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❖ Problem Statement & Offered Solution
– Project Risk and Liability

– SE as Liability Protection and Risk Mitigation Strategy

❖ Background & Introduction

❖ Systems Engineering Challenges Faced

❖ Systems Engineering Objectives

❖ Systems Engineering Activities Performed 

❖ Summary, Achieved Outcomes & Conclusion

AGENDA



PROBLEM STATEMENT

3

❖ Central Artery/Tunnel Megaproject in Boston, MA

❖ Commonly known as the Big-Dig project

❖ Rerouted Interstate 93 (I-93) running through the 

heart of the city into a 1.5-mile tunnel

❖ Designed and built between 1982 and 2007

❖Most expensive highway project in the US 

at the time (21.5 billion in 2020 US dollars)

❖ Plagued by thousands of water leaks, design 

flaws, charges of poor execution, use of 

substandard materials and other issues

❖ Led to the death of a motorist and criminal 

arrests when a 24-ton concrete ceiling panel 

collapsed onto a car
SOURCE: http://www.nbcnews.com/id/22809747/ns/us_news-

life/t/million-settlement-covers-big-dig-tragedy/#.XNQs1hRKi70
SOURCES: SEE PAPER

COLLAPSE OF 24-TON

CEILING CONCRETE PANEL

EXAMPLE: THE “BIG DIG” PROJECT

http://www.nbcnews.com/id/22809747/ns/us_news-life/t/million-settlement-covers-big-dig-tragedy/#.XNQs1hRKi70
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❖ $407 million in restitution paid by the consortium managing the project

❖ Several smaller companies agreed to pay a combined sum of approximately 

$51 million

❖ A settlement agreement included a statement of facts as the basis for liability 

❖ The settlement addressed specifically areas of construction management

oversight failures: 

– The use of non-specified material 

– The use of substandard materials 

– As well as ignored observations of failing epoxy bolt load tests 

❖ The issues identified above are typically addressed in construction 

specifications describing in detail the scope of work, materials, installation, and 

quality of workmanship

PROBLEM STATEMENT
EXAMPLE: THE “BIG DIG” PROJECT (CONT’D)
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❖ Professional Standard of Care: defined as the systematic exercise of a 

reasonable level of care, diligence, and skill

❖ Failure to adhere to the professional standard of care may result in company 

risk and liability

❖ In the author’s opinion, the Big-Dig issues:

– Describe a common requirements management and verification & validation challenge

– Could have been avoided using a structured systems engineering approach

❖ This presentation:

– Describes the application of SE principles to construction specifications

in a large infrastructure project using a case study approach

– Presents the application of systems engineering as the systematic exercise of a 

reasonable level of care

– Demonstrates the Value of Systems Engineering as a liability protection and

risk mitigation strategy

OFFERED SOLUTION
SYSTEMS ENGINEERING AS THE PROFESSIONAL STANDARD OF CARE
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❖ Problem Statement & Offered Solution

❖ Background & Introduction
– Construction Specifications 

– Case Study Project 

❖ Systems Engineering Challenges Faced

❖ Systems Engineering Objectives

❖ Systems Engineering Activities Performed 

❖ Summary, Achieved Outcomes & Conclusion

PROGRESS
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❖ Contract documents that govern the 

construction of building and infrastructure 

projects (e.g. transportation, water, energy). 

❖ Describe in detail the following requirements:

‒ Scope of work,

‒ Materials to be used,

‒ Installation methods, and

‒ Quality of workmanship (including inspection

& testing)

❖ Essential component of the PS&E approach:

– Plans (Drawings),

– (Construction) Specifications, and

– (Cost) Estimates.

❖ Governed by Construction Specifications 

Institute (CSI)

❖ CSI MasterFormat Standard: Standardized 

classification for Construction Specifications.

CSI MASTERFORMAT: 50 DIVISIONS

INTRODUCTION
CONSTRUCTION SPECIFICATIONS



www.incose.org/symp2021

Part 1 – General: Describes managerial 

requirements such as applicability, work to be 

performed, codes and standards, definitions, 

submittals, quality management, etc.

Part 2 – Products: Describes the 

(performance) requirements, the acceptable 

(prescriptive or proprietary) products, 

materials, and sometimes even specific 

suppliers. Big-Dig: Would have contained 

the acceptable materials and material 

standards.

Part 3 – Execution: Describes the methods 

of installation and how to measure quality or 

effectiveness. Big-Dig: Would have identified 

the inspections and tests to be performed, 

including the bold load tests.

8

INTRODUCTION
CONSTRUCTION SPECIFICATIONS
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CP1

CP2-3

CP4

9

FUTURE

CONTRACTS

CP1

CASE STUDY PROJECT
CALIFORNIA HIGH-SPEED RAIL SYSTEM
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TYPICAL / TYPE

OF STRUCTURE

ROADWAY

OVERHEADS

AVE 10 OVERHEAD

CASE STUDY PROJECT
CALIFORNIA HIGH-SPEED RAIL SYSTEM (CONT’D)
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225+ MAJOR STRUCTURES

(QUALITY MILESTONES)

TRENCH

UNDERCROSSINGRIVER CROSSING

VIADUCTS

CASE STUDY PROJECT
CALIFORNIA HIGH-SPEED RAIL SYSTEM (CONT’D)
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❖ Problem Statement & Offered Solution

❖ Background & Introduction

❖ Systems Engineering Challenges Faced
– Typical Industry Approach to Managing Construction Specifications

– Systems Engineering Challenges

❖ Systems Engineering Objectives

❖ Systems Engineering Activities Performed 

❖ Summary, Achieved Outcomes & Conclusion

PROGRESS
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Preliminary 
Engineering

Planning Final Design Construction
Operations & 
Maintenance

DESIGN – BUILD

DELIVERY METHOD

ACQUIRER / 

OWNER

SUPPLIER / 

DESIGN–BUILD FIRM

OWNERS STANDARDS

(SPECIFICATIONS), PART OF RFP

CONCRETE SAMPLING

CONCRETE STRENGTH TEST

TAILORED CONSTRUCTION

SPECIFICATIONS, PART OF FINAL DESIGN

OBJECTIVE EVIDENCE, 

COLLECTED DURING CONSTRUCTION

TYPICAL INDUSTRY APPROACH TO CONSTRUCTION SPECS
PROJECT DELIVERY METHODS & SPECIFICATION DEVELOPMENT



SPEC: 03 05 15 – PORTLAND CEMENT

CONCRETE – QA/QC REQUIREMENTS

CONSTRUCTION QUALITY

PROCEDURES (CQP) 

CQP B1.9 EXCERPT: 

INSPECTION & TESTING

CONSTRUCTION

QUALITY FORMS (CQF)

TYPICAL INDUSTRY APPROACH TO CONSTRUCTION SPECS
CONSTRUCTION QUALITY MANAGEMENT AND PROCEDURES
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CQP B1.9 FORM D: CONCRETE

PLACEMENT CHECKLIST (POUR CARD)

APPROVED

SUBMITTAL

TYPICAL INDUSTRY APPROACH TO CONSTRUCTION SPECS
CONSTRUCTION QUALITY FORMS
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INSPECTION & TEST PLAN (ITP) FOR

PRODUCTION DILLED CONCRETE SHAFT

INSPECTION

& TESTING

TYPICAL INDUSTRY APPROACH TO CONSTRUCTION SPECS
INSPECTION & TESTING PLANS (ITP)
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CONCRETE MIX DESIGN
SUBCONTRACTOR’S DAILY REPORT

CONCRETE TICKET

CONCRETE TRUCK LOG

CONCRETE PLACEMENT CHECKLIST

TYPICAL INDUSTRY APPROACH TO CONSTRUCTION SPECS
QUALITY RECORDS
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REQUIREMENTS VERIFICATION

TRACEABILITY MATRIX (RVTM)

REFERENCES & TRACES TO OBJECTIVE

EVIDENCE (QUALITY RECORDS)

TYPICAL INDUSTRY APPROACH TO CONSTRUCTION SPECS
ADDITIONAL CHSRS VERIFICATION & VALIDATION REQUIREMENTS
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❖ Problem Statement & Offered Solution

❖ Background & Introduction

❖ Systems Engineering Challenges Faced
– Typical Industry Approach to Managing Construction Specifications

– Systems Engineering Challenges

❖ Systems Engineering Objectives

❖ Systems Engineering Activities Performed 

❖ Summary, Achieved Outcomes & Conclusion

PROGRESS
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Selected Challenges:

❖ Large Number of Contract Documents and Requirements

❖ Specification and Requirements Applicability

❖ Different Implementation by each Contractor

❖ Submittal Fragmentation and Submittal Log

❖ Availability of Construction Phase Submittals

❖ Organization of Quality Records

❖ Traceability to Objective Evidence

SYSTEMS ENGINEERING CHALLENGES
OVERVIEW
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GENERAL PROVISIONS

234 PAGES, 1,334 SHALL STATEMENTS

SCOPE OF WORK

97 PAGES, 447 SHALL STATEMENTS

DESIGN CRITERIA MANUAL

1,279 PAGES, 7,951 SHALL STATEMENTS

THIRD PARTY AGREEMENTS

551 PAGES, 1,819 SHALL STATEMENTS

Which of the 1,000s of Requirements 

apply to Ave 10 Overhead?

STANDARD SPECIFICATIONS

434 PAGES, 2,274 SHALL STATEMENTS

SYSTEMS ENGINEERING CHALLENGES
LARGE # OF CONTRACT REQUIREMENTS, SPEC & REQ. APPLICABILITY
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INCLUDING INSPECTIONS & 

TESTS / QUALITY RECORDS

Which Concrete Mix Design(s) 

apply to Ave 10 Overhead?

SUBMITTAL LOG

SYSTEMS ENGINEERING CHALLENGES
CONSTRUCTION PHASE SUBMITTALS & SUBMITTAL LOG
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OBJECTIVE

EVIDENCE

Slump Tests?

1,250+ Quality Records?

QUALITY MILESTONE

DATA PACK (QMDP)

SYSTEMS ENGINEERING CHALLENGES
TRACING, LOCATING, AND VERIFYING TO OBJECTIVE EVIDENCE
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SYSTEMS ENGINEERING CHALLENGES
SUMMARY

REQUIREMENTS OBJECTIVE EVIDENCETRACEABILITY
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❖ Problem Statement & Offered Solution

❖ Background & Introduction

❖ Systems Engineering Challenges Faced

❖ Systems Engineering Objectives
– Objectives

– Constraints & Considerations

– Envisioned Solution

❖ Systems Engineering Activities Performed 

❖ Summary, Achieved Outcomes & Conclusion

PROGRESS
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1. Address the Systems Engineering Challenges described above
– Determine governing construction specifications and requirements

– Analyze and allocate applicable requirements to individual HSR milestones and 

HSR milestone elements (e.g. foundations, columns, deck, etc.)

– Create a structured quality record storage system suitable for the large amount of records

– Provide effective traceability between requirements and objective evidence

2. Demonstrate the Professional Standard of Care
– Systematically exercise a reasonable level of care, diligence, and skill

3. Avoid the cautionary tale of the Big-Dig scenario
– Provide a requirement-based approach demonstrating the correct use of specified materials 

and the successful execution of all specified inspections and tests

4. Deliver the successful HSR milestones Acceptance and Certification
– Handed over / input into the next HSR track and systems contractor

SYSTEMS ENGINEERING OBJECTIVES
OBJECTIVES
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1. Construction Industry
– Used to plans, specifications, and estimates (PS&E) approach, CSI MasterFormat 

– Average annual gross domestic product (GDP) of more than $636B, 7.2 million employees

– Consider continued use of the construction specifications

2. Quality Management vs. Systems Engineering
– Systems engineering (incl. Verification & Validation) widely unknown in construction industry

– Consider integration of the quality management system including plans, procedures, forms, 

inspection and test plans and procedures, and resulting quality records

3. Contract Management
– Any change to an executed contract has the potential to result in contractor claims

– Consider re-use of construction specifications, quality documents, submittal log, ITPs, QMDP, etc.

4. Contractor Deliverables
– Consider re-using existing specifications, requirements analysis, breakdown structures, etc.

5. Human Aspect
– Consider resistance to change, adding value through improved, more effective / efficient processes

SYSTEMS ENGINEERING OBJECTIVES
CONSTRAINTS & CONSIDERATIONS
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Contract 

Documents

(1) Requirements 

Management

(2) System 

Breakdown Structure

(3) Verification

& Validation

Allocated 

Requirements

Construction 

Quality Records

SYSTEMS ENGINEERING OBJECTIVES
ENVISIONED SOLUTION: FOUR (4) STEP APPROACH

(4) Traceability (4) Traceability
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PROGRESS

❖ Problem Statement & Offered Solution

❖ Background & Introduction

❖ Systems Engineering Challenges Faced

❖ Systems Engineering Objectives

❖ Systems Engineering Activities Performed 
1. Requirements Management

2. System Breakdown Structure

3. Verification and Validation

4. Traceability

❖ Summary, Achieved Outcomes & Conclusion
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SYSTEMS ENGINEERING ACTIVITIES PERFORMED
STEP 1: REQUIREMENTS MANAGEMENT – REQ. MGMT. DATABASE MODEL
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BEING TRACKED FOR CP1
17 CONSTRUCTION SPECS

APPLICABLE TO OVERHEADS
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65 STANDARD & SPECIAL

SPECIFICATIONS IN CONTRACT

6 CONSTRUCTION SPECS

APPLICABLE TO CIDHS

SYSTEMS ENGINEERING ACTIVITIES PERFORMED
STEP 1: REQUIREMENTS MANAGEMENT – ANALYSIS & ALLOCATION
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6 CONSTRUCTION SPECS

APPLICABLE TO CIDHS

CP1 INSPECTION & TEST PLAN

SYSTEMS ENGINEERING ACTIVITIES PERFORMED
STEP 1: REQUIREMENTS MANAGEMENT – APPLICABLE SPECIFICATIONS
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FOCUS ON REQUIREMENTS:

➢ SUBMITTALS

➢ PRODUCTS / MATERIALS

➢ QUALITY (INSP. & TESTING)

CORRESPONDING “TEST CASES” 

(EXPECTED OBJECTIVE EVIDENCE)

CP1 INSPECTION & TEST PLAN

SYSTEMS ENGINEERING ACTIVITIES PERFORMED
STEP 1: RM – APPLICABLE REQ. & V&V METHODS
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SYSTEMS ENGINEERING ACTIVITIES PERFORMED
STEP 2: SYSTEM BREAKDOWN STRUCTURE (SBS)

SUPERSTRUCTURE

SUBSTRUCTURE
COLUMN [21]

ABUTMENT [22]

PILE CAP [23]

CIDH [25]

PIER CAP [24]

ROADWAY OVERHEAD (AVE 07)

6 CONSTRUCTION SPECS

APPLICABLE TO CIDHS

ELEMENTS

LOWEST LEVEL REPLACEMENT UNITS (LLRU)

TYPES

CONSTRUCTION SPECIFICATIONS
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SYSTEMS ENGINEERING ACTIVITIES PERFORMED
STEP 2: SYSTEM BREAKDOWN STRUCTURE (SBS)

Element LLRU

RAM ID

CP1 RAM ALLOCATION REPORT (RAR)



www.incose.org/symp2021 36

SYSTEMS ENGINEERING ACTIVITIES PERFORMED
STEP 2: USING SBS FOR REQUIREMENTS ALLOCATION

03 05 15 – PORTLAND

CEMENT CONCRETE (PCC)

LLRUS

SYSTEM ELEMENTS

SPECIFICATIONS
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SYSTEMS ENGINEERING ACTIVITIES PERFORMED
STEP 2: USING SBS FOR QMDP FOLDER STRUCTURE

ELEMENT

LLRU

PORTLAND CEMENT

CONCRETE SPECIFICATION

CORRESPONDING “TEST CASES” 

(EXPECTED OBJECTIVE EVIDENCE)
QMDP FOLDER STRUCTURE
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SYSTEMS ENGINEERING ACTIVITIES PERFORMED
STEP 3: VERIFICATION & VALIDATION – LOCATING THE QUALITY RECORDS

03 05 15 – PORTLAND

CEMENT CONCRETE (PCC)

SUBMITTAL: 

CONCRETE MIX DESIGN

MATERIAL: 

PORTLAND CEMENT

FIELD QUALITY CONTROL: 

STRENGTH TEST

CORRESPONDING “TEST CASES” 

(EXPECTED OBJECTIVE EVIDENCE)
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SYSTEMS ENGINEERING ACTIVITIES PERFORMED
STEP 3: VERIFICATION & VALIDATION – PERFORMING THE ACTUAL REVIEW

www.incose.org/symp2021 39
03 05 15 – PORTLAND

CEMENT CONCRETE (PCC)

SUBMITTAL: 

CONCRETE MIX DESIGN

MATERIAL: 

PORTLAND CEMENT

FIELD QUALITY CONTROL: 

STRENGTH TEST

DEMONSTRATION

OF COMPLIANCE
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SYSTEMS ENGINEERING ACTIVITIES PERFORMED
STEP 4: TRACEABILITY – USING REQ. MGMT. TOOL (AUTOMATED TRACING)

TRACE FROM RM TOOL

TO QUALITY RECORD

SYSTEM ELEMENTS

LLRUS

FIELD QUALITY CONTROL: 

STRENGTH TEST

QUALITY RECORD IN QMDP 

FOLDER STRUCTURE

03 05 15 – PORTLAND

CEMENT CONCRETE (PCC)
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SYSTEMS ENGINEERING ACTIVITIES PERFORMED
STEP 4: TRACEABILITY – INHERENT TRACEABILITY (W/O RM TOOL)
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03 05 15 – PORTLAND

CEMENT CONCRETE (PCC)

SUBMITTAL: 

CONCRETE MIX DESIGN

MATERIAL: 

PORTLAND CEMENT

FIELD QUALITY CONTROL: 

STRENGTH TEST
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PROGRESS

❖ Problem Statement & Offered Solution

❖ Background & Introduction

❖ Systems Engineering Challenges Faced

❖ Systems Engineering Objectives

❖ Systems Engineering Activities Performed 

❖ Summary, Achieved Outcomes & Conclusion
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SUMMARY

www.incose.org/symp2021 43
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❖ Addresses the Systems Engineering Challenges

– Implemented pilot project for Ave 10 Roadway Overhead as proof of concept

– Enabled reviewers to efficiently and effectively identify relevant quality records

– Produced excellent review comments against construction specification requirements

❖ Avoids the cautionary tale of the Big-Dig scenario

– Provides a requirement-based approach demonstrating the correct use of specified materials and 

the successful execution of all specified inspections and tests

❖ Will Delivers the successful HSR Milestones Acceptance and Certification

– Offers the assurance that the infrastructure HSR milestones have been built in accordance 

with the construction specifications

– Will lead to successful acceptance, certification, and handover to the next HSR track and systems 

contractors, thereby reducing performance, schedule, and cost risk to the Authority and the public

❖ Demonstrates the Professional Standard of Care

– Structured & systematic application of systems engineering principles to construction specifications 

illustrates the systematic exercise of a reasonable level of care, diligence, and skill, referred to 

as the professional standard of care, thereby demonstrating the Value of Systems Engineering as 

a successful liability protection and risk mitigation strategy

ACHIEVED OUTCOMES & CONCLUSION
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