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EXECUTIVE SUMMARY
RISK-BASED CONSTRUCTION INSPECTION

Introduction

Construction inspection is critical to ensuring the quality and
long-term performance of infrastructure. With the retirement of
experienced employees and people leaving for the private sector,
the Indiana Department of Transportation (INDOT) is challenged
by the lack of knowledge to effectively inspect the critical elements
of construction results/deliverables such as pavement, soil
embankment, and bridge decks. Therefore, there is a critical need
to develop a risk-based strategy for INDOT to focus on the
riskiest areas and equip construction inspectors with the necessary
knowledge to conduct inspections, ensure the quality of construc-
tion results, and minimize risks to INDOT.

This study developed a risk-based inspection guide that has
addressed the aforementioned problems of staff shortages and the
loss and lack of knowledge by providing answers to what, when,
how, and how often to inspect. A comprehensive list of 333 testing
and inspection activities was created from reviews of the material
testing manual, the standard specification, and the QA imple-
mentation at the Ohio River Bridge (ORB) project. This list was
compared to that of neighboring states (Illinois, Kentucky,
Michigan, Wisconsin, Minnesota, and Ohio) and to national
guidance documents and subsequently narrowed down to a core
set of 126 items based on survey responses and interviews with
INDOT domain experts and industrial partners. Testing and
inspection activities in the core set were aligned with the con-
struction process. The risk associated with each inspection activity
was assessed by considering both the probability of failure and
consequence severity of failure in four dimensions: cost, time,
quality, and safety. A composite risk index was devised as a single
measure for the overall risk. All inspection activities were
prioritized based on the composite index, resulting in a total of
90 critical items that were identified as the riskiest areas. For
implementation, a linking mechanism was developed to link
inspection activity, pay item, and check items (extracted from
specification). This linking mechanism aligns with the business
process of construction inspection at INDOT: starting with a pay
item, field inspectors retrieve the associated check items and their
inspection priority (based on risk), inspection frequency, and
inspection criteria. A digital, ontology-, and risk-based inspection
system was proposed and its conceptual model was delivered to
INDOT for its incorporation into the field application of con-
struction documentation—a component of the e-Construction
initiative at INDOT. The inspection system is being tested on
Project R-30397 as a pilot study and is expected to reduce the
workload of field inspectors.

Findings
The main findings are as follows:

e INDOT’s materials testing manual explicitly regulates the
sample size, sampling process, testing methods, and accep-
tance criteria for all materials. INDOT’s standard specifica-
tions cover both materials and construction requirements
but do not provide explicit information on the frequency and
methods of construction inspection. Many of the acceptance
criteria are qualitative rather than quantitative, which requi-
res interpretation by construction inspectors. Consequently,
the implementation varies among districts, projects, and indi-
vidual inspectors.

® There is high similarity among the seven states regarding
material testing and construction inspection requirements.
The implementation of performance-related specification
(PRS) has not changed materials and inspection requirements.

® Using the risk assessment framework developed in this
study, a total of 90 critical inspection items in earthwork,
PCCP, HMA pavement, and bridge decks were identified to
be the riskiest areas. Each is aligned with the construction
process with recommended inspection frequency and priority
based on the risk.

® The ontology-based approach is effective in retaining and
managing inspection knowledge and data.

® The specification sections and subsections can be used to
connect risk-prioritized inspection activities, check items,
and pay items so that dynamic inspection forms can be
generated in real time on an as-needed basis, which aligns
well with the business process being pursued at INDOT.

® Manual extraction of check items from specifications is time-
consuming and error-prone. Inconsistencies among different
sections have been noticed. The suggestion is to leverage
natural language processing tools to automate this process.

Implementation

A prototype of a risk-based and knowledge-based digital
inspection system was developed. The system adopted an ontolo-
gical approach to store and manage both inspection knowledge and
data (i.e., inspection results). The linking mechanism among pay
items, check items, and inspection activities enables the integration
of construction inspection in the project delivery and construction
documentation process. A dynamic checklist for any given pay item
can be generated in real time on an as-needed basis. Using the
generated checklist, the inspector performs a guided inspection, and
the results are documented and saved in the database for future
reference. The prototype is being tested on a pilot project and is
expected to reduce the workload of field inspectors.
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1. INTRODUCTION
1.1 Background

Construction inspection is a critical component in
the quality assurance (QA) program to ensure the
quality of construction end products. Over the years,
state transportation agencies have developed standard
specifications and construction operation manuals to
guide construction inspectors. Such documents spe-
cify what to inspect, how to inspect, and the criteria.
Construction inspectors use the specification and the
construction operation manual to inspect as the con-
struction progresses and compare the inspection results
to the criteria to decide whether to accept the work. It is
very important to conduct construction inspection in a
timely and effective manner, to ensure the quality of
construction and minimize the risk to the state trans-
portation agencies.

1.2 Problem Statement

Indiana Department of Transportation (INDOT) is
challenged with the lack of knowledge to effectively
inspect the critical elements of construction results/deli-
verables such as pavement, soil embankment, and bridge
(decks). This challenge is attributed to three factors,
detailed as follows.

1. Increase in the number of construction projects and
project complexity. INDOT construction spending was
$789 million in 2006, $1,080 million in 2010, and $1,165
million in 2013. The Ohio River Bridge (ORB) project
includes four approach sections with over 8 million cubic
yards of earthwork and over 120 bridges, and two major
river crossings that used 49 million pounds of structural
steel, 26 million pounds of reinforced steel, and 160k cubic
yards of concrete.

2. Declines in resources available to construction inspec-
tion—since 2011 the authorized position for district con-
struction staff has been reduced by 15%.

3. Loss of knowledge as experienced construction inspectors
retire or leaving for private sectors.

INDOT is not alone in facing the challenge of
lacking construction inspectors with adequate knowl-
edge. Data collected in a synthesis of staffing require-
ments in state highway agencies reveal that between
2000 and 2010 the in-house state highway agency (SHA)
personnel available to managing roadway infrastructure
decreased by an average of 9.78% whereas the total lane-
miles in the systems increased by an average of 4.1%
(Taylor & Maloney, 2013). The loss of knowledge, espe-
cially in construction inspection, is having a much more
profound negative impact on organizational efficiency in

performing timely and quality inspection tasks to ensure
the long-term performance of roadway infrastructure.

Therefore, there is a critical need for INDOT to
develop alternative inspection strategies to allocate its
limited resources to the riskiest areas and to establish a
mechanism to retain the knowledge and equip novice
employees with tools and guidance to perform the inspec-
tion effectively to ensure the reliability of the construction
end products and minimize the risk to INDOT.

1.3 Overall Objective

The objective of this study is to develop a risk-based
and performance related specification for construction
inspection by finding answers to the following questions

What is being required to check?

Are we checking the right items?

What is the risk level of the inspection items?

To which critical items should we allocate limited resources?
When should an item be inspected?

How often to inspect?

How to inspect?

What are the acceptance criteria?

How to document?

VRN AW =

The project scope includes pavement (both HMA
and PCCP), earthwork (including embankment), and
bridge decks. The four deliverables of the project are:
(1) a state-of-the-practice map of INDOT’s construc-
tion inspection; (2) a prioritized list of critical inspec-
tion items based on risk assessment; (3) a risk-based
guideline for INDOT to allocate inspection resource to
the riskiest areas; and (4) an ontology- and risk-based
inspection system for retaining the knowledge, perform
the inspection, and document the results.

1.4 Work Plan

To achieve the objective, the following seven specific
tasks were included in this project. Figure 1.1 illustrates
the overview of the work plan and how individual tasks
work together to achieve the objective.

1. Compilation of INDOT practice and comparison with
neighboring states.

2. Risk assessment and prioritization.

3. Alignment of the inspection activities with the construc-
tion process.

4. Determination of the inspection frequencies based on

risk and the nature of the work being checked.

Extraction of check items from specification.

Connecting inspection activities, check items, and pay items.

7. Conceptual design of the ontology- and risk-based ins-
pection system.

AN
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Compilation of INDOT practice and comparison Core set on what to check

[Questi{m 1:
with neighboring states

TASK 1:
What is being required to check? } [

[Quutiun 2 }

Are we checking the right items?

Question 3 ) TAsK 2
How risky are the inspection items?

Risk assessment and prioritization

Inspection activities prioritized
based on risks and aligned with the
construcltion process

Question 4:

What are the critical items 1o
allocate limited resources?

TASK 3:

Align the inspection activities with the

o/ The right time to inspect the critical
items in construction processes

.| Check items with risk-aware
inspection frequencies

Check items (grouped into spec
sections and sub sections) for
Inspection activitics

L]

What are the acceptance criteria”

TASK 6
Question 9: TASK. G
How 1o document?

Question 5: construction process
When to inspect?

TASK 4:
3::?::;:‘"61;0 oy } # Determine the inspection frequencics based on

o risk and the nature of the work being checked
Question 7
How to inspect” TASK §:
"] Extract check items from specification

Question 8 }

pay items

Connect inspection activitics, check items, and

.| Inspection integrated with
construction documentation

TASK 7:

Conceptual design of the ontology- and risk- "
based inspection system

Risk-based. digital inspection as an
integral part of E-construction

Figure 1.1 Overview of the work plan.

2. COMPILATION OF TESTING AND
INSPECTION REQUIREMENTS AT INDOT

2.1 Introduction

The durability and long-term performance of pave-
ment depends on design, materials, and construction.
State highway agencies (SHAs) use two avenues to
ensure the quality of materials and construction:
material testing and construction inspection. Over the
years, INDOT has developed and has been continu-
ously updating its materials testing manual (INDOT,
2015) and standard specifications (INDOT, 2018). The
materials testing manual specifies what materials to
test, how frequently to test, the process for random
sampling, and the methods for testing. The standard
specification provides specific requirements on materi-
als and construction.

In this chapter, we aim to identify the testing and
inspection requirements at INDOT, using the materials
testing manual, the standard specification, and the
implementation of QC/QA at the ORB project that
covers different various types of infrastructure con-
struction tasks and is a very complex job.

2.2 Identification of Material Testing Requirements

The INDOT materials testing manual specifies the
required number of samples, the locations and the time
windows of taking samples, the testing methods and
procedures, and the format for reporting testing results
(INDOT, 2015). The research scope of this study covers
earthwork, PCCP and HMA pavement, and bridge decks.

Table 2.1 lists the 249 testing items (extracted from
INDOT’s materials testing manual) that are relevant
to pavement and bridge construction, divided into
eight main categories.

2.3 Identification of Inspection Requirements

To obtain INDOT’s construction inspection items
related to earthwork, PCCP and HMA pavement, and
bridge decks, INDOT’s standard specifications and the
implementation at the ORB project were examined,
resulting in 84 items. The items were categorized in
three areas: concrete, asphalt pavement and compo-
nent, and metal materials. Earthwork is included under
both concrete and asphalt pavement. Table 2.2 shows
these extracted construction inspection items from
ORB project.

2.4 Findings and Observations

The Manual for Frequency of Sampling and Testing
and Basis for Use of Materials is specific and explicitly
regulates the sample size, sampling process, testing
methods, and acceptance criteria for all materials. The
specification covers both materials requirements and
construction requirements. However, it does not pro-
vide explicit information on the frequency and methods
on construction inspection. Many of the acceptance
criteria are qualitative rather than quantitative, which
requires the interpretation of construction inspectors
and the implementation varies among different districts,
projects, and individual inspectors.

2 Joint Transportation Research Program Technical Report FHWA/IN/JTRP-2019/06



2INIONIIS PUR ISIOAYD [BULJ MIIAIY ‘SSIUPUNOS I0J Jullsa ], ‘SUIPUOQ PUB SSAUPUNOS 10 FUNSI], “919I0U0D

Jo uonoadsuy ‘Suneod paziueafes jo rredoy ‘Juawoe[d 93210U0)) ‘SwASAS 11oddns WLIO) JOIP JIS ‘SPIOM ‘S129ys w0 ‘sproddns
PUB SWIOJ YO3P IS ‘SUONBOYIIND S IOP[OAY ‘S1IO [[IWU M S193US SYIA IS ‘Suonenoes pue ssumerp doys JI§ ‘ssurmerp
DAY ‘SSUIMBIP 9INIONIIS PUR ISIYOYD [BUL] MIIADY ‘YSIULJ OBJING “YIOMIS[R] JO [BAOWDY ‘S PUB JIOMULIOJ JO [BAOWIDY
‘(paxmbaz J1) saqn) SuIf00d puk [OJIUOD [BULIAY ], ‘SULIOJ [BJOUW J[QBAOWIRY ‘JUIWIBII} QOBJING ‘SSIUIULBIO ‘S}JRIP/S[OAQ/SIQJuIeyD)
‘SOLL ‘S)YOBI) PROI[IRI 9ANOR I9A0 UedS ‘Ioul] wio] ‘sdes 1o1d pue suwinjod I0J SWIO) [BloW d[qesn-oI ODJH “@Inpadord SUIAe0a1

[eLdew DAM J1od [eLI1ew paIdAIOp Jo uonoddsul [ensIA ‘suone[noed pue sSuimelp SUBYIdAQ ‘SUONB[NO[ED puk USSP YI0Mos[e]

ssouyloows ‘syurof ‘uonoedwo))
Quowooeld 2mIXIN ‘uoneredaid oorjIns pa[Iu puk 9peISqNS ‘UONEBOYLIIA UONBAJ[H ‘PayNIad st 1oonpold YINH AJIIDA

‘1oouIduyg oy Aq pasoidde uaaq sey JIN[ AJUIRA ‘Iouiduyg oyl Aq paaoidde uaaq sey JINA AJLIRA ‘sue[d y1om/sieniuqns/ssuimerq

SSQUO0WS JUdWdAR] “O1jje1) 0} SuruadQ ‘Teurpnyiduo|

—UOTBIPAWAI JOBIO WOPURY ‘ISIOASUBI}I—UONBIPIWAI JIBIO WOPURY ‘UONIAASUI JUSWIARJ ‘STUIMBIP 2INJONIIS PUB ISIOYD
[eur) M1AY “Judwdiby ‘Surinyxa) 2orjIng 93210U0 SUIYSIUIL ‘U01}0330.1d 9)210U00 FuR[d ‘D12I0U0D SUIOR[J ‘SUONIBIIWI] JIIBIM
puE SUIXIW 93210U0)) ‘Judwade[d ‘Suired 10J JuowuIIy ‘Oseq-qns jo uoneredard ‘opeid jo uoneredord Xru JODJ ‘SSUImeIp
DAY ‘ued [jonuod Aend) ‘dDDd 10J suSisap XIJA ‘SpIodar SulALi ‘@oue)doddoe dnoiad d[id ‘sSurmeIp 2Injonis pue Is[NodYd
[BUL}] MITAY ‘SINSAT Y Qd/SPI0921 SUIALIP J[id ‘(p2ambar Jr) 91910009 Ul sA[OY P[P PRI ‘SuIjooIdIdBAy 91210U00 JUuIySIUL]
91010U00 FUIOR[J ‘OFBUIRIP 90BJINS ABMPROY ‘synpuod pue sadid ‘oFeurelp ‘quoueulIod—suWIo O[qBAOWRI—SUWLIO] ‘Juotuaded

1ay1eam pro) ‘sueld pasordde ym JUdWAISE UL 918 P[AIJ Ul SUOISUIWIP PUB SIPRIS AJIIOA ‘Sunsd) yd Jo 11oday (s)ulisap XIA

(SwR [€) S[eLIBIA [LIN

(swy 1) syuduodwo)) pue JudwWAARd Ieydsy

(SW] ¢f) 912I10U0D)

Sw)

£1039)e)) ureAl

399l01d uononnsuo)) ISpug LOANI Y} Uo pas() swd)] uondadsuy uondnIsuo)

T H1dVL

(11) 10918 Surorojurey “([s]
sdipD ‘[g] sa110ss200y [¢] 1ouRy) suLio) JuduewLIdd ‘[1] $110Q [01UOD UOISIO) YSuans YSIY ‘[¢] sI1oysem pue ‘synu ‘sjjoq y3uails
y31y) saxnjonns 991§ ‘([¢] sooviq pue s1sod ‘[g] o1mm paqieq ‘[z] o1 uoisua ], ‘[¢] piey wre [z] Jull ureys-oLiqe)) S[BLIQIBW 0Ud{

(€) SYO0[q 91210U0d IBNPOJA ‘(7) SYO0[q pue syoLg
(1) dins Surreaq Aysuap ysiy ‘(g) srurof uorsuedxyg ‘() siaqyy yutof pue yoer) ‘(¢) juereas dooj pue jurof
yoe1) (1) SHLAIND X0q 91210U09 1s8da1d 10J WwdIsAs sueiquow jurof ‘(1) sioress jurof adid onseq (1) (Surr) sjoyses odK) 1oqqny
(1) 1Iy3poRq [eINONINS (1) SSAUIINS IO AJSUIP [y3orq [RINJONNS ‘(]) SSAUPNS IO ANSUdP ‘mor1oq g “(7)
uonepeis qsoeq arnonis/morroq g ‘(1) 1ea\ (1) isnp uy pue swi pajeIpAy ‘(1) swi pajeIpAH ‘(g) sosn I2Y30 [[B ‘OpLIO[Yd
wnipos pue wniofe) ‘(1) [BAOWAI MOUS PUB 1 ‘OPLIO[Yd WNIPOs pue wnioe) (1) 20udj IS (1) pHS0aDH ‘(L) sureipiopun
10J 9[NX109D) ‘() deadir 10J 9[NX090) “(7) AJsuap Juauear) apersqng (1) aInjsiowr juawyuequiyg ‘(1) ANSUdp jusunueqUIg
(21) sped Suwureaq osowolserg (1) 1001ds onid-H “(¢) sond 19918
(1) stopmoys-Aisuop “VINH-VO/O0 ‘(1) (dururew-£isusp) VIAS pue VINH-VO/O0 ‘(1) xtw Surgared pio) “(z) VINO
‘(1) uepd Surmyxtw 10 asqol VINH (1) 1eld VINH-VO/O0 “(2) 91sqol VIAIS “(€) 218qol VIAH-VO/D0 “(€) sietorewt jjeydsy
(1) ssouyns 10 AJsudp ‘eseqqng ‘(1) uonepead ‘oseqqng ‘(1) s1eonpoid payyniad 10y deidur jseoarq
‘(1) yuerd VINH PuUe 91910000 Ul s9Je30133y ‘(1) 901 pue mous 9e3ai33e ‘([g]] os1e0d ‘[¢1] auny) 1seoaid 10§ 91eF2I33Y (1) 010
‘deadir ‘sye0d [B3S ‘surerptopun ‘urelp 1op[noys 21e32133y ([1] Aysudp pue ‘17 ‘Id ‘[1] Aysuap [1] uonepeis) a1e3ai33e aysodwo)
(€) s3001q 91010U09 JRMPOIA ‘(]) S[[em Surure}al SN 91910u0)) ‘(]) SUONIS Pud 12I0U0)) () SIdLLIRQ
URIPaW 15 ‘(€) SHUN 932I10U0D JsBIAIJ (S) SIQUIdW 2JaI0U0d passansard/isesdid (€) dDDd Suryoed ‘(1) 21210U09 PajIipowr
-x9187 ‘(€) S[[eM punNos pue s[[em IJLLIBQ 9)2I0U0)) ‘(}) SNOJUB[[ISIW 2)210U0)) ‘(8) 2INn3oNIIs 9j210U0)) ‘() seyoeoidde a3priq
91010U0)) ‘(1) 2Injonpysiadns 910u0)) ‘(11) IuowRAed 91910U0)) ‘(1) Yse A ‘(T) Iuswd) (1) X1 Jejrow pagseq ‘(g) SIUAWID
pa33eg ‘(¢) qurrys-uoN ‘(1) 1013 2210u0d IeN[RD (1) [[YNOBq 9[qeMO[] ‘(£) S[eLIBW SULIND 912I0U0)) (7) INIXIWPER 2)I0U0D)

(sw1 oF
/A108918D)-qNnS ) S[BLINBIA [BIDIN
(swa)] G/A108918D)-qng G) SHU) ATUOSBIA

(sw $1/A108918D-qNg /) S[ELID)RIA JUIO[

(sw] ¢g/A10898D)-qNS 91) JIomylreq
(swy 91/A108918D-qNS ¢) Surreag pue so[id 93pug

(swy 97/A10591D-qNS 6)
sjuouodwo) pue judwdAed Jeydsy

(sw [H/A108998D-qnS []) se333Y

(sw 7/ /K108918D-qNS ) 212I10U0D)

(Swd)T Jo 1dquNN)) SALI033)e)-qnS

£1039)e)) UTBIA]

LOQNI € sud)] Sunsd |, S[eLId)EAl
1'C 9714V.L

Joint Transportation Research Program Technical Report FHWA/IN/JTRP-2019/06



3. COMPARISONS OF TESTING AND
INSPECTION PRACTICES WITH
NEIGHBORING STATES

3.1 Introduction

To gain insights into whether there exists difference
between INDOT’s practice and that of the neighboring
states and whether the exploration of performance
related specifications has made an impact on the
material testing requirements, INDOT’s 249 material
testing items were compared to similar/same items at
other SHAs in two rounds. The purpose of the first-
round comparison is to determine if there is a difference
between INDOT and its four neighboring states—
Illinois, Kentucky, Michigan, and Ohio—and two states
that are located in similar geographical zone—Minnesota
and Wisconsin, with respect to materials testing
practices. All 249 items were included in the compar-
ison. The purpose of the second-round comparison is
to determine if there is difference between states that
have been involved in performance-related specifica-
tion (PRS) for PCCP and states that have not
implemented PRS for PCCP. Six more states were
added to this round of comparison: Colorado, Iowa,
Kansas, Missouri, Nebraska, and Pennsylvania. The
first four were involved in PCCP PRS studies. The last

two were added to balance the number of states in the
PRS and non-PRS groups. In the second round, only
PCCP items were compared.

3.2 First-Round Comparison: All 249 Material Testing
Items

Table 3.1 provides an excerpt of the first-round com-
parison, which contains a portion under the “Bridge
Piles and Bearing” category. Each item was compared
to similar items in the other six states.

Table 3.2 summarizes the first-round comparison
into eight main categories. The percentage in the table
represents the percent of INDOT material testing items
that are also tested in a different state. For instance, the
cell on the first row (Concrete) in the second column
(Ilinois) shows a percentage of 83.3%, which means
that 83.3% of INDOT’s concrete material testing items
are tested in Illinois. Overall, 74.7% of all INDOT
material testing items are conducted in the six other
states. Minnesota shares the largest (82.1%) common set
of material testing items with Indiana, and Wisconsin
shares the smallest (55.1%) common set with Indiana.
Tests on concrete and aggregates are the categories with
the largest percentages (over 80%), followed by earth-
work (79.8%) and asphalt pavement (75.6%). A further

TABLE 3.1
Excerpt of Material Comparison Results (from “Bridge Piles and Bearing” Category)
1D Inspection Item Illinois Kentucky Michigan Wisconsin Minnesota Ohio Count*
bridge_001_01 Steel Piles, Uncoated Steel H Piles, Y Y Y Y Y Y 6
Steel Encased Concrete Piles and
Steel Piles
bridge_001_02 Steel Piles, Epoxy Coated Steel H Y Y Y Y N Y 5
Piles, Steel Encased Concrete
Piles and Steel Piles
bridge_001_03 Steel Piles, Steel Sheet Piles Y Y Y Y N Y 5
(Temporary)
bridge_002 H-Pile Splicer, Uncoated Steel H Y Y Y N N N 3
Pile
bridge_003 Elastomeric Bearing Pads (Bridge) Y Y Y Y Y Y 6
Y = yes, difference between state and INDOT; N = no difference.
*Count = number of yesses.
TABLE 3.2
Statistics on Material Comparison
Main Category Illinois (%) Kentucky (%)  Michigan (%) Wisconsin (%)  Minnesota (%) Ohio (%) Average (%)
Concrete 83.3 80.0 86.7 76.7 86.7 80.0 82.2
Aggregates 87.2 100.0 82.1 48.7 97.4 79.5 82.5
Asphalt Pavement 92.9 92.9 67.9 42.9 75.0 82.1 75.6
and Components
Bridge Piles and Bearing 75.0 31.3 43.8 75.0 81.3 81.3 64.6
Earthwork 81.8 93.9 72.7 60.6 81.8 87.9 79.8
Joint Materials 92.9 92.9 71.4 64.3 14.3 85.7 70.2
Masonry Units 66.7 50.0 50.0 33.3 66.7 100.0 61.1
Metal Materials 46.7 60.0 83.3 36.7 100.0 36.7 60.6
Total 79.1 81.1 74.5 55.1 82.1 76.0 74.7

Note: Values represent the percentage of INDOT material testing items also tested in that state. Italics represent the smallest number in each

category.
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investigation of those categories and states with lower
percentages reveals that the root cause for the differ-
ence is the use of different materials. For instance,
modular concrete block is used in Indiana, but not in
Wisconsin. A reverse approach was taken to confirm
this observation. For instance, the material testing
specification of Wisconsin includes 196 testing items
for PCCP. Of this group, 161 items (82.1%) are also
used and tested in Indiana. The same approach was
taken for the other five states and the observation was
similar. Therefore, it is concluded that the percentages
in Table 3.2 represent the common set of materials being
used in different states.

3.3 Second-Round Comparison: PCCP Items

Table 3.3 lists the 13 states included in the second-
round comparison of PCCP testing, separated into
states that have been involved in PRS studies, and those
not involved. Some state departments of transportation
(including Indiana, Illinois, and Wisconsin, which were
a part of the first-round comparison) implemented PRS
(INDOT, 2018). For example, INDOT implemented a
PRS field trial using full spec projects between 2000 and
2003, and its counterpart in Wisconsin implemen-
ted PRS on three occasions (a shadow spec project
in 1997 and full spec projects in 2006 and 2011). The
second-round comparison was conducted to investigate

TABLE 3.3
States That Implement PRS vs. States That Do Not

PRS Implemented States Non-PRS Implemented States

Indiana Michigan
Illinois Ohio
Wisconsin Minnesota
Missouri Pennsylvania
Kansas Kentucky
Towa Nebraska
Colorado

similarities between the 74 material testing items under
the PCCP category used by states that implement PRS
and those that do not. Table 3.4 presents the statistics
on the comparison.

As shown in Table 3.4, the similarity among states
that implement PRS is 83.3% and that among states
that do not implement PRS is 79.4%. Between these
two groups, 3.9% of items appear solely in the lists
of states in one group. The contents of each list differ
by approximately 10%—15% except “Concrete, Super-
structure, Non QC/QA.” This item was mentioned in
five of seven lists of states that implement PRS, and
only mentioned in one of six lists of states that do not
implement PRS. The specifications of the states that did
not mention this item (Kansas, Wisconsin, Kentucky,
Michigan, Minnesota, Ohio, and Pennsylvania) were
reviewed. Some of these states (e.g., Kansas, and
Illinois) defined and considered “Non QC/QA” items
as belonging to the “Concrete” category rather than
“Bridge Superstructure.” No obvious effect from the
implementation of PRS on the material testing was
observed.

3.4 Findings, Recommendations, and Implementation

It is worthwhile to point out that such comparisons
were not conducted for construction inspection items
because inspection practice at different states is very
different and there is a lack of common ground for the
cross-comparison.

The main findings are as follows.

® The overall similarity among the seven states regarding
material testing is high. The few low percentages are
mainly because of the use of different materials, e.g.,
materials used in INDOT are not used in Wisconsin.

® The comparison results showed that the testing items in
states that implement PRS were also commonly tested in
the states that do not implement PRS. The total
difference is 3.9%. This lead to the observation that so
far PRS has not significantly changed the material testing
practice in SHAs.
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TABLE 3.4

Statistics of the Comparison Results PRS-Implemented and Non PRS-Implemented States

Percentage of
PRS Implemented

Percentage of
Non-PRS

1D Inspection Item States Implemented States Difference (%)
Concrete_001_01 Concretf: admixture, Type A, B, C, D, E, F, G, and Air 100.0 100.0 0.0
entrainment
Concrete_001_02 Concrete admixture, Latex modifier 71.4 833 11.9
Concrete_002_01 Concrete curing materials, Liquid membrane curing 100.0 100.0 0.0
Concrete_002_02 materials
Concrete_002_03 Concrete curing materials, Concrete sealers, Proprietary 85.7 100.0 143
Concrete_003 Flowable backfill 571 66.7 9.5
Concrete_004 Cellular concrete grout 42.9 333 9.5
Concrete_005 NQNd—Shrink grout (Air content, Slump, Visual stability 71.4 83.3 11.9
index
Concrete_006 Bagged )cements 429 50.0 7.1
Concrete_007 Bagged mortar mix 143 0.0 14.3
Concrete_008 Cement 100.0 100.0 0.0
Concrete_009 Fly ash 100.0 83.3 16.7
Concrete_010 Concrete 100.0 100.0 0.0
Concrete_010_01-06 Concrete, Pavement, QC/QA 100.0 100.0 0.0
Concrete_010_07-11 Concrete, Pavement, Non QC/QA 85.7 66.7 19.0
Concrete_011_01-02 Concrete, Superstructure, QC/QA 100.0 83.3 16.7
Concrete_011_03 Concrete, Superstructure, Non QC/QA 71.4 16.7 54.8%
Concrete_012 Concrete, Bridge 100.0 100.0 0.0
Concrete_013 Concrete, Structures 100.0 83.3 16.7
Concrete_014~015 Concrete, Miscellaneous 100.0 833 16.7
Concrete_016 Concrete, Latex-modified 571 66.7 9.5
Concrete_017 Concrete, Full-depth and partial depth patching-PCCP 85.7 66.7 19.0
Concrete_018_01~02 Precast/Prestressed concrete members, Aggregate 100.0 100.0 0.0
Concrete_018_03 Precast/Prestressed concrete members, Cement 100.0 100.0 0.0
Concrete_018_04 Precast/Prestressed concrete members, Reinforcing steel 100.0 100.0 0.0
Concrete_018_05 Precast/Prestressed concrete members, Strand 100.0 100.0 0.0
Concrete_019 Precast concrete units 100.0 100.0 0.0
Concrete_020 Precast median barriers, Permanent 85.7 100.0 14.3
Concrete_021_01 Precast concrete unit, End sections 100.0 100.0 0.0
Concrete_021_02 Precast concrete unit, Mechanically stabilized earth 100.0 100.0 0.0
retaining walls
Concrete_022 Modular concrete block 28.6 16.7 11.9
Total 83.3 79.4 39

*Maximum difference (%%).

4. CORE INSPECTION ITEMS ALIGNED WITH
THE CONSTRUCTION PROCESS

4.1 Introduction

INDOT Standard Specification; Manual for Frequency of
Sampling and Testing and Basis for Use of Materials; Ohio
River Bridge QA documents

INDOT’s standard specification and the Manual for 1 l
Frequency of Sampling and Testing and Basis for Use of ; : = . :
Materials contain specific euide on both construction Material Te_sung Items Construction I_nspecllon Items

p gu
inspection and material testing. Starting with these two @40 ams) (34 dteus)
documents and the QA implementation at the ORB | |
project, a total of 333 inspection and testing items were
extracted. With the help from both INDOT experts and A comprehensive inspection item
industrial partners, the list was narrowed down to 126 list for Indiana (333 items)
core inspection items. All these core items were aligned l
with the construction process to facilitate risk assessment.
Figure 4.1 illustrates the process for identifying core items.

Interview and surveys with
INDOT experts

4.2 Aligning Inspection Items with the Construction l
Process A core inspection item list for
Indiana (126 items)

Construction inspection is an activity-centered pro-
cess (Yuan, McClure, Cai, & Dunston, 2017). Inspection

Figure 4.1 Identification of INDOT core inspection items.
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TABLE 4.1

Typical QA Inspection Activities for PCCP and HMA Pavement Construction

Construction Process PCCP Inspection Activities

HMA Inspection Activities

1. Receive and
approve
Designs/Plans

(1.1) Verify concrete mix designs (CMD) and

have been approved by the engineer; (1.2)
Verify quality control plan (QCP) has been

approved by the engineer; (1.3) Design review

(Stage 1, Stage 2, Released-for-construction

(RFC), Final design, Working drawings and

record drawings)
(2.1) Concrete mixtures; (2.2) Testing facility;
(2.3) Admixtures; (2.4) Coarse aggregate,

2. Material receiving
and control

Class AP, size No. 8 or gradation as identified
in QCP; (2.5) Fine aggregate, size No. 23, or

gradation identified in QCP; (2.6) Portland
cement; (2.7) water

(3.1) Preparation of sub-base; (3.2) Check
condition of subgrade and subbase

(4.1) Alignment for pavement; (4.2) Placing
PCCEP joints; (4.3) Concrete mixing and

3. Pre-paving

4. Paving

transportation; (4.4) Weather constraints for

PCCP placement; (4.5) Concrete field
sampling for testing; (4.6) Placing concrete;
(4.7)~(4.11) Quality acceptance testing and

tolerance (slump; plastic unit weight; water/

cement ratio; flexural strength; air content)

5. Post-paving (5.1) Placing concrete protection; (5.2) Sawing

and sealing joints; (5.3) Finishing concrete;

(5.4) Surface texturing; (5.5) Curing concrete;

(5.6) Form removal; (5.7) Surface
smoothness; (5.8) Surface thickness; (5.9)

Patching; (5.10) Pavement defects inspection;

(5.11) Random crack remediation—
transverse; (5.12) Random crack
remediation—Ilongitudinal; (5.13) Open to
traffic; (5.14) Review final checklist and
structure drawings

concrete mix design for production (CMDP)

(1.1) Verify quality control plan (QCP) has been approved by the
engineer; (1.2) Verify DMF has been approved by the engineer;
(1.3) Verify JMF has been approved by the engineer

(2.1) Asphalt materials (i.e., PG Binder); (2.2) Coarse aggregates;
(2.3) Fine aggregates; (2.4) Fiber; (2.5) Certified HMA
producer program

(3.1) Preparation of surfaces to be overlaid; (3.2) Elevation
verification of milled surface

(4.1) Weather constraints for HMA placement; (4.2) Spreading
and finishing mixture; (4.3) Compaction procedure for asphalt
pavement layer; (4.4) Material sampling, storage, and
transport; (4.5) Asphalt mixtures calibration; (4.6)~(4.14)
Asphalt mixtures sampling on jobsite (aggregate moisture
content; extracted aggregate gradation; coarse aggregate
angularity; binder drain down; binder content; bulk specific
gravity; maximum specific gravity; density; Certification type D
materials); (4.15) Preparation of mixture specimen in lab; (4.16)
Asphalt mixture temperature; (4.17) Asphalt mixtures sampling
in plant—Dolomite; (4.18)~(4.25) Quality acceptance testing
conducted and the testing result are within the tolerance of
asphalt mixtures (moisture content; extracted aggregate
gradation; density; binder content; air void; VMA; binder drain
down; thickness); (4.26) Tack coat; (4.27) Joints

(5.1) Sealing or filling cracks and joints; (5.2) Pavement
corrugations; (5.3) Pavement smoothness; (5.4) Review final
checklist and structure drawings

items are expected to be appropriate to the specific
activities throughout the construction process to
ensure that each inspection item can be tested, veri-
fied, or inspected at the right time. Table 4.1 lists the
typical construction processes and inspection activities
occurring in PCCP and HMA construction, which
consisted of 37 inspection activities for PCCP and 41
for HMA in five general categories. Table 4.2 lists nine
pavement-related earthwork inspection activities in
the pre-paving category. Table 4.3 lists 31 inspection
activities for bridge decks in seven general categories. It
is noted that since earthwork activities are counted in
both PCCP and HMA, the list of entire inspection
activities has 118 items instead of 126 items.

TABLE 4.2
Typical QA Inspection Activities for Earthwork Linking to Pre-
paving

Construction

Process Earthwork Inspection Activities

3. Pre-paving (3.1)~(3.7) Preparation of subgrade (grade
control; materials and lift thickness
requirements and compaction; DCP; moisture
control; chemically modified soil general,
compaction and moisture content); (3.8)~(3.9)
Subsurface drainage (longitudinal underdrain
pipes; transverse outlet pipes, outlet protectors
and other end sections, subsurface drainage
elements)
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TABLE 4.3
Typical QA Inspection Activities for Bridge Deck

Construction Process

Bridge Deck Inspection Activities

1. Receive and Approve Designs/Plans

2. Bridge Deck Material Receiving
and Control

3. Grade Control, Screeds, and
Bulkheads

4. Bridge Deck Forms

(1.1) Verify QC/QA quality control plan (QCP) of superstructure; Concrete is approved by the engineer

(2.1) General material requirement; (2.2)~(2.7) Concrete bridge floor slabs (i.e., bridge deck) material—
castings; Concrete, Class C for IC-HPC; Joint materials; PVC; Reinforcing bars

(3.1) Grade control and screed elevations control

(4.1) Deck form installation; (4.2) Shear connectors installation; (4.3) Construction joints installation;

(4.4) Expansion joints installation; (4.5) Miscellaneous items (drains, conduits, etc.)

5. Deck Reinforcement
6. Concrete Placement and
Consolidation

(5.1) Bar placement; (5.2) Clearness; (5.3) Splices
(6.1) Concrete placement and consolidation (general); (6.2) Concrete placement and consolidation (cold
weather); (6.3) Concrete field sampling for testing; (6.4)~(6.8) Quality acceptance testing is conducted

and the testing result is within tolerance—Slump; Plastic unit weight; Water/cement ratio;
Compressive strength; Air content

7. Concrete Finishing and Curing

(7.1) Finishing concrete; (7.2) Curing; (7.3) Waterproofing; (7.4) Concrete surface smoothness;

(7.5) Tests for soundness and bonding to the forms; (7.6) Application of loads

5. RISK ASSESSMENT

5.1 Introduction

The 118 core items identified in Chapter 4 do not
have the same level of risks. The objective in this
chapter is to assess the risks associated with individual
inspection items and prioritize them correspondingly
for optimal resource allocation. Figure 5.1 illustrates
the three-step protocol for doing so. Please note that
Step 1 and Step 2 were described in Chapter 4. This
chapter focuses on Step 3.

5.2 Risk Assessment Method

Surveys were conducted with eight INDOT experts
with many years of experience in pavement materials,
concrete and asphalt pavement construction, geotech-
nical construction, project management, and field ins-
pection to assess the risk associated with the 118 core
inspection items.

5.2.1 Survey Design for Risk Assessment

Since the risk for each inspection activity is a
function of multiple attributes, the survey requested
the expert’s inputs for the list of questions shown in
Table 5.1. Two formats of the survey were distributed.
The first format, which included earthwork and PCCP,
required the respondents to select the weight from
values of low (1), medium (2), and high (3) to evaluate
the overall likelihood of an inspection not meeting the
requirements and the overall severity as a consequence
of not meeting the requirements. The second survey
format, which included HMA and bridge decks,
requested the respondents to provide the weight from
values of low (1), medium (2), and high (3) to evaluate
the overall likelihood and provide a breakdown of the
severity of the consequence from four aspects (safety,
quality, time, and cost). In addition, the second format
also sought input from the experts about the necessity
of including the specific inspection activity in the list
with a Yes (1) or No (0) option.

INDOT Sun{eys Risk
experts on risks assessment
—= ™, 1
INDOT — aclll::ﬂt;g:,l((:lz Prioritized
Specification Core _ = inspection
—= PCCP —>1 inspection ite P
inspection 1:15]:;ct10n lt_}ms —>{ activities
INDOT QA item list | HMA — ""‘1 e based on
programs Lonstr‘u‘c'lllon —_
—>| Bridge decks [—>|  Proeess)
| I\
T T Y
Step 1 Step 2 Step 3

Information retrieval for
core inspection items
process

Distributing inspection
items into construction

Risk assessment and prioritization of
mspection activities

Figure 5.1 Flowchart for risk assessment of INDOT construction inspection activities.
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TABLE 5.1

Direct Inputs Required in Four Surveys for Inspection Risk Assessment

Construction Scenario

Survey Inputs Earthwork PCCP HMA Bridge Deck
Necessity to be included NA NA J J
Overall likelihood of inspection not meeting requirements J J J J
Opverall severity of consequence of the inspection not meeting J J NA NA
requirements

Severity of consequence in safety NA NA J J
Severity of consequence in quality NA NA J J
Severity of consequence in time NA NA J J
Severity of consequence in cost NA NA J J

Likelihood of
inspection not meeting
requirements

High

Medium

Low

Low

Figure 5.2 Matrix of composite index of risk in the surveys.

5.2.2 Risk Assessment Procedure

A 3x3 matrix was created to aggregate the two
dimensions of the risks into one composite index, which
is shown in Figure 5.2. The horizontal axis represents
the severity of the consequence of the inspection not
meeting the requirements, and the vertical axis indi-
cates the likelihood of the inspection not meeting the
requirements. For example, if a respondent chose high
(3) for the severity of the consequence and medium (2)
for the likelihood, the corresponding composite index
was “7.” In the surveys of earthwork and PCCP,
a composite index was generated for each respondent,
from which the mean values of the composite indexes
from all the respondents were calculated. In the HMA
and bridge deck survey, the severity of the conse-
quences included the four aspects of safety, quality,
time, and cost. Therefore, for each respondent, the
maximum value of the severity weights in these four
aspects was determined and used as the representative
value in calculating the composite index.

The survey criteria to determine whether a specific
inspection activity is critical are as follows.

Medium High

Severity of consequence
of inspection not meeting
requirements

® For earthwork and PCCP:

1.

If the composite index is less than 5, the inspec-
tion activity is excluded from the critical inspection
list unless additional information or comments were
provided.

If the composite index is 5 or larger, but a better
inspection alternative is available, the inspection acti-
vity is excluded from the critical inspection list.

The remaining inspection activities were included in
the critical inspection list.

® For HMA pavement and bridge decks:

1.

If fewer than 40% of the respondents replied YES (1)
to the question pertaining to the necessity to include
the specific inspection activity, the inspection activity
is excluded from the critical inspection list.

If the composite index is less than 5, the inspec-
tion activity was excluded from the critical inspection
list unless additional information or comment was
provided.

If the composite index was 5 or larger than 5 and
INDOT practice indicated that a better alternative is

Joint Transportation Research Program Technical Report FHWA/IN/JTRP-2019/06 9



available, the inspection activity is excluded from the
critical inspection list.

4. The remaining inspection activities are included in
the critical inspection list.

The survey statistics and observations were then
summarized by the categories of earthwork, PCCP,
HMA pavement, and bridge decks.

5.2.3 Risk Assessment Results

Seven valid responses were received for the earth-
work survey. The mean value of the composite index is
illustrated in Figure 5.3. The horizontal axis represents
the earthwork inspection activities labeled with the
ID defined in Table 4.2. Three activities have a mean
composite index of less than 5: “ID 3.4: Preparation of
Subgrade—Moisture Control,” “ID 3.7: Preparation of
Subgrade—Chemically Modified Soil—Moisture Con-
tent,” and “ID 3.9: Subsurface drainage—transverse out-
let pipes, outlet protectors and other end sections, surface
drainage elements.” Only the first two (illustrated with

10.0
9.0

8.0
7.0 59
60 I

1=

e T B e T T T

LFS]

Mean of Composite index
[§®] Ch

[ N

3.1 32 33 34

grey bars in Figure 5.3) were excluded from the critical
inspection list. The third inspection activity (illustrated
with a dotted-fill bar) remained on the critical list because
it is important to remove subsurface water from the
pavement as far and as soon as possible.

Five valid responses were collected for the PCCP
survey. The mean value of the composite index is
illustrated in Figure 5.4. The horizontal axis represents
the PCCP inspection activities labeled with the ID
defined in the PCCP column of Table 4.1. A total of
six inspection activities (displayed with grey bars in
Figure 5.4) have composite index means of less than 5,
and they were excluded from the critical inspection list.
Moreover, “ID 4.7: Quality acceptance testing and
tolerance—slump” was suggested by both INDOT
experts and industrial practitioners for exclusion from
the critical inspection list because slump testing is
more appropriate for quality control than for quality
assurance.

Five valid responses were received for the HMA
survey. The first question in this survey pertained to

III

.J.h .3. 3. 3.

Soil and earthwork inspection activities ID in Table 4.2

Figure 5.3 Survey results: mean value of the composite index for the earthwork.

10.0
9.0
8.0
7.0
6.0
5.0
4.0
3.0
20
1.0
0.0

Mean of Composite index
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PCCP inspection activities ID in Table 4.1

Figure 5.4 Survey results: mean value of the composite index for PCCP.
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the necessity to include the inspection activity. Figure 5.5a
shows that one inspection activity received fewer than
40% YES votes (=2), and it therefore was excluded
from the critical inspection list according to the criteria
established. The second question in the HMA survey
evaluated the severity of the consequences, and the
maximum value among these four dimensions was
selected. Figure 5.5b shows that 14 inspection activities
received low composite indexes (<5) besides the one
with low votes, which were excluded from the critical
inspection list as well.

Five valid responses were received for the bridge
decks survey. A process similar to the process imple-
mented in the HMA survey analysis was used. Figure 5.6
illustrates that four inspection activities with either
low votes (=2) or low composite indexes (<5) were
identified and hence were excluded from the critical
inspection list. Three other inspection activities: “ID: 2.5:
Concrete bridge floor slabs (i.e., bridge deck) material—
Joint materials”; “ID 4.4: Expansion Joints installation”;
and “ID 4.5: Miscellaneous Items (Drains, Conduits,
etc.)” received a medium average composite index (4.8)
and were included in the critical inspection list because
expansion joints and drains are important to the perfor-
mance of bridge decks.

Removing non-critical items resulted in a list of
90 critical inspection items.

5.2.4 Risk-Based Inspection Strategy

For the 90 critical inspection items, we extracted
their acceptance criteria from the specification, devel-
oped corresponding check items, and recommended
the inspection frequency and priority based on the risk
and the nature of the associated work task. The deli-
verable is a list of customized strategy for every critical
inspection item. Table 5.2 lists the information items
associated with each inspection activity. Note that
an inspection activity typically has multiple clauses of
acceptance criteria and each clause corresponds to one
check item. Tables 5.3 and 5.4 provide examples.

5.3 Findings and Recommendations

The main findings and recommendations are as
follows.

® A list of 90 critical inspections was generated in the four
categories of earthwork, PCCP, HMA pavement and
bridge decks after less critical inspection activities were
removed.

® Each inspection activity is aligned with a construction
process to facilitate the risk assessment in terms of the
failure probability and the severity of the consequence of
the materials or the construction process not meeting the
requirements.

Figure 5.5 Survey results for HMA pavement: (a) counts of necessity to be included; (b) mean of the composite index.
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Figure 5.6 Survey results for bridge deck: (a) counts of necessity to be included; (b) mean of the composite index.

TABLE 5.2

Information Items in the Inspection Strategy for Each Inspection Activity

Item Name

Description

QC/QA Activity

Composite Index
Consequence

Probability

Acceptance Criteria

Check Items
Sample/Inspection Frequency
Material Testing
Verification/Inspection

Inspection activity

Composite risk index considering both likelihood and consequence severity

Risk index in the aspect of consequence severity

Risk index in the aspect of likelihood of accepting inferior work

Acceptance criteria extracted from specification

Check items that correspond to acceptance criteria

Inspection frequency as specified in the specification and recommended based on the risk

Whether this is material testing and if yes, is it about raw or placed materials

Whether this is inspection and if yes, is it verification or inspection that involves measurement.
Verification—project management, e.g., drawings have been submitted and approved, and materials
are from Materials Acceptance Sheet (MAS). Inspection—often involves measurements and is done
in the field.

TABLE 5.3

Sample Inspection Strategy—Part I

Composite
QCIQA Activity Index

Consequence Probability  Acceptance Criteria

Preparation of Medium
subgrade—
grade control

High Medium (1) [401.11; 402.11; 502.07] The subgrade shall be shaped to the required grade and
section, free from all ruts, corrugations, or other, irregularities.

(2) [207.03] The grade and cross section of the subgrade shall be finished within a
tolerance of 1/2 in. from the true subgrade. (Note: contractor provides grade
elevations (proposed and actual) at the minimum of two per station, and they
are all within the tolerance limit.)

12
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TABLE 54
Sample Inspection Strategy—Part 11

Material Verification/
Sample/Inspection Frequency Testing Inspection

Check Items Specification Recommend Raw Placed Ver. Ins.
() YES () NO () N/A— Once or as required (refer to WVC* ... R-03 ITP** Entire subsurface 1

Subgrade is finished (i.e., 001-IN Portland Cement Concrete Paving.pdf item  grade (visually

free from ruts, corrugations, 3.1 Preparation of Grade) check)

or other irregularities)
() YES () NO () NJA— Each location (refer to WVC...R-04 ITP_037.2_IN  All subgrade 1

Subgrade elevation is QCQA HMA Paving.pdf item 3.2 subgrade and elevations

confirmed milled surface preparation)

*WVC is the prefix of all documents from the ORB project.
**ITP, Inspection and Testing Plans.

The proposed protocol can provide INDOT with a
risk assessment framework that includes the likelihood
of failure, the severity of the failure, the best inspection
timing during the construction process and sampling
and testing frequency.

6. DEVELOPMENT OF INSPECTION FORMS

6.1 Introduction

The objective in this chapter is to develop inspection
forms to assist field crews in using the risk-based
approaches to perform construction inspection. The
inspection forms must be integrated with the construc-
tion documentation process that is centered around pay
items. The individual check items in an inspection form
align with the acceptance criteria and inspection
method as outlined in the specification, and guide the
inspection frequency and priority (corresponding to
risk). These desired characteristics of the implementa-
tion demand a mechanism that link inspection activities
(i.e., the 90 critical inspection activities), pay items, and
check items which are extracted from specifications.

We have designed a risk-based and knowledge-based
digital inspection system to not only implement a risk-
based approach for construction inspection but also
manage construction inspection knowledge.

6.2 Ontological Model for Construction Inspection

Viewing inspection activities, risk assessment, and
check items extracted from specification as knowledge,
we designed an ontological model for managing these
data. Ontology is known to have the advantages of
representing, sharing, and managing domain knowl-
edge through a system of concept hierarchies (taxo-
nomies), associative relations (to link concepts across
hierarchies), and axioms that allow reasoning in a
semantic way (El-Diraby, Lima, & Feis, 2005).

Figure 6.1 illustrates the highway construction
inspection ontology (HCIOntology) model that was
developed to capture the knowledge in the highway
construction inspection domain. Each node in the

graph represents a concept or object in the domain
and each link in the graph represents the logical
relation between these concepts or objects. A logic-
based declarative sentence, for instance Pay item—
requires—Check item, is composed of two nodes and a
relational link. Aggregately, the concepts, the relations,
and the derived logic-based declarative sentences repre-
sent the domain knowledge in highway construction
inspection.

In the newly designed HCIOntology, the Project is
the starting point for generating the project-specific
inspection plan. According to the schedule of Pay item,
the Contractor works on the Project and is paid by
finishing the required Pay item. A Project involves a
series of Process, Activity, and Resource to produce
Product during the construction process. Field inspec-
tors conduct Inspection activity as construction pro-
gresses to ensure the construction quality of the result-
ing Product. This connection is realized by the relational
links among Pay item, Inspection activity, Check item,
and Inspector. The applicable Pay item relate to the
ongoing Inspection activity that needs attention for
construction documentation. The Inspector ensures that
Pay item is completed and meets the requirements of
the Check item. The Inspector checks a given Check item
by referring to the Check detail including the Check
frequency, Check attribute, Check object, Check criteria,
Field data, and Check result. The Check result can be
inferred by comparing the collected Field Data with the
Check criteria. With the newly established relates to
relationship between Pay item and Inspection activity
and the requires relationship between Pay itemn and
Check item, the requires relationship between Inspection
activity and Check item is established. Through these
two linking mechanisms, the construction inspection
work can be performed on prioritized inspection
activities. Field inspectors can target the required pay
items and check items using this Inspection activity—Pay
item—Check item linking system. Finally, the domain
Attributes, Mechanisms, and Constraints are used to
support the knowledge representation of the highway
construction inspection domain.
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Figure 6.1 Proposed ontological framework for highway construction inspection.

6.3 Connecting Inspection Activities to Pay Items

Highway construction inspection is an activity-
centered process while construction documentation is
a pay item-centered process. Field engineers document
construction and inspection data based on pay items in
the contract, e.g., the contract information book (CIB)
in INDOT. To integrate the inspection forms with
the construction business process, we must establish the
Pay item-relates to—Inspection activity relations in the
model. This was accomplished through a linking
mechanism based on matching specification sections.

Figure 6.2 illustrates the linking mechanism between
the pay items and inspection activities. The INDOT
standard specification serves as the connecting point to
which both pay items and inspection activities refer. By
matching the INDOT specification sections, the applic-
able pay items of a given inspection activity are deter-
mined, establishing the relates to relationship between
the Pay item and the Inspection activity.

Table 6.1 provides examples of linking applicable
pay items to inspection activities. All pay items are
instances/individuals under the Pay item class of the
ontology. The linking relationship is represented via the
relates to property of the ontology. Such a linking
mechanism enables retrieving the applicable pay items
for any given inspection activity from the knowledge
model in real time via a semantic and logic-based
framework.

6.4 Connecting Check Items to Pay Items

The inspection check items were developed by para-
phrasing the contract requirements of the INDOT stan-
dard specification into specific check items. Figure 6.3
illustrates how the individual check items were extracted
from the specification and organized under the specifica-
tion section, such as 201, with reference to their corres-
ponding subsections (such as 201.03).

The specification also lists applicable pay items
under each section. By examining each pay item in
detail, their corresponding subsections were identified.
Table 6.2 lists the pay items under Section 201 and their
applicable subsections. For instance, pay item 201-
01015 (Clearing and Grubbing) corresponds to subsec-
tion 201.03. Pay items and check items were linked by
matching the subsections. Table 6.3 illustrates the
identified check items that are applicable to pay item
201-01015 by matching subsection 201.03. Such a
linking mechanism enables retrieval of the applicable
check items for any given pay item from the knowledge
model in real time in a semantic and logic-based
manner. The linking relationship is represented by the
requires property of the ontology between Pay item and
Check item.

With the newly established relates relationship between
the pay item and the check item and the requires rela-
tionship between Pay item and Inspection activity, the
requires relationship between Inspection activity and
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Figure 6.2 Proposed approach to linking inspection activities and applicable pay items.

TABLE 6.1
A Partial List of Linking Results of Risk-Based Prioritized Earthwork Inspection Activities and Their Corresponding Pay Items

Inspection Activity Matched Section Applicable Pay Item

Section 203
Section 207

203-02055 Embankment

203-02100 Excavation, peat

203-04523 Dewatering

203-11844 Vibro-compaction

207-08262 Subgrade treatment, type I
702-51110 Grates, basins, fittings, and cast iron
715-04547 Pipe ductile iron 30?

715-04596 Water service

Preparation of subgrade: materials
and lift thickness requirements
and compaction

Section 702
Section 715

Surface drainage: transverse outlet
pipes, outlet protectors and other
end sections, surface drainage
elements
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TABLE 6.2
Applicable Subsections for Pay Items Under Section 201

Pay Item ID Description Subsection Subsection Title
201-01015 CLEARING AND GRUBBING 201.03 Clearing and grubbing
201-01025 SCALPING 201.04 Scalping
201-02245 TREE 6 IN., REMOVE 201.05 Hedge removal
201-06587 CLEARING AND GRUBBING 201.03 Clearing and grubbing
201-12044 CLEARING AND GRUBBING 201.03 Clearing and grubbing
201-52370 CLEARING RIGHT OF WAY 201.03 Clearing and grubbing
201-90788 DEBRIS, REMOVE STRUCTURE NO. 201.03 Clearing and grubbing
TABLE 6.3
Applicable Check Items for Pay Item 201-01015 (Clearing and Grubbing)
Pay Item ID Check Item ID Check Item
201-01015 201-006 Surface objects, trees, stumps, roots, and other protruding obstructions not designated to remain are
cleared, grubbed, and removed from within the limits of the work?
201-007 Undisturbed sound stumps, roots, and non-perishable solid objects do not extend more than 4 in.
above the ground line or low water level?
201-008 Except in areas to be excavated, stump holes and other holes from which obstructions are removed are
backfilled with suitable material and compacted in accordance with 203.23?
201-009 Low hanging, unsound, dead, or unsightly branches are removed and branches of trees extending over
the roadbed are trimmed to give a clear height of 20 ft. above the roadbed?
201-010 All materials removed or excavated were either reused in the work; or recycled, burned, or disposed of

according to 203.08 and applicable laws, ordinances, rules, and regulations?

Check item also was established. Through these two
linking mechanisms, the construction inspection work
can be performed on prioritized inspection activities.
INDOT field inspectors can easily target the required
pay items and check items using this Inspection activity—
Pay item—Check item linking system.

6.5 Check Details

Each Check item has Check detail that covers Check
frequency, Check attribute, Check object, Check criteria,
Field data, and Check result. In this study, Check
frequency is defined at three levels: Level 1: Full-time
continuous inspection; Level 2: Intermittent inspection;
and Level 3: Once per job/component/as needed.
Table 6.4 provides two examples to illustrate the check
details.

TABLE 6.4
Examples of Check Details

6.6 Inspection Data

For each check item, field inspectors collect field
data and the collected data are compared against the
acceptance criteria. Field data and Check result are
defined to host field data and check result respectively,
and the comparison is done automatically. INDOT
can use Field data and Check result to track all the
inspection work and generate inspection reports for
future operations and maintenance tasks.

When the risk-based prioritized inspection activities,
linked pay items, linked check items, and extracted check
details are created as instances under the proposed
ontological model, a knowledge base for INDOT high-
way construction inspection is formalized. Figure 6.4
illustrates an excerpt of the final instantiation result with
selected instances.

Check Item

Check Frequency
Check Object
Check Attribute
Check Criteria

Level 3: Once per job/component/as needed
Spreading of chemicals

Air temperature

Above 40°F

Is the spreading of chemicals being performed when air
temperature is above 40°F and the soil is not frozen?

Is soil being compacted using a vibratory, footed roller
weighing at least 10 tons?

Level 3: Once per job/component/as needed

Vibratory footed roller

Weight

At least 10 tons
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Figure 6.4 Example: inspection knowledge.

6.7 System Implementation Mockup

A prototype for the digital inspection system was
developed using a database management system with
the following functions/capabilities: (1) prioritizing
inspection activities based on risk, (2) retrieving pay
items relevant to an inspection activity, (3) retrieving a
list of check items applicable to a given pay item, (4)
providing check details for a given check item and
automatically comparing field data with acceptance
criteria for compliance checking, and (5) providing
training materials on demand. Figure 6.5 illustrates the
user interface and the typical workflow of using the
system with an example. Figure 6.6 illustrates the retri-
eval of training materials on demand. A tab is dedicated
to each of the five capabilities. Upon receiving the field
data, the system automatically compares the field data
to the acceptance criteria and reports the checking
result. A user can access the training material associated
with a check item at any time.

6.8 Pilot Project for Testing

The newly developed system is currently being
implemented at INDOT to develop a digital inspection
system as part of its e-Construction initiatives. Project
R-30397 Pavement Replacement was chosen as the
pilot to test the system. This project involves pavement
replacement using precast concrete pavement on US 27
from south of O street to 0.16 mile north of SR 227 AT
Sim Hodgin Parkway in Richmond, Indiana. Among
the 13 applicable pay items, 4 pay items (202-02240,
Pavement Removal; 406-05520, Asphalt for Tack Coat;
211-0926x, Structure Backfill, Type 1/2/5; and 718-
52610, Aggregate for Underdrains) belong to the
sections in the standard INDOT specification for which
the extraction of check items and the matching of check
items to pay items have been completed at the time of
the preparation of this report. Following the linking
mechanism presented in this report, dynamic inspection

hasCheckFrequency

Check item 215-004

Level 3
a Air temperature
s TomparesWith
*
'y 35°F
hasCheckAmibute  hasCheckUnitena ‘

v Spreading of Chemicals Above 40 °F

Instance

hasClieckObject
_ hasFieldBata s

e isehockResur

forms were generated in real time on an as-needed basis
for any given pay item(s). Figure 6.7 illustrates the
dynamic inspection form for pay item 202-02240
(pavement removal). During the project coordination
meeting, the application was successfully demonstrated.
Field-testing is being postponed to spring 2019 and will
be conducted as a post-construction mock exercise.

6.9 Findings and Recommendations
Main findings are as follows:

® The ontology-based approach is effective in retaining and
managing inspection knowledge and data.

® The specification sections and subsections can be used to
connect risk-prioritized inspection activities, check items,
and pay items so that dynamic inspection forms can be
generated in real time on an as-needed basis.

® Training materials can be embedded in the system and
retrieved to train field inspectors and provide them with
necessary guide.

Three main limitations are:

® Check items (with check details) are manually extracted
from INDOT’s specification, making this process very
time-consuming and error-prone. Maintaining the con-
sistency is also very challenging.

® Matching of check items, pay items, and inspection
activities to subsections requires manual checking.

® Mismatch could exist between the extracted check items
and updates/revisions/additions to specifications.

Our recommendation is to adopt the proposed
ontology-based and risk-based system for construction
inspection and test it on pilot projects. We also recom-
mend automating the tasks of extracting check items
with details and matching through subsections by
leveraging computational technologies such as natural
language processing and machine learning. This auto-
mation will improve the efficiency, assure the accuracy,
and more importantly, stay updated with the mod-
ifications and changes to the specification over time.
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Figure 6.5 Implementation: risk-based highway construction inspection system.
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Truck Samples

Training materials

Truck samples (Figure 3-3) are HMA samples taken directly from the truck before delivery toa
contract. This type of sampling is often done by the Contractor at the plant to obtain information
about the HMA quickly. INDOT may obtain a truck sample for HMA (402 mixture) for verification

of the Specification requirements.

Search Box

Figure 6.6 Example: retrieving training materials.

Inspection Quality Checklist
Pay Item 202-02240 Pavement Removal
Checklist Section
Check if
No. |Attribute Inspected Citation
Inspected pec
Removal of PCCP, Sidewalks, Curbs, RCBA, and Reinforced Concrete Moment Slabs 202.05
[ check 001 Pavement lavers or courses removed as indicated in plans? 202,05
) p
[ check 002 Concrete walks and steps removed as indicated in plans? 202.05
[ Check 003 Concrete curbs and gutters or stone curbs removed as mdicated i plans? 202.05
[ check 004 Congrete traffic dividers removed as indicated in plans? 202.05
All unremforced PCCP, sidewalks, curbs, gutters, and other unremforced
concrete elements designated for removal shall be:
[ Check 008 (a) broken mto pieces and used for riprap on the project; or 202,05
3 (b) broken mto pieces. the maxunum weight of which shall be 150 Ib, and o
incorporated into the work as directed; or
(c) otherwise disposed of in accordance with 202.02.
Removal of PCCP, sidewalks, curbs, gutters, and other unreinforced concrete elements
Check 006 : 202.05
- designed for removal is m accordance with 202.05?

Figure 6.7 Dynamic inspection form for pay item 202-02240 (pavement removal).

7. SUMMARY AND RECOMMENDATIONS

7.1 Summary

This study addresses the staff shortage and loss of
inspection knowledge issues at INDOT by developing a
risk-based and knowledge-based inspection system with
answers to what, when, how, and how often to inspect.
A comprehensive list of 333 testing and inspection
activities was extracted from INDOT’s material testing
manual, INDOT’s standard specification, and the QA
implementation at the Ohio River Bridge (ORB) pro-
ject. This list was compared to the neighboring states
and national guidance documents. It was narrowed
down to a core set of 126 items based on survey respon-
ses and interviews with INDOT domain experts and

industrial partners. Testing and inspection activities in
the core set were aligned with the construction process.
The risk associated with each inspection activity was
assessed by considering both the probability of failure
and consequence severity of failure in four dimensions:
cost, time, quality, and safety. A composite risk index
was devised as a single measure for the overall risk. All
inspection activities were prioritized based on the
composite index, resulting in a total of 90 critical items
that were identified as the riskiest areas. For imple-
mentation, a linking mechanism was developed to link
inspection activity, pay item, and check items (extracted
from specification). Such a design aligns with the busi-
ness process of construction inspection at INDOT:
starting with a pay item, field inspectors retrieve the
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associated check items and their inspection priority
(based on risk), inspection frequency, and inspection
criteria. A digital, ontology- and risk-based inspection
system was proposed and its conceptual model was
delivered to INDOT for its incorporation in the field
application of construction documentation, a compo-
nent of the e-Construction initiative at INDOT. It is
being tested on Project R-30397 as a pilot study and is
expected to reduce the workload of field inspectors.

7.2 Findings and Recommendations

Key findings have been summarized in the Executive
Summary section and are repeated as follows.

® The materials testing manual explicitly regulates the
sample size, sampling process, testing methods, and
acceptance criteria for all materials. The standard
specifications cover both materials and construction
requirements, but do not provide explicit information
on the frequency and methods of construction inspec-
tion. Many of the acceptance criteria are qualitative
rather than quantitative, which requires the interpreta-
tion by construction inspectors. Consequently, the imple-
mentation varies among districts, projects, and individual
inspectors.

® There is high similarity among the seven states regarding
material testing and construction inspection requirements.
The implementation of performance related specification
(PRS) has not changed the requirements.

® Using the risk assessment framework, a total of 90 criti-
cal inspection items in earthwork, PCCP, HMA pave-
ment and bridge decks were identified to be the riskiest
areas. Each of them is aligned with the construction
process with recommended inspection frequency and
priority based on the risk.

® The ontology-based approach is effective in retaining and
managing inspection knowledge and data.

® The specification sections and subsections can be used to
connect risk-prioritized inspection activities, check items,
and pay items so that dynamic inspection forms can be
generated in real time on an as-needed basis, which aligns
well with INDOT’s business process.

® Manual extraction of check items from INDOT’s specifi-
cations is time-consuming and error-prone. Inconsistencies

among different sections have been noticed. The sugges-
tion is to leverage natural language processing tools to
automate this process.

The following are the recommendations.

® Apply the developed risk assessment framework to assess
the risk of other construction inspection items/activities
that are outside of the scope of this project (i.e., earth-
work, HMA and PCCP, and bridge deck).

® Adopt the risk-based approach for construction inspec-
tion.

® Fully develop a risk-based and knowledge-based, digital
inspection system based on the prototype and its testing
in the pilot project.

® Develop tools through future research to automate the
extraction of check items and the matching among pay
items, check items, and inspection activities.
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