(quantitative)

Point based rating Ground improvement Environmental Geotechnic: Jeffersoret al
systems projects Indicators (EGIs) (2007)

Geotechnical projects Geotechnical Sustainability Razaet al (2020;
Assessment Tool (Geo 2021)

SAT)
Foundation reuse Sustainable Project Laefer (2011)
Appraisal Routine (SPeAR
Highway construction GreenLites McVoy et al
(2010)
Highway construction lllinois i Livable and Knuth and
Sustainable Transportation Fortman (2010)
(I-LAST)
Highway construction Greenroads Muench and
Anderson (2009)
Pavement Green Pavement Rating  Chan and Tighe
construction System (2010)

Understanding the flows of energy, raw materials, and emissions in a geotechnical project
can be complex because of the involvement of a wide range of construction materials and activities.
Life cycle thinking systematically breaks down these flows witipeet to the different stages a
product goes through over its life spdnfrom the extraction of raw materials from the Earth,
through the production and distribution of primary materials and energy, to the use, reuse, and
final disposal (Curran, 2008). €h t er m &6 pr oduct éstruttee (&n assenfbledr s t o
system like a pile foundation) and sptoducts are components such as concrete shaft and steel
reinforcing barsLCA is a method for quantifying environmental impacts of a product using life
cycle thinking. It can quantify various environmental impacts, including global warming, ozone
depletion, ionizing radiation, acidification, eutrophication, particulate matter famma
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photochemical oxidant formation, toxicity to human health, toxicity to ecosystems, depletion of
natural resources (e.g., water, metal, and fossil fuel), and land use (Huijeregjts 2017;
Matthewset al, 2014). LCA can help decision makers determine the most envirosfinesatly

option among design alternatives. For example, two different pile foundation designs can be
compared in terms of their impacts to global warming after performing their U&4gsotechnical
engineering, LCA has been applied to pile foundationsERleen and Negm, 2011; Giri and
Reddy, 2014; Luet al, 2019; Misra, 2010; Sandanaya#eal, 2015; Sandanayalet al, 2017),
retaining structures (Damiaes al, 2017; Djadounet al, 2019; Inuiet al., 2011), embankments
(Daset al, 2018; Lee and Basu, 2018), earthen dams (Robbins and Chittoori, 2021), ground
improvement methods (Raymomtal, 2021; Shillabeet al, 201@), site investigation methods
(Purdyet al, 2022), environmental remediation (da S Treatial, 2019), and underground utility
infrastructure (Hojjatet al, 2017). However, a rigorous description of the LCA procedure in the
context of geestructures (e.g., foundations, retaining structures, and embankments) with detailed

demonstration of LCA calculations is not readily available in the literature.

1.3 Reliability and Sustainability

The paradigm of geotechnical design has evolved from being simply conservative to
optimizing several design criteria like the reliability of geotechnical structures and cost of project.
Foundations have been designed using traditional methods developedharearly twentieth
century in which the capacities are checked against demands with sufficient safety margins
(Bowles, 1997; Coduto, 2001; Tomlinson and Woodward, 2008). Capacity calculations of
foundations are usually performed using empirical egnatithat are developed based on
numerical analysis, experimental observations, precedence, rules of thumb, or local experience

(Kulhawyet al, 2012 Salgadp2008). Historically, the working stress design (WSD) or allowable

12



stress design (ASD) method has been usegdotechnical engineerirdgesign and is still used in
several parts of the world. In ASD, a factor of safety (FS) is used to capture all the uncertainties
into a single arbitrary number that the designer feels comfortable with. More recently, the load and
resistance factor desigbRFD) has been used fgeotechnical engineerirdgsign, particularly in

North America, and is gaining popularifyor example,n LRFD, resistance and load factors are
used to separately capture the uncertainties associated with the foundation capacity and applied
load, respectively. Recent developments in LRFD include rigorous probabilistic analysis at the
background, which is udeto determine the resistance and load factors. Reliability based design
(RBD) is more rigorous than LRFD in that the probability of failure is explicitly quantified in this
approach, and it is directly used in determining dlsigndimensions. In fact, RBD has been
useful in reducing overdesign through informed decision based on quantification of risk.

The importance of reliabilifpased design and its superiority over conventional, factor of
safetybased deterministic design can be illustrated with an example of a pile foundation. A jacket
pile installed in 1976 for an offshore structure in Norway veamalyzed 13 years later (Lacasse
andNadim, 1998) after a new soil investigation and new calculations of the environmental and
gravity loads were completed. Initially, the factor of safety of the pile was calculated to be 1.78,
and the new deterministic analysis resulted in a lower factsafety of 1.40. However, the new
information reduced the uncertainties in both the soil and load parameters, which resulted in a
safety margin greater than that perceived at the time of first design. The lower uncertainties,
illustrated inFigurel4as a o6énarrowd probability distributd.i
of failure by a factor of 2. This shows that the factor of safety is not a sufficient indicator of safety
margin because the uncertainties are not explicitly considered imd@sgic calculations. Thus,

probabilistic methods like the reliabiltyased design methods may help reduce excess safety
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margins that are often used in traditional design methods or in factors of safety prescribed in codes.
(LacasseandNadim, 1996). Naturally, overdesigning is reduced in reliabdaged approaches
and satisfactory performance of the geotechnical structure is ensured with a quantified probability

of failure, which promotes the sustainability goals.

After new soil investigation:
FS=1.40
P,=10*
Low uncertainty

Before new soil investigation:
FS=1.79
P;=5x1073
High uncertainty

Probabhility
of failure

Probability density function

1.0 20 3.0 2.0
Factor of safety (FS)

Figure 1.4. Probability of failure versus factor of safety @dapted from Lacasse and Nadim,
1996)

1.3.1Methodologies foiReliability Analysis and RBD ofGeotechnical Structures

There is a plethora of studies available on probabilistic analysis, LRFD, and RBD- of geo
systems and gestructures (Basu and Salgado, 2012; Bathetrsil., 2019; Fentoret al, 2008;
Kim and Salgado, 2082 2012h Low 2005; Phoon, 2008)n the past studies on reliability
analysis or RBD of pile foundations, different methods, different assumed uncertainties, and
different failure criteria have been considered. Phetoal (1995) used the firgirder reliability
method (FORM) to conduct RBD of drilled shafts for transmission line structure considering
uplift, compression, and lateral loads. Waetcal (2011) used Monte Carlo simulations (MCS)
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and considered both ultimate limit state (ULS) and serviceability limit state (SLS) criteria in their
RBD of drilled shafts. Fenton and Griffiths (2007) used MCS to estimate the distribution of the
serviceability and ultimate limit state loads of pile fdations. Roberts and Misra (2009)
developed a framework for RBD of pile foundations considering a differential settlement criterion
using MCS. Basu and Salgado (2012) and Haldar and Basu (2013) used MCS and FORM to
determine the load and resistance factors offpil@dations in sand and clay, respectively. Basu

et al (2020) performed fragility analysis of drilled shafts to establish an analytical correlation
between FS and reliability index values of drilled shaft considering five different subsurface
profiles consisting sand layefShalermyanont and Benson (Z0@nd (208) conducted RBD for
external and internal stabilities of mechanically stabilized earth (MSE) walls using MCS. Kim and
Salgado (2012a) and (2012b) used FO®RMIevelop resistance factor values for different limit
states of MSE walls and for different target probabilities of failure. Low and Tang (1997) analyzed
the reliability of reinforced embankments using an efficient form of FORM. Low (2005)
performed RBDof gravity and anchored walls using FORS8hyedet al (2008) used FORM to
analyze the reliability afetaining wall reinforced by geosynthetics and subjected to seismic forces.
However, there is no study available in the literature that investigates the relationship between

reliability and sustainability of geechnicalstructures.

1.4 Design Optimization of Geotechnical Structures

Optimization techniques have been used in geotechnical engineering to find appropriate
dimensions of retaining structures, foundations, and slopes satisfying the safety requirements and
loading conditions (Juang and Wang, 2013; Saaba Erbatur, 1996; Wang and Kulhawy, 2008).
In the optimization, the common approach was to find the design dimensions of geotechnical

structures (e.g., width and length of spread footing) that will result in the minimum cost of
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materials and construction works (e.g., concrete, reinforcing steel, formwork, excavation, and
compaction) while making sure the geotechnical structure is safe (e.g., factor of safety and
probability of failure pertaining to ultimate and serviceabilityilistatesthat meet a specified
requirement). Evolutionary algorithms have been used for condunatiigobjective optimization

(MOO) of different geotechnical applications such as design of mechanically stabilized earth
(MSE) walls (Kashanet al, 20223 and reinforced concrete cantilever retaining walls (Kashani

et al, 2022b) in which a balance between factor of safety (FS) and cost was sought. Sensitivity
analyses were conducted to study the effects of significant parameters such as friction angle of saill,
surcharge load, and slope of the backfill, on the FS andRosigovil et al (2021) used nen
dominated sorting genetic algorithm (NS@4 an evolutionary algorithm, to maximize the FS

and minimize the cost of a reinforced concrete retaining Wa# study highlighted the difficulties

of converging to optimal solutions as the number of objective functions increased in the MOO.
Tanget al (2019) used NSGAI to design stabilizing piles in earth slopes for maximizing the
reinforcement effectiveness of stabilizing piles and cost efficiency. NB@As also applied to
spread foundations (Juang and Wang, 2013), drilled shafts (dtahg2013; Khoshnevisaet

al., 2014), raft foundations, and pile groups (Ravichandran and Shrestha, 2020) tm perfor
reliability-, robust, and cosbased MOO. Khajehzadedt al. (2014) combined two objectives
related to cost and carbon dioxide emissions of a spread foundation by applying a weight factor to
each objective and transformed a muoljective optimization problem into a single objective
optimization problem. Constrais related to the ultimate and serviceability limit states of the
spread foundation were added to the single objective function as a penalty term, and the
optimization problem was solved usiagnodified gravitational search algorithm. Kayabekial

(2020) used a heuristic harmony search algorithm to optimize a reinforced concrete retaining wall
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based on cost, carbon dioxide emissions, and stability considerationst &u@023) performed

MOO for designing geosynthetreinforced and pilsupported embankments using a direct multi
search algorithm to minimize the cost, differential settlement, and factor of safety for tension
failure of geosynthetics. It is clear from tioeegoing literature review, MO@as been used mostly

for minimizing cost and maximizing the FS, reliability, or robustness of a geotechnical structure.
There is no study avable in which MOO is performed with simultaneous considerations of
reliability, cost, and environmental impact of geotechnical structures. It is important that
environmental impacts are not considered secondary in design hierarchy but taken into account

simultaneously along with reliability (safety), and cost (Basal, 2015 Seageet al, 2012).

1.5ResearchObjectives

The main objectives dhis research studgre () to quantify the environmental impacts of
geotechnical structures, such as pile foundations and retaining strudgtyresuqderstand the
impacts of design decisions in working stress deaigh reliabilitybased design methods to the
environmental impacts of the geotechnical structures,iahtb(develop ainified framework for
optimizing geotechnical engineering designs considering sustainability criteria such as

environmental impact, cost, and engineering reliability.

1.6 Structure of Thesis

This thesis is presented in three parts to discuss the followings: (1) life cycle assessment in
geotechnical engineering, (ll) relationship between reliability and sustainability in geotechnical
engineering, and (lll) optimization for sustainable geote@irdesign.In each partijllustrative
examples opile foundations and retaining structures, specifically drilled shafts and mechanically

stabilized earth (MSE) walls, are used to demonstrate the methodologies. Both drilled shafts and
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MSE walls are commonly used geotechnical structures in North America and are used for different
applications in civil infrastructure systenmsis important that sustainability of pile foundations

and retaining structures are thoroughly studhelividually becausgfrom a sustainability point of

view, thetwo structures are differem terms of materials used and construction activiiibiEh

are directly connected with environmental impagise unique aspects of drilled shaft and MSE
walls in terms oenvironmental sustainability are discussed in relevant sections.

In Part I, Chapter 2 discusses the principles and framework of LCA with detailed
demonstration of LCA calculatiorfer geotechnical structures. In Chapter 3, LCA is applied to
drilled shafts and the usefulness of LCA results is discussed with respect to achieving
environmental sustainability in drilled shaft designChapter 4the application of LCA ttMSE
walls and interpretation of the LCA resulise presented

Part Il of this thesis is presented with Chapter 5 and Chapter 6 in which the relationship
between the reliability and sustainability of drilled shafts and MSE walls are investigated and
discussed, respectively.

In Part Ill, Chapter proposes a mulbbjective optimization framewonkhich determines
optimized design dimension®f geotechnical structures based on multiple criteria related to
sustainability.In Chapter 8, the optimization framework is demonstrated through an example of
MSE wall reinforced by steel strips and geogrids. Chapter 9 presents the application of the

optimization framework to single drilled shafts and pile groopsisting ofmultiple drilled shafts.
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PART I: LIFE CYCLE ASSESSMENT (LCA) IN GEOTECHNICAL ENGINEERING
CHAPTER 2: LCA METHODOLOGY

Life cycle assessment (LCA) is a standardized method for quantifying environmental
impacts of a produataused throughouis life cycle (ISO, 2006a). In the context of geotechnical
engineering, a product can be an assembled geotechnical structure such as a reinforced concrete
pile foundation. Life cycle refers to the consecutive stages of life of a product from raw material
extraction to material processing, manufacture, transportation, operation, maintenance and repair,
as well as disposal or recycling (ISO, 2006a). Defining the life cycle of a product and its system
boundaries are important in LCA because the definedtyifde helps to outline a process flow
diagram based on which the flows of raw materials, energy, and emissions are detéigumed.

2.1 shows an example of the complete life cycle of a drilled shaft. The life cycle comprises several
stages and within each stage there may be several processes.

The life cycle starts with the stagerafv material extraction and refininfpllowed by the
manufacturingstage for the production of primary materials like concrete and steel. For example,
to manufacture steel, raw materials such as iron ore and limestone andsenecggike coal are
extracted from the Earth and refined (e.g., grinding, screening, and separation process of iron ore).
The refined materials then undergo processes such as steelmaking, casting, shaping, and treating
at a steel mill to marfacture steel. Th&ansportationstage in the life cycle involves hauling
construction materials and equipment to the site. ddvestructionstage is a unique stage for
building structures and considers the fuel usage of equipment for performing construction
activities. The newly constructed getsucture may requin@aintenance and repaiirit undergoes
premature deterioration or if it becomes damaged from extreme events such as earthquakes,

flooding, and landslides. The gstructure may havesdructue reusestage (e.g., foundation reuse)
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and this stage should be considered prior toddm@olition and disposatage. Once the built
structure reaches its ewdH-life span, it is demolished and the construction wastes (e.g., concrete
debris) are processed for disposal or recycling. The demolished concrete structures can be crushed
into rubbles and used as subgradaterials for pavement or recycled as raw material for new
concrete. Thus, theaterial reuse and recycling stagearks the end of the life cycle for drilled
shafts.The operationstage is not considered in the life cycle of conventionalgfeacturege.g.,

drilled shaftsh ecause energies or resour ceconvemtioma not
geostructures The operation stage is relevant for a few specificgiaatures like geothermal

piles.

Cradle-to-grave

end boundary Used in Figures 2.3 and 2.4

Material Reuse and Recycling Raw Material Extraction and Refining

Extraction and refining of:

= Screening and manufacturing process for = Aggregates = Hard coal
reusing materials = Soil = Crude oil

= Recycling process of construction materials = Clay = Natural gas
(e.g., steel and concrete aggregates) = Metal ores = Water

Manufacturing

Manufacturing of:
= Concrete mix (including cement)
= Steel (reinforcement cage and/or casing)

Demolition and Disposal

= Use of construction equipment for demolition

= Transportation of recyclable materials and Life CyC|e of = Bentonite slurry

drilled shafts

wastes

|
Transportation

|

SHUETE (ETER Legend Transportation of:
) ‘ _ Process = Construction materials (concrete mix, steel
® Use of construction equipment for retrofit reinforcement cage, steel casing, bentonite
activities slurry) to the site
= Transportation of materials and wastes = Equipment {auger drill and crane) to the site

Maintenance and Repair

= Settlement monitoring
= Corrosion control
= Foundation retrofitting

= Drilling the shaft

= Pouring bentonite slurry or driving steel casing
= Placing steel reinforcement cage

= Pouring concrete mix for the shaft and pile cap

Cradle-to-site

end boundary

Figure 2.1. Typical life cycle of drilled shafts
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LCA comprises four parts: (i) definition of goal and scope, (ii) life cycle inventory analysis
(LCI), (iii) life cycle impact assessment (LCIA), and (iv) interpretation of results (ISO, 2006a).
Figure2.2 shows the framework of LCA for a typical geotechnical structure. The quantitative parts
of LCA are completed in the LCI (calculation of the flows of materials, energy, and chemical
substances) and LCIA (characterization of the emissions into environnmepéalts). The details
of each part are explained and demonstrated with a drilled shaft example in the subsequent sections.

Goal and scope

Goal of LCA Scope of LCA

» Intended application ¥ System boundary

» Reasons for carrying out the LCA study ¥ Functional unit

¥ Intended audience » Data quality requirements

% Is the study intended for comparative assertions? » Selection of environmental impact categories
¥* Assumptions and limitations

‘ Interpretation

Life cycle inventory analysis (LCI)

Life cycle impact assessment (LCIA)

Life cycle stages I

Environmental impacts

Identification of significant issues
Outputs ¥» Which environmental impact has the

Rlate e cticlland : - " Global warming highest impact?
refining Air emissions 3

-------------- 14
¥

N » Which stage or process has the highest
Ozone depletion imnact?

| q ™, Manufacturing N — pact:

1 Raw materials A [ lonizing radiation

. ’ b Evaluation

s Transportation .vll.at.e_rEEﬂe.v.vfs_tfls/' Terrestrial acidification > Completeness check

" s # Consistency check
solid wastes o Phnmihem\ca\ oxidant
Maintenance and repair %4 Qi

i : _
[ P w e
_____________ . Eutrophication ¥ Sensitivity check
SN Construction i, ; ¥
y

1 e
:l N Particulate matter Recommendations
™ i, FenEi] o "
fri = N Structure reuse PRI B ormation # Draw conclusions based on the
! Water P P . Human toxicity identification of significant issues and
1 ’ [’

. . evaluation
Demolition and disposal N Ecotoxicity . o
o ¥ |dentify limitations
Other releases /’ Water, metal, fossil
W depletion

# Make recommendations for the
intended audience of the LCA

Material reuse and recycling

v’

Figure 2.2. Life cycle assessment of gesiructures

2.1 Goal and Scope
According to the ISO 14044:2006 standafi®O, 2006b), the following items should be

discussed to define the goal of the LCA study: (i) the intended application, (ii) the reasons for
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carrying out the study, (iii) the intended audience, and (iv) whether the results are intended to be
used in comparative assertions or intended to be disclosed to the public. The scope of LCA includes
defining the system (e.g., type of gstoucture) to bstudied, the system boundary, the functional

unit of the system (discussed in the previous section), data quality requirements, the categories of
environmental impacts, assumptions, and limitations.

The typical system boundaries of life cycle includerttive material extractiorand refining
stage on the start boundary and (i) the enaafiufacturingst age ( al s o -tegqnatwed as
or modules A1A3 according to EN 15978:2011 standards), (ii) the endooftructionstage
( 6crFtamsdiltee 6 or -Amo)d,ul ers (Aili i) t he e ntog roafv ewh oolre
modules A1C4) on the end boundar¥igure2.1) (CEN, 2011; Songt al, 2020). Within the
defined system boundaries, different processes are identified corresponding to each stage. For
example, the processes during tdomstructionstage of a drilled shaft include drilling the shaft,
placement of steel reinforcement cage, and pouring concrete miki¢gee2.1). The selection
of system boundaries and processes within each life cycle stage should be done based on the
defined goal of LCA study and the degree of confidence in the LCA results. Life cycle stages or
processes that will not significantly change therall conclusions of the LCA study can be
excluded (ISO, 2006a).

The functional unit is a quantified description of the performance characteristics of a
product to fulfill its primary purpose. Simply put, the functional unit of a product describes its
intended purpose. For example, the functional unit of a pile fourglat can be 06t he m;
foundati on without bearing capacity failure f
foundation differs based on the applied load, soil properties, and specified FS. Defining the

functional unit is important becauggrovides a reference point based on which the inputs (e.g.,
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raw materials and energy) and outputs (e.g., product and emissions) are related. An increase in the
quantity of functional unit will result in an equivalent increase in the associated inputs, outputs,
and environmental impacts (Crawford, 2011). For examplthe factorof safety of the pile
foundation, defined in the above example, is increased to 3, it is likely that piles with larger
diameter and/or length will be required, and the consumption of raw materials and energy (for
concrete, steel, and fued)ll increase resulting in a corresponding increase in the environmental
impacts. It is also important to clearly define the functional unit when comparing two or more
products because the comparison should be made based on equivalent performanceslaescribe
guantitative indicators (Curran, 2017). For example, comparing the environmental impacts of two
different pile foundations that have different requirements of factor of safety (e.g., FS = 2 versus
FS = 3) is not reasonable.

The quantification phases of LCALCI and LCIAT require the use of databadést
provide (i) inventory of raw material, energy, and emissions associated with a life cycle process
and (ii) factors for the characterization of emissions into environmental impattie 2.1 lists
examples of databases for LCl and LCDfata quality requirements specify the characteristics of
the data needed for the study. It is important to properly describe the quality of data in order to
gauge the reliability of the results and to properly interpret the outcome of the study (Crawford,
2011). The quality of data depends on the (i) geographical coverage (geographical area from which
data for the processes should be collected to satisfy the goal of the study), {i€l&ited coverage
(the desired age of data and the period of timewherh the data is collected), and (iii) technology
coverage, such as the nature of the technologyinwambinations of different energy sources
(Jenseret al, 1997). The impactsf a particular manufacturing process and energy production can

vary significantly between factories (companies) or locations (e.g., between local areas, regional
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areas, nations, and continents). For example, databases developed in European countries may not

be suitable for products/systems made in North America or Australia. Old data may no longer be

relevant if new techniques are being used for the manufactuoeggs and energy production to

meet stricter environmental regulations (e.g., reducing carbon emissions) or to improve the

efficiency of production (e.g., replacing human labor with machines). The length of time can affect

the representativeness of ddta;example, data collected over a month may not be adequate and

annual data may be more appropriate to reflect the true population of data. The technology mix of

energy sources can be different from one another depending on how energy (electricity, therma

energy, and steam) is supplied to operate the processing activities (e.g., using electricity for mixing

materials for concrete manufacturing). Data can be developed based on technology mix that is

heavily dependent on na@enewable resources (e.g., caalde oil, and natural gas), or utilizes

renewable energy resources (e.g., solar, wind, hydropower, and geothermal energy), or uses both

(Lewis and Demmers, 1996; Mattheetsal, 2014).

Table 2.1. LCI and LCIA databases

Name Type Reference

Life cycle inventory analysis (LCI)

GaBi Commercial GaBi (2021)

Ecoinvent Commercial Wernetet al (2016)

US Life cycle inventory Open National Renewable Energy

Inventory of carbon and energy (ICE, Open

Laboratory (2012)
Hammond and Jones (2018)

European reference Life Cycle Open European Commission (2018)
Databas€ELCD)

Life cycle impact assessment (LCIA)

CML 2001 Open Leiden University (2016)
Impact 2002+ Open Humbertet al (2012)

ReCiPe Open Goedkoogpet al. (2013)

TRACI Open EPA (2012)

EFFC/DFI Carbon Calculator Toffor Open
global warming impact)

Wilmotte and Borie (2020)
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Based on the defined goal of LCA, the categories of environmental impacts are selected.
For example, the goal of an LCA study may be focused only on the carbon footprint (which is
equivalent to the global warming impact category in LCA) or may include different types of
environmental impacts. Further, any assumptions and limitations pertaining to the LCA are stated
in the scope to evaluate the reliability of LCA study and to erteatecomparative assertions are
properly madeTable2.2 lists the categories of environmental impacts.

The GaBi software program, a commercial LCA tool, is used to conduct the LCA in this
study; however, this LCA study can be replicated using other open or commercial databases in
opensource LCA software programs (e.g., openLCA 1.11.0) or in spreadsheet software program
(e.g., Microsoft Excel). LCA is capable of quantifying various environmental impacts; however,
if one is interested in quantifying only the global warming impdwetntthe EFFC/DFI Carbon
Calculator Tool (Wilmotte and Borie, 2010) may be uaedn alternative computation program.

It should be noted that the results will not be exactly the same if different LCI and LCIA databases

are used.

Table 2.2. Environmental impact categories (adapted from Huijbregtset al, 2017)

Impact Category Indicator Characterization Factor Equivalent
Measurement
Unit
Global warming (GW) Infra-red radiative forcing Global Warming kg of COy
increase Potential (GWP)
lonizing radiation (IR) Absorbed dose increase lonizing radiation 2kBq Co-60
potential (IRP)
Ozone depletion (OD) Stratospheric ozone Ozone depletion potentic *kg CFG11
decrease (ODP)
Terrestrial acidificatior Proton increase in natura Acidification Potential ~ “kg of SQ
(TA) soils (TAP)
Freshwater Phosphorus increase in  Freshwater eutrophicatic °kg P
eutrophication (FE)  freshwater potential (FEP)
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Table 2.2 (continued).

Impact Category Indicator Characterization Factor Equivalent
Measurement
Unit
Marine eutrophication Nitrogen increase in Marine eutrophication  °kg N
(ME) marine water potential (MEP)
Photochemical oxidan Tropospheric ozone Photochemical Oxidant ‘kg of
formation (POF) increase Formation Potential NMVOC
(POFP)
Particulate matter Intake of fine particulate Particulate Matter 8kg of PMuo
formation (PMF) matter Formation Potential
(PMFP)

Human toxicity (HT) Risk increase of cancer Human Toxicity Potentia °%kg of 1,4DB
and norcancer disease (HTP)

incidence
Terrestrial ecotoxicity Emission of organic Terrestrial ecotoxicity kg of 1,4DB
(TET) substances armthemicals potential (TETP)

to natural soils
Marine ecotoxicity Emission of organic Marine Ecotoxicity kg of 1,4DB
(MET) substances and chemical Potential (METP)

to marine water
Freshwater ecotoxicity Emission of organic Freshwater Ecotoxicity kg of 1,4DB
(FET) substances and chemical Potential (FETP)

to fresh waters
1COy: Carbon dioxide? Co-60: Cobalt60,3CFG-11: TricholorofluoromethanéS0O2 Sulfur dioxide °P: Phosphorus,
5N: Nitrogen’NMVOC: Non-methane volatile organic carbon compouiiio: fine particulate mattét ,4-DB: 1,4
dichlorobenzene

2.2 Life Cycle Inventory Analysis

The LCI quantifies the inputs (e.g., raw materials and energy) and outputs (e.g., emissions)
for all the processes in the life cycle of a product (system) defined igotdeand scop€lSO,
2006b). The steps followed in the LCI for each of the life cycle processes are: (i) determination of
the quantity of products (e.g., concrete, steel, and diesel) for the selected process, (ii) finding the
inventory database that best representseterted process, and (iii) calculation of the total inputs
and outputdased on steps (i) and (ii). The stages and processes within the system boundary of

the life cycle (shown ifrigure2.1), as defined in thgoal and scopeare considered in the LCI.
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Specifically, the stages considered within the craoligite boundary includei)(raw material

extraction and refining(ii) manufacturing (iii) transportation and {v) construction

2.2.1RawMaterial Extraction and Refining,and Manufacturing

Examples of raw materials required for the construction of drilled shafts are natural
aggregate, quartz, limestone, clay, iron ore, water, crude oil, natural gas, and hard coal. These raw
materials are extracted from the environment and refined (e.gugangdron from a blast furnace)
for manufacturing the primary materials of drilled shafts (i.e., cement, concrete, steel, and diesel).
For every process (shown kgure2.1), inputs (e.g., raw materials and energy) are required to
operate the processing activities, and outputs (i.e., emissions to the air, water and land) are released
as environmental consequences (Begure 2.2). For example, to manufacture concrete, raw
materials like natural aggregates and limestone are consumed and air emissions like carbon dioxide
and sulfur dioxide are generated from the manufacturing plant.

In theLCl, the processes included within the stageawfmaterial extraction and refining
and manufacturingare considered together because most LCA inventory databases provide the
inputs and outputs for these twtages in a combined way (i.e., the databases cover processes
between the start and the cratthegate boundaries).able2.3 shows sample calculations in LCI
for a single drilled shaftL{ = 15m andBp = 0.8m) and for the following selected emissions: carbon
dioxide, methane, and nitrous oxide (calculations for other emissions such as nitrate, nitrogen
oxides, and sulfur dioxide are not shown Tiable 2.3 to simplify the demonstration). The
calculation steps are discussed in detail for the processes relateddo theterial extraction
and refiningandmanufacturingstages of concrete, which includes the processes of manufacturing
of cement (these processes are referred as é@adlte processes in this pajesee the box with

red dashed lines iRigure2.1) for demonstration purpose. In other words, the calculation steps in
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the second row ifTable2.3 are exjained here. Further details on tbalculation procedures of

themasgsof producs, shownin Table2.3, will be discussed in Chapt8r

Table 2.3. Sample calculations for life cycle inventory analysis (LCI) of a single drilled shaft
(Lp=15m andBp=0.8m)

Mass of _— Total emission,Ex
Process product?! Emssm(r;(é&/t%c;r?, (EF)x [using E%Lja)tion (2.2)]
, M g
(kg) CO CHa N2O CO, CHs N20O
©= (= (8) =
@ @ ©O @ O oxe exe exe
Raw material

extraction and
refining, and 18096
manufacturing

of concrete

Raw material

extraction and

refining, and 1480 1.16
manufacturing
of steel
Transportation
of concrete

1.24x10 7.17x10 8.15x10
1 - 7

1.47x10
5 2

2244 1.30

3.02x10 9.61x10
- 5

1.42x10
3 1

1717 4.47

18096

6.5%1><10 4.53%x10 4.198><10 11.93

8.20x10 7.58x10
-10 6 4

Transportation 1480  3.3x10° 2.2_79><10 2.097x10 488 3.356><10 3.1O4><10
of steel

Transportation 3 2.27x10 2.07x10 1.26x10 1.15x10
of equipment 55340 3.3x10 ) 7 182.62 4 >
Operation of

construction ~ 9.65 323 1010 4 3147 15410

equipment
IMass of concrete = 18096kg, and Mass of steel = 1480kg (obtained from design calculations); Mass of auger drilling
machine = 43000kg and Mass of hydraulic crane = 12340kg so that Mass of construction equipment = 43000 + 12340
= 55340kg (obtained from spéication sheet of the equipment); Mass of diesel = 9.65kg (obtained from fuel
calculation)
2Obtained from LCI databases

First, it is important to understand the flows of inputs and outputs for the -toagitte
processes of concrete, and these flows are sho#gume2.3. For manufacturing a unit mass of
concrete, raw materials like natural aggregate, limestone, and crude oil are consumed and air

emissions like carbon dioxide and methane are generated. Calculation of total inputs and outputs
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are completed in relation to the functional unit defined irgtied and scopeherefore, the masses
of primary materials needed to satisfy the defined functional unit are used in the LCI (step (i)).
These masses are obtained from the desigge and shown in column (2) ©&ble 2.3. To
determine the total amount of inputs and outputs for constructing a single drilled shaft, the values
of inputs and outputs shown iigure2.3 are scaled up (multiplied) by the total mass of concrete
(e.g., 18096kg for a single drilled shaft with, = 15m andB, = 0.8 m). For example, the total
amount of natural aggregate needed to construct the designed drilled shaft id 8888773
kg/kg x 18096kg), and the total mass of carbon dioxide generated is B@44 0.124kg/kg x
18096kg). Thus, the emission of a specific substance (e.g., carbon dioxidg gKo@ur dioxide
[SO;], nitrous oxide [NO] and other chemical substances) is calculated (step (iii)) as follows:
E.=m {EBR), (2.1)
whereEx is the total emission of substance (pollutanfig), mis the mass of suproduct (e.g.,
concrete, steel, and diesel) (kg), aB# ) is the emission factor of substancebtained from the
inventory databases (kg/kg). The values of outputs showigime2.3 are called emission factors,
which are the specific emissions per unit (mass) offsoducts (concrete in this case). Emission
factors are used to calculate the total quantity of emissions corresponding to a particular process
or subproduct. For examp]e.124kg of carbon dioxide [C€) is released per kg of concrete

within the cradleto-gate boundary; therefore, 0.124/kg is the emission factoEF)co, of carbon

dioxide. Some of thealculated emission factors (for QG and NO) corresponding toaw
material extraction and refiningndmanufacturingstages of concrete together are shown in the
second row and columns {@) in Table2.3, and the corresponding calculated values.pltising

Equation(2.1), are showrn columns (6)8) of the second row.
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Figure2.3 andTable2.3 show the selected inputs and outputs and sample calculations for
demonstration purpose. For the complete LCI, a complete inventory of inputs and outputs
(emissions) is used in the calculations for all the life cycle processes, and these are obtained from
the inventory databases. To find inventory databases that best represent the life cycle processes
(step (ii)), it is important to define the characteristics ofgrdmlucts or assumptions in tgeal
and scopeFor example, the inventory of inputs and outputs differ depending on the strength class
of concrete and type of steel. A sample of inventory database for -toegiée processes of

concrete is shown ifable2.4.

Natural aggregate [0.773 kg
Soil [0.157 kg
Clay [0.0057 kg

]

1 1 1

| T 5! Carbon dioxide [1.24 x 10~"kg]
i

1

i Limestone [0.209 kg
i

1

1

1

1

1

1

—> —>! Methane [7.17 x 10-®kg]

i > Manufacturing of p——>} Nitrate [4.43 x 103kg]

i > concrete —)i Nitrogen oxides [2.02 x 107* kg]
I > —> Nitrous oxide [8.15 x 1077 kq]

1 > —)i Sulfur dioxide [8.31 x 1079 kg]

Crude oil [0.281 MJ
Natural gas [0.0711 MJ
Water (river) [40.3 kg

1
L e e D S S | 1

__________ Voo,

i_ Concrete [1kg] |

[ S i S B el B et B e '

Figure 2.3. Sample calculation of life cycle inventory analysis (LCI) for concrete

Table 2.4. Example of life cycle inventory analysis (LCI) data for manufacturing 1kg of
concretéet

Input (per 1 kg of  Value Unit Output (per 1kg of concrete)  Value Unit

concrete)

Air 9.53x10%> kg Air Beryllium 1.54x10° kg

Clay 5.68x10° kg emissions Carbon dioxide 1.24x10* kg
(COy)

Crude oil 2.81x10' MJ Cobalt (Ce60) 4.24x10° Bq

Gypsum 5.49x10° kg Mercury 8.47x10° kg
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Table 2.4 (continued).

Input (per 1 kg of  Value Unit Output (per 1kg of concrete) Value Unit

concrete)

Hard coal 1.40x10' MJ Methane (CH) 7.17x10° Kg

Iron 1.24x10° kg Nitrogen oxides 2.02x10* kg
(NOy)

Lignite 4.52x10> MJ Nitrous oxide 8.15x10" kg
(N20)

Limestone 2.09x10' kg ZNMVOC 7.87x10° kg

Natural aggregate  7.73x10' kg Sulfur dioxide 8.31x10° kg
(SQ)

Natural gas 7.11x102 MJ  Water Ammonia (NH) to  5.54x10'6 kg

emissions sea water

Oil sand (10% 6.10x10° MJ Arsenic (As) to 1.64x10% kg

bitumen) fresh water

Oil sand (100% 5.32x10° MJ Copper (Cu)to  6.72x10° kg

bitumen) fresh water

Quartz (silica sand) 9.19x10* kg Lead (Pb) to fresh 9.24x10° kg
water

Shale 1.25x10% kg Mercury (Hg)to  7.95x10' kg
fresh water

Soil 1.57x10 kg Nitrate (NQ-) to 4.43x10% kg
sea water

Stone from 7.49%x107 kg Nitrogen (N) to sea 2.95x10'® kg

mountains water

Water (river water) 40.3 kg Zinc (Zn) to fresh  3.73x10° kg
water

The complete list of inputs and outputs canobgained from the Thinkstep database or framy other life cycle
inventory database on concrete manufacturing. The data shown here includes the extraction and refining of raw
materials formanufacturingconcrete.
2NMVOC: nonmethane volatile organic carbon compound
2.2.2Transportation

The total emissions from trutkansportationare dependent on factors like travel distance,
cargo weight, utilization ratio, and type of road (i.e., motorway, urban, and rural). These factors
are considered in the calculation of the emission fackf for transportation usingquations

(2.2)-(2.4) given below (Thinkstep, 2022). The emission factors for transportation (in-kgikg

for 1 kg of cargo and km of travel distance are given by:
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_ (EF)x,empty+ gEF)x,Ioaded -( EF)X ,empty 8J

EF = - _ 2.2
(EF)roa0 p&000 WO (22)

in which
u=Q/p (2.3

where the subscripk represents a specific pollutant (e.g., carbon dioxide, sulfur dioxide,
phosphorus, etc.)EF)xroad iS the emission factor for driving on a certain type of road (e.g.,
motorway, rural road, or urban road) (kg/kan), (EF)xemptyiS the emission factor for empty runs
(kg/kg-km), (EF)x0adediS the emission factor for loaded runs (kgksm), u is the utilization ratio,
Q is the weight of cargo (tonne), apds the maximum payload capacity of the truck (tonne).
(EF)xemptyand EF)xl0adedare obtained from the database by HBEFA (2010).

Forthe construction of a drilled shaft, construction materials (e.qg., t@&dgoncrete and
steel reinforcement cage) and equipment (e.g., auger drilling machine and hydraulic crane) are
transported to the site. Hendbe cargo weightén Equation(2.3) are the mass of reaahgix
concrete, mass of steel reinforcement cage (obtained from design calculations) and mass of
construction equipment. The utilization ratio is used to account for materials that are low in density
but bulky insize (e.g., expanded polystyrene foam materials). For standard practices, typical
values of utilization ratio for different sizes of truck are provided in Thinkstep (2019). In this study,
a utilization ratio of 0.45 is used for all transportation actisjtiellowing Thinkstep (2019), to
account for the travel of trucks with empty trailer after hauling construction materials and
equipment to the site. Considering the travel distance and proportion of the type of road the truck

has driven on, the total trgmortation emission factors are then calculated as follows:

(EF)x,transportation:gS\/l CEF)X IVI} {-ﬁi ( EQXF} { % {- EExq gq (24)
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where EF)xtransportationiS the total emission factor of emissigr(kg/kg); s, Sk, andsy are the
driving share factors on motorway, rural road, and urban road (ranging from 0 to 1), respectively;
(EP)xm, (EF)xr and EF)xu are respectively the emission factors for driving on motorway, rural
road, and urban road (kgMgn) calculated fromEquation (2.2); and d; is the transportation
distance (km). Default values, defined in Thinkstep (2019), are assumed for the driving share
factors (i.e.sw = 0.7,5: = 0.23, andwy = 0.07).

Some of the calculated emission factors (for2C8%, and NO) corresponding to the
transportation stage are shown in columng(%3)of the 4, 5" and &" rows inTable2.3. Sample
calculations of emission factor for GQusingEquations(2.2) and(2.4), for transporting concrete
are shown inrable2.5. This procedure is repeated for other relevant emissiong (&0, etc.)
and for other transportation processes. Note that the emission factors for transportation of steel and
equipment are the same (Skable 2.3) because the type and payload capacity of trucks and the

travel distances are the same.

Table 2.5. Sample calculation of transportation emission focarbon dioxide (for transporting
concrete mix using a 2#tonne capacity truck)

EC02

- . (EF)COZ,Ioaded (EF)COZ,road (EF)COz,total (kg)
Road type (EF)cozempy” | (kg/kg-km) (kg/kg) (using

(kg/kg-km) K [using Equation [using Equation .

(kg/kg-km) 2.2)7 (2.4)7 (Ezqf)?]tlon

Motorway 0.607 0.983 6.39x10°
Ruralroad 0.594 0.1044 6.56x10° 6.59x 10 11.93
Urban 0.771 0.1416 8.73x10° ' '
road

tobtained from HBEFA (2010)

2utilization ratiou = 0.45

Stravel distance = 10 km (oneway) with driving share factors, = 0.7,s:= 0.23, andsy, = 0.07
“otal mass of cargo (readyix concreteyn= Q = 18096 kg
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Finally, the total emission of a specific pollutant is calculated Usgugtion(2.1) with the
assumption thanis equivalent to the cargo weigQt(see the last column ifable2.5 for sample
calculation). The values of selected total emis&ipare given in columns (68) of the 4", 5"
and @& rows in Table 2.3. This procedure is repeated for all the other emissions from the

transportation processes.

2.2.3Construction

The fuel consumption of construction equipment is the key parameter in determining the
emissions generated during the construction stage. In this study, it is assumed that diesel is used
for operatingconstructionequipment. The volume of diesS®lieseltotai Used for operating the

construction machinery is estimated by the product of fuel consumptian), eatd operation time

t:

Vdiesel,totaI: qj t (25)
with
0y = % © (2.6)
rdiesel

whereqq is in L/hr, tis in hr,Pe is the rated engine power (kW& is the engine load factog is

the specific fuel consumption (kg/kWh), angkseiis the density of diesel (kg/LpPe, ko, andss can

be obtained from specification sheet of construction equipment which will be further discussed in
Chapters 3 and 4 falrilled shafts and MSE walls, respectivelihe volume of diesel calculated
usingEquation(2.5) is converted into masg, assuminguiiese= 0.832kg/L, and the mass is used

in Equation(2.1) to compute the emissions from operating a construction mad¢fonexample,

the total volume of diesel needed to construct a drilled shaftlwi#h1l5m andBp = 0.8m using

the dry method is 11.60. This volume is equivalent to 9. of diesel and this mass is used in

34



LCI (see column (2) and last row ®fble 2.3). The inventory database relatedctnstruction
equipmentare not available; therefor¢he diesel combustion processes assumed to be
equivalent to the diesel combustion of a generator or portabledviléiig equipment. However,

it should be noted that LCA data developed for the specific construction equipment of interest will
result in better accuracy because the emmsaind fueluse rates may depend on the activities
performed by the equipment. While the engines of generators, pumps, awldiNsd) equipment
typically maintain constant engine speede&sured in revolutions per minute or RPM), the
engines of construction equipment such as, excavators, bulldozers, and loaders, run at different
enginespeeds for different activity modes, which correspondingly result in variable emission and
fuel-use rates (Abolhasaat al, 2008; Abolhasani and Frey, 2013; Hong and Lu, 2022; Lewis

al., 2011). For example, it is likely that the engine speed of auger drilling machine is very high
when drilling the shaft and pulling a loaded auger out of the hole, arehtjiee speed is lower

when emptying the loaded auger and placing the auger back into the hole. These series of tasks
represent one typical duty cycle of a drilling machine, and variability in fuel use and emissions
depending on the tasks mentioned abdweukl be accounted for obtaining more accurate LCI
results for the construction stage. The emission factors for the operation of construction equipment
(see columns (3)5) and last row of able2.3) are obtained from the inventory database by NREL
(2012). For example, 3.23 kg of G@s emitted per unit mass of diesel consumed for operating
construction equipment. The total emission is calculated using Eq2tiprms demonstrated in
columns (6)(8) and the last row ofable 2.3. It should be noted that the calculation for fuel
consumption of construction equipment is conducted based on limited data; therefore, the fuel

volumes estimated ithis study are approximate.
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2.3 Life Cycle Impact Assessment

The LCIA characterizes the emissions, calculated in the LCI, in terms of their
environmental impacts selected in tp@al and scopeThe steps to complete the LCIA are: (i)
compilation of the emissions calculated in the LCI, (g)assification of the emissions to
contributing environmental impact categories, (iii) finding¢haracterizatiorfactors from LCIA
databases (i.e., selection of characterization models) and calculation of the environmental impacts
in equivalent measurements, and (i@ymalizaton of the calculated environmental impadtable
2.6 shows sample calculations for LCIA of a drilled shag £ 15m andBp, = 0.8m) for global
warming impact based on selected emissio@€,, CHs, and NO. Other relevant emissions are
not included inTable2.6 to simplify the demonstratiohe calculation steps {{)v) of LCIA for
the cradleto-gate processes of concrete are discussed here in relation to the sample calculations

shown inTable2.6 (specifically the second row ifable2.6).

Table 2.6. Sample calculations for life cycle impact assessment (LCIA) of a drilled shafit §
= 15m and By = 0.8m) for global warming

. Mass of CQe
Total eén issiort, Characterization (kg) 3 Total
Process (k X) factor?, (GWP)x [using Equation mass of
9 (2.8)] COze(kg)
CO, CHs N2O CO» CHs N2O CO» CHsa N2O
10
®= ©= 0 ay=
(1) @2 @& @ 6 6 O @x @ (4)x (8)+(9)+(1
G ©® 7 O
Raw material
extraction, 1.47

refining, and 2244 1.30 x10 1 25 298 2244 325 4.38 2281
manufacturing 2
of concrete
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Table 2.6 (continued).

Mass of CQe

Total emissiort, Characterization (kg) ® Total
Process Ex factor?, (GWP) [using Equation  ~1oo° of
(kg) ’ X (2.8)] COZG(kg)
CO; CHs NO CO; CHs NO CO; CHsa N20O
10
®=©= "9 ay-=
(1) @2 & @& 6 6 O @x Q)x (4)x (8)+(9)+(1
G © ‘3 O
Raw material
extraction, 1.42
refining, and 1717 4.47 x10 1717 17151 43'3 1871.07
manufacturing L
of steel
Transportation 11.9 8.20 7.58 11.9 205 2.26
of concrete "~ x10 x10 "~ x10 x10 12.16
3 6 4 3 4 1
Transportation 335 310 1 25 298 8.38 9.23
of steel 488 x10 x10 488 x10 x10 4.97
6 4 5 2
Transportation 182 1.26 1.15 182 3.15
of equipment " x10 x10 " x10 343 186.05
62 4 5 62 3
Operation of 1.54 3.84
construction 3%'1 x10 0 3%'1 x10 0 31.21
equipment 3 2

10Obtained from the results of life cycle inventory analysis (LCI) as showalie2.3
2Obtained from the ReCiPe database by Goedkdaph (2014) and assumed 1§ear time period
3COze: carbon dioxide equivalent

2.3.1Compilation
The first step of LCIA is to compile the mass of emissions calculated in LCI for every life
cycle process. The columns {@) in Table2.6 show the data compiled from LCI (see columns

(6)-(8) in Table2.3).
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2.3.2Classification

Different emissions contribute to different environmental impacts. For example, carbon
dioxide is one of the main contributors to global warming while sulfur dioxide causes acidification
and excessive potassium results in eutrophication. Therefore, tegi@micalculated in the LCI
are classified into the contributing environmental impaEtgure 2.4 shows an example of
classification of the emissions arising from the cradigate processes for concrete into different
categories of environmental impact. For example, carbon dioxide contributes only to global
warming while methane contributes to bgtbbal warming and photochemical oxidant formation,
and nitrogen oxides contribute to terrestrial acidification, photochemical oxidant formation, and
particulate matter formation. These emissionsdassified accordinglynto the categories of
impact they contribute to (e.g., methane is classified into global warming and photochemical
oxidant formation). The complete list of emissions tbantribute to different environmental

impacts can be found in LCIA databases such as the ReCiPe database by Geedk(2p14).

Classification Characterization
[ 1 I 1
T e
D - 1.24x 10" [x1 ~ 1 =1.24%x10"1kg CO,e
o L Global warming >| 747 %105 1x26 | =1.79x 10 *kg CO,e
>8.15% 107 1x2 =1.47 x 10'2kg C
Methane [7.17 x 10-5kg] SBERT SR : hubey
Terrestrial »|2.02 x 10~ : x0.56 | =1.13 x 10%kg SO,e
. PP 5 =5 = -5
Manufacturing L Nitrate [4.43 x 10-® k]|~ acidification »|8.31x107% %1 : 8.31 x 10°kg SO.e
dobinil Marine 443 %10 1% 0329 =146 x 107kg N
/ X = X = =
Nitrogen oxides [2.02 x 10~*kg] eutrophication : = : : g Ne
) ) e Photochemical 717 x 1075 : x0.01 1 =7.17 x 10" kg NMVOCe|
Nitrous oxide [8.15 x 1077 kg] oxidant formation >12.02x10% 1x1 | =202%10 kg NMVOCe
1
Sulfur dioxide [8.31 x 10-5k Particulate matter »2.02 x 107 % 0.22 1 =4.44% 10 kg PM,,e
ekl ol s >[8.31 % 105 1x02_ ! =1.66x 10-5kg PMyge

Note:

CO,e: carbon dioxide equivalent

SO,e: sulfur dioxide equivalent Characterization factors
Ne: nitrogen equivalent

NMVOCe: Non-methane volatile organic carbon compound equivalent
PM,,e: fine particulate matter equivalent

Figure 2.4. Sample calculation of life cycle impact assessment (LCIA) for concrete
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2.3.3Characterization

The classified emissions are characterized as environmental impacts, but the degree of
influence of each emission to the environmental impact differs. For exagnpénhousgases
(GHGs), such as carbon dioxide (§QOmethane (Ckj, and nitrous oxides @D), contribute to
global warming; however, their degrees of influence to the global warming are not the same
because they remain in the atmosphere for different amounts of time and have different potencies
to absorb Sunds ener gly(IPGG, 1990h Eor & k@dr tinte patiodat e d L
methane and nitrous oxides have 25 and 298 times higher impacts, respectively, to trap heat in the
atmosphere when compared to that of carbon dioxide, which is the reference gas for global
warming. Such differeze in potencies is quantified in terms of characterization fadtalde2.2
lists the names of characterization factors used for the selected categories of environmental impact.
For example, the characterization factorgidbal warmingimpact category is called global
warming potential (GWP) and it is measured in relation to the mass of carbon dioxide, which is
the reference gas for quantifyiggpbal warming Because methane and nitrous oxides have 25
and 298 times higher impacts than carbon dioxide, GWP of these gases are 25 and 298 times that
of carbon dioxide (GWP of carbon dioxide is 1 because it is the reference gas).

The calculation of characterization factors is explained here using the GYWIP of a gas
is a measure of how much infrared radiation (
of 1 kg of the gas will absorb over a given period of time (e.g., 100 years) relative to the
instantaneous emissions ok of CQ. In other words, it is a measurement for comparing the
gases that have different abilities of absorbing energy and the different time periods these gases
remain in the atmosphere. The GWP ofamnission with respect to carbon dioxislealculated

as:
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TH

fa. &, (1) dt
(GWP), =2 (2.7)

faco, o, (Y dt
0

wherex is the emission of interestH is the time horizon (e.g., 20, 100, or 500 yeaas)s the
radiative efficiency of the emission(W/m?kg), C«(t) is the timedependent abundancefthe
atmospheric mass of emissigiver time starting with a pulse at tirhe 0 with the assumption

of instantaneous release of all the emissions),aasgdand Cco,(t) are the radiative efficiencies

and timedependent abundanceadrbon dioxidgreference gas), respectively. In this study, 100
years of time horizon is chosen because it is commonly considered in most environmental policies.
The GWPs of selected emissions (i.e.2ACHs4, and NO) are shown in columns (§J) in Table

2.6. The GWPs are calculated usiBguation(2.7) or are readily obtained from LCIA databases

like the ReCiPe by Goedkoat al. (2014).Table2.7 shows sample LCIA database of GWPs of

different emissions for different time horizohBl.

Table 2.7. Sample characterization factors of emissions in GWP

Time horizon TH (years)

Emission

20 100 500
Carbon dioxide [Cg] 1 1 1
Methane [CH] 72 25 7.6
Nitrous oxide [NO] 289 298 153
Chloroform [CHCE] 108 31 9.3
Carbon tetrachloride [C4]l 2700 1400 435
Chlorodifluoromethane (HCF@2) [CHCIR)] 5160 1810 549
Trichlorofluoromethane (CRQ1) [CCkF] 6730 4750 1620
Bromotrifluoromethane (Hale©301) [CBrk] 8480 7140 2760
Nitrogen trifluoride [NF] 12300 17200 20700
Sulphur hexafluoride [Sff 16300 22800 32600

In order to account for the higher potency of an emission (e.gy), ©GHylobal warming

with respect to Cg the mass of that emission is converietb an equivalent mass of GO
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(reference gas falobal warming by multiplying with therespective characterization factor (i.e.,
(GWPXH, = 25). The equivalent mass of €9 calculated as follows:

CO,e= E, 3(GWP) (2.8)
whereCQOpe is the equivalent mass of GOf emission, Ex is the emission of climate forcer
(i.e., air emissions such as &@Hs, and NO that change the temperature of atmosphere), and
(GWP) is the characterization factor of climate forgeelative to carbon dioxide. The calculation
of equivalent masses of G@r the selected emissions are shown in columngl@)in Table2.6.

For example, the Cf@ of CHs, emitted from the cradio-gate process of concrete is 32.5kg (=

1.30kgx 25) given (GWR), is 25 for a 106/ear time periodThe total mass of C@ can be

calculated by the summation of all @Ovalues obtained for different greenhouse gages
calculation step is shown in column (11)Tiable2.6. It should be noted that the values of GWPs
may change over time because of the evolved science in estimating the radiative efficiency and
lifetime of the greenhouse gases; therefore, it is advised that comparisons in terms of mass of CO
equivalent or GWP are conducted with caution (Mdtral.,, 2013).

The calculations shown ifable2.6 are repeated for other environmental impacts using (i)
equations (analogous tequation (2.7)) to calculate the corresponding characterization factor
(refer to Goedkoopt al. (2013) for the equations or other characterization models for the LCIA
databases listed ifable 2.1) and (ii) conversion into equivalent measurements of reference
substances using equations analogouEgimation(2.8). For example, the characterization factor
for the impact category dérrestrial acidificationis terrestrial acidification potential (TAP) and

it is calculated in relation to sulfur dioxide (which is the reference gas). TAP is calculated as:

(FF)
TAP=——2* 29
(FP)eo 29)
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in which FF)xis the fate factor of emission(m?Aear/kg) and EF)so, is the fate factor of sulfur

dioxide and

4089, *Al
(FF), = oM (2.10)

X

whereD(BS) is the change in base saturation of forest préais the size of forest arggm?),
and DMy is the change in emitted mass of acidifying substanéeg/year) Similar to Equation
(2.8), emissions related to terrestrial acidification (e.g., sulfur oxides, nitrogen oxides, and
ammonia) are converted into the equivalent mass of sulfur dioxigeusdg TAP as:
SOe=E, 3(TAP) (2.11)
For example, as shown Figure2.4, manufacturing kg of concrete generates 2.02 »*“l@y of
nitrogen oxides and the TAP of nitrogen oxides is 0.56 (see the box with dashed Higasén
2.4). Therefore, the contribution of nitrogen oxides towards terrestrial acidification, calculated

usingEquation(2.11), is 1.13 x 10tkg (= 2.02 x 10*kgx 0.56).

2.3.4Normalization

The results of LCIA (see, for examplEable2.6) may not be completely perceivable in
terms of what the global impact of the emissions are. Therefore, the total equivalent masses of
emissions (e.g., C®, SOe, etc.) are normalized with respect to the annual world impact per
person.Table2.8 summarizes the world impact per person in 2010 (a reference year), according
to ReCiPe (National Institute for Public Health and Environment (RIVM), 2016). The values in
Table2.8 indicate the annual impact caused worldwide divided by the world population in 2010.
For example, the annual world impact per person in the category of global warrhiwpigkg

of COze. Given the global warming impact of a drilled shaft is 5RQ@f CQpe, it is equivalent to
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46.5% of the annual global warming impact per person (i.e., annual global warming impact of one

person).

Table 2.8. World impact per person in 2010(normalization factors in LCIA) ( adapted from
RIVM, 2016)

Impact category Value Unit

Global warming 10757 kg COZ per person
lonizing radiation 480 kBg Co60e per person
Ozone depletion 0.065 kg CFG11eper person
Terrestrialacidification 41 kg SQe per person
Marine eutrophication 4.6 kg Ne per person
Freshwater eutrophication 0.65 kg Pe per person
Photochemical oxidant formation 21 kg NMVOCe per person
Particulate matter formation 26 kg PMhoe per person
Humantoxicity 31262 kg 1,4DBe per person
Marine ecotoxicity 43 kg 1,4DBe per person
Freshwater ecotoxicity 25 kg 1,4DBe per person

2.4 Interpretation

The interpretation phase involves reporting the findings from the LCI and LCIA.
Conclusions are drawn through an iterative process that follows these sequences: (i) identification
of significant issues, (ii) evaluation of the methodology and results fopleteness, sensitivity,
and consistency, (iii) drawing preliminary conclusions and checking that these are consistent with
the goal and scope of the study, data quality requirements, predefined assumptions and values, and
limitations, and (iv) reportinghe conclusions if they are found to be consistent; otherwise,
reiteration from steps (i), (ii), and (iii) as appropriate (ISO, 2006b). Examples of significant issues
are the significant contributions of the different stages or processes to the envirbimmeantes
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or to specific emissions of interest, and implications of the assumptions made, selection of impact
categories, characterization methods (models) used to the LCI and LCIA results. Significant issues
(e.g., contributions or anomalies) can be identifiedthycturing the LCI and LCIA results with
respect to the variable of interest (e.g., life cycle stages, life cycle processes, impact categories,
emissions, and any other variables related to assumptions made in LCA). The completeness check
ensures that altelevant information and data needed for the interpretation are available and
complete. The sensitivity check involves evaluating the influence of variations in assumptions,
methods and data on the results. Lastly, the consistency check is completednindethether

the assumptions, calculation methods, and data are consistent with the goal and scope.
Recommendations are given based on the final conclusions and according to the goal of LCA. For
example, if the goal of LCA is to compare the global wagnmpacts of two alternative designs

for a drilled shaft, the design with the least mass ofed@©recommended.

2.5Summary

In this chapter, the procedures of life cycle assessfh€wt) in the context of geotechnical
engineering are explained. LCA & standardizec&nvironmental impact assessméat the
guantiication of various environmental impacts ofsgstem such as global warming impact,
acidification, eutrophication, particulate matter formation, atiter environmental impacts,
caused throughoute life cycle of the systemTypical stages considered in the life cycle of
geotechnical structure are extraction and refining of raw materials, manufacturing, transportation,
constructio, maintenance and repair, structure reuse, demolition and disposal, and material reuse
and recyclingFollowing the standards specified 8O 14044:2006LCA is conducted in four
stages:ij defining goal and scope of LCAj)(life cycle inventory analysi@_Cl), (iii) life cycle

impact assessme(itCIA), and {v) interpretation of LCA resultdn the goal and scope of LCA,
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essentialinputs such asthe functional unit of geotechnical structukeeing studied system
bounday of the life cycle, and database requiremeats, defined. The purpose of LCI is to
guantify the emissions, such as carbon dioxide, particulate matter, and sulfur dioxide, generated
during the defined system boundary of the life cycle. The emissions are then interpreted as global
environmental impacts the LCIA. In the interpretation stage of LCA, the results of LCA are
analyzed to determine the signéit life cycle processes and environmental impacts that need the
most attention when designing the geotechnical structure with environmental considerations. In
this study, the quantified environmental impacts are normalized with respect to reference values
(i.e., annual world impact per person and environmental impact of a typical passenger car) to
provide perspectives on the relative impactgdotechnical structures compared to commonly

perceived pollutets

2.6 List of Symbols

Notation Description

D(BY); Change in base saturation of forest grea

! diesel Density of diesel

(EF)x Emission factor of substange

(EF)x,empty Emission factor for empty rured transportation
(EF)x loaded Emission factor for loaded ruié transportation

(EF)xm, (EF)xr The emission factors for driving on motorway, rural road, armhn road

and EF)xu respectively

(EF)xroad Emission factor for driving on a certain type of road (e.g., motorway,
road, or urban road)

(EF)xtransportation ~ Total emission factor of emissiotfor transportation

(FF)so, Fate factor of sulfudioxide

(FF)x Fate factor of emissiox

(GWPX Characterization factor of climate forcerelative to carbon dioxide
DM Change in emitted mass of acidifying substance

(TAP)x Characterization factor of acidifyirgubstance relative to sulfur dioxide
aco, Radiative efficieng of carbon dioxide

A Size of forest arep

ax Radiative efficiency of the emission

Ceo,(t) Time-dependent abundanceazrbon dioxide
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List of Symbols (continued).

Notation Description

COse Equivalent mass of C{of emissionx

Cx(t) Time-dependent abundance fthe atmospheric mass of emissioover
time starting with a pulse at tinte= 0 with the assumption of instantanec
release of all the emissions)

o] Transportatiordistance

Ex Total emission of substance (pollutaxt)

Ko Engine load factor

m Mass of sukproduct (e.g., concrete, steel, and diesel)

p Maximum payload capacity of the transportation truck

Pe Rated engine power

Q Weight of cargo loaded in theansportation truck

Qd Fuel consumption rate

S Specific fuel consumption

Sv, Sk, andsy Driving share factors on motorway, rural road, and urban road (ranging
0 to 1), respectively

SOGe Equivalent mass of sulfur dioxide

t Time

TH Time horizon (e.g., 20, 100, or 500 years)

u Utilization ratio of transportation trucks

Vdiesel,total Total volume of diesel
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CHAPTER 3: ENVIRONMENTAL IMPACTS OF PILE FOUNDATIONS

Drilled shafts argile foundations widely used in North America for providing support to
bridges, higkrise buildings, excavations, retaining structures, and slopes (FHWA)20Loese
are widely used in different geologic settings (Kulhawy, 1991) and usually have extremely high
axial resistances. Further, drilled shafts can have excellent strength against flexure in resisting
overturning and seismic forces. Large diameteledfishafts are also used as alternatives to group
piles for eliminating the wsof pile caps and reducing the footprint area (FHWA, 20%@lgado,
2008). Although drilled shafts have been widely used for various applications, there is a lack of
knowledge regarding their environmental impacts. The procedure and details of LCA calculations
for drilled shafts are not available. At the sanmeetj there is no eaggp-use guideline available
using which a designer can relate a particular design to its environmental impact without the use

of specialeed LCA software packages.

3.1 Problem Descriptionand Scope

Single drilled shafts angile groups (consisting drilled shafesnbedded in sandpils are
considered in this study for which life cycle assessments are perfoliakel@.3.1 provides a
summary of the parameters considered indésign of single drilled shafts and grsup this
study The pile length; is varied from 5 m to 30 m, and pile diameBgiis varied from 0.3 m to
1.5 m. Three different group configurations with 2, 3% 3, and 3 4 drilled shafts are considered.

The applied vertical loai ranges from 1000 kN to 3000 kN.
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Table 3.1. Range of parameters considered in drilled shaft design

Variable Values

Pile lengthLp (m) 1 for fixed length designs 5, 10, 15, 20, 25, and 30
Pile diameterB, (m) i for fixed diameter designs 0.3. 0.6. 0.9, 1.2, and 1.5
Concrete density (kg/f 2400(Vieira, 2015)
Cylinder compressive strength of concrete (MPa 35 (CEN, 2004)

Elastic modulus of concrete (MPa) 34077(CEN, 2004)

Steel density (kg/f) 7850(CEN, 2002)

Percentage volume of steel with respect to conci 1, 2, 3, and 4FHWA, 201(&)
volume (%)

Factor of safety 2,2.5,and 3

Applied load,P (kN) 1000, 2000, and 3000

Pile group design

Pile configuration 23 3,33 3,and 3 4

Pile diameterBp (m) 0.9

Pile cap thicknesgc (m) 0.5,1,2,and 3

Centerto-center pile spacingy (m) 2By, 3By, 4By, and By (Salgado, 2008)
Clear edge distancéce (m) Mi ni mu mBpor0.1 f(AQI,

2011; Magade and Ingle, 2020)
Minimum area of steel reinforcement in pile cap 0.2% of crosssectional area of concret
pile cap in each directiofCAC, 2006)

Soil properties for parametric study
(Profiles 1 and 4 SeeFigure3.2)

Relative densityDr (%) 30, 50, 65, and 8Basu and Salgado,
2012)

Critical state friction angléefc () 28, 31, 34, and 3{Basu and Salgado,
2012)

Coefficient oflateralearth pressure at regl 0.4, 0.5, and 0.Basu and Salgado,
2012)

3.1.1Design ofSingle andGroup Drilled Shafts

The drilled shafts in this study are designed by satisfying the ultimate limit state criterion
of ultimate pile capacity corresponding to 10% relative settlement and the serviceability limit state
criterion of allowable pile settlementhe ultimate axial pile capacity is calculated following a
propertybased capacity calculation method (Salgado, 2008g ultimate capacity of pile

foundations is calculated as the summation of capacities developed at the base and along the shaft:
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Qur = % A "a Qi A (3.1

whereQur is the total ultimate capacity (KNJp,ut is the ultimate unit base resistance (kPa)s
the crosssectionalarea of the pile base @ngs.,iis the limit unit shaft resistance of tifésoil
layer (kPa), and\s, is the surface area of the pile in contact withithiayer (nf). The allowable
pile capacityQai is obtained by reducinQui with a factor of safety (FSp Qai = Qu/FS.
According to Salgado (2008), the ultimate unit base capacity of drilled shafts in sand is
given by
O, o =[0-23exp(-0.006B; | K, (3.2)

in which

a 0841 0.004Dg
% -1 64exf 0.104] + (0.0264- 0.0002D,] et

A QA*

(3.3)

where oL is the limit base resistance (kP& is the relative density of sand (%)s is the

atmospheric pressure (= 100 kP#&)js the angle of friction at the critical state, afl is the

effective horizontal stress (kPa) at the pile base.

The limit unit shaft capacity of drilled shafts in sand is given by (Salgado 2008)

g, =SiKtan ¢ (3.9
in which
K _ Fey isj 02 |
K—— expg ¢0.0114- 0.0022 B | (3.5)
0 Té ¢Pa = 1
a= [ (3.6)
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where Sjis the effective vertical stress (kPa) at a depth wiggras determinedKo is the

coefficient of lateral earth pressure at rest, &his the friction angle at the interface of the pile
and soil.

Settlement calculations are completed following the method by Bowles (1997) to ensure
that the designed pile dimensions, determined based on the bearing capacity calculations, do not
result in exceeding the allowable settlement of 30 mm, as recommended by Salgado (2008). The
total settlement is the summation of the axial and point settilsmen

DH, =1, H[ 3.7)

p

whereYH, is the total settlement of drilled shaft (2WHa is the axial settlement (m), ai¥Hp: is

the point settlement (m). The axial settlement is computed as:

PL
DH, =2 (3.8)
AE,
whereP is the axial force (kN),p is the length of pile (m)) is the crosssection area of pile (fj
andEpi s the Youngdés modulus of pile (kPa). The
1-
DH, = qgsp?”f mi,1 K (39)

whereY gy is thebearing pressure at the pile base (kR/B, is thedrilled shaft diameter (m}s

isthePoi ssondés r atBisthed busagidbks Mmodal 835) of soi l bel
mlsis theshape facto(= 1.0, Ir is theFox embedment factqr 0.55ifLy/B,O 5 and = 0. 5
Lo/Bp > 5), andF1 is reduction factof= 0.25 if the axial load is fully resisted by the shaft (floating

pile), = 0.50 if the shaft capacity is fuliyobilized and the excess applied load is resisted by the

base, and = 0.75 if the entire axial load is resisted by the base (end bearjng pile)
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The distribution of applied (structure or column) load for the drilled shafts in groups is

calculated as (Salgado, 2008):

P MX My
Q=— +"— +— (3.10)
Ny =22 L2
ax. ay
j=1 i 2

whereQ; is the applied axial load acting on tiepile of the group (kN)P is the total applied load
(kN), np is the total number of pile$)y is the applied moment with respect to yhaxis (kN m),
My is the applied moment with respect to thaxis (kN m), andy andy; are thex- andy-
coordinates of the center of pjl&rom the centroid of the pile cap in plan (m).

The working (allowable) stress design method is used to obtain the drilled shaft dimensions
with aFSranging over 23. The allowable settlement of drilled shaft is assumed to be 30 mm, as
recommended by Salgado (2008he pile dimensions obtained after satisfying the ultimate
capacity (with a factor of safety) are checked against the allowable pile settletreemtlime of
steel reinforcement in the drilled shaft is assumed to vary between 1% and 4% of the volume of
concrete shaft (FHWA, 208D Pile cap are not considered for single drilled shafts based on the
recommendations of FHWA (20&0and CAC (2006).

The pile (drilled shaft) groups are designed following the working stress design method
with FS = 2.5 to ensure tha) (he total applied load does not exceed the group capacityiand (
the distributed loads on individual piles do not exceed the individual pile capacity. Block and row
failures in pile groups are unlikely in sand and neglected in the calculations. The distribution of
axial loads into different piles in a group are cadtediusing Equatior§3.10). For determining the
pile cap di mensions, the clear edge distance I

or 100 mm Table 3.1), following the recommendations of ACI (2011) and Magade and Ingle
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(2020). The pile cap thickne3sis varied from 0.5 m to 3 m and centercenter pile spacing,
is varied from By to 5By (Salgado, 2008)The minimum area of steel reinforcement in the pile
cap in each direction is assumed to be 0.2% of «3esBonal area of the pile cap, based on CAC

(2006).Figure3.1 shows the top and section views of a pile group with 2 by 2 configuration.

'

1 T
O O .
_>{ Bp P_
© O
~—p — v

(a) (b)

Figure 3.1. Top and section views of a pile group

Five different sandy soil profiles, denoted as Profiles 1 to 5, are considered in this study,
as described ifigure3.2(a)-(e). Profile 1 is a completely dry homogeneous sand profile with a
relative densityDr = 70%, criticalstate friction angle . = 33° and a coefficient of lateral earth
pressure at resto = 0.45. Profile 2 is the same as Profile 1 but with a water table located at the
ground surface. Profile 3 consists of a completely dry sand deposiDwith50% overlying a
strong bearing layer witbr = 80%. Both sand layers have mear 33° and Ko = 0.45. Profile
4 is the same as Profile 3 but with a water table located at a depth of 2 m below the ground surface.
Profile 5 consists of an extremely loose sand layer @itk 20% overlying a dense sand layer

with Dr = 80%.
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The soil properties of Profiles 1 and 4 are varied, as specifi@bie 3.1. Range of
parameters considered in drilled shaft desigmperform a parametric study and to investigate the
effect of soil properties on the environmental impacts. For an applied load, the drilled shafts are
designed assuming eithey & fixed diameter oti( a fixed length. For example, if a fixed diameter
of, say, 600 mm is assumed, the pile length that satisfies the ultimate limit capacity with a factor
of safety is determined, and if a fixed length of, say, 10 m is assumed, the pile diameter is
determinedThe serviceability limit state criterion is alsatisfied in botltasesThis procedure is
followed to investigate if fixing a certain pile dimension plays a role in increasing the

environmental impacts.

\/
S SANNA 7S ANNA —
Profile 1 Profile 2
I Dy =70% I Dy =70%
? ¢.=33° ? . =33°
K,=0.45 K,=0.45
v Y
_-" Bp %_ _"" Bp ’<_
(a) (b)
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Figure 3.2. Sand profiles considered in this study: (aprofile 1, (b) Profile 2, (c) Profile 3, (d)
Profile 4, and (e)Profile 5
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For a given profile and applied load, the drilled shaft dimensions are determined as part of
design.After the dimensions of the drilled shafts and pile capfiasdized, the total volumes of
concrete and steel are computed and converted into their corresponding masses using the
respective densities of 2400 kdg/rfVieira, 2015) and 7850 kgM{CEN, 2002), respectively
(Table3.1). Table3.2 summarizes the design dimensions, and volumes and masses of materials
for sample drilled shaft desigrfsor example, for a single drilled shaft with 0.8 m diameter, 15 m
length, and 2.5% steel reinforcement, the total masses of concrete and steel are 18096 kg and 1480
kg, respectively. These values are used as inputs to the LCACHies performedollowing the

standards by ISO (2006a; 2006b) and using the GaBi soffwenrgon 6.115)

Table 3.2. Samples of drilled shaft designs

Profile 1 Profile 2
Parameter Fixed length Fixed diameter Fixed length Fixed diameter
Length (m) 15 9 15 16
Diameter (m) 0.8 0.9 1.0 0.9
Volume ofconcrete () 7.54 5.73 11.78 10.18
Volume of steel (1f) 0.19 0.14 0.29 0.25
Mass of concrete (kg) 18096 13741 28274 24429
Mass of steel (kg) 1480 1124 2312 1998

3.2LCA of Drilled Shafts
3.2.1Goal and scope

In this study, LCA is carried out to investigate and quantify the environmental impacts of
single drilled shafteind pile groupg sandy soil profiles. The results can be used in comparative
assertions; however, the loading conditions, subsurface profiles, soil properties, construction
processes, and any design or LCA related factors should be similar for such comparisons. The
sysem boundaries of LCA considered in this study includesrdiae material extraction and

refining stage on the start boundary ahdconstructonst age on t he end- bound
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to-s i systém boundaries are considessdshown inFigure 2.1). Stages beyond the end of
constructiomareomitted in this study because drilled shafts typically halm@service life and
require minimum or no maintenancehe life cycle stages of structure reuse, demolition and
disposal, and material reuse and recycling are also excluded in this study because it is usually not
decided during the design and construction stages whether a drilled shaft will be abandagekd, reus
or deconstructed (with material recycling) at the end of designed lifespan. Further, it is assumed
in this study that little or no construction waste is generated during the constructionLstage.
data related to bentonite slurry is not availablerdfoge, the impacts of bentonite slurry are
guantified based on generic data of materials that are used to prepare bentonite slurry. If the
impacts of bentonite slurry are found to be insignificant, then the processes related to bentonite
slurry can be exaded from the system boundaries, as recommended in ISO (2006a). Further, the
processes related to steel casing are omitted because steel casing is used if céwigg saildy
or gravelly soil under the water tabls)underlain by a clayey and impé&vus soi|l which is not
the case in this stud¥igure3.2) (Reeseet al, 2006; Salgado, 2008 or single drilled shaftshe
processes related to concrete pouring for pile cap are also omitted because pile cap is not required
(CAC, 2006; FHWA, 2018.

The functional unit considered in the LCA study is the mass (in kg) of a drilled shaft
required to support thapplied load in a given subsurface profitghout (i) a bearing capacity
failure (corresponding to FS =3 and (ii) the settlement exceeding 30 mio&l and LCIA
databasefor the Canadian and American practices are used if available; otherwise, European or
global databases are used. It is assumed that the life cycle processes of drilled shaft are not
significantly sensitive to the timeslated overage; therefore, data collected in thé' 2éntury

should be adequate as they are the most recent data available at the time this LCA is conducted.
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To obtain more accurate LCA results, it is recommended that databases updated to date are used
because the energy efficiency in manufacturing processes and construction technologies continue
to improve. The technology coverage of data for this LCA studyisa concern because the
primary materials for drilled shafts (e.g., concrete and steel) are widely used construction materials
for which the energy sources used in the manufacturing process are assumedvaoy not
significantlyboth over time and acro&scations

The following environmental impact categories are considered in the study: global
warming, ionizing radiation, terrestrial acidification, marine eutrophication, photochemical
oxidant formation, particulate matter formation, human toxicity, marine ecdtgxiand
freshwater ecotoxicity. Additional environmental impacts like ozone depletion, freshwater
eutrophication, terrestrial ecotoxicity, water and metal depletion can be quantified if these have
important impacts to the gestructure being studied; howay these have relatively low impacts
for drilled shafts and are not considered in this study. Other assumptions made in this LCA study

are discussed when describing the LCI and LCIA in detalils.

3.2.2Assumptions inLCl and LCIA

Based on the defined goal and scope of LCA for drilled shafts, the LCI databases are selected
accordingly.Table 3.3 summarizes the information of selected databases for conducting LCI of
drilled shafts.All databases are in compliance with the ISO standards (ISO 2006a; 2006b).
Alternative databases that best represent the processes liEtdbdE®.3 may be used if necessary.
Table3.4 summarizes the characteristics of gubducts (i.e., concrete and steel) and assumptions

used in LCIl and LCIA calculations.
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Table 3.3. Summary of LCI databases used for drilled shafts

Process SDSJ?ce >F/{eea1:?1rence Geography Technology description
From Thinkstepi 2015 Europe Manufacturing ofeadymix concrete
extraction and from GaBi with strength class of C35/4
refining of (2021) according to Eurocode 2 (CEI
raw materials 2004). Manufacturing of cement
to included in the data.
manufacturing
of concrete
From World 2007 Global Manufacturing of steel reinforcin
extraction and Steel bar used to strengthen concrete
refining of Association highway and building construction
raw materials 1 from
to GaBi
manufacturing (2021)
of steel
reinforcement
cage
Road Thinkstepi 2015 Global Use of dieselriven heavyduty
transportation from GaBi trucks (27tonne payload capacity

(2021) Emission factors obtained from tt

Handbook Emissions Factors f
Road Transport (HBEFA, 2010)

Concrete Thinkstepi 2015 Global Pumping process of 1%0f concrete
pumping from GaBi assuming 2365 kg/frdensity

(2021)
Diesel NREL 2005 United Diesel combustion in industri
combustion  (2012) States applications such as  mobi

refrigeration  units,  generator
pumps, and portable waellilling
equipment.

1Start year of the time period for which the data set is valid.

Table 3.4. Characteristics of subproduct or assumptions used in LCA of drilled shaft

Life cycle Characteristics of subproduct or assumptions

stage

From raw Strength class of concrete C35/45 strength according to Eurocode 2
material (e.g., 20/25, 35/45, 50/60 (CEN, 2004)

extraction to
manufacturing TYP€ Of steel

Steel reinforcing bar rolled on a hot rolling m
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Table 3.4(continued).

Life cycle
stage

Characteristics of subproduct or assumptions

Transportation

Type of construction
machinery to be
transported

Weight of the constructior
machinery

Hauling distance from
machinery rental
location/material
manufacturing plant to
construction site

Type and payload capacit
of hauling trucks

Auger drilling machine and hydraulic cane

Mass of auger drilling machine = 43000kg
(Bauer Maschinen GmbH, 2021)

Mass of hydraulic cane = 12340kg (Tadano,
2018)

Distance from concretmanufacturing plant to
construction site = 10km

Distance from steel manufacturing plant to
construction site = 50km

Distance from machinery rental location to
construction site = 50km

Concrete mixer truck represented as a diese
driven 27tonne capacity truckp(= 27)
Machineries hauled by diesefiven 2#tonne
capacity trucks = 27)

Construction

Productivity rate of the
construction machinery

Fuel consumption rate of
the construction
machinery

SeeTable3.5

Concrete mixer truck: 11.1L/hr (Zagudaal.,
2012)

Hydraulic crane: 11.6L/hr (calculated based
engine specifications Tadano, 2018; EPA,
2004; EPA, 2010)

Auger drilling machine: 21.4L/hr (calculated
based on engine specificationBauer
Maschinen GmbH, 2021; EPA, 2004; EPA,
2010)

In this study, tiis assumed that auger drilling machine and hydraulic crane are used in the

construction stage, and their masses are obtained Bawer Maschinen GmbH (202&nd

Tadano (2018), respectivelyeeTable3.4). The steel reinforcement cage, auger drilling machine,

and hydraulic crane arssumed to bbauled by 27#tonne capacity truckg(= 27 in Equations

(2.2) and(2.3)). The concrete mix is delivered to the construction site by a mixer truck; however,
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because of lack of data available, the concrete mixer is represented-@mmaeapacity truck in

this study.lt is assumed that the omay transportation distances to the construction site for
hauling the readynix concrete and steel reinforcement cage are 10 km and 50 km, respectively.
The oneway transportation distance from the rental location of the constnuttachinery to the
construction site is 50 kniNote that these distances are-specific.

Three installation activities are involved in thenstructionstage of drilled shafts: (i)
drilling the shatft, (ii) placement of steel reinforcement cage, and (iii) erection of funnel or tremie
depending on the construction method, and pouring of concrete mix for the shaft. Auger drilling
machine is used for drilljn the shaft, and hydraulic crane is used for placing the steel
reinforcement cage into the drilled shaft.

Two construction methods of drilled shafts, the dry and wet methods, are available (Reese
et al, 2006). Depending on the location of tuatertable and the type of soil, the construction
method differs. If the soils are dry down to the depth of drilling and the water table is located far
below the pile base, then the dry method is practiced. If it is expected that the water table is
encounterediuring the drilling process, then drilled shafts are installed by the wet method. The
difference between the twemnstruction methods liga the method of concrete pouriagd the
use of bentonite slurryrhe dry method uses a funnel to pour the concrete into the shaft, whereas
the wet method utilizes a tremie system to prevent water flow into the concrete mix. In the LCA
calculations, the difference between the two concrete pouring method is refletiediifierence
in time required for the erection of the funnel or tremie system. Another commonly used
construction method is the casing method, in which a stsshg is driven prior to concrete
pouring to control the caving soil that usually occurs in layered profiles comprising a loose layer

between competent soil layers. The casing method is not applicable in this study theceagieg
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soil in layered profiles3-5 is not underlain by or in between cohesive impermeablelsdihis
study, the dry method of construction is assumed for drilled shafts in soil ptofited 3and the
wet method is assumed for soil pra$is 4, and 5 (seEigure3.2).

Bentonite slurry is typically used for the wet method to stabilize the excavation; however,
the use of bentonite slurry is not considered in this LCA study because relevant LCA data is not
available.lt is expected that the impacts caused by the bentonite slurry are not significant for this
study based on approximate surrogate calculation considering the three main ingredients of
bentonite slurry bentonite powder, sand, and waitdp replicate thempact of bentonite slurry.

Based on the recommendatidns FHWA (201@), the density of bentonite slurry is 1046 kd/m

and the concentrations of bentonite powder and sand are both 40okgyater. The EF)co, for

bentonite powder ranges from 0.101 (Shillaberal, 201t) to 0.157 kg C@kg (European

Commission, 2018), and th&K)co, for sand and water are 0.00234 kgAkQ and 0.00619 kg
CO/kg, respectively (European Commission, 2018). Th#)do, for bentonite powder,

mentioned above, is not a fixed number because of different assumptions on energy mix and
technology used for manufacturing bentonite powder. For a drilled shaft ywatli5 m andB, =

0.8 m, for example, the volume of bentonite slurry is equivalent to the volume of shaft (Z).54 m
hence, the total mass of bentonite slurry is 7887 kg (= 7354 1946 kg/r). Giventhe density

of bentonite powder, concentrations of bentonite powder and sand, and the volume of shaft, the
masses of bentonite powder (= 297 kg), sand (= 297 kg), and water (= 7430 kg) are back calculated
using the method by Lam (2016). Hence, the to@dsrof CQfrom the cradlego-gate processes

of bentonite slurry is estimated to be in the range 77 to 93 kg depending on the emission factor
used for bentonite powder. The mass o,@Om the transportation of bentonite slurry from the
factory to the s# is calculated using the same parameters and assumptions used for the
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transportation of concrete mix. Hence, t&€)co, for transportation of bentonite slurry is 6.59 x

104 kg CQ/kg (see # row and & column of Table 2.3), and the mass of GCfrom the
transportation of bentonite slurry is equal to 5.2 kg (= 7887 kg x 6.59%dg.COy/kg). The CQ
emission caused by the pouring of bentonite slurry in the construction stage is also assumed to be
equivalent to pouring of concrete mix, and calculation of the mass efy&t@rated from this
construction activity will be discussed in the next paragraph. The validity of excluding bentonite
slurry from the defined system boundaries will be discussed after the complete LCA results are
obtained.

In this study, it is assumed that diesel is used for operating the construction equlpraent.
diesel consumption rates and operation times of construction equipment for different activities are
summarized ifTable 3.5. According to Zagulat al (2012), the diesel consumption rageof
concrete mixer truck is 11.1 L/hr; however, it is unclear if the engine idling time is accounted in
the specified consumption rate. The diesel consumption rates of hydraulic crane and drilling auger
machine are calculated assuming that the rated epgimersPe are 101 kW (Tadano, 2018) and
186kW (Bauer Maschinen GmbH, 2021), respectively. For both hydraulic crane and drilling auger
machine, the specific fuel consumption rgéés 0.223 kg/kWh (EPA, 2004); the load fackaiis
0.43 (EPA, 2010); and the density of diesgéselis 0.832 kg/L (Measurement Canada, 2018).
Because of lack of data, the diesel consumption rates for the erection of tremie and funnel are
assumed to be identical to that of operating the hydraulic crane. The operation tidrdBrigr
placement of steel cage, erection of tremie and funnel, and pouring ofm@adpncrete are
estimated based on the regression models (equatidiabia3.5) provided by Zayed and Halpin

(2005).For pouring bentonite slurry, 1.52 kg of diesel is consumed (= 1.83 L x 0.832 kg/L, see
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Table3.5); hence, 4.92 kg C4= 1.52 kg x 3.23 kg C#Ikg, see ? row and & column ofTable

2.3 for (EF)co,) is emitted.

Table 3.5. Parameters for fuel calculation

Construction  Diesel Regression models for Operation Diesel
activity consumption operation time®2t (min) time for consumption
rate (L/hr) drilled (L)

shaft (hr)

(Lp =15

m, Bp =

0.8m)
Drilling hole ~ 21.4 tyung =15.5 #1522, -13.188 0.337 7.21
Installing steel 11.6 te= 3.6 6.78%, 0.137 1.59
cage

reinforcement
using a crane

Erection of 11.6 t. . =2.873 +0.14%, 0.083 0.963
funnel

Erection of 11.6 t ... =6.6041 +0.4603 0.225 2.61

tremie

Pouring 11.1 tooung = 0.843  9.715, 0.165 1.83
concrete

Vdiesel,total(dry 11.60 (9.65
method§ kg)®
Vdiesel,totaI(Wet 1324(1102
method} kg)®

The regression models for calculating the operation timel@aned from Zayed and Halpin (2005) ateVeloped
based on 0.45m of pile diameter, 15184f pile length, and 1.3 of auger height
274 = drilling depth in m (=) andh = height of auger in m (= 1.3%)
STotal diesel consumption for dry method = 7.21 + 1.59 + 0.963 + 1.83 =111.60
“Total diesel consumption for wet method = 7.21 + 1.59 + 2.61 + 1.83 =113.24
Sdensity of dieseliiesel= 0.832kg/L
3.3Results
The results of LCA conducted for single and group drilled shafts are provided in this
section. The environmental impacts of drilled shafts, selected according to the scope of LCA, are
reported in normalized figures to provide perspectives on the relatpacts of drilled shafts

compared to commonly perceived polluters. Based on the results of LCA, the significant life cycle
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processes and environmental impacts are determined. The results of parametric study are provided
in which the effects of soil properties, design parameters, and hauling distances of transportation
trucks are investigated. To make the results of LCA mocessible to practitioners, charts are
developed using which practitioners can estimate global warming impact of drilled sielys

based on the design dimensions.

3.3.1Environmental Impactsof Single Drilled Shafts

Table3.6 summarzesa sample result of LCA for a drilled shalft, 15 m,B, = 0.8 m,P
= 1000 kN, and Profile 1) for theelected environmentahpact categories. The actual values of
the environmental impacts are compared with the annual impact per person in year 2010, obtained
from Huijbregtset al (2016), to determine their relative impacts. The human toxicity of drilled
shaft construction exceeds the annual impact per person by a significant amount. The
environmental impacts of drilled shafts are also compared with the environmental impacts of a
complete life cycle of a typical passengeghicle in Table 3.6. According to the European
Commission (2008), 56.2 tonnes of greenhouse gases are emitted by a typical passenger car over
its life span. A typical drilled shaft withy = 15 m andB, = 0.8 m, for example, generates 4.2
tonnes of global warming potential (GWP), which is 7.6% of the GWP of a typical passenger car.
Noting that the results shown ihable 3.6 are based only on one drilled shaft, the total
environmental impact from the construction of drilled shafts (or, for that matter, other bored
reinforced concrete piles) all over the world is enormous. The comparisons with the annual impact
per person andvith the environmental impacts of a typical passenger are made to put the
environmental impacts of drilled shaft construction in perspective with respect to the commonly

perceived polluters. Clearly, quantification of the environmental impacts of founsiatial other
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geostructures is very important and worth a detailed investigation, and designs must take into

consideration the environmental aspect so that overdesign is avoided.

Table 3.6. Environmental impacts of a drilled shaft L, =15 m andBp = 0.8 m)

Impact category Drilled Typical Proportional Annual Proportional

(equivalent shaft passenger drilled shaft world drilled  shaft

measurement impacts't  vehicle impact with impact per impact  with

unit) impactst? respect to persont?  respect to
passenger annual world
vehicle (%) impact (%)

Global warming 4244 56200 7.6 10757 39

(kg of CQp)

lonisingradiation 79 - - 470 17

(kBg of Ca60)

Terrestrial 8.2 164 5 41 20

acidification

(kg of SQ)

Marine 2.6 - - 4.6 57

eutrophication

(kg of P)

Photochemical 8.6 48 18 20.5 42

oxidant

formation

(kg of NMVOC)

Particulate matte 3.2 3.9 82 16 20

formation

(kg of PMho)

Human toxicity 252 - - 51.9 486

(kg of 1,4DB)

Marine 0.17 - - 8.8 1.9

ecotoxicity

(kg of 1,4DB)

Freshwater 0.39 - - 12.6 3.1

ecotoxicity (kg of

1,4DB)

1In equivalent measurement units given in the first column
’Data fromEuropearCommission (2008)
Data fromHuijbregtset al (2016)
Figure3.3 shows the normalized environmental impacts (with respect to the annual world

impact per person listed ifable3.6) of two drilled shaft designs assuming (i) fixed length of 15
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m and (i) fixed diameter of 0.8. It is evident that marine eutrophication (ME), global warming
(GW), and photochemical oxidant formation (POF) are the most concerning environmental
impacts for drilled shaft, accounting for-83% of the world impact per person. It is also evident
that the environmental impacts of drilled shaft are dependent on site conditions because the
environmental impacts of drilled shaftfnofile 2, shown inFigure3.3(b), are higher than those

in Profile 1 (Figure3.3(a)). Based orFigure 3.3, the fixeddiameter approach resulted in lower
environmental impacts. To investigate the effect of selection of-fiie@aeter of drilled shaft to

the environmental impacts, the LCA results are also normalized to a base design assuming a fixed
diameter oB, = 0.9 m.Figure3.4 shows the change in the most significant environmental impacts
(i.e., GW, ME, and POF) of drilled shaft with respect to the fixed diamet&s=00.3, 0.6, 0.9,

1.2, and 1.5 mAs the pile diameter is increased, the selected environmental imgla@ign in
Figure3.4, increasedor most casesMinimal changes in the environmental impacts were observed

despite an increase in the pile diameter because the volume of concrete and steel remained constant.
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Figure 3.3. Environmental impacts of a drilled shaft with fixed length andfixed diameter in
(a) soil profile 1 and (b) soil profile 2 Environmental impacts normalized to the annual world
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impact per person in 2010. [GW: global warming; IR: ionizing radiation; TA: terrestrial
acidification; ME: marine eutrophication; POF: photochemical oxidant formation; PMF:
particulate matter formation; HT: human toxicity; MET: marine ecotoxicity; FET:
freshwater ecotoxicity]
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Figure 3.4. Change in environmental impacts of drilled shaft designs with different pile
diameters in (a) soil profile 1 and (b) soil profile 2. Environmental impacts normalized to the
drilled shaft design with fixed diameter ofB, = 0.9 m

The significant contributions of different processes to the environmental impacts,
considering 22 drilled shaft designssail profiles 1 and 2are computed and plotted kigure
3.5. Using the fixed length approach, six desigresecompleted assuming different lengths=
5, 10, 15, 20, 25, and 30 m (sEable 3.1) for soil profiles 1 and 2 eacfi2 designs in total).
Similarly, using the fixed diameter approach, five desigese completed assuming different
diameterd$3,=0.3, 0.6, 0.9, 1.2, and 1.5 m (Sexble3.1) for soil profiles 1 and 2 eacf10 designs
in total). The environmental impacts are largely influenced by the processes related to the
manufacturing of concrete and steel (including the extraction and refining of raw materials), and

there are relatively small contributions from the transportation and constristages. The
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ionizing radiation is mostly affected by the manufacturing of concrete, accounting over 90% of the
impact. The carbon dioxide emissions caused by the eradjate processes of bentonite powder
were compared with the total mass of @Q@ verify the assumption on excluding processes
related to bentonite slurry from the system boundary is valid. The carbon dioxide emissions from
bentonite powder are equivalent to a very small percentage of the to&lr@@jing from 0.7 to

1.1%, depending on which emission factor is used.

100
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30

Contribution of life cycle stage
to total environmental impact (%)

20

10

GW IR TA ME POF PMF HT MET FET

I Raw materials extraction and refining, and manufacturing of concrete
PRaw materials extraction and refining, and manufacturing of steel

[ Transportation of construction materials and equipment

Il Construction

Figure 3.5. Breakdown of environmental impacts per life cycle stagef drilled shafts

Sensitivity analyses are completed by varying some of the assumptions made in this LCA
studyi pile dimensions, volume of concrete, and volume of staéglre 3.6(a)(b) show the
relationship of the environmental impacts with the dimensions of drilled shaft. According to
Figure 3.6(a)-(b), theenvironmental impacts increase as the pile diameter increases, while the
opposite is observed when the pile length increases for both the fixed length and fixed diameter

design approaches. The decrease in impacts with an increase in the pile lengthemauss of
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the tradeoff between the pile length and diameter in design. Longer piles usually require smaller
pile diameters, which result in lower volumes of concrete (and steel) when compared with shorter
piles that require larger pile diameters. For example,Hersame soil and loading conditions
(Profile 1 with applied axial loa® = 1000kN), a drilled shaft with 3@ of fixed length is designed

with diameterB, = 0.4m (volume of concrete = 3.74%°), and a drilled shaft with & of fixed

length is designed witlB, = 1.6 m which has higher volume of concrete (= 10@%. The
environmental impacts are mostly influenced by the manufacturing of concrete and steel (evident
from Figure3.5); therefore, an increase in the pile diameter increases the volume of concrete and
steel substantially because of which there is a sharp increase in the environmental impacts. The
difference in results betweéigure3.6(a)-(b) are caused by the design increments of pile diameter
(200mm increment) and pile length (@ increment) for fixed length and fixed diameter design
approaches, respectively. If the design increments were extremely small (which is impractical), it
is likely thatFigure 3.6(a)-(b) would become identical. The impacts under different categories
shown inFigure 3.6(a)-(b) are consistent witkigure 3.3 indicating that ME, GW, and POF are

the most significant environmental impacts for drilled shatft.

To investigate the relationship between the volume of concrete and steel with the
environmental impacts, the normalized environmental impacts are plotted as functions of volumes
of concrete and steel iFigure3.7 andFigure3.8 for both the soil profiles 1 and 2. Linear increases
of normalized environmental impacts are observed in Bigghre 3.7 andFigure3.8. The rate of
change in the environmental impact with respect to the volume of concrete is the highest for global
warming (= 0.078), which indicates that global warming impact is the most affected by a change
of volume of concrete. Marine eutrophicatioralso highly influenced by the change in volume

of concrete with 0.066 as the rate of change. Marine ecotoxicity has the least rate of change (=
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0.0005). Similarly, the change in the volume of steel reinforcement influences global warming

impact (= 0.121) and marine eutrophication (= 0.112) the most and marine ecotoxicity the least (=

0.0009).
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Figure 3.6. Relationship of normalized environmental impacts with drilled shaft dimensions:
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Figure 3.8. Environmental impacts as a function of volume of steel reinforcemerfor (a)
Profile 1 and (b) Profile 2

The LCA results were also compared with the results obtained from the EFFC/DFI Carbon
Calculator Tool (v4.0), as summarizedTiable 3.7. The difference between the two results is
observed for the life cycle processes related to steel, especially for theatawal extraction,
refining, and manufacturing processes. The values of emission factors for carbon dioxide are 1.16
kg CO/kg and 1.60&g COy/kg (assuming 30% recycled content) in GaBi and EFFC/DFI Carbon
Calculator Tool, respectively; thereby, approximately B O, of difference between the two

results are caused.

Table 3.7. Comparison with the results obtained from the EFFC/DFI Carbon Calculator
Tool

Process GaBi EFFC/DFI Carbon
(kg CO2€) Calculator Tool
(kg CO2€)
Raw material extraction, refining, and 2283 2506
manufacturing of concrete
Raw material extraction, refining, and 1876 2380

manufacturing of steel
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Table 3.7 (continued).

Process GaBi EFFC/DFI Carbon
(kg CO2¢) Calculator Tool
(kg CO2€)
Transportation of concrete 12 16
Transportation of steel 5 79
Transportation of equipment 186 104
Operation of construction equipment 32 39

3.3.2ParametricStudy of LCA ofDrilled Shafts

The environmental impacts (global warming, terrestrial acidification, human toxicity, etc.)
of drilled shaftsare more or less proportional to the total concrete volume of drilled shaft (the
volume of steel is also proportional to the concrete volume). Thus, for a construction, doubling the
concrete volume would nearly double all the environmental impacts. én witrds, if GWP is
doubled, then it is likely that acidification is also doubled (i.e., all the categories portray the same
trend). Therefore, inthis study, the parametriaesults are focused only on global warming (with
the understanding that the other environmental impacts would convey a similar story) because it
is the most accessible information to engineers and it is considered to be one of the most important
environmetal impacts. In problems where tradeoffs between different environmental impacts

exist, multiple environmental impacts may have to be considered and quantified.

3.3.2.1Effect of Soil Properties

Parametric studies are conducted to investigate the effect of soil propertiesgbobtie
warmingimpacts of drilled shaft desigiigure 3.9 shows the GWPs of single drilled shafts in
different soilprofiles 1-5 (Figure3.2) designed against an applied load of 1000 kN with FS = 2.5.

The pile length and diameter are fixed at 15 m and 0.9 m for fixed length and fixed diameter
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designs, respectively, and a 2.5% steel reinforcement is assumed. The maximum difference in
GWP across the soil profiles is 67%, which shows that site selection can have a significant

influence on the environmental impacts arising from foundations.

12000
- Fixed length designs (Lp =15 m)
10000 —E Fixed diameter designs (Bp =0.9 m)—
> B,=1.0m
ON 8000 [— B,=1.0m B l0m g
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Q
on 60000 _ o B,=08m -
i L L,=1lm
S~ L,=12m
~ -
= 4000 -
O
2000 =
0
| 2 3 4 5
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Figure 3.9. GWPs of drilled shafts in different soil profiles under an applied load® = 1000
kN

The effects of soil propertid3g, - ¢, andKo on GWP are next investigated for Profiles 1
and 4 in which the drilled shafts are designed ag&rsi1000 kN with FS = 2.5. For fixed length
designs, the drilled shaft length is fixed at 15 m and the diameter is varied in increments of 200
mm following Coduto (2001) to simulate the practicabes where the dimensions of the available
augers would restrict the choice of the pile diameters. For fixed diameter designs, the drilled shaft
diameter is fixed at 0.9 m and the length is varied in intervals of Eor all the cases, the
reinforcement volume is assumed to be 2.5% of the concrete volume. The values of the soil

properties used in the calculations akeg inTable3.1.
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Figure3.10(a) shows how relative densiBr of sand influences the GWMr is varied
over 3080% for Profile 1 and the top layer of ProfileBk in the strong bearing layer of Profile 4
is kept constant at 80% (sé&gure 3.10(a) andTable 3.1 for the soil properties used in the
calculations). Figure 5(a) also shows, on the secondary veatitsalthe GWmormalzed with
respect to the annual world impact per persorDAsIcreases, the unit load carrying capacity of
the drilled shaft increases because of which less quantities of concrete and steel are required to
resist a given applied loa@ihus, the GWP decreases (more or less linearly) with an incre@se in
for the homogeneous Profile 1. Such a (linear) decrease in GWP with an incré&asis inot
always observed for Profile 4 because the bearing layer with a cdbstaiten controlghe design
(i.e., the pile dimensions). The maximum difference in GWP observed across the rdahge of
considered in this study is 66.9%.

Figure3.10(b) shows the effect of critical state friction angd®n GWP (the soil properties
used in the study are given kigure 3.10(b) and inTable3.1). An increase irf¢ results in an
increased capacity because of which GWP reduces. The change in GWP can be as high as 66.9%
or as low as 33.0% depending on the design methodology followed (fixed length versus fixed
diameter) and the soil profile.

Figure3.10(c) shows the variation of GWP with the coefficient of earth pressure &orest
As Ko increases, pile capacity increases because of which GWP decreasaeguis=®10(c) and
Table3.1 for the soil properties used). The maximum difference in GWP across the raige of
is found to be 49.3%. However, depending on the soil profile and design appteacy, or may
not have any impact on the GWP.

Figure3.9 andFigure3.10show that, for a construction project, soil profiles and properties

have a significant impact on the GWP arising from foundations. Thus, judicious choices in terms
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of site selection, and considerations of ground improvement for improving the soil properties must

be made for amptimized design thaiminimizesthe environmental impacts while keeping the

project cost within the budgefigure 3.10(a)-(c) show that fixed diameter designs have lower

GWP than fixed length designs for most cases. Fixed diameter designs usually involve lower

volumes of concrete and steel because volume increase depends linearly on the increase of pile
length. In contras volume increase in fixed length designs deg@emdthe square of pile diameter,

which results in greater concrete and steel volumes. Fixed diameter designs are usually chosen
when augers with one (or two) diameter(s) are available at a site. Fixed length piles are usually
chosen when a bearing stratigypresent at a certain depth or when there are restrictions in the rig
size that limit the length of the reinforcement cage. Therefore, design approaches should be
judiciously chosen based on the avalidbpf construction equipment and other constraints such

that the GWP isninimized
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Figure 3.10. Variation of GWP with soil properties. (a) relative density, (b) critical state
friction angle, and (c) coefficient of earth pressure at restnormalization of GWP in the
secondary vertical axis is done with respect to the annual world impact per person, which is
10757 kg of CQe)

3.3.2.2Effect of Design Parameters

The parameters related to design, such as applied load, factor of safety, and volume of steel
reinforcement are varied in this study to investigate their impacts on GWP. For fixed length designs,
the drilled shaftength is assumed to be 15 m and the diameter is varied in increments of 200 mm.
For fixed diameter designs, the drilled shaft diameter is fixed at 0.9 m. The steel reinforcement is
assumed to be 2.5% of concrete volume unless otherwise mentionedct®heffaafety assumed
is 2.5 unless mentioned otherwise.

Figure3.11(a) shows the increase in GWP as the applied load increases from 1000 kN to
3000 kN for drilled shafts in Profiles 1 and 4 ($égure3.11(a) for the details of soil parameters
used in the calculations). The change in GWP with applied load depends on the soil profile and
the design approactkigure3.11(b) shows the variation of GWP with factor of safety. While the

GWP increases with an increase in the factor of safety as expected, in certain cases a flat curve is
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observed for a certain range of factor of safety for the fixed length designs because the diameter is
increased in increments of 200 mm. For example, for fixed length designs corresponding to factors
of safety of 2.5 and 3, the required diameters are I128id 1.399 m, respectively. But because

the diameters are selected in increments of 200 mm, the chosen design diameter for both the cases
is 1.4 m, resulting in the same GWP.

The volume of steel reinforcement in drilled shafts can vary between 1% and 4% of the
concrete volume in drilled shafts according to FHWA (2)1UTherefore, the effect of variation
of the percentage of steel on the GWP is investigdigdre 3.11(c) shows that GWP increases
linearly with an increase in the percentage of reinforcement.

In order to further investigate the relationship between GWP and pile dimensions for
different applied loads, GWPs of drilled shaft designs with fixed pile lengthLwitt6-30 m and
correspondinglyB, = 0.4-2.2 mare calculated fd? = 1000, 2000, and 3000 kN in ProfileRigure
3.12 shows the plots of the designed pile length and diameter on the horizontal and vertical axes,
respectively, corresponding to the different applied loads. The GWP for each design is calculated
and plotted on the same figure, and curves joining these peinsate the GWP contours. Clearly,
for a particular applied load, pile length and diameter are inversely related, as expected, and the
diameter has a greater impact on the GWP. For a site, these plots can be generated as part of design

charts and thensed by designers for a quick estimate of GWP corresponding to a particular design.
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Figure 3.11. Variation of GWP with (a) applied load, (b) factor of safety, and (c) volume of
steel reinforcement(normali zation of GWP in the secondary vertical axis is done with respect
to the annual world impact per person, which is 10757 kg of C£8)
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Figure 3.12. Relationship between designed length and diameter of drilled shafts for different
applied loads along with GWP contours (GWP in kg CQe)

3.3.2.3Effect of Hauling Distance

Three main transportation activities are involved prior to or during the construction phase
of drilled shafts. Concrete mix and steel reinforcement cage are transported by trucks from the
supplier to the construction site, and construction equipmentaliiger drill and crane are
transported from rental location&ccording to Zagulat al (2012), the average, minimum, and
maximum oneway travel distances of a concrete mixer truck are 22 km, 8 km, and 48 km,
respectively. Therefore, the travel distance of concrete mixer truck is varied from 5 to 50 km. For
hauling the reinforcement cagedaconstruction machineries, emagy travel distances of 10, 50,
and 100 km are considereigure 3.13 shows the variation of GWP with different enay
transportation distances for drilled shafts designed aggirsiO00 kN in Profile 1 with 2.5%

steel reinforcement and FS = 2He hauling distance has a rather modest impact on GWP.
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Hauling distance has practically no impact on the transportation of reinforcement cage becaise
mass of steel reinforcement i's much smaller
construct i bowevergtshogdbe noted tiéagure3.13shows the results for a single

drilled shaft construction, and the impacts can be potentially significant for-daade

construction of several drilled shafts.
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Figure 3.13. GWP versus oneway hauling distance (normalization of GWP in the secondary

vertical axis is done with respect to the annual world impact per person, which is 10757 kg
of CO2e)

3.3.3Environmental Impacts of Pile Groups

For the three pile group configurations considered in this study, the variations of GWP with
applied vertical loadP, centerto-center pile spacing,, and pile cap thicknesg are shown in
Figure3.14(a), (b), and (c), respectively, for Profile 1. The pile groups are designed considering
a fixed diameteB, = 0.9 m and FS = 2.5. GWP increases with an increase in the applied load, pile
spacing, and pile cap thickness, as expected. The lengths of the piles were reduced in the designs
as the number of piles underneath the pile cap increased. However, the oblilnaeile caps

impacted the GWP because of which the GWP increased as the number of piles increased.
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3.3.4GWP per Unit Volume and Length

Table3.8 shows the different values of GWP per unit concrete volume obtained from the
different cases of single drilled shaft designs describ&igure3.9 andFigure3.14. It is found
that the average GWP per £ of drilled shaft is 564 kg of C£. The manufacturing of concrete
and steel reinforcement cage (including the extraction and refining of raw materials) account for
about 5255% and 4245% of the total GWP, respectively, and the transportation and construction
phases account for about &% of the total GWP. Thus, the environmental impacts of drilled
shafts are largely influenced by the quantity of concrete and steel used, and the impacts of
transportation and construction phases are relatively small.

The GWP per unit volume of the pile groups considerdelgnre3.14(a)-(c) are given in
Table3.8. GWP per unit volume of drilled shaf®\s evident, the average GWP per unit volume
for these pile groups is 404 kg of @Qvhich is less than that of single piles.

The GWP per 1 m length of drilled shafts is calculated for different drilled shaft diameters
ranging from 0.3 to 1.6 m for-4% steel reinforcement. For these calculations, 10 km chaye
transportation distance of concrete, 50 km of-aag transportatin distance of steel, and 50 km
of oneway transportation distance of construction equipment are assurgare 3.15 shows
that GWP per 1 m length increases significantly as the pile diameter increases. Thus, for a drilled
shaft with 0.8 m diameter and 2.5% reinforcement, the GWP per unit length is 283&m@ad
the total GWP for a 15 #ong drilled shaft can be estimated as approximately 4335 kg, CO
which is very close to the GWP reportediable3.6. Project specific plots similar teigure3.15
can be generated that can aid the designers in quick estimation of GWP from the designed

dimensions of drilled shafts.
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Table 3.8. GWP per unit volume of drilled shaft

Figure GWP per unit volume
(kg of CO26/m?3)

Single drilled shafts

Figure3.9 562
Figure3.10(a) 565
Figure3.10 (b) 563
Figure3.10(c) 566
Figure3.11(a) 562
Figure3.11(b) 562
Figure3.11(c) 563
Figure3.13 566
Average 564
Pile groups

Figure3.14(a) 421
Figure3.14 (b) 392
Figure3.14(c) 398
Average 404

1500 | | | | |
Volume of steel reinforcement
L 1% 3% -

’é‘“ 2% 4%
)

) — -
o 1000
O
50
< L -
h...;]-“‘
& 500 —
=
O

0 I I I I

0 03 06 09 12 1.5 1.8
Pile diameter, Bp (m)

Figure 3.15. GWP per meter length of drilled shaft
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3.4 Summary

In this chapter lte environmental impacts sihgle and grougdrilled shafts were quantified
using LCA.Five different soil profiles were considered out of which two are homogeneous and
three are layeredandprofiles. The drilled shafts were designed considering both ultimate and
serviceability limit statesisingthe workingstress design methoB8ased orthe pile dimensions
(i.e., pile diameter and length) obtained from the design, the quantities of materials (i.e., concrete
and steelyereestimated whichverethenused as inputs in the LCéalculationsThe functional
unit defined in this study is the mass of a drilled shaft that can support the applied load without (
bearing capacity failure assuming a factor of safety of 2 @hdxcessive settlement exceeding
30 mm.The selected system boundé#oy the life cycle of drilled shafs fromthe extractiorof
raw materials to the completion of constructstagesThefollowing environmental impacts were
guantified using LCA global warming, ionizing radiation, terrestrial acidification, marine
eutrophication, photochemical oxidant formation, particulate matter formation, human toxicity,
marine ecotoxicity, and freshwater ecotoxiciijhe quantified environmental impacts were
normalized with respect to two reference valtiesannual world impact per person and
environmental impacts caused by a typical passevghicle.

Based on the LCA results, it was found that global warming impact, marine eutrophication,
and photochemical oxidant formation are the most significant environmental impacts of drilled
shaft. Further, the environmental impacts of drilled shaft were higfilyenced by the impacts
caused by the cradle-gate processes (i.e., from raw material extraction to the end of
manufacturing stage) of concrete and stPakametric study was conducted to investigaee
effects of () soil properties (i.e., relativeedsity of solil, critical-state friction angle of sqiland

coefficient of lateral earth pressure at yeét) design parameters.e., applied load, factor of
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safety, and volume of steel reinforcemeant)d(iii ) hauling distance of transportation activities.
Decreasingglobal warming potentialsSQWP9 of drilled shafts were observed as stronger soil
properties were assumed in the parametric study. As the design requirements increased (e.g.,
higher factor of safety assumed), increasing GWPs were observed. The effect of hauling distances
to the GWPs of dlled shafts was minimabeveral charts for quick estimation of global warming
impact of drilled shafts werdeveloped. Using these charts, the GWP of drilled sleaftsbe
estimated solely based different combinations ofi) pile length, i{) diameter, andii() volume

of steel reinforcement. The main purpose of these charts is to facilitate the process of drilled shaft
designs with environmental considerations for practitioners without the need for specialized LCA

software packages.

3.5List of Symbols

Notation Description

fe Critical state friction angle

! diesel Density of diesel

(EF)co, Emission factor of carbon dioxide

(EF)x Emission factor of substange

(GWPX Characterization factor of climate forcerelative to carbon dioxide
YHa Axial settlement of drilled shaft

YH, Total settlement of drilled shaft

YHpt Point settlement of drilled shaft

Yo Bearingpressure at the pile base

Ap Crosssectionalrea of the pile base

Ao Crosssection area of pile

As, Surface area of the pile in contact with tfiéayer

Bp Pile diameter

COe Equivalent mass of Cf emissions

dee Clear edge distance pfle cap

Dr Relative density of soll

Ep Youngds modulus of pile
Es Youngbés modulus of soil bel ow t |
Ex Total emission of substance (pollutaxt)

F1 Reduction factor

h Height of auger
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List of Symbols (continued).

Notation Description

I Fox embedment factor

Ko Coefficient of earth pressure at rest

Ko Engine load factor

Lp Pile length

m Mass of sukproduct (e.g., concrete, steel, and diesel)
mls Shape factor

Mx Applied moment with respect to tleaxis

My Applied moment with respect to tyeaxis

Np Total number of piles

P Applied load

p Maximum payload capacity of the transportation truck
PA Atmospheric pressure (= 100 kpa)

Pe Rated engine power

Qall Allowable pile capacity

b, ult Ultimate unit base resistance of pile

ObL Limit base resistance of pile

Qd Fuel consumption rate

Qi Applied axial load acting on tH# pile of the group
OsL Limit unit shaft capacity of pile

OsL,i Limit unit shaft resistance of th# soil layer

Quit Total ultimate capacity of pile

S Centerto-center pile spacing in group piles

Te Pile cap thickness

tariling, tcage trunnel  Regression models for estimating thigeration times for drilling, installing
tremie @Ndtpouring  Cage, installing funnel, installing tremie, and concrete pouring, respecti
Viesel,total Total volume of diesel

X andy; X- andy-coordinates of the center of pjlérom the centroid of the pile ca
in plan

Z4 Drilling depth

u Friction angle at the interface of the pile and soll

€s Poi ssonbés ratio of soil

V's) effective horizontal stress

VFs) effective vertical stress
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CHAPTER 4: ENVIRONMENTAL IMPACTS OF MECHANICALLY STABILIZIED
EARTH (MSE) WALL S

Mechanically stabilized earth (MSE) wall is a type of retaining strudtae develops
resistance to earth pressures from retained soil usingegtibrcement techniques. Conventional
retaining structures include gravity and cantilever walls; however, the use of MSE walls has risen
because of their cosfffectiveness and aliif to tolerate larger settlements than concrete retaining
walls (FHWA, 200%; Salgadp2008) The costeffectiveness of MSE walls becomes apparent as
the cost of concrete retainimngglls increases rapidly as the height of wall increask&E walls
are used extensively in North America and are particularly used for transportation systems such as
for bridge abutments, wing walls, slope stabilization, and minimizing -ogltay for
embankmentéFHWA, 200%). For reinforcing the backfill in an MSE wall, steel strips have been
widely used since the 1970s, and the use of geogrids for reinforcement has increased significantly
since the 1980s. In this chapter, the environmental impactS&fwalls, reinforced by steel strips

and geogrids, are quantified and compared.

4.1 Problem Descriptionand Scope

An MSE wall with a required backfill height = 7 m is considered as the design problem
(Figure4.1). The wall is placed on a foundation soil with a critistlte friction angles = 30°
and a unit weightr = 16 kN/n¥. The retained soil has a critiestiate friction angle, = 32°and a
unit weighta = 19 kN/n#®. The backfill soil has a criticaltate friction angle, = 36° and a unit
weighta, = 19 kN/n?. A live load surcharge, caused by traffic, is applied on top of the MSE wall.

According to AASHTO (2017), the live load surcharge barestimated as:

q=0hyq 4.1)
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whereheq is the equivalent height of soil for vehicular load (m). Forawallwith 6. 0 m and
assuming the distance from wall back face to the edge of traffic load to be greater or equal to 0.3

m, heq= 0.60 m (AASHTO, 2017). Hence, the live load surcharge is assumed to be 11%4rkN/m

this study.

Both inextensible and extensible materials are considered for the reinforcement of the MSE
wall. For inextensible reinforcement, steel strips are used and, for extensible reinforcement,
geogrids are considered. For the geogrid, a tensile strérg8® kN/m and a thickness of 2.5 mm
are assumed (Strata, 2014). For the steel reinforcemegta@lb steel strips with yield strendgh
= 448 MPa are considered with a widtk 50 mm and thicknegs = 4 mm(FHWA, 2009b). A
ribbed surface is assumed for the steel strips to enhance the friction between reinforcement and
soil; thus, higher pullout resistance is developed. It is assumed that the steel strip will gradually
corrode, which will result in reduceditkness over time. The corrosion rate of steel 12x10°
m per year for each side (FHWA, 2009a). The serviceSlfeof Zinc coating on the strips is
assumed to be 16 years, and the service life of retainingalkis assumed to be 75 years (Kim
ard Salgado, 2012b). Therefore, the sacrificial thickness of steeltstriypected to be lost by

corrosion during the design life of the wall is calculated as below:
t. =2¢, (Slysg -Sk) (4.2)

Table4.1 summarizes the parameters used in designing the MSE walls in this study.
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= 11.4 kN/m?
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1 5011 reinforcement f 448 MPa
T 30 kN/m
i s,
7,= 19 KN/m’
H P V= 19 kKN/m?
Py = $,=32°
v .

|( LR —)| yf - 16 kN/m3

¢,=30°

Figure 4.1. Schematic diagram of MSE wall

Table 4.1. Valuesof parameters considered in MSE wall designs

Parameter Values

Unit weights of backfill, retained, an 16, 18, 20, 2ZSalgado, 2008)
foundation soil, o, o (KN/m?)

Friction angles of backfill, retained, ar 28, 31, 34, 37{Salgado, 2008)
foundation soilt p, t r, L  (9)

Yield strength of steef, (MPa) 450, 500, 550, 60(Kim and Salgado, 2012b)
Tensile strength of geogrid,(kN/m) 20, 80, 140, 20QStrata, 2014)

Live load surchargey (KN/m?) 0, 7, 14, 2)(Chalermyanont and Benson, 200
Factor of safety, FS 2,25,3

Height of wall,H (m) 57,9, 11, 13,15
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4.1.1Design of MSE walls

In the design of MSE wall, the goal is to determine the length of reinforcdmentd
spacings of reinforcement in both vertical and horizontal direc{@rends,) such that the wall
is stable both exterrlgl and interndy, for a given height of walH. External failure modes
considered in this study are outward sliding, overturning, and bearing capacity failures of the
reinforced backfill soil. For internal failure modes, the tension and pullout failures of individual
reinforcement layers are checkédtactor of safety of 2 imssumedor designing the MSE walls
againstexternal and internal failure modeBhe design procedwespecified in Claytoret al
(1993) Salgado (2008), Kim and Salgado (2012a; 2012b), and Chaeonyand Benson (2004;
2005)arefollowed here.

External stability calculations treat the wall as a unit and consider its equilibrium with
respect to moment, horizontal force, and vertical fdrdernal stability calculations consider the
design of reinforcement elements in the whil.general, the factor of safety for external and
internal stabilities are calculated as the ratio of resistings$dimemoments) to the driving forces
(or moments):

R
FS=— 4.3
= (43)

whereR is the summation of all resisting forces or momentsiagithe summation of all driving
forces or moments in an MSE wallable 4.2 summarizes the resistanéeand driving D

components for each failure mode be conservative, the contribution of live load surchgrige
the resistance forces are neglected for all stability limit states (AASHTO, 2017). &iatal

friction angles are used to calculate the coefficient of lateral earth pressure at acti¥& state
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because the use of peak friction angle leads to l6wemllues and underestimate driving forces
(Kim and Salgado 2012a; Salgado 2008).

For internal stabilities, different slip surfaces are assumed for extensible and inextensible
reinforcements. For the case of inextensible reinforcement (i.e., steel strip in this study), the slip
surface resembles a trapezoid shape, as shoWwigume 4.2(a), and for the case of extensible
reinforcement (i.e., geogrid), a Rankine failure surface is assumed, as illustraigdrev.2(b)
(FHWA, 2009%). Based on the slip surfaces shown Figure 4.2, the effective length of
reinforcemente, where the resistance against pullout is developed, is estimated accordingly, as
specifiedin Table 4.2. The FSs for tension and pullout failures are calculated for individual

reinforcement layers and the minimum FS for each internal failure mode is determined.

Table 4.2. Resistance and dving forces/momentsfor external and internal stabilities of MSE
wall

Stability Limit state equation Parameter
Slidin R= H
J Mle g K, =tar? 3945 —2r for external stabilities
_ al
D_HKAgng g m =tan 4'
Overturning _ 1 2
=3 laH)
D_EH KAS% gH #
Bearing _ 1 N, =(N, 4)tan(1.32
capacity R_E(LR 2¢)g: N, ( ) an( ° )
oo Lr(gH +0) —tanzae45 %ta”{
Ly - 2e ¢

1 2 a
. “H“K H+
_AaM 2 Ag%gb q

W Lr (95H + 9)
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Table 4.2(continued).

Stability Limit state equation

Parameter

Tension R=T
D=K,(%z 1) $ $

Pullout R=GCCGCs(9,9 LR
D=K, (g2 ) s %

3 f . -
K , = tar? 545 —Zb for internal stabilities
¢

For steel strip:

L _O5Sf,AR,
b

_b
A

K, _TL7- -2 forz ¢0 €m]

Ka [ 12forzz 6m |
For geogrid:

K, =Ky,

$=1

L=Lg L,

Co=2

For steel strip:

Tezgémfs -81.8 for 0 ¢z
Cr =1 ¢ 6 <
1 tanf, forzz 6 m
Cs=
0.3H forzq:i
L, = 2

— = == (:
N i —

0.6(H - z) forz >HE

92



Table 4.2 (continued).

Stability Limit state equation Parameter
Pullout For geogrid:

Cg =tanf,, for allz

Cs;=0.8
_ a,- 7’y
L,=(H -2tangd5 —
C 2

Rc =1
H : height of wall
s, : vertical spacing of reinforcemers;: horizontal spacing of reinforcement
%, o, 3 & unit weight of backfill, retained, and foundation soils, respectively
Lp L, L1 critical-state friction angle of backfill, retained, and foundation soil, respectively
Ka: coefficient of lateral earthressure at active stat&/Ka : lateral stress ratio
Lr: length of reinforcement
T : tensile strength of reinforcement
fy : yield strength of steel strip
g: live load surcharge
&s: friction between reinforced soil and foundation soil
e: eccentricity of loadM : momentW; : weight
N, andN, : bearing capacity factors
z: depth below top of the wall
A : crosssectional area of steel strip Bét.-tc)); b : width of steel stript, : thickness of steel strif : sacrificial
thickness of steel strif3. : coverage ratio;
Le : effective length of reinforcemerit; : length of reinforcement within failure wedge
Cr : coefficient of reinforcement effective perimet€g: coefficient of pullout resistanc€s: scaleeffect coefficient

The steel strips are spaced both vertically and horizontally, while the geogrids are assumed
to be continuous in the horizontal direction (i.e., throughout the length of wall) spaced vertically
with a spacings,. According to FHWA (2009b), the length of reinforcement can vary frord 0.7
to 1.1H. The vertical spacing of reinforcement is dependent on the thickness of compaction layers;
therefore, it typically ranges between 300 mm and 600 mm with an increment of 150 mm (Fratta
and Kim, 2015; Salgado, 2008jence discrete values & = {300, 450, 600} mm are usedhen
designing the MSE walls in this study. A typical horizontal spacing for steel strip is 30 inches

according to FHWA (2009b); hensg= 750 mm is assumed in this sty@yds, = 1000 mm is
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assumed for geogridAt a selected,, the length of reinforcemehk is increased until the safety
requirements foall external and internal stabilities are satisfiedother words, the minimum FS
calculated for external and internal stabilities governs the design of MSE wall and needs to be at
least greater than Zhe MSE wall is designed per 1 m length of the wall (into the plane of paper).
Table4.3 shows sample design results for MSE walls with steel strips and ge®ag#s] on the

design dimensions, masses Of €xcavated soil,ii) backfill soil, and i{i) reinforcement are
estimated which are important inputs in LCPable4.4 demonstrates thealculation procedures

for estimating the massesentioned above

_/\_ ] - 7 77~
/—5011 remforcementl,’ ——
7 soil reinforcement
. L
/
7 A
7 Sv
/ v IS"
«— | Sl [ >
a € ¢ Bl
H ,' Lg
ll
7
’
v
~
/
J/
7
L [A\45+402
L
N
€ Ly > Ly >
@ (b)

Figure 4.2. Failure surface for internal stability design of MSE walls with (a) inextensible
reinforcements and (b) extensible reinforcementsaflapted from FHWA, 2009%)
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Table 4.3. Samples of MSE wall designs

Reinforcement

Design variable

Steel strip Geogrid
Lr/H 0.9 0.7
s/ (m) 0.45 0.3
s (m) 0.75 1.0

Table 4.4. Estimation of masses for excavation, backfill, and reinforcement fad = 7 m,Lr/H
=0.9, ands,=0.45m

Volume (m3) Density (kg/m3)  Mass(kg)
B € 2) = (x(2)
Excavation v =ale B2(1) 1937 85413
& 2 (based o, = 19
3
:(0.9)72(1) KN/m?®)
=441

Backfill? VvV, =\,1 ) 1937 106766

=44.1(1 +0.25

=55.1
Steel strip al, § 7850 297
(assumings = 0.75 m) :E%TR @4 )(b) (%) (N, ) (CEN, 2002)

=(0.9)(7)(0.09( 0.00% 3

=0.0378

in which

éH uleée
Nrf = é_ IS e 8
e 0%é u
Geogrid _aL, A 950 (Thinkstep, 224
(assumings, =1 m) ‘aeH_R 6" )(1) (t) Nrf) 2022
g o

=(0.9(7)(3( 0.0025{ 1}

=0.23625

in which

N, =15

volume of excavated soil is measured in bank volime
2\/olume of backfill soil is measured in loose voluMevith a bulk factot; = 0.25
3N is the number of reinforcement layers
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4.2LCA of MSE Walls
4.2.1Goal and scope

The goal of this LCA is to quantify tlevironmental impact@ssociated with the life cycle
of MSE walllsreinforced by steel strips and geogrid&e functional unit defined in this LCA is
an assembled MSE wall that is safely designed against external and internal stabilities with at least
FS> 2.0. In this study, LCA is conducted following the procedures and requirements specified in
the ISO standards (ISO, 2006a; 2006b), and GaBiware is used to complete the LCA
calculations. Databases, parameters, and assumptions used in the LCA of MSE walls are described.

A cradleto-site approach is used in which the emissions generated from the extraction and
refining of raw materials, manufacturing of materials, transportation of materials, and construction
activities are considered, as showfrigure4.3. The processes considered in the life cycle of MSE
walls are summarized ifiable4.5 with the sources of database used for conducting the life cycle
inventory analysis (LCI)-or selecting the LCI databases, North American databases are preferred,
otherwise European or global databases are used if not avdilablassumed that the databases
for construction materials and are not highly sensitive to time and technology related coverage;
hence, the databasesTiable4.5 are considered adequate for conducting LCA in this sfUidg.
cradleto-gate processes (i.e., from the extraction of raw materials to manufacturing) for steel strip
and geogrid are represented by the créaligate processes of galvanized steel sheet and high
density polyethylene (HDPE) granulate, respectivelyesBidriven heavyduty trucks are
considered for transporting the construction materials. The combustion of diesel during the
operation of construction equipment is assumed to be equivalent to the diesel combustion of
industrial equipment such as mobikefrigeration units, generators, pumps, and portable- well

drilling equipment. Processes related to the facing panels of MSE walls are omitted in this study
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because thenvironmental impact@ssociated with these processes are assumed to be the same for

MSE walls with the same height.

Life cycle of MSE wall

System boundary:
Cradle-to-site

Raw Material Extraction and Refining Material Reuse and Recycling

Extraction and refining of:
* aggregates

* soil

* minerals (iron)

* oil and natural gas

* screening and manufacturing process for reusing
materials

* recycling process of construction materials (e.g.,
steel and concrete aggregates)

Manufacturing of:

= pre-cast concrete facing panels
* steel (connection)

* polyethylene (geosynthetics)

Transportation

Transportation of:

* construction materials (concrete panels, steel,
geosynthetics, backfill) to the site

* equipment (excavator, compactor, crane)

— e —

* excavation of on-site soil

* placement of backfill

* compaction of backfill

* placement of reinforcement elements
* assembly of concrete facing panels

« placement of drainage layers

Demolition and Disposal

* use of construction equipment for demolition
* transportation of recyclable materials and wastes

Structure Reuse

+ use of construction equipment for retrofit activities
* transportation of materials and wastes

Maintenance and Repair

|

« refilling backfill

* repair or replacement of facing panels

* repair or replacement of reinforcement elements
* repair or replacement of drainage systems
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Figure 4.3. Typical life cycle of a mechanically stabilized earth (MSE) wall

In this LCA study, the following environmental impact categories are selected: climate
change (global warming), terrestrial acidificatiomarine eutrophication, particulate matter
formation, photochemical oxidant formation, and freshwater ecotoxicity. These environmental
impacts provide adequate information for evaluating the environmental sustainability of the

designed MSE wall. The details of the selected environmental impact categosamararized
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in Table2.2. Additional environmental impacts likezone depletionionizing radiation, human
toxicity, terrestrial ecotoxicityland occupation, and water depletion can be quantified if these
have important impacts to the system being studied (not important for MSE #ailspnducting

the life cycle impact assessment (LCIA), the characterization factors (i.e., GWP values) are

obtained from Goedkoagt al (2014).Table4.5 also summarizes the parameters used in this LCA.

Table 4.5. Life cycle processes, databases, parameters, and assumptions used in LCA of MSE
walls

Life cycle phase Product LCI
database

From extraction Steel strip (galvanized stee NREL (2012) Density: 7850 kg/m(CEN,

of raw material sheet) 2002)

to manufacturing Geogrid (HDPE granulate) Thinkstep Density: $0 kg/m®

Parameter and assumption

(2022) (Thinkstep, 2022)
Transportation  Reinforcemeninaterial Thinkstep Capacity: 27 t
(from the manufacturing  (2022) Travel distance (onreay):
plant to the construction 50 km
site) Utilization ratio: 0.1
Excavated soil Thinkstep Capacity: 22t

Construction

(from the construction site (2022)
to the disposal site)

Backfill soil Thinkstep
(from the borrow pit to the (2022)
construction site)

Oneway travel distance: 1
km

Utilization ratio: 0.45
Capacity: 22t

Oneway travel distance: 1
km

Utilization ratio: 0.45

Excavation of existing soil NREL (2012) SeeTable4.8 andTable4.9

Loading and spreading
backfill soil

NREL (2012) SeeTable4.8 andTable4.9

Compaction of backfill soil NREL (2012) SeeTable4.8 andTable4.9

4.2.2Assumptions in LCI and LCIA

The LCIfor MSE wallsis conducted following the procedurgsgecified in Sectior2.2
Table4.6 shows examples of inputs and outputs (for HDPE) that can be obtained fromltgHical
databases. The calculations in (& are demonstrated here using an example of manufacturing

of high-density polyethylene (HDPE) which is the primary material for the geogrid reinforcement.
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Based on theCl database (s€kable4.6, for example), the quantity of material and energy (inputs)
required for manufacturing 1 kg of HDPE are determined, and the quantity of emissions (outputs)

generated during the manufacturing process are also determined.

Table 4.6. Example of life cycle inventory analysis(LCl) data for HDPE (adapted from
NREL, 2012)

Input (per 1 kg of  Value Unit Output (per 1 kg of HDPE) Value Unit

HDPE)

Coal (lignite) 1.03x10% kg  Air Carbon dioxide 1.32 kg

emissions (CQOy)

Coal (unprocessed 1.07x10' kg Carbon monoxide 3.06x10* kg

bituminous) (CO)

Natural gas 8.57x10' kg Methane (CH) 7.69x10° kg

Crude oil 5.59x10% kg Nitrogen oxides 2.34x10° kg
(NOy)

Uranium oxide 2.61x10° kg Nitrous oxide 3.04x10°> kg

(UOy) (N20)

Water 9.22x103 m? NMVOC! 6.77x10* kg

Energy from 2.17x10° kg Particulate matter 8.14x10° kg

biomass (< 2. 5egm)

Energy (hydro 1.00x10* MJ Sulfur dioxide 3.82x10° kg

power) (SO

Energy (geothermal 5.27x10° MJ Sulfur oxides (S@ 5.49x10* kg

Energy (kinetic) 5.22x10° MJ Water Ammonia (NH) 7.29x10%° kg

Energy (solar) 2.21x10* MJ emissions Arsenic (As) 6.92x10® kg

Energy 7.06x10° MJ Copper (Cu) 4.31x10% kg

(unspecified)
Lead (Pb) 1.86x107 kg
Mercury (Hg) 4.17x10'° kg
Nitrogen (N) 7.38x108 kg
Phosphorus (P)  1.00x107 kg
zZinc (Zn) 8.86x10" Kg

INMVOC: nonmethane volatile organic carbon compound

Figure4.4 illustrates the flow of inputs and outputs for the manufacturing of HDPE. The
inputs inFigure4.4 are the energy and raw materials required for manufacturing 1 kg of HDPE,
and outputs are the emissions caused during the manufacturing process of the 1 kg HDPE. The

complete list of inventory is not provided gure 4.4 for the sake of brevity, but the details
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provided are sufficient for describing the calculation procediigble 4.7 shows sample
calculations of LCI in which selected emissions are quantified. The mas3eblm4.7 are
obtained from the design phase of MSE wall ($eble 4.4). The details related to theCl
calculations for the transportation and construction stages are discussed in the subsequent
paragraphs. Note th&guation(2.1) is used for calculating the emissions for all the life cycle

stages (manufacturing, transportation, and construction).

Ethylene [0.99 kg] Carbon dioxide [1.32 kg]

Natural gas [0.857 kg] Manufacturing of Carbon monoxide [0.000306 kg]
Crude oil [0.0559 kg] High density Methane [0.00769 kg]
Water [0.00922 m3] polyethylene Nitrogen oxides [0.00234 kg]

Energy (unspecified) [0.00706 MJ] Nitrous oxide [0.0000304 kg]

High density polyethylene [1 kg]

Figure 4.4. Life cycle inventory analysis (LCI) example for HDPE

It is assumed that the reinforcement materials are hauled by a-diiessl 27tonne
capacity truck and that the omey transportation distance to the construction site is 50 km. The
excavated soil and backfill material is assumed to be transporteZlipiane transfer dump truck
and the onavay travel distance is 15 km. Trucks with-2@ 27-tonne capacities are selected
because these are the typical sizes used for transporting construction materials, and the haul
distance is a sitgpecific parametethat can change across projects (FHWA, 2000; Thinkstep,
2019).The trucks for transporting the soil, from the borrow pit to the construction site, are assumed
to be loaded to 90% of their load capadite., the utilization ratio is 0.9 Emissions from

transporting the excavated and backfill soils are adjusted for considering empty runs (e.g., trucks
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going back to material provider after unloading backfill soil at the construction site) by using a
utilization ratio of 0.45= 90% + 2 = 45%) (Thinkstep, 2022). Emissions generated during the
mobilization of construction equipment are omitted in this study because they are assumed to be

the same irrespective of the design dimensions of MSE wall.

Table 4.7. Sample calculations for LCI of an MSE wall with geogrid reinforcement

Total emission,Ex

Marﬁ81’ Em|SS|o(rl1<;z;1li:§t]c))r2, (EF)x [using Eq(ta)tion (2.2)]
g
Process (kg) CO, CHa N,O CO. CHa N20

G= ©= (0=
1) 2 (3) @) ax@)  @Ox@) (L)@

Cradleto-gate

processes of 224 132  7.69x106° S0P10  o9g 1720 ©81x10
HDPE

Transportation 4 o 2.22x10 4.70x10 6.03x10 4.97x10
of geogrid 224 2.1x10* 2.69x10 - ) J .

Transportation

of excavated 85413 1-09%10 7.445<101 715x10  gy)  6.35x10 6.11x10
Soil

Transportation 10676 1.09x10 7.44x10' 7.15x10 116.4 7.94x10 7.63x10
of backfill 6 3 0 8 ' 5 3
Operation of

construction  134.8 23  1.14x10*° 0 310 19410 4
equipment

1Obtained from design calculations as showiable4.4
2Obtained from LCI databasestéid inTable4.5

The environmental impactused during the construction phase is estimated based on the
fuel use for operating construction equipment. The following construction activities are considered
in this LCA: () excavation of existing soil using a hydraulic excavator|dading and spreading
backfill soil using a fronend wheel loader, andij compaction of backfill soil using a vibratory
plate compactor. To estimate the volume of diesel used for an equipment, the fuel consumption
rate and operation time of the equipment should éierchined. The fuel consumption rate is

available from the specification sheets of the equipment, and the operation time can be estimated
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based on the workload and production rate of the equipfiable4.8 andTable4.9 summarize
the parameters and assumptions used in computing the total volume oflibkselquently, the
fuel volume is computed using Equati@b).

It is assumed that the volume of soil expands or shrinks depending on the state of soil; thus,
appropriate volume needs to be used when calculating the workload for the construction activities.
For example, the workload for excavation is calculated ingesfrbank volumé/, because the
soil is in the insitu state. Loose volum¥é is used for calculating the workload of loading and
spreading of backfill soil using the freehd wheel loader because the backfill soil is already in
the disturbed state when transported from the borrogemt, soil expands by 25% in volurne
captured by the bulking factéw in Table4.8). The workload of compaction is calculated with
respect to the compacted volume of $&i(e.g., compaction reduces the volume of soil by 10%
captured by the shrinkage factarin Table 4.8 (Crooks, 2013; Entwisleet al, 2015). The
calculation of the volumes for different states of soil, mentioned above, are sh@ahl@#.8
(see &' column ofTable4.8).

The number of cycles per unit timeusefulinformation for estimating the production of
construction equipment. For example, it is assumed that the hydraulic excavator for excavating the
existing soil at the site performs 200 cycles per h@aterpillar, 2014) In each cycle, the
hydraulic excavator performs excavation using the bucket and unloading the excavated soil. In this
study, the bucket capacity of the hydraulic excavator is assumed to be G7&4dnits full
capacity is used in each cycle (j.@.764 i of soil is loaded in each cycénd this is captured by
the bucket fill factor BFF =)1 The 200 cycles per hoareadjusted to account for the operational
efficiency @ = 50 min/hr), operator skill efficiencyeds = 90%), and machine availabilitaf =

0.95).RSMeans (2015) also provides an estimation of production rate for a hydraulic excavator;
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hence, the average of bank volumes per hgwh() calculated using the Caterpillar (2014) and
RSMeans (2015) methods is used in this study (8e®w and & column inTable 4.8). For
operating a fronend wheel loader for loading and spreading the backfill soil, thevageravel
distanced: (between the loading and unloading locations at the site) and travel cipebdel
loadervsw are assumed to be 500 m and 20 km/hr, respectively (Caterpillar, 2014). It is further
assumed that the time for operating one cycle (i.e., loading, unloading, spreading but not including
the travel time) takes approximately 0.5 nBabsequently, the total time per one cycle (including
travel time) can be estimated (sé&r8w and ¥ column inTable4.8). For compacting the backfill

soll, it is assumethree passey, = 3 are needed to reach the optimum dry unit weight of soil (i.e.,
compaction requirement) (Lewis, 1961). Based on the specifications provided by Mikasa Sangyo
(2019), the travel speed of the compadkyis 9 m/min and the width of the compactor is 350
mm. Based on the specifications of the compactor, mentioned above, the compacted volume per

hour ¢/hr) is calculated (se€%3ow and & column inTable4.8).

Table 4.8. Estimation of workload and production rate of the construction equipment for
MSE wall

Construction  Specifications Workload Production rate

activity

(equipment)

Excavation of Bucke';;:apacity (BC)= 2\, = LgH@ m) V,, per hour

existing soil  0.764 nt (Caterpillar, a

(hydraglic 2014) (Caterp = (ACPH)(BC)(BFF)

excavator) Bucket fill factor (BFF) = (Caterpillar, 2014)
1 (Caterpillar, 2014) = 61.1 ni/hr
Cycles per hour = 200 (RSMeans, 2015)
(Caterpillar, 2014) Average of the two
Adjusted cycles per hour values is used
(ACHP)

=(Cycles per hoJre, ¥, My
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Table 4.8 (continued).

Construction  Specifications Workload Production rate
activity

(equipment)

Loadingand BC =0.764 m 23\ = (1 ) Total time per cycle
spreading BFF =1 o (dy)
backfill soil Oneway travel distance, =Y B
(front-end d1 = 500 m Total number of cycle (Vs,w) (16.67)
wheel loader) Travel speedysw= 20 __ Y

km/hr (Caterpillar, 2014) (BC)(BFF)
Cycles per hour = 120

(Caterpillar, 2014)

Time for one cyclet; =

0.5 min (Caterpillar, 2014)

Compaction of Plate widthwp =350 mm .~V V. per hour
backfill soil (Mikasa Sangyo, 2019) Ve T (- s;) W% &S,
(vibratory Travel speedysc=9

plate m/min (Mikasa Sangyo, Np
compactor) 2019) (RSMeans, 2015)

Number of passed|p = 3
(Lewis, 1961)

10perational efficiencye, = 50 min/hr = 0.833; Operator skill efficienog,s = 0.9; Machine availabilityan = 0.95
(Caterpillar, 2014)

2y = bank volume, = loose volumeY. = compacted volume

3Shrinkage factorss = 0.1; Bulking (swelling) factory = 0.25

Table 4.9. Calculation of fuel volume used by the construction equipment for MSE wall

Construction Fuel consumption  Operation time

activity (equipment) rate (SeeTable 4.8 for workload and production
rate)

Excavation of 18 L/hr (Caterpillar, = Workload + Production rate

existingsoil 2022) A 11me

(hydraulic excavator) =V, - averag%(ACPH)(BC)(BF

Loading and 34 L/hr (NCHRP, = Workload x Production rate

spreading backfill 2013 3
p g ) VI a 2 (dl)

soil (frontend wheel = 3% —
loader) (BC)(BFF) & (Vs.)(16.67)
Compaction of 1.4 L/hr (Mikasa = Workload + Production rate
backfill soil Sangyo, 2019; WpVs €S

(vibratory plate Honda, 2020) =V - N

compactor) P

Fuel volume = fuel consumption rate x operation t{Eguation(2.5))
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Table4.10shows a sample calculatiohlife cycle impact assessmdat calculatingGWP
of MSE wall with geogridsgonsidering selected emissions. The total emissiomatie4.10 are

the results of theCl (seeTable4.7).

Table 4.10. Sample calculations for LCIA of an MSE wallwith geogrid reinforcement

Total emissiort, Ex Characterization Mass(kcg)CQe Inoggls

(kg) factor, (GWP)x 1 \sing Equation (2.8)] of

Process CO; CHs NO CO; CHs NO CO; CHa N2O c(:|?92)e
(10) =

m @ & @ 6 6 (51(24) (gl(:@ (gl(:(” ()7+)(+9()8

Cradleto-
ate 6.81
9 206 172 x10 206 43 203 341
processes 3
of HDPE

Transport 4.70 6.03 4.97 4.70x1 1.51x1 1.48x1 1.48x

X X X
Stéggrci); %O %O %0 02 05 02 102
Transport
atonof 939 Sfc? Silol 031 11 18 949
excavated : 3 1 25 298 ' 0° ' '
soil
Transport 7.94 7.63
. 1.99x1
ation of 116.4 x10 x10 116.4 02 2.27 118.7
backfill 5 3
Operation
of 1.54
vibrating 310 x10 0 310 3'3_51” 0 3104
plate 2
compactor

obtained from th& Cl as show in Table4.7
2obtained from the ReCiPe database by Goedkbap (2014)

4.3 Results
In this section, the LCA results of MSE walls reinforcedibgteel strips andij geogrids

are provided. The quantified environmental impacts are normalized with respect to two values, (
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annual world impact per person anig é€nvironmental impact by typical passenger vehicle, to
understand the impacts of MSE walls compared to the reference vEtheasiost significant life
cycle processes and environmental impacts of MSE walls are idenfifiedesults of parametric
study are provided which helpnderstanding the effects off) (soil properties, i) material
properties of reinforcementiji( design parameters, and)(hauling distances of transportation
trucks to the global warming imapt of MSE walls. Ultimately, GWP estimation charts are
provided using which the GWP of MSE walls can be estimated based on diffenéigurations

of designdimensions (i.e., length and spacings of reinforcement) for different live load surcharges.

4.3.1Environmental Impacts of MSE wallls

In this section, conclusions are drawn based on the result€A of MSE walls and
significant issues are identifiedable 4.11 shows sample results of LCA for MSE walls with
geogrids (withLr/H = 0.7,s, = 0.45 m, andd = 7 m). The total environmental impacts reported
in Table4.11are in actual measurements which are difficult to understand their signifitemnce,
these values are interpreted by comparing tthreference values ihable4.12 i (i) the annual
world impact per person and)(the environmental impacts caused by a typical life cycle of a
passenger caBased on the normalized environmental impacts, calculatEahie4.12, the most
important environmental impacts are marine eutrophicg®8 of annual world impacgnd
photochemical oxidant formatid83.3% of annual world impacyhich are mostly caused by the
operation okequipmenfor constructinghe MSE walls.

Figure4.5 comparestte normalized environmental impacts of MSE walls with steel strips
and geogridsThe use of steel strips results in higher environmental impacts except for marine
eutrophicationFigure4.6 illustrates how much each life cycle stage of MSE walls contributes to

the total environmental impacts. The operation of construction equipment has the highest influence
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especially on marine eutrophication and photochemical oxidant formation. Freshwater ecotoxicity
is not caused by the construction activities but solely by the etadjate processes of
reinforcement material§.ransportation activities in the life cycle of MSE walls only contribute to

global warming impact.

Table 4.11. Environmental impacts of an MSE wall with geogrids(Lr/H = 0.7 ands, = 0.45
m)

Life cvcle GWP! TAP? ME P8 POFP* PMEP® FETPS
roce);s (kg (kg of (kg of Ne) (kg of (kg of (kg of 1,4
P CO2¢) SO¢) NMVOCe) PM) DBe)

Cradleto gate
processes of 175 2.73x10'  7.44x10°> 3.56x10>  8.46x10? 5.83x102

geogrid

Transpo_rtatlon 157 0 0 0 0 0

of materials

Construction 341 3.81 2.6 6.78 1.69 0

Total 673 4.1 2.67 6.82 1.77 5.83x102

IGWP: global warming potentiafTAP: terrestrial acidification potentiafME: marine eutrophication potential,
4POFP: photochemical oxidant formation potenfRMFP. particulate matter formation potenti$FETP: freshwater
ecotoxicity potential

Table 4.12. Normalized environmental impacts of MSE walls withgeogrids(Lr/H = 0.7 and
s,=045m)

Impact category MSE wall Typical Proportional Annual Proportional

(equivalent impacts! passenger MSE wall world MSE wall

measurement vehicle impact  with impact per impact  with

unit) impactst?  respect to person‘? respect to
passenger annual world
vehicle (%) impact (%)

Global warming 673 56200 1.2 10757 6.3

(kg of CQ)

Terrestrial 4.1 164 2.5 41 10

acidification

(kg of SQ)

Marine 2.67 - - 4.6 58

eutrophication

(kg of P)
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Table 4.12 (continued).

Impact category MSE wall Typical Proportional Annual Proportional

(equivalent impacts!  passenger MSE wall world MSE wall

measurement vehicle impact  with impact per impact  with

unit) impactst?  respect to person'? respect to
passenger annual world
vehicle (%) impact (%)

Photochemical 6.82 48 14.2 20.5 33.3

oxidant

formation

(kg of NMVOC)

Particulate matte 1.77 3.9 45.4 25.6 6.9

formation

(kg of PMho)

Freshwater 0.0583 - - 25.2 0.23

ecotoxicity (kg of

1,4-DB)

1In equivalent measurement units given in the first column
’Data fromEuropean Commission (200&ndHuijbregtset al. (2016)

100
g B Steel strip
Zg | 1Geogrid
s 80 —
a,
g
s
S 60 —
=
=
£
2 40 —
LP]
=
QL
o
= 20 —
5
s)
g i
0 _
GW TA  FET

ME PMF POF

Figure 4.5. Environmental impacts of MSE walls.Environmental impacts normalized to the
annual world impact per person in 2010. [GW: global warming; TA: terrestrial acidification;
ME: marine eutrophication; POF: photochemical oxidant formation; PMF: particulate
matter formation; FET: freshwater ecotoxicity]
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Figure 4.6. Breakdown of environmental impacts per life cycle stagef MSE walls with steel
strips

4.3.2Parametric study of LCA of MSE walls

Parametric study of MSE walls is conducted to understand the effegtsaf properties,
(if) material properties of reinforcemeriti ) design parameters, ans)(hauling distances to the
global warming impact of MSE wall§he parameter of interess varied according to the values
specified inTable4.1 and the rest of parameteasdixed to thedefaultvalues shown ifrigure4.1,
otherwise mentioned:he discussion will focus on the results for global warming potential as it is

the most accessible environmentapactto engineers.

4.3.2.1Effect of Soil Properties

Figure4.7 shows the variatianof GWP with respect to the soil propert@sMSE walls

with steel stripgor differents,. According toFigure4.7(a), the GWPs of MSE walls are constant
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with the change in the unit weights of backfill, retained, and foundationSioillar resultsare
observed when friction angles of retained and foundation seigd: 1, arevaried; however,a
decrease in GWB observed when the friction angle of backfill sajlis varied from 28 to 37
Althought andt ¢ are used in the calculation of the coefficient of active earth preksuie
external stabilities and bearing capacity factdyendN,, thedesigns oMSE walls in this study
generally have high FS for external stabilities and are governed by the internal stabilities.
Therefore, increasingy results in decreasdth (for internal stabilitieshich lead todecreased

GWP. MSE walls with geogrids showed no change in GWP with respect to soil properties.

2400 1 | =0.22 3000 T |
-~ o5 =03m H=7m —e—s =03m
2200 - ' FS=2.0 ‘ —025
A5 =045m '° "= .02 —a—s =045m -
v 8, =0.75 m (steel strip) 2500 v
= 2000 T—=—s =0.6m g —|m(geogrid) | 018 EQ —a—s =06m g
ON 1800 |——e—Geogrid (s = 0.3 m) Jote OON —e—Geogrid (s =03 m)_| 02 O
o ('3 . . 1289 2000 ks
2 1600 F Neo S,
g N N —10.14 Tu: 4 =
S 14004 . . ES 015 £
5] —0.12 20 1500 — H=7m o
1200 |- F$=2.0 z
—0.1 §,=0.75 m (steel strip)
1000'— e 1000 5+~ 1 m (geogrid) 0.1
800 : ' —10.08 b *
16 18 20 22 28 31 34 37

Unit weight of soil, Ty Yo Y (kN/m3)

(@)

110

Friction angle of backfill soil, éb,(o)

(b)



2500 I I
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—a—s =045m F5=20 e [
8, = 0.75 m (steel strip)
2000 a5 =06m P

~ 8, = 1 m (geogrid) A
ON —e— Geogrids (.s'v =0.3m) %
< t ¢ ¢ 015 g
- = <

¥
Z 4 :
10008 <, o 1.0'1 §

¢,
500 l I = 0.05
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Friction angle of soil, @;-’ aéf,(°)
(c)

Figure 4.7. Variation of GWP with soil properties (a) unit weights of backfill, retained, and
foundation soil (b) friction angle of backfill soil, and (c) friction angles of retained and
foundation soil (normalization of GWP in the secondary vertical axis is done with respect to
the annual world impact per person, which is 10757 kg of Ce®)

4.3.2.2Effect ofMaterial Properties

Figure4.8 shows the effects of yield strength of stig@nd tensile strength of geogiido
the GWP of MSE wallsThe GWPsremained constant withcreasingstrengths of materials, and
it appears these strengths need to be significantly increased (beyond taisadga this study)
to observe &hangein the GWPs. For geogrids withl = 20 kN/m, design results that satishe

safety requirementis.e., FS > 2ould not be obtained.
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Figure 4.8. Variation of GWP with material properties of reinforcement (a)yield strength of
steel and (b) tensile strength of geogrithormalization of GWP in the secondary vertical axis
is done with respect to the annual world impact per person, which is 10757 kg of G&€)

4 .3.2.3Effect of Design Parameters

The changes in GWP with respect to design parameters (i.e., live load surcharge, factor of
safety, and height of wall) are investigated, as show#iguare4.9. For most cases, increasehe
GWPsis observed ag, FS, andH are increasedMinimal changes in GWRreobserved for MSE
walls with geogrids with varieq. Some designs are not possible (e.g., FS =8>80 m) because
the FSfor tension failure cannot be satisfied without reducing the vertical or horizontal spacings

of reinforcement.
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Figure 4.9. Variation of GWP with design parameters (a) live load surcharge, (b) factor of
safety, and (c) height of wal(normalization of GWP in the secondary vertical axis is done
with respect to the annual world impact per person, which is 10757 kg of C€)

4.3.2.4Effect of Hauling Distance

The effects of hauling distances for transpor{indhereinforcement materials (i.e., steel

strips and geogrids) ar(d) soils for excavation and backfillingo the GWP of MSE walls are

3000 I
—e—5 = 03m H=7m
¢ =045m Sh= (.75 m (steel strip)
v s, =1 m (geogrid)

A, 2500 a5 =0.6m

= G id (s =0.3

UON —eo— Geogri (s]_ .3 m)

j=1@]

N oo 2000

=

o S~

Eﬁ-‘

o ‘

20 1500 =

L ]
1000fp- ¢
2 25
Factor of Safety, FS
(b)

Ay
=
Q
=)

o]
B
=

:
Z

0.14
0.12
0.1

examined and illustrated in Figure 4.10. In this study, the distance for transportitige
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reinforcement materials frothe manufacturing plant to the construction site is varied to 10, 50,
and 100 km, and the distance for transporting excavated and backfill soils is varied to 5, 15, and
30 km. Increasing the transportation distancetfereinforcement materialshowsvery minimal
changes in GWP because #msociated workload is relatively low (e.gequired onlyone trip

and low cargo weight). On the contrary, an increaséhenGWP is observed for varied
transportation distances for soils. Although the-wag distance fo transporting the soils is
significantly lower compared tihatfor transporting the reinforcement materials, the dump trucks
need to make multiple trips witluch higher cargo weights (i.e., 90% of 22 t capackignce,

the high workload for transporting the soils results in increased G@WBndH are important

design parameters in determining the volumes of excavated and backfill soils; therefore, these

parameters need to be adjusted if the GWP from transportation activities is to be reduced.

2000 I I I I
Steel strips —10.18
Excavated and backfill soil (steel strips)
1800 — .
= = Geogrids —Ho16
= = Excavated and backfill soil (geogrids) ’
- 1600 — o
e —0.14 =
8 1400 — / g
Z 0.12 S
= 1200, E
2 Jor £
1000 — z
Rt —0.08
800 @ e e e e e e e mmm————-
P
600 | | | | —0.06
0 20 40 60 80 100

Transportation distance (km)

Figure 4.10. Variation of GWP with transportation distances of reinforcement materials and
soils
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4.3.3GWP Estimation Charts

Figure4.11shows an example of design chart that can be used for approximate estimation
of GWP based on the design dimensions of MSE wall with steel strips. The main advantage of
usingFigure4.11is the ease of incorporating environmental impact considerations in the process
of MSE wall design without conducting LCA calculations. The coloured and dashed Ikgari@
4.11 indicate the different values of GWP. Various possible designs with different combinations
of Lr/H ands, (seeFigure4.11(a)) andLr/H andH (seeFigure4.11(b)) are considered. Different
surcharge loads ranging from 0 to 21 kNR/are considered and parameters related to soil
properties, material properties, and design requirement are fixed to the values shigureihl.
For example, giverm = 14 kN/n¥, three MSE wall designs, with varied of steel strips, are
possible (see triangle markerdrigure4.11). According toFigure4.11(a), the GWP for the design
with Lr/H = 0.95 ands, = 0.45 m is estimated to be approximately 1600 kg 0ieCThe GWP
contours inFigure4.11 are expected to change as the dimensions of steel strip (e.g., width and
thickness) and specifications of construction equipment chdngere 4.12 shows the GWP
estimation charts for MSE walls with geogrids. The desigrisgare4.12 are not variant to the
change in the live load surchargand have_r/H = 0.7. In this study, the MSE walls with geogrids
are governed by the tension failure of reinforcement which can be alleviated by reducing the
vertical spacing of geogrids or increasing the tensile strength of geogrids, and increasing the length
of reinfarcementLr does not improve the tensile resistance of geogrids. Hence, the designs in
Figure4.12 havelLr/H =0.7 given the geogrids haWe= 30 kN/m. Most MSE wall designs with
geogrids that havs, > 0.3 m are not considered safe (i.e., designs that result snZ3n this

study.
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Figure 4.11. Estimation of GWP based on design dimensions of MSE wall with steel strips:
(a) vertical spacing of steel strip and (b) height of wall [Soil propertiesy, = 19 kN/m?, o, = 19
KN/m3, o = 16 KN/m?, L , = 36°, L = 32, L 1 = 3(°]
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Figure 4.12. Estimation of GWP based on design dimensions of MSE wall with geogrids: (a)
vertical spacing of steel strip and (b) height of wall [Soil propertiesa, = 19 kN/m?, or = 19
KN/m3, or = 16 KN/m?, L , = 36°, L 1 = 32, L = 3(F]
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4.4 Summary

LCA was applied to mechanically stabilized egdMSE) walls reinforced bywo types of
soil reinforcement steel stripor geogrids. The MSE walls were designed such that the $actor
of safetyare at least 2 considering both external (i.e., sliding, overturning, and bearing capacity
failures) and internal stabilities (i.e., tension and pullout failures). Given a soil profile, live load
surcharge(appliedat the ground surface oéinforced soil, and height of wall, the length of
reinforcement and spacings of reinforcement, batlvertical and horizontatirections are
deternined in the design of MSE walls. Subsequently, the masses of excavated soil, backfill soil,
and reinforcement materiaése determined. These masses Hrenused as inputs in the LCA
calculations.

In this study, the following environmental impacts of MSE walls are quantified: global
warming, terrestrial acidification, marine eutrophication, particulate matter formation,
photochemical oxidant formation, and freshwater ecotoxicitye quantified environmental
impacts were normalized with respectijoafpinual world impact per person angl €nvironmental
impact by a typical passenger c&or MSE walls, marine eutrophication and photochemical
oxidant formationwere found to be the most important eammental impacts. In comparison
between the two types of reinforcement, MSE walls with geogrids are considered more
environmentally friendly for most environmental impacts except for marine eutrophication.
Parametric study was conducted to study the effecty abi| properties (i.e., unit weight and
critical-state frictionangle of soil), (ii) properties of reinforcement material (i.e., tensile strength),
(iif) design parameters (i.e., factor of safety, live load surcharge, and height of wally)and (
hauling distances of transportatiaativities to global warming impact of MSE wallBased on

the parametric study, some variations in the GWRMSE walls with steel strips were observed
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as the parameters were varied; however, constant GWPs were observed for MSE walls with
geogrids Further, the GWPs of MSE walls (with steel strips) were most sensitive to the changes
in the criticalstate friction angle of backfill soil among the soil properties considered in the
parametric study. The tensile strength of reinforcement materialsowad fo be a trivial factor

in changing the GWPs of MSE walls, at least for the ranges of tensile strength considered in this
study. For hauling distances, iraised GWPs of MSE walls were observed as the distances for
transporting excavated and backfill soils increased. For the ease of estimating the GWPs of MSE
walls without conducting LCA calculations, GWP estimation charts were developed. The charts
considerdifferent combinations of design dimensions (i.e., length of reinforcement, vertical and

horizontal spacings of reinforcement, and height of wall) for different loads of surcharge.

4.5List of Symbols

Notation Description

(EF)x Emission factor of substange

(GWP) Characterization factor of climate forcerelative to carbon dioxide

Ac Crosssectional area of steel strip

am Machine availability

b Width of steel strip

br Bulk factor

COse Equivalentmass of CQof emissionx

Cp Coefficient of reinforcement effective perimeter

Cr Corrosion rate of steel

Cr Coefficient ofpullout resistance

Cs Scaleeffect coefficient

D Summatiorof all driving forces or moments in an MSE walll

d: Oneway travel distance (between the loading and unloading locations
site) of frontend wheeal loader

€ Eccentricity of load

€ Operational efficiency of machine

€os Operator skill efficiency

Ex Total emission of substance (pollutaxt)

fy Yield strength of steel strip

H Height of wall

heq Equivalent height of soil for vehicular load
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List of Symbols (continued).

Notation Description

Ka Coefficient of lateral eartpressure at active state
Ki/Ka Lateral stress ratio

La Length of reinforcement within failure wedge

Le Effective length of reinforcement

Lr Length of reinforcement

M Moment

m Mass ofsubproduct (e.g., concrete, steel, and diesel)
Np Number of passes for compaction

Nrt Number of reinforcement layers

N> andNgq Bearing capacity factors

q Live load surcharge
R Summation of all resisting forces in an MSE wall
Re Coverage ratio

S Shrinkage factor

Sh Horizontal spacing of reinforcement

Sl Service life of Zinc coating on the strips

Slmse Service life of retaining wall

S/ Vertical spacing of reinforcement

T Tensile strength of reinforcement

ta Time for one cycle ofront-end wheel loader

te Sacrificial thickness of steel strip

tn Thickness of steel strip

Vb Bank volume of soil

Ve Compacted volume of soil

Vi Loose volume of soll

Vs, Travel speed of compactor

Vs,w Travel speed of wheel loader

Wp Platewidth

W Weight

z Depth below top of the wall

D, o, Unit weight of backfill, retained, and foundation soils, respectively

&f Friction between reinforced soil and foundation soil

Loy by b Critical-state friction angle of backfillretained, and foundation so
respectively
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PART II: THE RELATIONSHIP BETWEEN RELIABILITY AND SUSTAINABILITY
IN GEOTECHNICAL ENGINEERING

CHAPTER 5: RELIABILITY AND SUSTAINABILITY OF PILE FOUNDATIONS

In this chapter the relationshipbetween reliabilityand environmental impacts is
investigated for drilled shafts.irfgle drilled shafs are considered embedded in different sandy
soil profiles, andthese are designed using a soil propbdged design method within a
probabilistic framework. Monte Carlo Simulations (MCS) and first order reliability method
(FORM) are used to perform reliability analysis aetability-baseddesign (RBD)of drilled
shaftsin which uncertainties related to soil propertigesign equations, applied loads, and pile
dimensions are considered. Given a soil profile (with associated soil properties) and applied loads,
RBD of drilled shafts is performed to determine the pile dimensions that meet a specified target
probability of filure. Based on the pile dimensions determined in RBD, the total volume (or mass)
of construction materials like concrete and steel, and fuel required to complete the drilled shaft
construction are quantified. These volumes of construction materialeraddithen used as inputs
in LCA to estimate the environmental impact associated with a particular design. The global
warming impact is used in the quantification of environmental impact because it is the most
accessible and important impact in the cenlgineering field. It is expected that this study will
make geotechnical engineers aware of the impact of design on sustainabihgl@itegmmake

informed decisionbalancing the technical and environmental aspects of geotechnical practice

5.1 Reliability -basedDesign
Reliability analysis is related to solving supjalgmand problems, in which the supply and

demand are considered random variables. For geotechnical engineering problems, the supply is
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usually the resistance (capacity) of a system and the demand comprises the applied loads on the

system. The difference between the resistance and load is defined as the safety margin:
S=R-C (5.0

whereSis the safety margirRis the resistance (capacity) of the system,@mlthe load applied

to the system. IRandQ are random variables (characterized by probability distribution functions,

means, and variances), th®eis also a random variable characterized by a probability distribution

function, mean and variance. The probability of failpref the system is estimated as:

0

Pr = Qfs(9ds (5.2)
whereps is the probability of failure, anfd(s) is the probability distribution function & (Figure
5.1), andsis a realization of the random varial8eGraphically, the probability of failure is the
area undefs(s) for s< 0, as indicated by the shaded areBigure5.1. The meann of the safety
marginSis calculated as:

m= - 4 (5.3
whereer andeqg are the means étandQ, respectively. For statistically independdndQ, the
variance ofSis given by:

si=& +& (5.4)
wheredls, Ur, andliq are the standard deviations ®fR, andQ, respectively. Assuming that the
resistancdRr and loadQ follow normal distributions, the probability of failupe estimated based

on Equation(5.2) is given by

p =1- B2 (55)
G7s
where 0 is the standard nor mal bisdefinédras: but i on
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(5.6)

oy
11
S |3

and it is related tpr. Graphically, the reliability index is related to the horizontal shift of the mean

of safety margin frons = 0, as shown ifrigure5.1.

A

Js(5)

Hs S

Figure 5.1. Probability distribution of safety margin

The objectives of reliabilinpased design are to quantify the performance of a system with
uncertain information and to minimize the probability of failure (or maximize the reliability index)
by adjusting the design parameters or by updating additiofemation on uncertain variables
(e.q., soil properties, loads, and limit state function). Different reliability analysis methods are
available such as the firstder second moment (FOSM) method, fostler reliability method

(FORM), point estimate miedd (PEM), and Monte Carlo simulation (MCS) method. The
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integrated framework described in the next section uses FORM because of which it is briefly
described in the following paragraphs.

FORM, also known as the Hasofeind approach, is an optimization method involving the
loads and resistance® GndR) which are the random variables (there can be multiple loads and
resistances) such that the minimum distaDedetween the design stafe(corresponding to a
particular combination of loads and resistances) and the limit state fuGf®nR, 1, Q@
€ ) is determined. In the probability space of the loads and resistances, the limit state function is a
surface that separates the feasible design space (within which the design state has to lie) from the
unfeasible (unsafe) space. For exam@i&, Q = R - Qs a possible limit state function and the
unsafe (or unfeasible) space consists of all possible combinati®eanaiQ for whichG < 0. The
minimum distance betwedd andG(R;, , ®:, ) & related to the probability of failure or the
reliability index. In the actual calculations, the original probability space of the loads and

resistances is mapped to the standard normal space expressed in terms of reducedYyariables

defined as
y =2 (57)
Si
whereYi; is the reduced variable farset of random variablég(withi = 1 , n)dn,the ériginal

space R, R;, @1, Q2. age thex-s), andei andyi are the means and standard deviations, of
respectively. The problem of finding the minimum distance betw&@andG(X) in the original

space translates into finding the minimum distance in the standard normal space between the point
of origin and the limit state function (surfadg]Y) = 0 expressed in terms of reduced variables,

as shown irFigure5.2.
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Failure state

G(Y)<0
Safe state

G(Y)>0
Most probable )

failure point (y,,.,,)

Limit state

G(Y)=0

0 (0, 0) 9

Figure 5.2. lllustration of the first -order reliability method (FORM)

If all the random variables follow normal distribution and are uncorrelated, the reduced
variables have a mean of 0 and a unit standard deviation. In the standard normal space (in which
the random variables are reduced to standard normal variables)otfebipty is rotationally
symmetric around the origin, illustrated as the grey dashed circles (joint distribution surface of the
reduced variable¥; andYz) in Figure5.2.

The minimum distance from the origin (which indicates the mean values of the reduced
variables) to the limit state functidd(Y) = 0 is defined as the reliability index. The objective of
FORM is to find this minimum distance. As the limit state surface (or failure su@sg)= 0
moves further or closer to the origin, the safe redgfi¥) > O increases or decreases, respectively.

Therefore, the position of the failure surface relative to the origin of the reduced variates should
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determine the reliability of the system. The point on the failure surface with minimum distance to
the origin is the most probable failure point, as indicatediayyfr) in Figure5.2 (Ang andTang,
1984). Simply put, FORM is a constrained optimization problem with the following formulation:

Minimize D, (= b,
. b( HL) (58)
SubjecttdG K )= GY ) =
whereDp is the minimum distance between the origin and most probable failure point in the
standard normal space adl is the HasofeLind reliability index

For multidimensional problems with a number of random variaklebe distance from a point

Y = (Y1, Y2, € , Yn) on the failure surfac&(Y) = 0 to the origin is calculated as:

D, = by, :\/(Yl)z (‘Vz)z + ((Xﬁ (5.9

5.2 Drilled Shaft Cases Considered

Drilled shafts of length., and diameteB, embedded in five different sandy profiles are
considered in this study, as shown Figure 3.2. Profile 1 comprises a completely dry
homogeneous sand deposit with a mean relative ddhsity70%. Profile 2 is the same as Profile
1 but with a water table located at the ground surface. Profile 3 consists of a completely dry sand
deposit with meamr = 50% overlying a strong bearing layer with mé&an= 80%. Profile 4 is
the same as Profile 3 but with a water table located at a depth of 2 m below the ground surface.
Profile 5 consists of an extremely loose sand layer with ean 20% overlying a dense sand
layer with mearDr = 80%. For all the profiles and sand layers, it is assumed thatahn critical
state friction angle. = 33° and the coefficient of lateral earth pressure atdgst0.45. The mean

values oDg, L ¢, andKo are kept unaltered except in cases parametric studies with respect to these
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parameters are performed. When there are multiple layers, the drilled shafts are assumed to be

embedded in the bearing layer with an embedment deptB,of 2

5.3 Probabilistic Characterization and Quantification
5.3.1Soil Variables

The soil variables required in this study &g t ¢, Ko, and soil unit weighy Following
Basu and Salgado (2012) and Baecher and Christian (dDR3)s, andgare treated as random
variables with their mean values, coefficients of variation (COVs), and probability distributions
given inTable5.1. Ko and the maximum and minimum void ratiesax and emin are treated as
deterministic variables because information about their randomness is rather limited. The effect of
variation ofKo is indirectly taken into account by considering multiple valugsoof

Table5.1 summarizes the characteristics of variables used in reliability analysis and RBD
of drilled shaft. In this study, the uncertainties in soil properties are accounted by representing
Dr, and unit weight of soifsci as random variables. Kim and Salgado (2)X2ported that the
highest COV value offor sand is 0.012 based on the studies of Baecher and Christian (2003),
Foyeet al. (2006), and Negusseyal (1998). Therefore, in this study, it is assumedtkfilows
a normal distribution with a COV of 0.02 to be conservative.DrpiPhoon and Kulhawy (1999)
reported that the COV ranges from 0.1 to 0.4¥granging from 30 to 70%; however, Kim (2008)
and Basu and Salgado (2012) report that variability changes depending on the \&dueeof
high variability adDr decreases and low variability Bs increases). Therefore, in this study, it is
assumed thaDr follows a nomal distribution with varying COV as summarizedTiable 5.1.
Baecher and Christian (2003) reported that the COXégfranges from 0.05 to 0.1; therefore, it

is assumed that,i follows a normal distribution with COV of 0.1 to be conservative.
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Table 5.1. Characteristics of deterministic and random variables used in drilled shaft design

Deterministic variables

Value or
range

Coefficient of lateral
pressure at resto

Maximum void ratio Emax

Minimum void ratio,emin

Deterministic bias in the mode

qublas

Pile length Lp

Ratio of live load to dead loa¢

0.4, 0.45, 0.5, 0.65 (Basu and Salgado, 2012)

0.9 (Basu and Salgado, 2012)

0.45 (Basu an&algado, 2012)

097forbDrRO 50% (Basu and Sal ¢
1.16 forDrRO 9 0 %

linearly interpolated between 0.97 and 1.16 for 50Br<
< 90%

57 30m

0.2571 2 (Basu and Salgado, 2012)

LL/DL
Random variable Type of
probability Mean Range COV
distribution
0.02
8- 37° (Baecher and Christian,
Critical-state friction angle of soill 2003; Foyeet al., 2006;
) Normal (Basu and . d Salgad
c Salgado, 2012) KIm and Salgado,
' 20128, Negusset al.,
1998)
0.35 forDr = 20%
0.23 forDr = 30%
0.18 forDr = 40%
20- 80 % 0.14 forDRf 50%
. . . 0.12 forDr = 60%
Relative density of soiDr Normal (Basu and _
Salgado, 2012) 0.10 forDr = 70%
gado, 0.09 forDg = 80%
(Basu and Salgado,
2012; Kim, 2008; Phoor
and Kulhawy, 1999)
Calculated
based on mea 0.1
Unit weight of solil,rsoi Normal (Baecher and Christian,
Dr , emax and
2003)
€min
. . . 0.2
Model uncertainty associated wi .
shaft resistance of drilled shdftp Normal 051 1.5 (Z%alzl; and Salgado,
Model uncertainty associated wi 0.1
base resistance of drilled sha Normal 0.51 1.5 (Basu and Salgado,
Map 2012)
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Table 5.1 (continued).

Random variable Type of
probability Mean Range cov
distribution
0.1
Dead loadPL Normal 50071 3000 kN  (Ellingwood andTekie,
1999)
0.25
Live load,LL Lognormal 5007 3000 kN  (Ellingwood and Tekie,
1999; Foyeet al, 2006)
0.02
Pile diameterB, Normal 0.371 2.0m (Basu and Salgado,
2012)

5.3.2Design Equations

Deterministically,Qb,ut andQs. for drilled shafts are given by (Salgado 2008):

Qi =Qu Q. Suh é'-q;Li A (5.10

whereQur is the total ultimate capacit@y,ur is the ultimate base resistan@®, is thelimit shaft
resistancegp,utt is the ultimate unit base resistanégjs thecrosssectionalarea of the pile base,

gsL,i is the limit unit shaft resistance of tiigsoil layer, andAs; is the surface area of the pile in
contact with thé™" layer. Considering model uncertainty, the ultimate unit base resistance for 10%

relative settlement and the limit unit shaft resistance are given by (Basu and Salgado, 2012):

° S' 084l 0.004Dg

qb,un — q;,lo% :ngESqu0.38pAe-O.OOGGDR 8.1041fc+ (0.0264- 0.000Z Dy %7“ O (511)
c pA -

d, =M, (Ktand) § M, 4 (5.12)

in which

O

Dg & ds, ¢
Ré 3 020
0.7K, 10021 réﬁi
02K 04

K = (5.13
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wherepa is the atmospheric pressure (=100 kBagndl rare the corresponding effective vertical
and lateral stresses, respectively, acting at the depths gdpened go,ut are calculatedi is the
friction angle mobilized along pHsoil interface (= ¢ according to Loukidis and Salgado (2008))
Mqp@Sis the deterministic bias in thp .t modelexpressed in EquatidB.11), Mqb is the random
part of the model uncertainty go,ut, andMpis the random error of the uncertainty in modefing
in Equations(5.12) and (5.13) (the deterministic bias ob model Ms?® is assumed to be 1
according to Basu and Salgado (2012))

The parameters inEquations (5.11)-(5.13) are represented as random variables
characterized by their probability distributions, means, and coefficients of variation JCID\¥és
uncertainties in model are considered by including bias fA¢t8f and random factoM in the
equations for calculating the unit base resistance and unit shaft resistance daguationg5.11)
and (5.12), respectively. Basu and Salgado (2012) determinedvitifé associated withp10%
eqguation by comparing with the results of plate load tests by Lee and Salgado (1999). In this study,
the Mq?®is 0.97 forDrO 50 %, DRO1®0Por and | inearly interpocg
1.16 for 50% Dr < 90%. The random variably, in Equation(5.11) is assumed to follow normal
distribution with a COV of 0.1. Basu and Salgado (2012) estimated the model uncertagaty in
equation based on the results of centrifuge tests by Fioravante (2002) and Colombi (2005).
However, theMP@s associated witlys. equation is omitted because there is lack of data available
from the centrifuge testdlp in equation(5.12) is assumed to be normally distributed with COV

of 0.2.

5.3.3Applied Loads
The uncertainties in applied loads are considered by repres®itiagpdLL as random

variables. In this study, it is assumigd follows a normal distribution and COV of 0.1 based on
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the study by Ellingwood and Tekie (1998). is assumed to follow lognormal distribution with a

COV of 0.25 based on the studies by Ellingwood and Tekie (1999) anceFaly€2006).

5.3.4Pile Dimensions

The uncertainties in pile dimensions are accounted by considering the pile diBmeter
as random variable that follows normal distribution with a COV of 0.02 (Basu and Salgado, 2012).
Lp are considered deterministic in this study because they do not vary significantly in practical

cases.

5.4 Reliability Analysis of Drilled Shaft

For the reliability analysis performed in this study, the uncertainties considered are those
associated with soil properties, design equatiapplied load, and pile dimensions. THEORM
(Ang and Tang1984) is followed, anthe limit state function for drilled shafts is defined as

Qu+Q,. DL kL (5.14)

whereDL is the applied dead load ahd is the applied livdoad. Note that, in Equatiob.14),
Qo,ut, Qst, DL, andLL, are treated as random variables with associated probability distributions.
Therefore, in FORM, the performance function is expressed as follows:
gxX)=X % X % 0 (519
whereX = {X1, X2, X3, X4} is the vector of the random variables represen@ag Qb,ur, DL, and
LL, respectively. Because the soil properties, uncertainties in design equations, and uncertainties
in pile dimensions are assumed to be normally distributed random varkablasdX> also follow
normal distributionsFigure5.3 shows the distributions of. and X, obtained using MCS for soil

profile 1 (as described later). It is assumed Kaf{dead load) follows a normal distribution
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(Ellingwood and Tekie, 1999) and (live load) follows a lognormal distribution (Ellingwood and
Tekie, 1999; Foyet al, 2006).

Assuming the random variablé§ to be uncorrelated is transformed into standard
normal variateusing Equation5.7). As the live loadXs follows a lognormal distribution, the
equivalent normal distribution is obtained using Rosenblatt transformation assuming the random
variables are statistically independent. The equivalent normal distributiénisfcharacterized

by the equivalent mean and standard deviation as expressed below:
=%, -8 HE(X)] #1 Ink ) (5.16)

F{F TR, 001}
fy, (%) )

S

N
4

(5.17)

wheree N and (" are the mean and standard deviation, respectively, of the equivalent normal
distribution forXas; Fx,(x4) andfx,(xs) are the lognormal cumulative distribution function and

lognormal probability density function, respectively afevaluated at the failure poirs’; a(.)
and: (.) are the cumulative distribution function and probability density function, respectively, of
the standard normal distribution; amdand ¢ are the scale parameter and shape parameter,

respectively, of lognormal distribution. By inputting Equati¢hd6) and(5.17) into Equation

(5.7), the standard normal variate of lognoriKals obtained:

_InX,-/,

Y,
4
24

(5.19)

Therefore, the performance function in terms of standard normal variates is obtained by inputting
Equationg5.7) and(5.18) into Equation(5.15):

g =(¥s, + % 5 Hm(¥% ;s J+E-P 0 (5.19)
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In the standard normal space, the distance from a point on the failure g(¥pse0 to
the origin of the standard normal variatéand is calculatedsing Equatiorf5.9). Theminimum
distance represents the reliability of the system which is also called the Hasdfeeliability
index brL. FORM is essentially solving a constrained optimization problem by minimizing the
distance from a point on the limit state function to the origin of standard normal space, subject to
the constraing(Y) = 0 (which represents the limit state surface). Therefore, using the method of
Lagranged6s multiplier the optimization probl e
L, =D, ¥, g(Y) (5.20)
wherec/i s t he Lagrangeds mul t i pdtheemnimunBdistamé (ori mi z i

reliability index) can be calculated:

(5.21)

wher e t he of6®rareevaltated atthe mogdprobable failure pgintshe probability
of failure pr is then calculated as:
p; =1 - ) (5.22)

The FORM is performed using a MATLAB program in which an iterative approach is taken to

determine the most probable failure point that resultgg¥Yp & O .
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Figure 5.3. Distributions of (a) ultimate base resistanc&y u: and (b) limit shaft resistance
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5.5 Reliability -basedDrilled Shaft Design

Given a soil profile and loading condition, and given the characteristics of random
variables for soil properties, model uncertainties, applied load and pile dimensions, as summarized
in Table5.1, the base and shaft resistances of drilled shaft are calculated using Eqatityns
and (5.12). Subsequently, the pile dimensions are adjusted to increase the base and shaft
resistances until a target reliability index (or probability of failure) is achieved. The pile
dimensions are selected based on either of the two following approaghfsed diameter
approach andi( fixed length approach. In the fixed diameter approach, a fixed diameter of, say,
0.9 m, is assumed and the pile length is increased in increments of 1 m until the design
requirements are satisfied. Similarly, in the fixed tbrgpproach, a fixed length of, say, 15 m is

assumed and the pile diameter is determined in increments of 0.1 m until the design requirements
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are satisfiedln this study, pile diameter is selected within a range of 0.3 to 2.0 m, and pile length
is selected within a range of 5 to 30 m.

According to U.S. Army Corps of Engineers (1997), drilled shafts are designed such that
they have at | east iabove dable52sigowdtheeexpeced t e d |
performance level for different values of reliability indbx. or probability of failurepr. In
practical cases, it iIis assumed that drill ed s
expected performance levels. Therefore, the drilled shafts are designed for five different target
reliability indices corresponding to probabilitiekfailure pr = {103, 5.53 104 104, 5.53 10°,

105,

Table 5.2. Expected performance levelddapted from U.S. Army Corps of Engineers, 1997)

Reliability index, byL Probability of Failure, pr Expected performance level
1.0 1.66101 Hazardous

1.5 7.00107? Unsatisfactory

2.0 2.310°2 Poor

2.5 6.010°3 Below average

3.0 1.0¢10°3 Above average

4.0 3.610° Good

5.0 3.010° High

The design dimensionsalculated from RBD of drilled shaft are used to calculate the
volume of construction materials (e.g., concrete and std@e)tofal volumes of concrete and steel
are converted into their corresponding masses using the respective densities of 220i&igam
2015) and 7850 kg/#{CEN, 2004), respectivelyThe drilled shafts are assumed to be reinforced
with a steel cage comprising 2.5% volume of the concrete shaft, as recommended by FHWA
(201(M). Pile caps are not considered for single drilled shafts because it is not required if the

bearing capacity and the interface reinforcement/connection meet the code criteria (CAC 2006;
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FHWA 2010).For example, for a single drilled shaft with 1.2 m diameter, 15 m length, and 2.5%
steel reinforcement, the total masses of concrete and steel are 40,715 kg and 3,329 kg, respectively.

These values are used as inputs to the LCA to estimate the environmeatas of drilled shaft.

5.6 Environmental Impact Assessment

The scope and goal of LCA performed in this study are to quantify the environmental
impacts of drilled shafts designed for different target reliability indices (or probabilities of failure)
so that the impact of target reliability index on the environmemjact can be quantified. The
functional unit of the drilled shafts consi de
that supports the applied load without bearing capacity failure and that meets the reliability
requirements specified iy h e  d e Betaits ofassutnptions and parameters used in LCA are

provided in Sectior8.2

5.7 Multiple Regression Analysis
The required number of realizatioNsn MCS depends on the target probability of failure

priargetand is computeds (Fenton and Griffiths, 2008):

o 2,
az,,

N = pf,target(l - pf Jtarge %ei ( (523)
CEmax -

wherezy, is the point on the standard normal distribution satisfpl@g> zj /] {p = probability),
(is the significance level, adiaxis the maximum error om at confidence (1 (). For example,
assuming 90% confidence levék € 0.1), Ghaxis 10 andprargetis 102, the required number of
realizations in MCS is 270,332271,000.For each MCS run, an LCA should be performed and

the prohibitively large number of LCA calculations is avoided by performing multiple regression
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analyses to create a surrogate regression model using which the global warming impact of drilled
shafts can be estimated faster than by performing a large number of LCA calculations.

In general, a responsethat depends on the controllable input varialste sy, 8 is
expressed as:

y, =, X..., X+ (5.249)
wherey; is the response surface that represents a performance measure or quality characteristic
(e.g., GWP in this studyj(.) is a mathematical function that surrogates the true response (e.g.,
GWP as a function of pile dimensions, in this stud§3,the error that represents the discrepancy
between the true and observed responsesk @éthe total number of input variables (k = 2
becauses are pile diameter and length in this study). The error results from failure of regression
models to fit data exactly, sources of variation that are inherent in the system, measurement error,
and effect of other variables (possibly unknown) to the resptiriseassumed thalis a random
variable that follows a normal distribution with a zero mean and variznddontgomeryet al,
2012; Myerset al,, 2009). Therefore, the expected responsg isfobtained as:

E(y,)=H f0q x.... N ) &, X %) (5.29
whereE(.) is the expectation.

Developing a suitable approximation figr) is critical. Usually, a loworder polynomial
model over a relatively small region of the independent variable space is considered appropriate
(Myerset al, 2009). Therefore, in many cases, a{nster or a secondrder model is used. For
convenience, the natural variabtess»,  &(variables expressed in natural units of measurement
such as kilograms and meters) are transformed into dimensionless coded veriehles @ in

regression analysis using:
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o =X (e * )2

- (Xmax_ 'f¥|n)/2 (526)

wheresmaxandamin are the upper and lower bounds of the natural varigble

In terms of coded variables, the fumtder and secondrder regression models are

expressed as:

k k k
y.=b, A & A a,b¢ +ap L¢ Wforfirst-ordermode  (5.27)
j=1 j

i§ 2z
In casek = 2,

yr = bO + @1 +2b2 Tl@ Zjép 126-1(1% (528)

whereb; are the regression coefficients anére the independecbdedvariables. In this study,
c1 (or 3y) represents the pile diameter andor 32) represents the pile length. Other independent
variables such as transportation distance, and operation times of construction equipment can be
considered; however, the global warming impact caused by transporting materials and equipment,
and during constiction phase account for only 1.2 and 0.3% of the total global warming impact,
respectively. Therefore, it is assumed that these effects are negligible and omitted in the regression
analysis.

Equation(5.27) with b = O is a firstorder model which indicates that respogsbas a
bilinear relationship with the variables The firstorder model is appropriate for approximating
the true response surface over a relatively small region of the independent variable space in a
location where there is little curvature. The second term in Equ&ti®r) models the main effects
of the two variableg: andc.. The third term in Equatio(b.27) models the interaction between
the variables. If the curvature in the response surface is strong enough; then asdeonubdel

(Equation(5.27) with i 0) i s appropriate. |1t is useful
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surface in a relatively small region around the optimum of the surface. Eq(@#i@ywith by |
0 is able to model the response with curvature. The advantages of using@emnuodel are
(a) the flexibility in taking a wide variety of functional forms, (b) the ease with estimation of the
regression coefficients because the seamdér model an be expressed in a linear regression
model (for example, by assumiifign = bs, €12 = C3, b2z = s, C22 = €4, b12 = bs, andciCz = Cs in
Equation(5.28)) based on which the method of least squares can be used to estimate the regression
coefficients, and (c) the considerable practical experience indicating that sedendnodels
work well in solving real response surface problems (Mgeed, 2009).

The method of least squares is used to estimate the regression coefiidieiiiquation
(5.27) (Myerset al, 2009). The method of least squares chooses the regression coefficients so that
the sum of the squares of the error are minimized. The Equ@i®n is generalized as the

following:

yr,i=b0 +iL, R, -+ (@

X . (5.29
=b, a¢ Hfefori 12,..n
j=1
The least squares function is defined as below:
L=a¢
I o 2, (5.30)
_ta Ko o
=a & 'bo -a {X}] (
i G i=1 -

wheren is the total number of observations, dni$ the number of variables (i.& = 2 in this
study).
The functionLs is to be minimized with respect to regression coefficients, and the least

squares estimators of regression coefficients must satisfy the following conditions:
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na gz kK= 8

= =28@ & a% 60 (5.31)
|J-bo b %.. 5 i=1 ¢ iz =
na = kK= 08

%z%% ;Qage/i b a% ¢ 0 (5.32)
i B Ep i=1 j % -

where IEO % Ek are the leassquares estimators.
To determine the regression coefficients in Equgati), data that shows the correlation
between the response surfae¢ e . g . |, GWP in this study) and va
length in this study) need to be collected. Data collection (i.e., GWP in relation to pile diameter
and length) is conducted using the experimental design because it is the most apprahiad
and other data collection methods such as retrospective study (i.e., using historic data) and
observational study are not applicable in this study (Montgoetead, 2012). In an gxerimental
design, trials of experiments are conducted i
in this study) are controlled to certain values (e.g., minimum and/or maximum of the ranges shown
in Table5.1) and the corresponding responge@.e., GWP in this study) are obtained. There are
multiple experimental designs available, such as-level factorial design (@ and central
composite design (CCD) and they differ in terms of information they collect useful for estimating
the regression coefficients (Myessal, 2009). Since it is unclear if the response surface of global
warming impact follows a firsbrder or secondrder polynomial functions, CCD is used because
it also collects sufficient information to conduct a tlgwel factorial design. CCD is widely ed
for fitting secondorder models (Myerst al,, 2009).
Figure 5.4 illustrates the experimental design of central composite designs at different
levels of the two variables (i.e., pile diameter and length in this case). Each colored piguaten

5.4 indicates the different levels of the variables (e.g., minimum, average, and maxiBpieamdf
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Lp). As shown irFigure5.4, the design consists of four runs at the corners of a square (yellow dots
in Figure5.4), plus four runs at the center of the square (red dot), plus four axial runs (blue dots).
The corner (also called factorial) points explore the combination of minimum and maximum levels

of B, and L, and they provide information related to the fostler and interaction terms in

Equation(5.27). The axial points isolate each variable (e8g5 - +/2 andLp = 0) to examine the

effect of each variable towards curvature in the response surface; therefore, the axial points are
used to estimate the seceowdler terms in Equatio(b.27). The center points are used to find if
curvature exists in the response surface. For examplé factdrial design assumes that the
response surface is a plane or a hyperplane; however, if the data at the center point indicates there
exists a minima or maxima, a secemdier model may be more appropriate. Hence, the center
points are often used to tessecondorder models are better choice than fosler models. Total

of 12 observations(= 12), in which different combinations Bf andLp are consiered as shown

in Figure5.4, are collected in this study, and they are used for estimating the regression coefficients
bs in Equation(5.27). LCA is used to quantify the global warming impact of the 9 observations.

In this study, the global warming impacts obtained for the 12 observations are not replicated
because it is assumed that there are no sources of uncertainty that leads to tbe watia
guantification of global warming impact. In other words, it is assumed that given the pile
dimensions are the same (and other conditions related to subsurface profile, loading, construction,
and etc.), the global warming impact (measured in G@Rdined from LCA will be consistent.

The regression models, estimated using the least squares method and the central composite design

method, are summarized Trable5.3.
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Figure 5.4. Central composite design for 2 design variables

Table 5.3. Regression models for global warming impact of drilled shafts

Regression Model Equation?!

Linear (without —

interaction effect y. = 19804.46 47480.84 ©614.6%
Linear (with y, =299.71-1.04 -534.2% 998.96x

interaction effect)
Seconeorder (without
interaction effect) y, = 10670.42 ©.84 614.8% #60x 0.G.

Secondorder (with
interaction effect) y. =9433.75-17481.04 -533.99 +76G0 0.01x 998.8¢

Lji: pile diameter (m)J5: pile length (m);

The regression models fable5.3 are developed based on several assumptiongig

relationship between the GWP (respoggeand the pile diameter and length (regressgrss
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linear, (i) the errolJin Equation(5.27) has zero mean, constant variance, a@ingthe errors are
uncorrelated and normally distributed (Montgomeaty al, 2012). Several diagnostics are
performed to check if the modelsTiable5.3 are adequate (i.e., the assumptions stated above are
valid) using () analysis of variance (ANOVA),iij normal probability plot of residualsiii{
coefficient of multiple determinationjv) prediction error sum of squares (PRESS), and (
multicolinearity test (Myergt al, 2009; Montgomergt al, 2012). The ANOVA is performed to
test for the significance of regression (i.ebgfin Equatior(5.27) are significant or not). Equation
(5.27) can be expressed differently by assunmifg ci2, ¢4 = 2%, Cs = C1C2, b3 = b11, ba = b2, and
b5 = b12:

v.=b, +f, +b, b eb b (5.33
Hence, both firsbrder and secondrder models are linear in thevalues, regardless of the shape
of the response surface. In other words, ANOVA tests if there is a linear relationship between the
response and any of the regressor variables (or regression coefficient). This procedure is often
thought of as a global test model adequacy. To conduct ANOVA, the following hypotheses are
set:

Hy:b,= b = =Sb0=

. 5.34
H,: b , O for at least ont (539

Rejection of the null hypotheskd implies that at least one of the regressor variables contributes
significantly to the model. The null hypothesis is rejected if the following condition is met in the
F-test:

Fo>Founia (5.35

in which
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_ sS/ k
°7ss/(n ki)
_Ms;
MS

(5.36)

WhereF is theF statistic value that follows thex ni«i 1distribution and calculated as the ratios

of mean squares by regression and eFgtq-«-1iS theF critical value at preselected significance

level Us (= 0.05 in this study) and degrees of freedoamdn-k-1, S&is the sum of squares of
regression (modeljyS is the sum of squares of error (residulslir is the mean square (variance)
caused by regression, ahtss mean square caused by erfbable5.4 summarizes the results of
ANOVA for the regression models considered in this study. As showahie5.4, Fo values of

all regression models exceed the corresponBiogtical value; therefore, all regression models
considered in this study are adequate in terms of significance of regression. In other words, at least
one of the regression coefficients for each mod&hinle5.3 is proven to be significant in defining

the relationship between GWP and pile dimensions. For example, if the regression coefficients for
the second term and third term in the linear model (without interaction effect) are all close to zero,

it is likely that the model is not adequate.

Table 5.4. Analysis of variance (ANOVA) for the GWP regression models

Regression Model S& S& SS MSr MSe Fo Fu, «

k-1
Linear (without 560x1CF 4.110 6.01x1¢ 1.8%1C¢ 5.15x1F 36.21 4.07
interaction effect)

Linear (full) 5.881CF 1.30x10 6.01x1¢ 1.47%1C¢ 1.86x1F 78.85 4.12
Secondorder 5710 2.86x10 6.01x1¢° 1.14x1F 4.77%10¢ 23.97 4.39
(without interaction

effect)

Secondorder (full) 6.00x10¢ 4.81x1C 6.01x1¢ 1.00x1F 9.62x10¢° 1039.65 4.95
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Graphical analysis of residuals is also a very effective way to investigate the adequacy of
the fit of a regression model and to check the underlying assumptions (e.g., normality assumption
of residuals) (Montgomersgt al, 2012). The residuals are scaled to observe if there are outliers or
extreme values. In this study, the residuals are scaled into standardized residtiadentized

residualg, and externally studentized residualsing the equations shownTiable5.5.

Table 5.5. Residual diagnostics

Scaled residual Equation
Standardized residual _& _ ¢ fori E2,..n
£ /MS
Studentized residual [ :VL fori 4,2,..n
\/E(l' hl)
Externally studentized residual t, :+ fori 4,2,..n
S(i)(l' m)
in which
s _(n-k YMs &/ P
) n- k -2

d: studentized residual; studentized residudk externallystudentized residual

n: total number of observations; number of variables

e residual

MSe: mean square caused by error

&: estimate of standard deviation

S estimate of variancei{) based on a data set with tHeobservation removed

hi: diagonal element of H matrix which maps the vector of observed values into a vector of fitted values

The standardized residuals should lie within the interval3of 0O 3, vari ance of
residuals should be 1, and externally studentized residuals are often used for outlier detection. To
validate the normality assumption of residuals (i.e., to chedkfiflows a standard normal
distribution), the normal probability plot of residuals is constructed, as shokigure5.5. The

red line inFigure5.5 indicates the normality of residuals. The residuals appear to mdessor

follow the red line and slight deviations are observed. Given the limited number of observations

(n=12), it is assumed the residuals are normally distributed baseidunme5.5. The externally
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studentized residuals are plotted against the predicted values to observe if there is a particular
pattern (e.g., funnel, double bow, and nonlinear patterns) which indicate model deficiencies.
Figure5.6 shows the plot of residuals versus the corresponding fitted values. The residuals do not
portray any particular pattern and are contained in a horizontaj bande, no model deficiency
is assumed.
095 Y
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Figure 5.5. Normal probability plot of residuals for the full secondorder model of GWP

Figure 5.6. Residual plot for the full secondorder model of GWP
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