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Task

Difference in start time

Difference in end time

<2h 2-4h >4h <2h 2-4h >4h

Masonry of shafts 1 1 1 1

Preparation of concrete floor pours and pouring 4 1 4 1

Waterproofing 3 2 1 3 3

Tiling 3 1 1 2 2 1
Joints 2 2 2 1 1
Suspended ceiling 4 1 1 1 1 4
Caulking of suspended ceiling 1 2 1 1 3
Painting of suspended ceiling 1 2 3
Furnishing 2 1 3
Finishing 1 1 2
Kitchen furnishing 3 1 1 2 2 1
Total 23 12 10 15 12 18
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Tasks Number of time Total number Percentage
intervals between of time
the self-reported intervals
start and finish
time
Masonry of shafts 128 128 100%
Preparation of 171 171 100%
concrete floor
pours and pouring
Waterproofing 94 101 93%
Tiling 108 120 90%
Joints 33 43 7%
Suspended ceiling 67 72 93%
Caulking of 217 281 7%
suspended ceiling
Painting of 69 72 96%
suspended ceiling
Furnishing 25 30 83%
Finishing 94 110 85%
Kitchen furnishing 381 381 100%
Total 1,388 1,510 92%
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Step 1: Understanding

Step 2: Analysis and
development

(i) Deep comprehension
of the topic

(ii) Identify a relevant
problem

(iii) Artifact

(iv) Examine
applicability of the
solution

(v) Implement and test
the solution (case
studies)

(vi) Analyze the
theoretical contribution
of the solution

Theoretical references: lean philosophy, location-based management
system (LBMS), Bluetooth low energy (BLE) indoor positioning

1. Can indoor positioning data be used to enable the automatic detection of the start and finish times of
construction tasks?

2. Does uninterrupted presence at a task level provide new insights that can help identify and develop
interventions for better production control in construction?

Case study: Plumbing renovation;

Propose how to measure the task progress information from real-time tracking so that the data can be used
to automatically detect the start and finish times of the construction tasks and calculate uninterrupted
presence at the task level.

Data analysis, visualization, and validation in case studies

System implementation in the construction project Data analysis and simulation Model refinement

(six steps)

Final version of the integrated model: system for automated task progress detection and uninterrupted time
analysis to empower production control in lean construction.
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Tasks (abbreviations)

Masonry of shafts (MS)
Preparation of concrete
floor pours and pouring
(PP)

Waterproofing (WP)
Tiling

Joints

Suspended ceiling (SC)
Caulking of suspended
ceiling (CSC)

Painting of suspended
ceiling (PSC)

Furnishing (Fu)
Finishing (Fi)

Shaft drywall (SD)
Kitchen furnishing (KF)

Work trade

Carpentry
Carpentry

Tiling
Tiling
Tiling
Carpentry
Painting

Painting

Carpentry
Carpentry
Carpentry
Carpentry

Workers assigned to the task

Carpenter 1 Carpenter 2
Carpenter 1

Tiler 1

Tiler 1

Tiler 2

Carpenter 1 Carpenter 3
Painter 1 Painter 2

Painter 1 Painter 2

Carpenter 1
Carpenter 1
Carpenter 2
Carpenter 1 Carpenter 4
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Tasks

Look-ahead plan

Start time

End time

Tracking result

Start time

End time

Masonry of shafts

Preparation of concrete floor pours and pouring
Waterproofing

Tiling

Joints

Suspended ceiling

Caulking of suspended ceiling

Painting of suspended ceiling

Shaft drywall

Kitchen furnishing

March 20 7:00
March 21 7:00
March 22 7:00
March 23 7:00
March 27 7:00
April 03 7:00
April 04 7:00
April 05 7:00
March 21 7:00
March 22 13:30

March 20 11:00
March 21 11:00
March 22 11:00
March 23 11:00
March 27 11:00
April 03 11:00
April 04 11:00
April 05 11:00
March 21 11:00
March 23 8:00

March 20 12:42
March 21 7:31
March 22 8:01
March 23 8:07
March 26 9:31
April 03 7:32
April 04 7:24
April 05 7:29
March 21 7:31
March 22 9:50

March 20 15:12
March 21 11:04
March 22 12:05
March 23 15:55
March 27 14:38
April 03 12:13
April 04 10:09
April 05 9:56
March 21 13:11
March 23 13:06
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uninterrupted presence time during task

planned duration of the task

@





OPS/images/fbuil-07-661166/fbuil-07-661166-g001.jpg
) .
)~ ~.
~e_
—
gy oo =
/.-/" Device Management
3 Client
BLE }
|
|
Beacons L
Management Data

Gateway

Traking Data

Device Device
> Management --> Management
Server

GUI

Cloud

Third party
applications






OPS/images/fbuil-07-661166/cross.jpg
3,

i





OPS/images/fbuil-07-661166/fbuil-07-661166-e000.jpg
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uninterrupted presence time during task

actual duration of the task
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Tiler 1 (self-reported)
Tiler 1
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task switch

Task switch 1 occurred Task switch 2
due to period of absence occurred due to
(272 minutes) worker change

.

S5thfloor Tiler

There is an absence from \

Waterproof 12:05pm until 8:07 am the next Tiling Joints
Tiler 1 day (taking workday starts at Tiler 1 Tiler 2
7am and ends at 3:30pm).
Mar 23 Mar 24 Mar 25 Mar 26

Time [March 2018]
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Threats

Complex data processing (n = 11)
Data access and ownership (n = 8)

Lack of system integration (n = 13)

ROI uncertainty (n = 12)

Low standardization (n = 8)
Lack of owner buy-in (n = 10)

Displacement of old workers (n = 5)
Existence of old business models (n = 6)

Digital divide (n = 9)

Risk of system attacks (n = 5)

Sources

Heusler and Kadija (2018), Chen (2019a), Chen (2019b), Koch et al. (2019), Koseoglu et al. (2019), Li et al. (2019), Maskuriy
et al. (20190), Aghimien et al. (2020a), Keskin et al. (2020), Pham et al. (2020), and Tezel et al. (2020)

Woodhead et al. (2018), Chen (2019), Koch et al. (2019), Koseoglu etal. (2019), Lietal. (2019), Singh (2019), Aghirmien et al.
(2020a), and Berlak et al. (2020)

Oesterreich and Teuteberg (2016), Woodhead et al. (2018), Chen (2019a), Chen (2019b), Braun and Sydow (2019), Koch
etal. (2019), Koseoglu et al. (2019), Darko et al. (2020), Gref et al. (2020), Hetemi et al. (2020), Keskin et al. (2020), Succar
and Poirer (2020), and Zabidin et . (2020)

de Soto et al. (2018), Woodhead et al. (2018), Chen (2019), Koseoglu et al. (2019), Li et al. (2019), Aghirmien et al. (2020a),
Beriak et al. (2020), Greif et al. (2020), Newman et al. (2020), Oesterreich and Teuteberg (2016), Tezel et al. (2020), and
Winch and Cha (2020)

Woodhead et al. (2018), Chen (2019a), Craveiroa et al. (2019), Koch et al. (2019), Morgan (2019), Papadonikolaki et al.
(2019), Succar and Poirier (2020), and Tezel et al. (2020)

Dallasega et al. (2018), Woodhead et al. (2018), , Koch et al. (2019), Koseoglu et al. (2019), Aghimien et al. (2020a), Berlak
et al. (2020), Hetemi et al. (2020), Keskin et al. (2020), Newman et al. (2020), and Winch and Cha (2020)

Woodhead et al. (2018), Braun and Sydow (2019), Koseoglu et al. (2019), Maskuriy et al. (2019), and Pan et . (2020)
Goulding et al. (2018), Woodhead et al. (2018), Koseoglu et al. (2019), Singh (2019), Keskin et al. (2020), and Tezel et al
(2020)

Goulding et al. (2018), Koseoglu and Nurtan-Gunes (2018), Papadonikolaki (2018), Bonanomii et al. (2019), Morgan (2019),
Berlak et al. (2020), Newman et al. (2020), Pan et al. (2020), and Tezel et al. (2020)

Woodhead et al. (2018), Chen (2019a), Maskuriy et al. (2019a), Morgan (2019), and Tezel et al. (2020)
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Enablers
Digital champions (n = 8)

Attraction of digital technologies (n = 17)

Training opportunities (n = 15)

Innovativeness (n = 12)
Third-party support (n = 11)

New forms of organization (n = 15)

Cutture inciusion (n = 10)
External legitimation (n = 8)

Research potential (n = 6)

Sources

Woodhead et al. (2018), Chen (2019a), Bonanomi et al. (2019), Morgan (2019), Aghimien et al. (2020b), Azzouz and
Papadonikolaki (2020), Berlak et al. (2020), and Heten et al. (2020)

de Soto et al. (2018), Goulding et al. (2018), Heusler and Kadija (2018), Woodhead et al. (2018), Braun and Sydow (2019),
Craveiroa et al. (2019), Koseoglu et al. (2019), L et al. (2019), Papadonikolakiet al. (2019), Singh (2019), Hetemi etal. (2020),
Newman et al. (2020), Pan et al. (2020), Pham et al. (2020), Tezel et al. (2020), and Winch and Cha (2020)

Goulding et al. (2018), Woodhead et al. (2018), Maskuriy et . (2019b), Koch et al. (2019), Koseoglu et al. (2019), Li et al.
(2019), Singh (2019), Aghimien et al. (2020b), Darko et al. (2020), Greif et al. (2020), Hetemi et al. (2020), Newrman et al.
(2020), Pan et al. (2020), and Winch and Cha (2020)

Goulding et al. (2018), Papadonikolaki (2018), Woodhead et al. (2018), Chen (2019b), Maskuriy et al. (2019b), Craveiroa
etal. (2019), Singh (2019), Azzouz and Papadonikoiaki (2020), Heteni et al. (2020), Keskin et al. (2020), and Pan et al. (2020)
Aghimien et al. (2020a); Aghimien et al. (2020b); Berlak et l. (2020); Bonanomi et al. (2019); Braun and Sydow (2019); Chen
(2019b); Newman et al. (2020); Pan et al. (2020); Tezel et al. (2020); and Woodhead et . (2018)

Oesterreich and Teuteberg (2016), Maskuriy et al. (2019b), Bonanomi et al. (2019), Braun and Sydow (2019), Koseoglu et al.
(2019), Morgan (2019), Azzouz and Papadonikolaki (2020), Beriak et l. (2020), Darko et al. (2020), Greif et al. (2020), Hetemi
et al. (2020), Newrman et al. (2020), and Pham et al. (2020)

Dallasega et al. (2018), Woodhead et al. (2018), Maskurly et al. (2019), Koseoglu et al. (2019), Azzouz and Papadonikolaki
(2020), Berlak et al. (2020), Hetemi et al. (2020), Newman et al. (2020), Pan et al. (2020), and Tezel et al. (2020)
Papadonikolaki (2018), Chen (2019a), Koseoglu et al. (2019), Li et al. (2019), Morgan (2019), Papadonikolaki et al. (2019),
Hetemi et al. (2020), and Tezel et al. (2020)

Oesterreich and Teuteberg (2016), Dallasega et dl. (2018), Chen (2019b), Singh (2019), Pan et al. (2020), and Tezel et al.
(2020)
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Strategic considerations

Process (n = 11)

Collaboration (n = 14)

Learning (n = 4)
Value (n = 9)
Lifecydle (n = 8)

Choice of digital (1 = 7)

Data (n = 3)

Sources

Goulding et al. (2018), Heusler and Kadia (2018), Woodhead et al. (2018), Braun and Sydow (2019), Craveiroa et al. (2019),
Koseoglu et al. (2019), Li et al. (2019), Morgan (2019), Aghimien et al. (2020b), Hetemi et al. (2020), and Succar and Poirier
(2020)

Oesterreich and Teuteberg (2016), Dallasega et al. (2018), Heusler and Kadija (2018), Papadonikolaki (2018), Woodhead
et al. (2018), Koseoglu et al. (2019), Papadonikolaki et 4. (2019), Singh (2019), Aghimien et al. (2020a), Aghimien et

(20200), Craveiroa et al. (2019), Darko et al. (2020), Hetemi et al. (2020), and Keskin et al. (2020)

Dallasega et al. (2018), de Soto et al. (2018), Chen (2019b), and Aghimien et al. (20200)

Dallasega et al. (2018), Maskuriy et al. (2019a), Craveiroa et al. (2019), Aghimien et . (2020b), Darko et al. (2020), Greif etal,
(2020), Hetemi et al. (2020), Pham et al. (2020), Tezel et . (2020), and Winch and Cha (2020)

Papadonikolaki (2018), Woodhead et al. (2018), Chen (2019a), Koseoglu et al. (2019), Aghimien et al. (2020b), Keskin etal,
(2020), Newman et al. (2020), and Succar and Poirer (2020)

Dallasega et al. (2018), Braun and Sydow (2019), Koseoglu et al. (2019), Aghimien et al. (2020a), Newman et al. (2020), Pan
et al. (2020), and Pham et al. (2020)

Woodhead et al. (2018), Braun and Sydow (2019), and Pham et al. (2020)
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Coding structure

Descriptive information of journal publications Publication field Construction Information technology journals in construction
Generic/common construction journals
Information technology

Economics
Health
Nature of the study Empirical Quantitative studies

Qualitative studies.

Conceptual

Context of the study Industry
Organisational
Project
Concepts/main points of focus Strategic considerations Process

Collaboration
Learning
Value
Lifecycle

Enablers Choice of digital
Data
Digital champions
Attraction of digital
Training opportunities
Innovativeness
System support
Organization structure
Digital culture
Legitimation
Research

Barriers Data processing

Data acoess and ownership
System integration
Standardization

ROI uncertainty

Owner buy-in

Older workers

Business models

Digital divide

System attacks
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Step

Step 1—Setting the scope of the review
Step 2—Selecting sources of research contributions

Step 3—Selection of keywords
Step 4—Screening process

Step 5—Eligibilty
Step 6—Coding structure and analysis

Task(s)

Define a domain of research
Identify a database to source data

Select the type of publication

Identify a criterion for the search term

Search databases using the search term

Scan publications

Fiter publications

Repeat search query

Dowrnload publications

In-depth analysis using inclusion/exdlusion criteria
Open coding

Axial coding

o Selective coding
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N c A E s F Issue Leverage R-student Cooks D

7 $71,061 206 09 0 0 Low cost; big size 007 -2.97 0.12
100 $111,767 54 19 0 0 Very small size 0.11 4.03 0.36
101 $172,775 99 34 0 0 Very high elevation 0.08 256 0.1
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Coefficient  Parameter Estimate
Bo Intercept 6.062 (3.495)
Bs In(A) 1.080
B> 4E 0.096 (0.029)
Bo s 0969
Bs F 0268

Note: The values in parentheses reflect U.S. units.

Std. Error

0.319 (0.467)
0.063
0.024 (0.007)
0.049
0.057

p-value

<0.001
<0.001
<0.001
<0.001
<0.001
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One-story; slab foundation

AE (m)

05 ;| 15 2 25 3 35 4
$40,255 $42,234 $44311 $46,490 $48,776 $51,174 $53,690 $56,330

$85,100 $89,285 $93,675 $98,281 $103,113 $108,183 $113,503 $119,084
$131,859 $138,342 $145,145 $152,282 $150,769 $167,625 $175,867 $184,515
$179,905 $188,751 $198,032 $207,769 $217,985 $228,704 230,949 $251,748
$228,931 $240,188 $251,998 $264,389 $277,389 $201,029 $305,339 $320,353
$278,754 $292,461 $306,841 $321,929 $337,758 $354,366 $371,790 $390,071
$320,248 $345,438 $362,423 $380,244 $398,941 $418,557 $430,137 $460,730
$380,325 $399,026 $418,646 $439,231 $460,829 $483,488 $507,261 $532,204
Two-story; slab foundation
AE (m)

05 1 15 2 25 3 35 4

$106,084 $111,300 $116,773 $122,515 $128,539 $134,859 $141,490 $148,447
$224,265 $235,202 $246,862 $250,000 $271,735 $285,007 $299,115 $313,823
$347,488 $364,574 $382,501 $401,309 $421,041 $441,744 $463,465 $486,254
$474,104 $497,416 $521,875 $547,536 574,458 $602,705 $632,340 $663,433
$603,305 $632,970 $664,003 $696,747 $731,007 $766,951 $804,662 $844,228
$734,603 $770,724 $808,621 $848,381 $890,096 $933,863 $979,782 $1,027,958
$867,671 $910,335 $955,007 $1,002,059 $1,051,331 $1,103,026 $1,157,262 $1,214,166
$1,002,274 $1,051,556 $1,103,262 $1,157,510 $1,214,426 $1,274,140 $1,336,790 $1,402,521

One-story; other foundations
AE (m)

05 1 15 s 25 3 35 4
$30,791 $32,305 $33,894 $35,560 $37,309 $39,143 $41,068 $43,087
$65,094 685,204 $71,653 $75,176 $78,872 $82,750 $86,819 $91,088
$100,860 $105,819 $111,022 $116,481 $122,200 $128,218 $134,522 $141,137
$187,611 $144,377 $151,476 $158,924 $166,739 $174,937 $183,539 $192,564
$175,111 $183,722 $192,755 $202,233 $212,177 $222,610 $233,556 $245,040
$213,221 $223,705 $234,705 $246,246 $258,354 $271,057 $284,385 $298,369
$251,845 $264,228 $277,220 $200851 $305,153 $320,157 $335,900 $352,416
$290,914 $305,218 $320,226 $335,972 $362,491 $360,824 $388,008 $407,087

Two-story; other foundations
AE (m)

05 1 15 2 25 3 35 4
$81,144 $85,134 $89,320 $93,712 $98,320 $103,155 $108,227 $113,548
$171542 $179977 $188,826 $198,111 $207,852 $218,073 $228,795 $240,046
$265,796 $278,866 $292,578 $306,964 $322,058 $337,804 $354,508 $371,939
$362,646 $380478 $399,186 $418,814 $439,408 $461,014 $483,682 $507,465
$461473 $484,163 $507,970 $532,947 $559,153 $586,647 $615,492 $645,757
$561903 $560532 $618,520 $648,933 $680,842 $714,319 $749,443 $786,293
$663,688 $606,322 $730,561 $766,483 $804,171 $843,713 $885,199 $928,725
$766.647 $804.344 $843.804 $885.388 $908.924 8974 509 $1.002.501 $1.072.799
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Variable

C/A/AE

Description

Elevation cost*
Average floor area, ¥ (%)

Detta elevation, m (f})

Cost?/Unit area/Unit elevation, $/m?/m ($/t2/ft)

A1l costs have been economically adjusted to represent 2015 dollars.

Mean

$241,160
169 (1,820)

1.9(6.4)

830 (24)

Median

$179,567
160 (1,720)

1962

820 (23)

Standard Deviation

$172,665
55 (590)

0.9 2.9

430 (12)

Range

[$57,415:$896,044]
54:361)
[(580:3,890)]
[063.8)
[2.0:12.3]
[200:2,150]
(©:61))
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c

1.00"
0.37"
0.40
o.71*
0.23

A AE
1.00*
0.05 1.00*
-0.13 0.32*
0.16 -0.06

1.00*
0.12

1.00*

Note: Asterisk in cells shows that correlation coefficient differs significantly from zero at

p < 0.05.
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Model #

Coefficient

Parameter

Intercept
A
AE

Intercept

Intercept
A

AE

s

F
Intercept
In(A)

AE

N

F
Intercept
A

AE

(Ax AE)
Intercept
A

AE

(A AE)
N

F
Intercept
In(A)

AE

In(A x AE)
s

F
Intercept
A

AE
(Ax8E)
s

F
Intercept
In(A)

AE

In(A x AE)
s

F

Estimate

-92079
1,110
75,292
166,123
1,397
30,492
284,495
38,510
-110,7306
233,401
34,503
282,077
33,822
1.056E+01
5.862E-03
1.003€-01
9.474E-01
2.643E-01
6.641
0.964
0.118
0.935
0.247
-52,487
877
56,872
108
-45,595
791
-19,244
286
288,621
31,394
-1,123,570
271,491
55,847
-38,662
282,645
32,388
1.061E+01
6.172E-03
1.257E-01
—1.450E-04
9.453E-01
2.680E-01
6.638
0.970
0.121
-0.005
0.935
0.247

Std. Error

48,266
230
14,296
32,080
141
9,078
18,765
20,613
114,089
22,712
8,898
18,420
20,366
9.470E-02
4161E-04
2.680E-02
5.539E-02
6.085E-02
0.340
0.068
0026
0.055
0.061
109,178
621
47,733
266
69,118
367
29,281
160
18,757
20,832
119,220
81,704
44,864
79,641
18,510
20,637
2.064E-01
1.096E-03
8.744E-02
4777604
5.601E-02
6.221E-02
0.355
0243
0.134
0.237
0.055
0061

p-value

0.058
<0.001 *
<0.001*
<0.001*
<0.001*
0.001*
<0.001*

0.064
<0.001*
<0.001*
<0.001*
<0.001*

0.099
<0.001*
<0.001*
<0.001*
<0.001*
<0.001*
<0.001*
<0.001*
<0.001*
<0.001*
<0.001*

0.631

0.160

0.236

0.686

0.511
0.033*

0.512

0.077
<0.001*

0.134
<0.001*
0.001*

0215

0.628
<0.001*

0.119
<0.001*
<0.001*

0.153

0.760
<0.001*
<0.001*
<0.001*
<0.001*

0.368

0.982
<0.001*
<0.001*
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Model # Homosceda-sticity Multicollin-earity Normality R? Adjusted R? 10-Fold CV

RMSE
F P F 028 027 133,324
F P F 0.75 0.74 86,447
F P F 076 075 85,436
p p p 082 081 70,393
F P F 082 081 63,618
F NA F 028 027 134,127
F NA F 076 075 86,138
F NA F 076 075 87,216
P NA P 0.82 0.81 71,070
F NA F 082 082 64,127

fail, NA = not applicable.
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Slab foundation Other foundation types

USACE FEMA Gair Reg. USACE FEMA Gair
etal Model etal
5m
0.9m (3f) 660 (61) 690 (64) 730 (68) 08 (84) 590 (55) 260 (24) 700 (65)
1.8m (6f) 710 (66) 720 (67) 920 (86) 991 92 650 (60) 290 (27) 850 (79)
27m (9 ft) 760 (71) 750 (70) 1,080 (99) 1,081 (100) 700 (65) 320 (30) 920 (85)

Reg.
Model
5m

695 (65)
758 (70)
827 (77)

Note: USACE, FEMA, and Gair et al. costs were adjusted for Louisiana while regression costs were developed for Louisiana; all costs have been economically adjusted to represent 2015

dollars: there is no fill under any of the foundations in these estimates.
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KSCDA

P1, P4

D1, P1

D2,

P1, P3

D3, D4

P3, P4

c1

Case
number

cs1

cs2

Ccs3

Cs4

Css

Cs6

cs7

css

Cs9

Project context

Mid-fe refurbishment of large power generation
facilty—replacement of feeder pipes, ftings, and
tubes

Petrochemical project in the gulf coast of USA.
Total procurement spends: over 200 millon on
national and intemnational. Commodities included
fabricated equipment, piping, structural steel
(long lead items). Material needed to be ordered
according to the project schedule agreed with the
client and engineering progress

Pipiine integrity program (6-36-inch pipeline and
valves) for a natural gas service provider. Valves
were sourced internationally from a pre-qualified
supplier st for pipes fabricated within the USA
Outage dates drive fabrication and installation

Alloy fabrication for 1000 MW combined cycle
power plant in North America. The supplier was a
domestic fabricator whose scope involved the
fabrication and supply of pipe spools post-weld
heat treatment as per specifications. A third-party
inspection was required, and no material from
East Asia was alowed

$3bilion petrochemical project in the Gulf Coast.
European engineering and design firm had some
procurement scope. U.S.- based contractor, had
alump-sum procurement and construction
contract with the client. Grating fasteners initially
furnished required substantial installation time
and had high failure and rework rates. A new
grating fastener system was introduced to
mitigate the problems

Final commissioning phase for an offshore
production unit. A change in schedule made a
piece of non-critical equipment into a critical
package. The previous order was ineffective in
meeting the requirements. The project technical
team did not consult with the supply chain team
(which had the global visibilty of pre-approved
and pre-qualified vendors) and engaged with
non-qualiied supplier

Custom colored coupiings required by the client
in Asia for 3000 MV power plant project for
pulverized coal piping

Time and material contract - approximately 200
million. Miestone dates with incentives and
liquidated damages. Extremely schedule-
sensitive project since it was one phase of amulti-
phase project. The owner controlled the material
flow process. The decision was made by
management to bulk issue all materias to the field
to expedite the start of a project, meet schedule
and early milestones

Tumaround project - Increasing approximately
4,000 ft of overhead piping from 24" 5CRto 30"
9CR. The schedule was extremely critical since
the replacement had to be completed within the
turnaround schedule

Problem

Meaterial shortages, late deliveries, quality issues
affectingthe critical path. Tracking procurement
and deiiveries were challenging since numerous
contractors were working on the project
Detailed construction schedule was not ready;
initial requirec-on-site (ROS) dates were
estimated to drive bids and purchase orders
(POs) of long-lead items; Additional labor costs
in purchasing and expediing due to
renegotiation with suppliers to revise pOs as per
schedule became more defined

Uncertainty in need dates due to non-defined
outage dates; long lead times of valves
challenged the fabrication of pipes and
installation schedule; changed valve source
(more expensive) for specific valves due to
altered need dates; original valve suppiier faled
to deiier as promise

Alarge number of non-conformances identified
at job-site due to material supply from East
Asia; schedule deviations and subsequent
qualiy issues to make up the schedule by the
supplier

Quantity breakdowns and corresponding
required-on-site (ROS) dates of new fasteners
were not provided to the supplier. Material
stock for the product inthe U.S. was zero when
the first PO and ROS date were finally provided
to supplier. Quantity requested in the PO was
the full order amount—200,000 fasteners. This
required special production runs and air freight
of products from Europe

Non-compliance of vendor prequalification
during the selection process; engaged vendor
without going through the process due to lack
of internal visibility (silo problem) within the
organization; non-involvement of the supply
chain, and accelerating order placement
without prequalfication

Schedule constraints since the piping system
was installed and were waiting on couplings;
the EPG shared style and quantity of couplings
with the supplier but not specialty paint
information despite it specified by the owner;
increased lead times due to late information of
custom work

Bulk and inefficient distribution of materials to
the fleld resulted in unaccountabity and loss of
materials. The productivity on the field was
impacted as workers were spending time
searching for materials

The client wanted specialty alloy for the 9CR
piping, which had a lead time of 7 months. The
compressed scheduie of the tumaround project
as well as the specialty material requirement
made vendor selection and meeting project
requirements very challenging

Information visibility needed

Information about materials on the critical
path; procurement and delivery information
of materials by the individual contractor;
supplier information; schedlule information
Early information about construction work
packages (CWP) and required-on-site
(ROS) dates; transparency in production
schedule and progress at supplers

Defined outage information; detalled vendor
reports; status and progress of valves in
production, logistics, and inventory

Actual status and progress information from
the supplier including early quality check
information

Updated construction schedule information
fadilitates better material planning and
deliveries. Improved detail and accuracy of
component/material specifications eliminate
ambiguous descriptions of “commodity”
items

Intemal collaboration and visibility: access to
database of approved vendors; new vendor
information and capabilities; schedule
information

Project and paint specifications shared
earlir from EPC's engineering team

Status, location, ownership of materials that
were bulk issued

Design detail and dependencies for the
engineering team; potential suppiiers and
lead time for procurement team; handiing
and installation expertise for the
construction team
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Phases

Detalled
Design

Procurement

Construction

Key supply chain
decision areas

Detailing the construction sequence to get materials on site
Reviewing long lead items and need dates
Identify materials/equipment requiring higher visibity

Establish supplier quality surveilance program and plan
Use of catalog vs. custom

Order long lead time products
Supplier selection

Expediting decisions considering overal project picture
Order commodities/bulk

Adjustmentin schedule and supply chain to accommodate
materials flow disruption

Definition

The abilty to accelerate/decelerate the path of construction to ensure the right
materials are onsite at the required time

This determines f the engineering sequence of critical components/iong lead
items is compatible with the schedule

The critical components/long lead items that need additional visiblty based on the
nature of the material, confidence in delivery, and criical path

Supplier progress, qualty assurance, and control, schedule and performance
The decision regarding standardized and customized materials to be used and
associated planning

Ordering decision of critical materials that are long-lead items; the time to design
and fabricate is the longest

The selection of suppliers considering their location, organizational design,
handover, and interface management required

The acceleration, recovery, re-sequencing by monitoring materials/equipment
requiring high visibilty

Ordering decision of non-critical items that have a refatively shorter supply chain
period since they have a shorter lead time compared to critical items

The decision during scope/design change that requires acceleration/deceleration/
re-sequencing/recovery; starts with constraint management (reviewing
lookaheads), followed by expediting and recovery if constraints not met

KSCDA

D1

D2

D3

D4
D5

P1

P2

P3

P4

C1
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Category

Characteristics

Years of construction industry experience

Organizations represented

Primary responsibilities or time spent (%)

Industry sector represented

Sub-category

Industry participants

Acadenic participants

Total

Average

Minimum

Maximum

Owner

Contractor

Supplier

Designer

Engineering (FEED, Detailed desigr)
Supply Chain (Fabrication, Procurement)
Construction

Operations (Commissioning, Start-up)
Power-nuclear/non-nuclear
Downstream and chemicals
Upstream, midstream & mining
Manufacturing

Value

18

320
149
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Author

Bradley (2002)
Swaminathan and Tayur (2003)
Barratt and Oke (2007)

McCrea (2005)
Goswami et al. (2013)
Tohamy (2003)

Goh et al. (2009)

Definition

“Direct insight into the status of ordiers, inventory, and shipments across the supply chain”

“Abilty to access/share information across the supply chain”

“The extent to which actors within a supply chain have access to or share the information which they consider as crucial or
useful to their operations and which they consider will be of mutual benefit”

“The ability to be alerted to exceptions in supply chain execution and to enable action based on this information”
“Having access to relevant information that can be sed for various supply chain related decision making”

*Capturing and analyzing supply chain data that informs decision making, mitigates risk, and improves processes”
“The capabilty of a supply chain player to have access to or to provide the required timely informatiorvknowlecige about the
entities involved in the supply chain fromto relevant supply chain partners for better decision support”
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Model Observed Predicted B Sensitivity Accuracy PPV NPV
) ] (%) (%) (%) (%) (%)

1 0 14 2

¥ 63 36 09 36 88 43 95 18
2 0 14 2

1 63 36 09 36 88 43 95 18
3 0 17 1

1 60 30 09 33 94 44 97 22
4 0 14 2

1 70 24 09 26 88 35 92 17
5 0 22 2

1 15 19 06 56 2 Kl 920 59
6 [ 13 1

1 4 25 09 25 93 34 9% 15
7 0 30 1

¥ 62 8 07 11 97 38 89 33
8 0 25 0

3 69 I 09 20 100 38 100 27
9 0 25 2

1 7 12 08 14 93 34 86 26
10 0 22 2

1 58 25 08 30 92 44 93 28
11 0 21 0

1 al 21 08 23 100 37 100 23
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Note: +/ Statistically significant; - Not statistically significant.
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N Minimum Maximum Mean Std. Deviation

No. of years in the construction industry 392 1.00 50.00 26.60 10.62
No. of years in the current role 392 0.40 40.00 9.65 7.50
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P1
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C1

The information needed
for the project

Upstream constraints at fabrication facilties
Construction sequence/path of construction
Gurrent fabricator lead times for early planning

Logistics availabiity windows
Identification of critical components/long lead time items:

Shipment quantities and composition - engineered materials, major
equipment packages

Required onsite dates

Logistics availability windows
Construction need dates

Supplier production schedule
Finished goods inventory levels offsite
Finished goods inventory levels onsite
Logistics availabilty windows

Delivery rates for buks

Regional inventories of common/commodity ftems.

Expediting costs related to transport/ogistics

Status and location of modules/materials in the supply chain at the
tag and item level

Laydown space availabiity in staging yard, modular yards,
warehouse over time

Supply chain's abilty to hold inventory and delay deliveries
Cient milestones

Bl of material quantities

IWP readiness including design, materials, labor, equipment ec

Definitions

Visibility into constraints in the fabrication yard release dates, modular yard schedule,
fabrication yard, and tier-2 supplier contractual milestones

The general plan for construction sequencing, including work areas that supports plan for
Construction work packages (CWPs)/Installation work packages (WPs)

Current windows between ordering and delivery for components. May include sub-tiers of
suppliers (upstream) for clarity

Shipping window/logistics constraint; e.g., limited availabiity of the heavy-lift capability
Criticalflong-lead components are identified through a review of Required-at-site (RAS)
dates against purchase order (PO) lead times; such components require early ordering to
assure timely delivery to site. Criticallong-lead components set key procurement dates and
may require extra monitoring. Critical components may also be identified as ones that have
specifc site instaliation dates that come from contractual milestones or key constraints
such as limited availability of installation/expertise providers, weather windowsetc.
Visibilty into shipment quantities as el as how suppliers (and sub suppiiers) ship materials
(eg., major equipment, packages of equipment inclucing sub-assemblies and parts. Also,
loose components, spares, etc. of equipment that is designed and shipped by vendor)
The date needed on site (or laydown/receiving yard) derived from the construction needed
date plus the time needied to receive materials (including testing or assurance). May include
abuffer between construction need date and date need to deliver to site (e.g., regulations
may require a buffer)

Shipping window/logistics constraint; e.g., iimited availabilty of the heavy-it capabilty
Installation deate for materials on-site based on current information (Path of construction,
schedule level of deta)

Supplier production plan and schedule (including incremental milestones) - constraints;
cutting, welding, fit up, inspection etc.

Stock level of finished goods off-site at various supply chain nodes

Costs for materials handiing, including storage, re-handling, and maintenance costs on-site
Shipping window/logistics constraint; e.q., imited avalabiity of the heavy-iit capabilty
Valuation of deiivery rate for bulks to validate work package/work plans and receiving
requirements

Information about availabity of regional inventories for common/commodity items. Used to
assess the impact of  large order for bulk type materials that may exceed standard
production capacity or stocking levels of the suppliers. May be in conjunction with a frame
agreement between contractor and supplier for delivery of bulk items. Avalabilty of
substitutes may also be monitored

Transpiration and related costs to speed delivery of materials. This augments cost/abilty of
supplier to accelerate production

Near real time transactional information (status and location) of physical material as it
traverses through different supply chain nodes as appropriately planned for the project
(includes desired upstream nodes such as fabrication shops and 2nd tier suppliers;
specification of extent of tracking is part of project planning). Must include BOM information
for parent-child assemblies. Tags may need to be assigned upon receiving if common parts
are shipped in quantity (bag and tag)

Allocation of laydown/warehouse space over time according to planned deliveries and
installation of materials on-site that releases space

Abilty of a supplier or logistics yard to hold additionalinventory or detay deliveries. This can
relieve the pressure on site storage needs. May be contractual

The dates set by client for key activities (e.g., start dates, turaround windows, and required
completions)

Detailed bill of material quantiies including systems and associated assemblies,
components, sub-components, consumables as per CWP and WP.

Visibility into IWP readiness to assure they are constraint free
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Procurement

P4. Order commodities and bulk

Bill of Material (BOM) quantities by CWP/WP

Shipment quantities and composition - bulks (gaskets, pipes,
bolts, etc.)
Required-onsite/Required-at-site dates

Warehouse space availability over time

Delivery rates for buks
Regional inventories of common/commodity items

Expediting costs related to transport/logistics

Avaiabilty level/options of altemate supply source for common parts/
consumables

Materials handiing costs offsite

Materials handiing costs onsite

Detailed BOM quantities inclucing systems and associated assembiies, components, sub-
components, consumables as per Construction Work Package and Installation Work Package
Visibilty into shipment quantiies and how suppliers (and sub-suppliers) ship materials lie pipes,
gaskets, boltsetc.

The date needed onsite (or laydown/receiving yard) derived from the construction needed date plus
the time needed to receive materials (including testing or assurance). May include a buffer between
construction need date and date need to deliver to site (e.g. regulations may require a bufer)
Allocation of warehouse space over ime according to planned deliveries and installation of materials
onsite that releases space

Valuation of delivery rate for bulks to validate work package/work plans and receiving requirements
Information about the avalabilty of regional inventories for common/commodity items. Used to
assess the impact of a large order for bulk type materials that may exceed the suppliers’ standard
production capacity or stocking levels. It may be in conjunction with a frame agreement between
contractor and supplier for delivery of bulk items. The availabiity of substitutes may also be monitored
Transpiration and related costs to speed delivery of materials. This augments the cost/abilty of the
supplier to accelerate production

Alternate supply of common parts that can substitute for parts that are ordered (.., can substitute an
alternate f the desired is unavailable)

Costs for materials handiing, including storage costs offsite

Costs for materials handiing, including storage, re-handiing, and maintenance costs onsite
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Relational behavior, R,, (R Sn)

1) a1 (1,0 ©0,0) Total

Harmonization of conflict Ri1, St 4 99 229 43 375
Riz. Sz 0 3 343 46 392

Ria, S 161 1 Il 77 316

Propriety of means Rer, S 2 14 215 44 375
Re2, S 6 o7 203 52 358

Rzs, Sa 3 73 238 49 363

Restraint of power Ra1, Sy 11 50 63 63 187
Raz, Sz 6 0 349 0 355

Ra, Sa 2 8 243 42 372

Reliance and expectation Ra1, S 2 9% 228 54 380
Riz, Sz 5 36 196 %8 335

Ria, Sa 3 60 223 74 360

Contractual solidarity Rs1, Sy 4 4 232 82 359
Rz, Sz 5 7% 199 68 347

R, Sa 6 57 237 60 360

Flexibilty Ret, St 1 60 247 59 367
Rez. Sz 4 a7 259 66 366

Rea, S 20 7 116 185 328

Reciprocity Rr1, St 1 8 223 67 374
Rez. Sz 1 227 21 0 249

Rz, Sa 0 143 142 13 298
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Role Number of years in the construction industry Number of years in the current role

0-10 11-20 21-30 31-40 4+ Total 0-10 11-20 21-30 31-40 Total
Project manager 14 57 60 61 15 207 124 60 19 3 206
Project engineer 2 6 7 3 2 20 14 6 2 0 22
Design engineer 0 0 1 0 0 1 1 0 0 0 1
Estimator 1 1 3 2 4 11 4 3 0 0 7
Scheduler 2 1 0 4 0 7 6 1 0 0 7
Contracts 0 4 0 2 2 8 4 3 0 0 7
Superintendent L 0 2 1 L 5 4 * 0 0 5
Operations 1 2 4 1 1 9 7 2 1 0 10
Other 9 a1 27 35 9 121 89 27 6 1 123
Not stated 3 4
Total 30 112 104 109 34 302 253 103 28 4 392
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