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ABSTRACT:

The rapid urbanization across developing economies has intensified the demand for high-rise construction, placing
unprecedented pressure on quality control (QC) systems that remain largely paper-based and reactive. This study
investigates the implementation of digital inspection protocols (DIPs) — encompassing mobile-based checklist
platforms, Building Information Modelling (BIM) integration, drone-assisted visual inspection, and Internet of
Things (10T) sensor networks — as a systemic approach to enhancing QC management in high-rise residential
and commercial buildings. Twelve high-rise construction projects in India (ranging from 18 to 54 floors) were
monitored over 24 months, with six projects retaining conventional QC methods (control group) and six
implementing DIPs (experimental group). Results demonstrate that DIP adoption reduced non-conformance
incidents by 48.6%, cut inspection cycle time by 62%, and decreased rework costs as a proportion of total project
cost from 4.7% to 1.9%. Defect detection rates improved from 71% (conventional) to 93.4% (digital), with mean
defect-to-closure time reducing from 18.4 days to 6.1 days. BIM-integrated inspection workflows contributed to
a 31% reduction in design-to-field information discrepancy. loT-monitored concrete curing achieved 28-day
compressive strength compliance rates of 97.2% versus 84.6% in control projects. These findings establish that
digital inspection protocols are not merely a process improvement but a transformative quality management
framework that substantially reduces project risk, enhances regulatory compliance, and supports sustainability
certification requirements in high-rise construction.

Keywords: Digital inspection protocols; Quality control management; High-rise construction; BIM integration; 10T sensor
networks; Drone inspection; Rework reduction; Non-conformance management; Construction technology

INTRODUCTION

The high-rise construction sector represents one of the most complex and risk-laden segments of the built
environment industry. Buildings exceeding fifteen floors involve intricate structural systems, multi-trade
coordination across hundreds of concurrent activities, and regulatory compliance requirements spanning structural
safety, fire protection, mechanical-electrical-plumbing (MEP) coordination, and environmental performance
(UNEP, 2023). Quality control management in this environment has historically been executed through paper-
based inspection checklists, periodic site visits by quality engineers, and retrospective audits — a model
demonstrably inadequate for the pace, scale, and interdependence of modern high-rise projects.

Construction defects and non-conformances in high-rise projects carry compounded consequences. A structural
defect in a transfer plate at podium level, for instance, may not manifest visually until several floors of additional
loading have been applied, by which point the cost and programme implications of remediation are exponentially
greater than early detection would have entailed. Studies consistently report that rework attributable to quality
failures consumes 2-12% of total construction cost globally, with higher proportions in developing country
markets where QC systems are less mature (Love & Li, 2000; Hwang et al., 2014). In India specifically, the Real
Estate (Regulation and Development) Act 2016 (RERA) has introduced structural defect liability periods of five
years post-handover, creating significant financial exposure for developers and contractors who cannot
demonstrate robust QC documentation.

Digital technologies — encompassing mobile applications, Building Information Modelling (BI1M), drone-based
inspection, and Internet of Things (I0T) sensor systems — offer compelling theoretical advantages for quality
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management in construction. Mobile inspection platforms enable real-time capture of non-conformances with
photographic evidence, GPS tagging, and immediate notification to responsible parties. BIM integration allows
inspectors to link field observations directly to model elements, enabling three-dimensional traceability of defects
and eliminating the ambiguity inherent in referencing two-dimensional drawings. Drones provide efficient visual
inspection of facade elements, rooftop installations, and exterior structural elements that are hazardous or time-
consuming to access via conventional scaffolding. 10T sensors embedded in concrete elements can monitor
hydration temperature, relative humidity, and early-age strength development, enabling evidence-based decisions
on formwork stripping, post-tensioning operations, and curing adequacy.

Despite the evident theoretical promise of these technologies, empirical evidence from structured field
deployments — particularly in the context of high-rise construction in developing markets — remains limited.
Most published research addresses individual technologies in isolation, in laboratory or controlled pilot settings,
or in low-rise construction contexts. The interaction effects between multiple digital tools, the organizational
change management requirements for successful adoption, and the quantified impact on measurable QC outcomes
across a portfolio of comparable projects are not well established in peer-reviewed literature.

This study addresses the identified gap through a comparative field study across twelve high-rise construction
projects in India, six implementing a comprehensive digital inspection protocol (DIP) framework and six
maintaining conventional QC practices as a control group. The primary contribution is a quantified, multi-
dimensional assessment of DIP effectiveness across process efficiency, defect detection, rework cost, and concrete
quality outcomes, supported by a structured analysis of implementation barriers and enabling factors.

1.1 Research Objectives
This study has four primary objectives:
* To quantify the impact of digital inspection protocol implementation on non-conformance frequency,
defect detection rate, and defect-to-closure time in high-rise construction projects.
* To evaluate the contribution of individual DIP components — mobile inspection platforms, BIM
integration, drone-based inspection, and 0T sensor monitoring — to overall quality control performance.
* To assess the effect of digital concrete curing monitoring on 28-day compressive strength compliance
rates relative to conventional curing supervision.
« To identify critical implementation barriers, organizational enablers, and cost-benefit characteristics of
DIP adoption in Indian high-rise construction.

Literature Review

2.1 Quality Control Challenges in High-Rise Construction

High-rise construction quality failures are disproportionately costly relative to their incidence. Defects in
structural elements — reinforcement placement errors, inadequate concrete cover, cold joints, and premature
formwork stripping — may compromise structural integrity or durability performance over the design service life.
MEP coordination errors frequently result in clashes that require expensive cutting of completed structural
elements. Facade and finishing defects, while less structurally critical, generate the highest volume of snag items
at project completion and carry significant reputational and contractual risk for contractors (Georgiou et al., 1999).
Mohan et al. (2021) reported that in Indian high-rise residential projects, the top five defect categories — concrete
surface defects, rebar cover violations, waterproofing failures, slab-level discrepancies, and tile alignment errors
— collectively accounted for 73% of all QC non-conformances, suggesting that targeted digital monitoring of
these categories would capture the majority of quality risk.

The root causes of quality failures in high-rise construction are well catalogued: inadequate design detailing and
communication to field personnel; insufficient supervision staff relative to the volume of concurrent activities;
lack of real-time visibility of inspection status to project management; poor traceability between defect
identification and corrective action closure; and the physical inaccessibility of elements for inspection once
subsequent construction has proceeded (Love et al., 2016). Conventional paper-based QC systems exacerbate
these causes by introducing transcription delays, enabling selective or incomplete reporting, and producing
documentation that is difficult to search, aggregate, or use for trend analysis.
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2.2 Mobile-Based Digital Inspection Platforms

The proliferation of smartphones and ruggedized tablets has enabled the development of purpose-built
construction inspection applications that replace paper checklists with structured digital forms. Platforms such as
PlanGrid, Procore, Autodesk Build, and Snag-R are widely deployed in international markets; Indian-developed
alternatives including SpotScan, eSUB, and BuildSafe have gained traction in domestic projects. These platforms
share common functional features: configurable inspection templates tied to project elements and locations;
photographic capture with automatic metadata embedding (GPS coordinates, timestamp, weather conditions);
assignment of non-conformance reports (NCRs) to responsible parties with deadline tracking; escalation
workflows for unresolved items; and dashboard reporting of inspection completion rates and open NCR status
(Bowden et al., 2006).

Research evaluating mobile inspection platforms in construction settings consistently reports improvements in
documentation completeness, reporting speed, and audit traceability. Arslan et al. (2014) found that mobile
inspection tools reduced inspection documentation time by 40% on a hospital construction project in Turkey.
Costin et al. (2019) reported that photographic capture of defects via mobile platforms reduced disputed NCRs —
where the responsible party contested the defect existence — by 68% compared with text-only paper records. In
India, a study by Patil and Bhangale (2022) documented 55% reduction in NCR closure time in residential high-
rise projects using Procore-based workflows.

2.3 BIM-Integrated Quality Inspection

Building Information Modelling integration elevates digital inspection from a documentation tool to a model-
based quality intelligence system. When inspection checklists are linked to BIM model elements — identified by
Global Unique Identifier (GUID) — each NCR carries spatial context that enables three-dimensional visualization
of defect clusters, cross-discipline coordination verification, and automated conflict detection between as-built
conditions (captured by laser scanning or photogrammetry) and design intent (represented in the BIM model).
The BIM Execution Plan (BEP) Level of Development (LOD) framework provides a structured basis for linking
inspection requirements to model element maturity (BIM Forum, 2022).

Quantitative studies of BIM-based inspection confirm significant process improvements. Kim et al. (2016)
demonstrated that BIM-integrated punch list management in a 28-floor office building in South Korea reduced
inspection time per floor by 38% through pre-configured, element-specific checklists automatically populated
from model data. Gheisari and Esmaeili (2016) reported that augmented reality (AR) overlay of BIM models on
field conditions — a capability now available in enterprise inspection platforms — reduced dimension verification
errors by 45% compared with traditional 2D drawing references. In the Indian context, BIM adoption in high-rise
construction remains at early stages, with IS SP 7:2016 (National Building Code supplements) and CPWD BIM
guidelines (2022) providing regulatory basis for BIM-linked QC processes.

2.4 Drone-Assisted Structural and Facade Inspection

Unmanned aerial vehicles (UAVS) — commercially referred to as drones — have emerged as a transformative
tool for inspection of building components that are hazardous, physically inaccessible during construction, or
impractical to inspect comprehensively via conventional means. In high-rise construction, drones are particularly
applicable for: external facade element inspection at successive floor levels; inspection of roof slab waterproofing,
drainage, and plant room installations; visual verification of external rebar placement on shear wall cores and
perimeter frames; and monitoring of construction progress against programme targets (Siebert & Teizer, 2014).
A drone-based inspection deployment on a 42-floor residential tower in Pune documented by Patel et al. (2023)
recorded 847 facade inspection points across 6 drone flights, covering the equivalent of 24 rope-access inspection
man-days in 3.2 drone-days — a 7.5-fold productivity improvement. High-resolution image analysis using Al-
assisted crack detection software (minimum detectable crack width 0.1 mm) identified 61 concrete surface defects
not detected by ground-level visual inspection. Drone inspections also provide time-stamped photographic
evidence with GPS coordinates, creating a legally defensible inspection record that paper-based processes cannot
replicate.

2.5 10T Sensor Networks for Concrete Quality Monitoring

Concrete quality in high-rise construction is critically dependent on curing adequacy, particularly for elements
exposed to high ambient temperatures and low humidity conditions characteristic of tropical and semi-arid Indian
climates. Standard 1S 456:2000 curing requirements — a minimum of 7 days wet curing for ordinary Portland
cement concrete — are frequently violated in practice due to labour constraints, competitive programme pressures,
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and the physical difficulty of maintaining moisture in vertical elements. 0T sensor-enabled concrete monitoring
systems address this deficiency by embedding wireless maturity sensors (measuring internal temperature at hourly
intervals) in fresh concrete, then computing equivalent age and estimated compressive strength using the Nurse-
Saul maturity function or the Arrhenius activation energy method (Malhotra & Carino, 2004).

Field studies of 10T concrete monitoring in high-rise structures report significant quality benefits. Cheng et al.
(2020) reported that maturity-based formwork stripping decisions reduced premature stripping incidents by 91%
and improved mean 28-day cube strength compliance from 82% to 96% on a 36-floor tower in Shenzhen. In India,
Singh et al. (2023) deployed wireless maturity sensors on flat slab post-tensioning operations in a 28-floor
commercial building and documented elimination of all premature stressing incidents — previously occurring at
a rate of 2.3 per floor — with concurrent 18% reduction in curing labour cost through evidence-based curing
schedule optimization.

RESEARCH METHODOLOGY

3.1 Study Design and Project Selection

A comparative field study design was adopted, with twelve high-rise construction projects in India classified into
two groups of six: an experimental group implementing a comprehensive Digital Inspection Protocol (DIP)
framework, and a control group maintaining conventional paper-based QC systems. Projects were selected to
achieve comparability across key variables: building type (residential or commercial), height (18-54 floors),
structural system (reinforced concrete flat slab or shear wall-frame), and project delivery model (Engineering-
Procurement-Construction). All projects were located in Tier-1 Indian cities (Delhi-NCR, Mumbai, Bengaluru,
Pune, Hyderabad) to control for labour market and material supply conditions. Project characteristics are
summarized in Table 1.

Table 1. Summary of project characteristics across control and DIP groups.

. Contract .
I;’soject Group City Type Floors gt?tj:rt#ral Value ?nzjgztlhosr)]
Y (INR Cr.)
Delhi- . . Flat  Slab
P01 Control NCR Residential 28 RC 148 34
P02 Control | Mumbai | Commercial | 38 Shear Wall- | 5, 42
Frame
P03 Control Bengaluru | Residential 22 Elgt Slab 96 28
P04 Control Pune Residential 34 Shear Wall- | 74 38
Frame
P05 Control Hyderabad | Commercial 42 Elgt Slab 285 44
Delhi- . Shear Wall-
P06 Control NCR Mixed-Use 54 Frame 498 52
P07 DIP Mumbai Residential 30 ;Igt Slab 162 36
P08 DIP Bengaluru | Commercial | 40 shizer Wl o 44
Frame
P09 DIP Pune Residential 24 Elét Slab 108 30

4 2026 #EfH 54 [ 3 DOI: 10.46121/pspc.54.3.12



https://pspac.info/index.php/dlbh/article/view/439

- Power Syste

. Contract .
Project . Structural Duration
Group City Type Floors Value

ID System (INR Cr.) (months)

P10 DIP Hyderabad | Residential 36 ﬁhear Wall- | 196 40
rame

Delhi- . Flat  Slab

P11 DIP NCR Commercial 46 RC 418 48

P12 DIP Chennai | Mixed-Use | 52 S RIS 54
Frame

DIP = Digital Inspection Protocol (experimental) group.

3.2 The Digital Inspection Protocol (DIP) Framework
The DIP framework deployed across experimental projects comprised four integrated components:

Mobile Inspection Platform (MIP): Procore's inspection module was configured with 38 project-specific
inspection templates spanning structural concrete, reinforcement, MEP rough-in, waterproofing, and
facade installation, totalling 1,240 inspection checklist items. Field engineers conducted inspections on
tablets, with NCRs automatically assigned to responsible subcontractors and escalated to the project
manager if unclosed within the agreed response period.

BIM Integration (Bl): An IFC-compatible BIM model at LOD 350 was maintained throughout
construction. The Procore-BIM Glue interface was configured to link each inspection record to the
corresponding BIM element GUID, enabling 3D visualization of NCR distribution and automated
generation of scope-of-work for inspection at each pour or installation stage.

Drone Inspection Programme (DIP-Drone): Weekly drone flights (DJI Matrice 300 RTK, 48 MP camera)
covered all external faces at each floor level upon completion of structural frame and again at facade
installation completion. Al-assisted image processing (CrackVision v2.1) was applied to detect concrete
cracks (threshold: > 0.2 mm width) and facade alignment deviations (threshold: > 3 mm).

loT Concrete Maturity Monitoring (1oT-CM): Wireless maturity sensors (ConcreteNet MELA-200,
+0.5°C accuracy) were cast into representative concrete pours at each floor level for all structural
elements. Real-time temperature profiles were transmitted to a cloud dashboard, with Nurse-Saul
maturity indices calculated automatically and formwork stripping authority granted digitally only upon
attainment of the design stripping strength criterion (minimum 70% of f'c per 1S 456:2000).

3.3 Data Collection and Performance Metrics

QC performance data were collected from project quality registers, NCR logs, cube strength test records, and (for
DIP projects) the Procore platform database and 10T sensor dashboards. The following primary metrics were
tracked across all twelve projects:

Non-conformance incident rate (NCIR): Total NCRs raised per 1,000 m2 of completed floor area.
Defect detection rate (DDR): Percentage of total defects identified prior to concealment or next
construction phase, estimated by post-project audit benchmarking against retention defect lists.

Mean defect-to-closure time (MDCT): Average calendar days from NCR opening to documented
corrective action closure and acceptance.

Rework cost ratio (RCR): Rework expenditure as percentage of total construction cost, extracted from
project cost reports.

Inspection cycle time (ICT): Mean elapsed time from concrete pour completion to signed inspection
clearance for the next activity.

Concrete strength compliance rate (CSCR): Percentage of concrete cube test results at 28 days meeting
or exceeding the characteristic strength (fck) per 1S 456:2000.

3.4 Key Analytical Formulae
The Nurse-Saul Maturity Index estimates the maturity of concrete by integrating the temperature history over
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where M (t)is the maturity index (°C-h or °C-day), T;is the average concrete temperature (°C) during the time
interval At;, and Tyis the datum temperature (0 °C according to IS/ACI practice or —10 °C according to ASTM
C1074).

The estimated compressive strength was obtained from the maturity index using the logarithmic maturity—
strength relationship:
fi(M) = a + bln(M)

where f;(M)is the estimated compressive strength (MPa), Mis the maturity index, and aand bare mix-specific
calibration constants determined experimentally from laboratory maturity—strength data.

The Non-Conformance Incident Rate (NCIR) was used to normalize quality non-conformances with respect to
project size and was calculated as:

Total NCRs

NCIR = (—
Gross Floor Area

) % 1000

where Total NCRs denotes the number of non-conformance reports issued during construction, and Gross Floor
Area is measured in square metres (m2). The result represents the number of non-conformance reports per 1,000
mz2 of constructed floor area.

The Rework Cost Ratio (RCR) quantifies the proportion of project expenditure attributable to corrective work
and is expressed as:

Rework Cost

Total Construction Cost

RCR(%) = ( ) x 100

where Rework Cost is the total expenditure incurred in correcting defective work, and Total Construction Cost
is the overall project cost. A lower RCR indicates better construction quality and process efficiency.
The Mean Defect Closure Time (MDCT) measures the average duration required to resolve identified defects
and is calculated as:
Z?Iz ,(Closure Date; — Opening Date, )

N

MDCT =

where Nis the total number of recorded defects, Opening Date is the date on which a defect was identified, and
Closure Date is the date on which the defect was fully rectified. MDCT is typically expressed in days and serves
as an indicator of the responsiveness and effectiveness of project quality management processes.

RESULTS AND DISCUSSION

4.1 Non-Conformance Incident Rate and Defect Detection

Table 2 presents the aggregate QC performance metrics for control and DIP project groups. The DIP group
demonstrated a 48.6% reduction in mean NCIR relative to the control group (8.4 vs. 16.3 NCRs per 1,000 m?).
This reduction reflects two concurrent effects: first, proactive identification of quality risks during pre-pour
inspections by BIM-integrated checklists, preventing defects before they occur; second, earlier detection of
emerging defects during construction, before they propagate. Defect detection rate improved from 71.2% (control)
to 93.4% (DIP), indicating that conventional inspection processes miss approximately 29% of defects that
subsequently appear at handover or post-occupancy — a finding consistent with the snagging backlog profiles
reported by control projects at practical completion.

Drone inspection contributed disproportionately to facade and external structure defect detection. In DIP projects,
38% of all NCRs were initiated from drone inspection findings, compared with zero in control projects (which
relied solely on ground-level visual inspection and rope-access spot checks). The Al-assisted crack detection
algorithm achieved a precision rate of 87.3% (confirmed defects as a proportion of flagged anomalies) and a recall
rate of 91.6% (proportion of actual defects detected), validated against subsequent rope-access physical inspection
of a random 15% sample.
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Table 2. Aggregate QC performance metrics: control group vs. DIP group.

Performance Metric Ejl\z:zt;;]‘;l S DIP Group (Mean) :gz;)nrovement
E\I’\(I)ghi?ln'goorgn;g;:e Incident Rate 16.3 8.4 486

Defect Detection Rate (%) 71.2 93.4 +22.2 pp
Mean Defect-to-Closure Time (days) 18.4 6.1 —66.8

Rework Cost Ratio (% of project cost) 4.7 1.9 -59.6
Inspection Cycle Time (days/pour) 4.1 16 —61.0
Concrete Strength Compliance Rate (%) 84.6 97.2 +12.6 pp
Design-to-Field Discrepancy Rate (%) 22.4 154 =313

pp = percentage points; DIP = Digital Inspection Protocol group.

4.2 Defect-to-Closure Time and Inspection Cycle Time

Mean defect-to-closure time (MDCT) decreased from 18.4 days (control) to 6.1 days (DIP), a 66.8%
improvement. In conventional QC systems, the defect-to-closure pathway involves: paper NCR issuance and
physical delivery to subcontractor; subcontractor rectification scheduling (frequently deferred due to manpower
constraints); quality engineer re-inspection at the next scheduled site visit; and manual updating of the NCR
register. The DIP framework compressed this cycle by: instant digital NCR delivery to subcontractors' mobile
devices; automatic escalation after 48 hours to project manager; digital closure verification by the inspector in the
field; and real-time dashboard visibility to all project stakeholders. Of the 2,847 NCRs raised across DIP projects,
74% were closed within 7 days and 96% within 14 days — compared with control group closure profiles of 41%
within 14 days and 22% remaining open beyond 30 days.

Inspection cycle time (ICT) — the elapsed time between concrete pour completion and signed clearance for the
next activity — reduced from 4.1 days to 1.6 days with DIP. In control projects, delays in inspection scheduling,
drawing retrieval, and documentation completion were the primary contributors to extended ICT. The BIM-
integrated pre-pour inspection workflow in DIP projects, which automatically pre-populated element-specific
checklists and generated inspection scope from the model data, enabled inspectors to complete in 1.5 hours an
inspection that previously required 4—6 hours of drawing reference and manual documentation.

4.3 Rework Cost Reduction

Rework cost ratio (RCR) across control projects averaged 4.7% of total construction cost, consistent with the
Indian construction sector benchmark range of 3-8% (CIDC, 2021). DIP projects achieved a mean RCR of 1.9%,
representing a 59.6% reduction. Table 3 disaggregates rework cost by defect category for representative control
project P05 and DIP project P11, both commercial towers of comparable height and structural system.

Table 3. Rework cost breakdown by defect category: P05 (Control) vs. P11 (DIP).

Defect Category E:(c))zt Re\g?\lrFle( s e o (F;%)it Re‘é\:oerF: P U G | REETETET
Lakhs) Total RW Lakhs) Total RW | (%)

Concrete Surface Defects 38.4 28.6 8.2 20.2 78.6

Rebar Cover Violations 24.8 18.5 5.9 14.5 76.2

MEP Coordination Clashes 31.6 235 11.4 28.1 63.9

Waterproofing Failures 18.2 13.6 6.8 16.7 62.6

Facade/Finishing Defects 14.1 10.5 7.4 18.2 47.5
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P05 Rework P11 Rework .
P05 9% of P11 % of | Reduction
Defect Category Cost (INR Cost (INR "
Lakhs) Total RW Lakhs) Total RW | (%)
Slab Level Discrepancies 7.2 5.4 1.9 4.7 73.6
ol Reneie Cest (MR | ger o 100 406 100 69.8
Lakhs)

RW = Rework; INR = Indian Rupees. P05 Contract Value: INR 285 Cr.; P11 Contract Value: INR 418 Cr.

Concrete surface defects showed the highest absolute rework cost reduction (78.6%) attributable primarily to loT-
enabled curing monitoring preventing plastic shrinkage cracking and cold joint formation, and mobile inspection
checklists enforcing pre-pour surface preparation standards. MEP coordination clashes, despite BIM clash
detection pre-construction, still generated significant rework in the DIP group (11.4 INR Lakhs), reflecting the
gap between design-stage BIM coordination and field installation tolerances — a residual quality risk not fully
resolved by current DIP implementation.

4.4 10T Concrete Monitoring and Strength Compliance

Table 4 presents concrete strength compliance data disaggregated by structural element type across control and
DIP projects. Overall 28-day compressive strength compliance (proportion of results > fck) improved from 84.6%
to 97.2% with DIP — a 12.6 percentage point improvement corresponding to a 15% reduction in below-
characteristic-strength test results. The most substantial gains occurred in post-tensioned flat slabs (84.1% to
98.6%) and shear walls (82.3% to 96.8%), both elements where premature stripping or loading prior to adequate
strength gain carried structural safety implications.

Table 4. 28-day compressive strength compliance rates by structural element type.

Structural Element Type gzl;trol 2 DIP CSCR (%) zrr)r:srovement E:iir\?;_ry DIP
Columns 88.4 97.8 +9.4 10T-CM + MIP
Shear Walls 82.3 96.8 +14.5 10T-CM + MIP
PT Flat Slabs 84.1 98.6 +14.5 10T-CM

RC Beams/Transfer Plates 86.2 97.1 +10.9 IoT-CM + BIM
Ground Slabs / Mat Foundations | 91.2 98.0 +6.8 MIP

Overall (all elements) 84.6 97.2 +12.6 Combined DIP

CSCR = Concrete Strength Compliance Rate; pp = percentage points; 10T-CM = loT Concrete Maturity
monitoring; MIP = Mobile Inspection Platform; BIM = BIM integration.

IoT monitoring also enabled identification of anomalous temperature profiles in three pour instances across DIP
projects — heat spikes consistent with flash setting or inadequate cover concrete temperature control — enabling
immediate corrective action (chilled water substitution, shade structures, revised placement timing) before the
pours completed. None of these anomalies would have been detectable with conventional thermometer-based
temperature checks at 4-hour intervals.

4.5 BIM Integration and Design-to-Field Discrepancy
Design-to-field information discrepancy rate — defined as the proportion of inspections where the BIM model
did not accurately represent the actual designed or constructed condition, requiring reference to superseding
drawings or RFI responses not yet incorporated — reduced from 22.4% to 15.4% in the DIP group (31.3%
improvement). This metric reflects both the benefit of BIM maintenance during construction (model kept current
with RFI and variation responses) and its limitation: BIM coordination cannot entirely eliminate field
discrepancies arising from late design changes, shop drawing deviations, and provisional information in early
construction stages.
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The BIM-generated inspection scope lists enabled 100% coverage of required pre-pour checkpoints across all DIP
projects, compared with an estimated 68% coverage in control projects (estimated from post-project NCR analysis
of defect categories consistent with missed checklist items). This 32 percentage point coverage improvement
directly underlies the higher DDR of DIP projects.

4.6 Implementation Barriers and Enabling Factors

Semi-structured interviews were conducted with project managers, quality engineers, and site engineers across all
twelve projects at project completion. For DIP projects, respondents identified the following primary
implementation barriers: initial resistance from site supervision staff accustomed to paper processes (reported by
5 of 6 project managers); inconsistent mobile network connectivity in basements and core areas (4 of 6 projects);
the learning curve for BIM model interrogation by field-based inspectors (3 of 6); and subcontractor resistance to
receiving NCRs digitally with photographic evidence that created an auditable accountability record (6 of 6
projects — the most consistent reported barrier). Critical enabling factors included: dedicated DIP coordinator
appointed to each project (present in 5 of 6 DIP projects and associated with notably faster platform adoption);
senior management mandate and monthly DIP performance dashboards reviewed at director level (6 of 6); 2-day
mandatory training for all inspection staff prior to project mobilization (6 of 6); and superplasticizer (IoT) data
directly linked to formwork stripping authorization process, removing scope for supervisors to override sensor
data (4 of 6 projects).

COST-BENEFIT ANALYSIS OF DIP IMPLEMENTATION

Table 5 presents the cost-benefit analysis for DIP implementation across the six experimental projects, aggregated
to a per-project mean. DIP technology costs — platform licensing, drone procurement and operation, 10T sensor
procurement, BIM modelling upkeep — averaged INR 28.4 Lakhs per project (range: INR 18-52 Lakhs
depending on project scale). Training and DIP coordinator costs contributed an additional INR 14.2 Lakhs.
Against these costs, the primary direct financial benefit was rework cost reduction: DIP projects saved a mean of
INR 74.8 Lakhs in rework relative to control group benchmarks of equivalent scale. Secondary financial benefits
included programme acceleration attributable to reduced inspection cycle time (estimated at INR 22.6 Lakhs per
project based on liquidated damages exposure reduction and preliminaries cost) and RERA liability risk reduction,
conservatively valued at INR 18.4 Lakhs based on actuarial estimates of structural defect claim probability
reduction proportional to DDR improvement.

Table 5. Cost-benefit analysis of DIP implementation (per-project mean, INR Lakhs).

Cost / Benefit Item AU Gl R Notes
Lakhs)

COSTS
Mobile Platform Licensing & Setup 8.2 é)nnr}?gfjratio::cense *
Drone Equipment & Operations 12.4 El)i‘]glht (l)\ggoo amortized
loT Sensor Procurement 7.8 51520% e:g:sors @ INR

. . BIM coordinator
BIM Maintenance (DIP period) 5.6 additional effort
Training & DIP Coordinator 14.2 L _c_oordlnator + o staff

training

Total DIP Implementation Cost 48.2
BENEFITS
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. Mean Value (INR
Cost / Benefit Item Lakhs) Notes
. Direct saving vs. control
Rework Cost Reduction 74.8
benchmark
Programme Acceleration Benefit 22.6 ICT. r_edug:ﬂon X daily
preliminaries rate
RERA Liability Risk Reduction 18.4 Actuarial; _ DDR
improvement basis
Total Benefits 115.8
Net Benefit (Benefits — Costs) 67.6 ? Z%Eflt_to_COSt REHe8
ICT = Inspection Cycle Time; DDR = Defect Detection Rate; RERA = Real Estate (Regulation and Development)

Act 2016.

The mean benefit-to-cost ratio of 2.40 across DIP projects indicates that every INR 1 invested in digital inspection
protocols generated INR 2.40 in measurable financial benefit — a return that excludes intangible benefits such as
enhanced client confidence, improved project team accountability culture, and audit-defensible QC records for
regulatory purposes. For projects exceeding INR 200 Cr. contract value, DIP implementation cost as a proportion
of contract value falls below 0.08%, making the financial case for adoption effectively unchallenged for large
high-rise projects.

PRACTICAL IMPLICATIONS AND REGULATORY CONTEXT

The results of this study carry direct implications for construction practice and regulatory policy in India:

* 1S 456:2000 and NBC 2016 Compliance: The 97.2% concrete strength compliance rate achieved by DIP
projects, compared with 84.6% in control projects, has direct implications for structural safety under IS
456:2000. The remaining 2.8% non-compliance rate in DIP projects occurred predominantly in below-grade
elements where 10T sensor coverage was incomplete, suggesting that comprehensive 10T deployment across
all pours could approach near-universal compliance.

* RERA Structural Defect Liability: The 5-year structural defect liability introduced by RERA 2016 creates a
compelling financial incentive for developers to adopt DIP. With mean rework cost savings of INR 74.8
Lakhs per project and a 22.2 percentage point DDR improvement, DIP-equipped projects carry demonstrably
lower post-handover defect risk, reducing RERA claim exposure proportionally.

»  Green Building Certification: IGBC and GRIHA rating systems award credits for construction quality
management and documented inspection protocols. DIP implementation supports achievement of Innovation
and Construction Activity Management credits, providing a sustainability certification pathway aligned with
ESG reporting obligations increasingly imposed by institutional project financiers.

« Drone Regulations: DGCA's Drone Rules 2021 and the Digital Sky Platform permitting framework govern
UAV operations in construction contexts. DIP projects demonstrated full compliance with BVLOS
operational restrictions, payload limits, and geofencing requirements through pre-flight regulatory clearance
workflows integrated into the DIP management platform.

CONCLUSIONS

This comparative field study across twelve high-rise construction projects in India provides robust empirical
evidence for the quality management benefits of implementing comprehensive digital inspection protocols. The
principal conclusions are:

« Digital inspection protocols incorporating mobile inspection platforms, BIM integration, drone-assisted
inspection, and 10T concrete monitoring reduced non-conformance incident rates by 48.6% and improved
defect detection rates from 71.2% to 93.4%, demonstrating that systematic digitization of QC processes
captures a qualitatively different and more complete picture of construction quality than conventional
methods.
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» Mean defect-to-closure time reduced by 66.8% (18.4 to 6.1 days), driven primarily by instantaneous NCR
assignment and digital escalation workflows. Inspection cycle time reduced by 61%, directly enabling
programme acceleration equivalent to a measurable project-level financial benefit.

»  Rework cost ratio decreased from 4.7% to 1.9% of total construction cost, with concrete surface defect rework
showing the highest reduction (78.6%), attributable to loT-enabled curing monitoring and BIM-linked pre-
pour inspection protocols eliminating the most common defect root causes before they manifest.

» 10T concrete maturity monitoring improved 28-day strength compliance from 84.6% to 97.2%, with the most
substantial gains in post-tensioned flat slabs and shear walls — the element types where premature loading
carries the most significant structural risk. Real-time anomaly detection capability represents a qualitatively
new risk control unavailable to conventional supervision systems.

«  The mean benefit-to-cost ratio of 2.40 establishes a compelling financial case for DIP adoption in high-rise
construction projects above INR 100 Cr. contract value. The primary implementation barrier — subcontractor
resistance to accountable digital NCR records — requires deliberate contractual and organizational change
management strategies rather than technological solutions.

» Digital inspection protocols are fully compatible with IS 456:2000, RERA 2016, IGBC/GRIHA sustainability
certification, and DGCA drone regulation frameworks, and their adoption is recommended as standard
practice for high-rise construction in India.
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