
EVERY ROOF BEGINS with design, but its 
longevity is determined by how that design 
performs under real-world conditions. Most 
failures that appear years into service—
leaks, membrane separations, insulation 
saturation—can often be traced to decisions 
or oversights made much earlier in the project 
life cycle.

Reliability engineers use the P-F curve to chart 
the interval between the potential failure (P) 
point, when early warning signs appear, and the 
functional failure (F), when a component can no 
longer perform its intended function. In building 
enclosure consulting, however, many problems 
originate long before the P point.

The D-I-P-F curve is a conceptual adaptation 
of reliability-engineering models that maps 
the roof’s life cycle from initial design decisions 
through the onset of measurable degradation 
and eventual functional failure. The D-I-P-F curve 
represents a conceptual framework synthesizing 
field data, failure timelines, and industry 
best practices, rather than a curve generated 
through numerical modeling. The D-I-P-F curve, 
illustrated in Fig. 1, expands this model to 
account for the following:
•	 Design (D): where performance criteria, 

drainage geometry, and material compatibility 
are determined.

•	 Installation (I): where specification intent 
meets field reality.

•	 Potential Failure (P): where measurable 
symptoms begin to emerge.

•	 Functional Failure (F): where protection is 
lost and damage occurs.
Understanding and managing each phase 

allows roofing professionals to intervene earlier, 
preventing escalation and extending the roof’s 
service life.

THE D-I-P-F FRAMEWORK 
EXPLAINED
Design (D): Setting the Conditions 
for Success or Failure

Design establishes the foundation for 
reliability. Inadequate slope, undersized 
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reveal consequences for years. Decisions made in 
the design phase determine load paths, moisture 
management, and long-term durability.

Key variables include the following:
•	 Structural slope and drain placement
•	 Material selection appropriate to climate and 

exposure
•	 Wind uplift and thermal movement 

considerations per ASCE 71

•	 Detailing at penetrations and terminations
A well-conceived design anticipates building 

use, local weather, and maintenance access. Poor 
design introduces vulnerabilities that installation 
quality alone cannot overcome.

Installation (I): Translating Design 
into Performance

The installation phase “locks in” reliability. 
Even an excellent design can fail prematurely 
if executed under suboptimal conditions, such 
as inadequate substrate preparation, poor 
adhesion, or skipped quality assurance/quality 
control (QA/QC) checkpoints.

Typical installation-related risks include the 
following:
•	 Trapped moisture within insulation layers
•	 Improper fastener placement or coverage 

rates
•	 Insufficient membrane adhesion due to low 

temperature or humidity
•	 Inconsistent flashing terminations or laps

Inspection protocols, daily field reports, and 
adherence to manufacturer guidelines mitigate 
these risks. Best-practice installation procedures, 
such as those outlined in the NRCA Roofing 
Manual,2 reinforce the importance of substrate 
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conditions, environmental controls, and proper 
adhesion techniques.

Potential Failure (P): Detecting 
Early Warning Signs

Potential failure marks the point when subtle 
degradation can be observed or measured but 
before a breach occurs. Identifying this stage 
requires predictive maintenance tools such as 
infrared thermography (ASTM D7186, Standard 
Practice for Quality Assurance Observation 
of Roof Construction and Repair3), nuclear 
moisture surveys, or electrical-impedance and 
capacitance-based scanning to detect subsurface 
anomalies.

Common indicators include the following:
•	 Membrane blisters, tenting, or minor 

punctures
•	 Surface discoloration or ponding
•	 Elevated moisture readings beneath the 

surface
•	 Drain obstructions or debris accumulation

Regular monitoring at the P point allows for 
low-cost corrective actions that restore system 
integrity and extend remaining life.

Functional Failure (F): Loss of 
Protective Function

Functional failure occurs when the roof can 
no longer perform its intended purpose—
typically manifesting as interior leaks, insulation 
saturation, or compromised structural 
components.

By the time the roof reaches the F point, 
repair costs increase exponentially, and risk 
to occupants and assets escalates. Preventing 
progression to this stage is the primary goal of 
proactive asset management.

CASE STUDY A—DESIGN 
PHASE: INADEQUATE 
DRAINAGE GEOMETRY

A low-slope roof was designed with interior 
drains positioned at 60 ft (18 m) intervals but 
without crickets or secondary scuppers, as 
illustrated in Fig. 2. During heavy rainfall, water 
ponded between drains, creating localized loads 
of more than 40 lb/ft2 (195 kg/m2) as depicted 
in Fig. 3. The roof was enclosed by continuous 
parapets, which eliminated free-draining 
edges and made secondary drainage—such 
as overflow scuppers or overflow drains—
necessary per best-practice design standards. 
However, no overflow provisions were included. 
In addition, the design lacked crickets or tapered 
insulation between drain lines, allowing water 
to collect in broad low areas. Although the 
seams on a can tolerate short-term ponding, the 
roof geometry created prolonged hydrostatic 

loading that exceeded the intended drainage 
performance. During peak rainfall events, loads 
climbed above 40 lb/ft2, and after approximately 
5 years, moisture infiltration at fatigued seams 
led to insulation degradation.

Analysis
Failure originated at the D phase—insufficient 

slope design and omission of tapered insulation 
in critical areas. Remediation required a full 
redesign of drainage and overlay with tapered 

Figure 1. Conceptual D-I-P-F-C curve illustrating how roof system condition degrades across 
design, installation, potential failure, functional failure, and catastrophic failure stages. The 
model highlights the importance of identifying issues during the potential-failure phase to avoid 
accelerated deterioration, increased risk exposure, and loss of budgetary control.

Figure 2. Roof plan showing extensive ponding conditions within a parapet-enclosed roof area. 
Hatching illustrates areas where standing water persisted between interior drains due to insufficient 
positive slope and the absence of secondary drainage provisions. This condition directly contributed 
to early moisture-related distress.
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fill, costing approximately eight times the price 
of adding slope during original construction.

CASE STUDY B—INSTALLATION 
PHASE: ADHESION AND 
SUBSTRATE CONDITIONS

A hot-applied modified bitumen roof was 
installed during a cool, humid period, and the 
substrate retained surface moisture throughout 
installation. Because the asphalt was applied 
at marginal temperatures and no temporary 
heating or surface drying was performed, 
moisture became trapped between plies before 
full adhesion could develop.

After installation, negative-pressure 
wind-uplift testing was conducted using a 
calibrated chamber as depicted in Fig. 4. 
Results showed inconsistent attachment across 
test locations, with some areas achieving 
less than half the expected bond strength. 
The deficient adhesion was consistent with 
asphalt applied below the manufacturer’s 
recommended temperature and onto a damp 
substrate. During the first warm season, localized 
blistering developed as trapped moisture 
expanded beneath the membrane—confirming 
improper installation conditions as the primary 
failure mode.

Analysis
The I phase introduced risk when work 

continued despite moisture on the substrate. 
Lack of field-adhesion testing and weather 
monitoring allowed incomplete bonding. 
Within 3 years, wind uplift caused seam 
separation and interior leakage. Preventive QA/
QC procedures—pull tests and moisture-meter 
verification—could have identified the defect 
before occupancy.

CASE STUDY C—
MAINTENANCE PHASE: 
UNDETECTED POTENTIAL 
FAILURE

A 150,000 ft2 (13,900 m2) distribution 
facility underwent a routine infrared survey that 
revealed small, localized anomalies covering 
4% of the total roof area. Corrective patching 
was recommended but deferred due to budget 
constraints. Two years later, widespread wet 
insulation was discovered, affecting 30% of the 
roof as illustrated in Fig. 5.

Analysis
The roof was approximately eight years 

into service when a routine infrared survey 
identified small moisture anomalies affecting 
about 4% of the area. These anomalies were 
concentrated along aging seams and laps—
locations where minor breaches can expand 
if left unaddressed. Although corrective 
patching was recommended, repairs were 
deferred due to budget constraints. Over the 
next two years, moisture migrated laterally 
through insulation joints during successive 
rain events, and a follow-up survey revealed 
saturation across nearly 30% of the roof. The 
initial anomalies represented the P-stage 
warning window; failing to intervene allowed 
localized moisture to propagate into a much 
larger failure zone. Deferred maintenance 

allowed potential failures to progress to 
full saturation. The cost of remediation 
increased from $0.20 per ft2 ($2.15/m2) 
(for patching) to $3.25 per ft2 ($34.98/m2) 
(for tear-off and replacement). Early response 
during the P stage could have prevented 
functional failure.

DISCUSSION: IMPLICATIONS 
FOR ROOF ASSET 
MANAGEMENT

The D-I-P-F curve underscores that every 
failure has a timeline—and that effective 
management depends on recognizing which 
phase a roof currently occupies.

Life Cycle Integration
Integrating D-I-P-F thinking into design 

reviews and maintenance programs encourages 
multidisciplinary collaboration between 
architects, contractors, and consultants. Industry 
guidance, including BOMA’s Roof Maintenance 
Best Practices,4 reinforces that coordinated 
design, installation, and maintenance 
oversight significantly improves long-term roof 
performance.

Predictive Maintenance
Predictive tools—thermal imaging, moisture 

mapping, and sensor-based monitoring—
extend visibility into the P phase, allowing 

Figure 4. Negative-pressure wind-uplift testing performed over the installed roof system. Several 
test locations recorded insufficient attachment strength, consistent with membrane plies installed 
over a damp substrate and asphalt applied at marginal temperatures. This testing confirmed 
installation-phase deficiencies as the primary failure mode.

Figure 3. Field verification of ponding depth 
showing more than 1 in. (25.4 mm) of standing 
water between interior drains. The lack of 
adequate slope and missing secondary drainage 
pathways resulted in prolonged water retention 
following rainfall.
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Figure 5. Moisture survey results illustrating the progression of trapped moisture within the roof system. The red-shaded area represents locations with 
elevated moisture identified during the initial survey. A follow-up survey revealed significant spreading of moisture intrusion across the roof system, 
shown in blue, indicating deterioration beyond the originally affected zone and the need for a more extensive corrective scope.

condition-based maintenance rather than 
reactive response. As outlined in proactive 
maintenance research,5 early detection of 
localized moisture or seam distress consistently 
reduces long-term deterioration and 
project-life risk.

Budget Forecasting
Documenting where each asset lies along the 

curve aids in financial planning. Roofs nearing 
the P threshold can be prioritized for testing, 
while those still in the D or I stages benefit from 
improved design specifications.

QA/QC Standardization
Embedding D-I-P-F checkpoints in 

construction administration—design peer 
review, pre-installation meetings, and 
post-installation testing—creates a feedback 
loop that continually improves performance.

Risk Mitigation
By extending visibility from design 

through maintenance, facility managers can 
identify high-risk assemblies before they 
reach critical failure, reducing downtime and 
liability exposure.

CONCLUSION
The D-I-P-F curve reframes roof reliability 

as a continuous spectrum rather than a binary 

success-or-failure outcome. Each phase—
design, installation, potential failure, and 
functional failure—represents an opportunity 
for intervention.

Applying this model promotes proactive 
management, supports data-driven budgeting, 
and aligns with IIBEC’s emphasis on long-term 
building enclosure performance. When paired 
with consistent inspection and documentation 
practices, the D-I-P-F framework empowers 
owners and consultants to predict, prevent, 
and extend. 
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