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5 Mmsrure mtruszon is the 'major' redson w 1y low -5 ope roaﬁng Esystems fatl prematurely Wir -:approxzmately 75% of all roofing
act:vny bemg rerooﬁng, the rooﬁng professzonal 15 faced wzth deczdmg what to do wzth an ex:srmg wel roof on almosta dazly baszs

sujﬁczent ater_vapor may bmld up under the roofing membrane to allow condensation tooccur. The second mechanism that
allows an appreciable. amount of water into the roofing system is membrane failure. Breaks in the membrane will allow water
to em‘er the' roofmg system from the exterior. Depending on the roof construction, thé water will either build up in the roof or
m:gmte 10 the: roof deck where it may manifest tself as a leak.

The net eﬁ”ect of water entering the roofing system by either mechanism is the same: reduced energy efficiency, corrosion of metal
comp_onents i _decks and fasteners), mechanical degradation of the insulation materials, and bond failures between adhered
components. These impacts lead to reduced durability, shorter service life, and health/safety issues.

This paper describes finite-difference computer modeling performed to address moisture control in low-slope roofing systems.
Basedonalarge database of finite difference modeling results, algorithms have been developed that allow the roofing practitioner
to simply determine if a roofing system design reguires a vapor retarder or if the system can be modified to enhance its tolerance
for small leaks.

This paper illustrates how modeling results were obtained, describes the process employed to develop the algorithms, and demon-
strates how these algorithms can be used to design a moisture-tolerant low-slope roof. The range of applicability and limitations
of these algorithms are also detailed.

INTRODUCTION

Moistare in low-slope roofing is a multibillion doliar
problem for the U.S, roofing industry. It is estimated that
energy losses through roofs in the U.S. are increased by 70%
because of the loss of insulation’s thermal resistance due to
moisture contamination. Wet roofing must be replaced at
significant cost, both financially and in terms of increased
construction waste (Kyle and Desjarlais 1994). Since approx-
imately 75% of roofing work performed in the U.S. each year
is reroofing, moisture has a dramatic impact on the majority of
roofing work performed. Clearly, the potential cost savings of
a moisture-tolerant and energy-efficient roofing system are
great.

Moisture can gain access into the roofing system two
ways. Membrane and edge detailing failures due to aging,
workmanship, or improper roof design permit water to enter
the roofing system, potentially compromising the energy effi-

- ciency ahd the service life of that portion of the building enve-
‘lope. Thie roof is exposed to a wide variety of environmental

conditions that are governed by local weather and building
use. Combinations of these conditions can cause moisture to
migrate from the building interior into the roofing system. In
addition to these mechanisms, the initial moisture concentra-

tion in the roofing system can be highly variable. Many mate- - ¢

rials traditionally used in roofing construction are highly
hygroscopic, allowing substantial quantities of moisture to be
built into a new roof.
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The ex15t1ng morsture control strategies utilized by the
roofzhg mdustry are concerned exclusively with moisture flow
- into the Toofing system when the roofing system is performing
© . properly. Most often, we require 2 waterproof membrane to be
e :placed on the climate side of the roofing systetn to prevent
" water from penetrating into the insulation layers and deck
;'beiow however, our strategy cannot tolerate the inevitable
g 7 Teak that will allow water this access. We perform condensa-
__'..'_'--'.tlon {or dew-point} analyses that dictate whether a vapor
" retarder is needed to control moisture pickup from the building
“interior during wintertime, yet we know that these analyses
- include simplifications that impact the precision of their
predictive capabilities. When our dew-point analyses indicate
that a roofing system needs a vapor retarder, we know that the
vapor retarder can compromise the long-term performance of
the roof by trapping leak water in the insulation layers. Today,
we accept this compromise due to the lack of a suitable alter-
native solution.

We have proposed new moisture control guidelines for
low-slope roofing systems (Desjarlais 1995). These guide-
lines consider the impact of wintertime controf of moisture as
well as the performance of the system after a leak has
occurred. A new technique for assessing winter moisture
uptake based on computer modeling has been proposed and

compared to existing procedures (Desjarlais and Byars .

uptake (Requirement 2),

*  Moisture vapor movement by convection must be elimi-
nated, and the flow of water by gravity through imper-
fections in the roof system must be controlled.

= After a leak has occurred, no condensation on the upper
surface of the deck shall be tolerated (Requirement 3),
and the water introduced by the leak must be dissipated
to the building interior as water vapor in a minimum
amount of time (Requirement 4).

This strategy contains four quéntifiable and two qualita-
tive requirements. The first two guantitative requirements
echo those introduced by Tobiasson and Harrington (1986). If
the total moisture content of the roofing system is increasing
on a yearly basis (“progresswe Jwetting violating Require-
ment 1), then eventually condensatmn must occur in the roof-
ing system. - Addlt:Onaﬂy, we 'do’ not want to allow
condensatmri tO occur w1thm the mSBIatlon layers of the roof—

1997a). Procedures to evaluate leak prevention, as well as '

rapid dissipation of leak water into the building interior:as.i.
water vapor, are discussed herein. The use of these new: demgn_ -

tools is described and illustrated.

BACKGROUND

: Under norma] operatmg condltz

time over the long term (Requlrement 1), arid condensa-
tion shall not occur under the membrane during winter

- ez{ks'),i'th'e; total
moisture. content of a roof system shall not increase w:th-' :

: chfference computcr modeling has been used to
demonstrate the * effectiveness of moisture-toleraat roof
gnsin several different climatic zones in the U.S. (Desjar-
ais:1995). However, it is necessary to set up, run, and analyze

" a'computer simulation in order to determine the results. Algo-

rithms, based on a large database of computer simulations,

“have been produced that can predict the quantifiable moisture
i “control design requirements. In this paper, we offer this
" simpler, readily available technigue for assessing the suitabil-

-~ ity of different moisture-tolerant roof designs and illustrate its
- application.

' DEVELOPING THE DATABASE

Algorithms were developed in order to predict the mois-
ture control performance of roofing systems without having to
perform and analyze the results of a complex finit¢ difference

computer simulation, These algorithms enable the roofmg
professional in the U.S. to quickly and accurately detc;n_mne if oo
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a roof designed with a given type of membrane, insulation

material, and deck will be moisture-tolerant in a given location

on a building controlled to a spemﬁc mdoor relative humidity,
without, the need to set up and run a computer snnuIatlon

~ The’ algonthms were devefoped usmg a database of 600

' flmte ‘difference sxmulanon F1ve dlfferent climates were

: Zana[yzed' Bismarcklﬁ Knoxvﬂle Tenn.,,

ulated"u'sing' the finite difference model.
_d_ dlscussmn of why the roofmg conflguratmns

3 1995) In summary, the insulation materials
_'represent the range of hygric properties avail-

=+ were simulated to address the need to minimize the titne that-_--_"'
L a roof system would remain wet after experiencing a leak.: .

~All of the simulation work performed in this study used-'
the computer program MATCH (Moisture and Temperature :

Calculations for Constructions of Hygroscopic Materials)

(Rode 1990) to simulate the simultaneous effects of theft'_r_';tr_is'_. o
fer of heat and moisture in roofing systems. Rode and Cour- -

ville {1991), Desjarlais et al. (1993a, 1993b),: Kyle and
Desjarlais (1994), and Desjarlais (1995) have described, vali-
dated, and used the model on low-slope roofing applications.
The calculations of both modes of transfer are performed in a
one-dimensional transient manner that accounts for the accu-

mulation of heat and moisture. The version of the program we
used utilizes vapor diffusion as the only moisture transport
mechanism, with vapor diffusion being described by Fick’s
law. Liquid capillary flow has been ignored; trial runs with
liquid capillary flow enabled had an insignificant impact on

- Thermal Envelopes VIV/Roof and Attic Issues: Heat, Moisture, Ventilation—Practices

éin typ1e31 roofing insulations while the composite allows: -
for the combination of low water, vapor permeance and high
: .water ""ap r_'absorptance The thicknesses represent the limits:
R .:_--_of typxcal applications. The two lower values of: deck:
. permeance were found in the literature (Kyle and DCS‘]E!IIaIS._._:
©1:1994; Sheahan 1992); even higher values of deck permeance: - were the same as prédicted by the second one-year simulation.

" To detenmne if condensation occurs on the top surface of the

“deck; theé results for the bottom thin fayer of insulation just

the results. The storage of moisture is described by sorption
isotherms of the materials, and water vapor permeability is
defined as a function of moisture content. The transfer of heat
is described by a contribution from the sensible conduction of
heat (Fourier’s law) and a contribution from the energy of
phase conversion of water between liquid and gaseous states.
Changes in thermal conductivity due to temperature and mois-
ture content are both accounted for by the model.

The algorithms were based on the following set of simu-
lations. After an initial one-year simulation to estimate the
initial moisture contents of each of the roofing system compo-
nenis, two additional one-year simulations were performed.
The moisture contents of the roofing system components for
the final month of the two one-year simulations were
compared to determine whether Requirement 1 was satisfied.
To determine if condensation occurred under the membrane
(Requirement 2}, the relative humidity for the uppermost thin
layer of insulation was examined and the amount of time that
the relative humidity of this layer was at 100% (saturated) was
recorded. Roofing systems that showed a relative humidity of
100% in this outer insulation layer just below the roof
membrane for more than 24 hours were determined to fail the
“no condensation” requirement.

A final simulation was undertaken to assess whether
water introduced into the roofing system because of leakage
would condense on the top of the deck (and, therefore, drip
into the building interior) and to determine how quickly the
water that leaked dlSS}pated into the building interior
(Reqmrements 3'and 4).. To perform’ these simulations, it is
assumned that a roof leak’ occurred on 1 }anuary of the third
year and that the leak added 10% by volume moisture content
to:a control volume in’ the uppermost layer of the roofing

'system A leak of this: magmtude adds 1.7 kg/m? (0.35 1b/ft?)

of water to the roof system This amount of water was added

" to the final moisture content of the uppermost insulation layer
-_-:-after the second of the two one-year simulations, and it is
. assurned that the initial conditions for the remaining layers

above the deck were examined and the amount of time that the

‘relative humidity of this layer was at 100% (saturation) was

L We have noted that the time required to dry is a function of when
a leak occurs. All the climates that we have modeled have several
winter uptake months when the average vapor drive is into the
roofing system and no drying can occur; in fact, the moisture
content of the roof system increases during this period of time. By
selecting Fanuary for the leak to occur, the roof system’s moisture
contents increase prior to the initiation of their drying cycle and
the time required to dry is extended because water accumulated
due to winter uptake must also be removed. The time required to
dry is, therefore, a somewhat conservative estimate. Longer
drying times would be predicted if we introduced the leak at the
beginning of the winter uptake period {(November/December)},
while shorter drying times would be computed if the leak was
introduced during the spring or summer months.




. e re‘c':_é.fded. Again, a 24-hour limit was set as the pass/fail crite-
" Ha. To determine the time required for the roof system to dry,

" the monthly relative humidity of all the layers in the roofing
" systém was examined and the first month when all of the layers
“had & relative humidity less than 100% was identified. This

- technique identifies the length of time that each roof system
% needs before there is no lignid water remaining in the system.

“To detenmine the total amount of water remaoved, the final
month’s computed moisture content for the total roof system
was compared to the initial conditions after the leak; their
difference indicates quantitatively how much water was dissi-
pated to the building interior.

DEVELOPING AND USING
THE ALGORITHMS

All 600 configurations that were sn‘nulated were evalu— g
ated {o determine if they satisfied the four quantlﬁabie réquire- -
ments. The database was analyzed for each of the quantlfmblc-._

mmsture confrol reqmrements to de e_lop the pr di t1ve algo

- control i in low slope mofmg Fli‘St the p.araméters _
for the roofmg system need to be deterrmned

Il

: heatmg degree—days for the location (“’P) S
CI-;':'_ + = relative humidity of the indoor envxronment {e.g., _'
40% =0.4) :
o = membrane absorptance (herein, 0.} for white and 0.7
for black) :
P = deck permeance (in English perms {see Table 1])
T = thickness of each insulation layer (in inches).

Reguirement 1: The average yearly moisture content of
the roof must not increase with time. Results showed that all
the roofing systems in all the climates evaluated satisfied this
requirement. The “algorithm™ for this requirement is therefore
simple: If the roofing system of the types evaluated is located
in the continental U.S. (H < 8992°F), it passes Requirement 1.

Requirement 2: No condensation can occur under the
roof membrane. Algorithms were generated to predict the
average vapor pressure under the membrane during the winter
uptake period and the length of time that the vapor drive is into
the roofing systet. Thesé parameters, coupled with the build-
ing interior conditions, define the moisture accumulation in
the roofing system during the wintertime uptake period.
Comparing this level of ‘accumulation to’ & predetermined
threshold will dictate whether a vapor retarder is riesded.

The flow rate of water vapor into a roof occurs durmg the
winter uptake period when the indoor vapor pressure is greater
than the vapor pressure at the outér membrane of the roof. This
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i where Ry;isthe.
aird Rd and R, are the deck and insulation vapor resistances (in

creates a vapor pressure drive that forces water vapor into the
roofing system. This drive will cause water vapor to accumu-
late under the membrane until the vapor drive reverses at the
end of the winter uptake period. If the accumulation is rapid
enough due to a high water vapor permeability of the deck and
insulation layers or if the winter uptake period is long, conden-
sation will occur under the roof membrane and the roofing
systern will fail this requirement.

Calculate p,,. (the average vapor pressure at the roof
membrane during the winter uptake period, in psi) and 7 (the
length of time of winter uptake in months)

=-0.934 + 0.284® + 4, 85><10 4H-8.00x108H? +

4.22><10 L2pd g 05x10 5Hc1>+ 161/H + 0.00230P —
8. 01x10‘5P2 1 34x10 7HP 0.00889¢ I

---:_m —66 1 = 1 51@ + 0 0339H 5 66><10 SH? + 3.07x 1071913

£ 0'00442H(I> 433x10 "<1>H2 + 11400/H 2

:_C_O;npu_t:e. Pii (th VApot pr sure qf the indoor air, in psi):

3

C)

bow ary Iayer vapor resistance (0.21 reps)

reps), respectively. Table 1 hsts the these vapor resistances for
typical rooflng matenais

Compare m, the calculated moisture accumulation, with
the appropriate’ Requirement 2 failure threshold shown in
Table 2. Systems with moisture accumulation m greater than
or equal to the failure threshold do not pass the requirement.
To determine the failure thresholds, the calculated values of
moisture accumnulation were listed in ascending order for each
type of insulation material. Next to each value of moisture
accumulation was the identifying roof system code and
whether or not the roofing system failed the stated condensa-
tion control requirernent. These lists were examined to deter-
mine the thresholds of moisture accumulation where most
roofing systems begin to fail for each type of insulation. By
comparing the moisture accumulation data to the simulation
outputs that indicated whether condensation occurred, the crit-
ical thresholds were readily identified by determining what
value of moisture accumulation indicated the onset of conden-

sation. See Desjarlais and Byars (1997b) for more mformat[on 0

regarding the derivation of these thresholds..-

To assess the accuracy of the algonthms in predactmg_: S

moisture accumulation, a comparison between the snnulatlon
based and algorithm-based moisture accumuiatx_o is shows

|
|
|
|




TABLE 1
Vapor Resistances and Permeances for
Decks and Insulatlon Materlals L

TABLE 2
Requirement 2 Failure Thresholds for

_ InSulatlon Materials Used in Low-Slope Roofing

G (Des;arlals and Byars 1997b)

foam between two layers of 14

in. [13 mm] fiberboard)

Figure 1. The line in Figure 1 depicts perfect agreement
between the two methods in predicting moisture accumula-
tion. Data points below this line are cases where the algorithm
is overpredicting the moisture accurnulation. This algorithm-
based method is conservative in that it tends to slightly over-
predict failures. For the given database, the accuracy in
predicting failures is 98%. For passes, it is 95% (Desjarlais
and Byars 1997h),

1.0
08
06
04
0.2

Accumulation (Ib/ft?)

0-
-0.2 0

Simulation-Based Moisture

0.2

Figure 1
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P?x:m"_’a'l?‘?gf' i Failure Threshold
ot .:'_"Insulatlon v kg/m’
064 Fiberboard o 0:.2:0 ST PR 4
SO0 - 1.00 ) . ]
T Composite 004 0.69
L0200 | 50
0.10 10.0 Requirement 3: If a leak occurs in the roofing system,
A no condensation can occur on the deck. Condensation on the
: (25 mim) fiberboard 0.024 4 deck is most likely to occur during the summer, Twhen the
| e oot - 1 0071 . vapor pressure at the outer membrane of the deck is greater
? m'_(_-7_6 mm) fiberboar - 4 than the indoor vapor pressure, Leakage into the building inte-
1 in. (25 mm) .46 2.16 rior occurs when the amount of water vapor being driven
polyisocyanurate foam through the insulation to the deck exceeds the amount of water
3 in. (76 mm) 1.39 0.72 vapor driven through the deck into the building interior. Eifec-
polyisocyanurate foam tively, the deck acts as a vapor retarder in this situation and
Composite {2 in. [51 mm] of 0.95 1.05 allows accumulation to occur on its exterior surface. To

compare these two quantities, an algorithm to determine the
vapor pressure at the deck was developed and the vapor pres-
sure drive across the deck is determined. Because various
insulation types will yield different vapor drives to the deck,
the analysis must be separated by insulation type. Following
a procedure identical to thaf descnbed under Requirement 2,
a vapor pressure drwe threshold value was determined
through comparxson w1th the simulation results. Comparison
w1th ﬂ'ﬂS threshold val e determmes il leakage into the build-

1.0
Algorlthm -Based M0|sture Accumulatlon (Iblftz)

04 0.6 0.8

15.2 B




-’ 3 .Th'e"analysis is separated by insulation type. The condi-
- tions ¢ aré hsted in specific order for each insulation type. If a
.:roofmg system meets one of the conditions, pass or fail is
“decided and the analysis is terminated. If not, the analysis must
.. be continved.

= Composite: All the composite roofing systems passed this
e eqmrement for all conditions tested. Therefore, any compos-
i 1tc system as described above, passes this requirement

Fiberboard.

1. If H s greater than 6151, T'is less than or equal to 1 inch,
and the indoor relative humidity F is less than or equal to
50%, the systern fails. Higher levels of indoor relative
hurnidity reduce the vapor pressure drive across the insula-
tion layer sufficiently to prevent condensation from occur-
ring on the deck.

2. All other fiberboard systems pass.
Foam:

1. H the vapor resistance ratio of insulation to deck, R; /R, is
Iess than or equal to 1.5, the system fails.

2. If the above condition is not met, continue with the Vapor_ - '_ ol

pressure drive calculations shown below.

Calculate the deck vapor pressure, p, :
Prg=—48.4 +0.326D - 0.0205P = 0.01660 - 0,000443F
0.0173R,+0.000597P* 0. 026302 + 0.00240R 2 +17300/H
0.0129P® +0.00232P0: + 4, TIx107PH + 0.0178/P

the drying nme w:ll’be I
performed for each roofing: system:
time after a leak of 10% by volum ;
tions were developed for: each msula o type wood. flber—
board, polyisocyanurate, and the composu_ '

how long it will take a rooﬁng system to dry since the analys1s
assumes that a leak of specific magnitude occurs at a specific
time of year and that the leak is repaired instantaneously.
However, the following correlations can be used to rank roof-
ing systems in a relative sense; systems with predicted shorter
drying times will dissipate leaks more expeditiously.

of the two. These -
algorithms are not mtendecl to‘indicate: 1n_an absolute sense

Note that a quantitative assessment of how long a roof can
remain wet is beyond the scope of this paper. The length of
time a roofing system can have wet insulation is a function of
the type of roof, its attachment method, the type of insulation,
and the use of the building. As an extremely conservative esti-
mate, it is recommended that the drying tire should be less
than one year. The “drying season” typically happens during
the spring and summer months when the vapor drive pushes
water vapor out of the roofing system and into the indoor envi-
ronment. If the moisture is not removed during this time, it will
remain in the roofing system uniil the next drying season. This
calculation method is also coniservative and tends to slightly
overpredict drying time. For ‘the’ given database, it predicts
whether drying. timeis greater than 12 months with 100%
accuracy. It precﬁcts wheth'" “the drymg time is 12 months or
less with 97% accurac: :

Cafculate the reIatw_ : tirie

) '.; Por afiberboard system:

'3'00' ’2?'6}'14 0.0746 +0.45202

(7

®

&)

th1 exampl two roofmg systems are examined, These
ystems are 1dent1ca1 except for the insulation material. Both

arg analyzed for the climate in Chicago with a building interior
relative humidity of 50% and interior temperature of 20°C
= j--"'(68°F) Both have a white outer membrane and a solid metal
" deck with tight joints. Fiberboard and foam systems are
- analyzed; the insulation thickness is 76 mm (3 in.) for both.

T -Réqﬁirement 1: Both systems pass Requirement 1, since
the Hof Chicago is 6151, which is Iess than or equal to 8992,
. Requirement 2: For both systems:

L H = 6151

P = 0.64 English perms
o =01

D =05

T =3in

R; = 1.56 reps
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iy lated:

 For 3-in. fiberboard: R; = 0.071 teps.

" For 3:in. foam: R, = 1.39 reps.

:'Substltutmg these valuesinto Equations 1, 2, and 3 ylelds
0.110 psi :

6.4 months

0.171 psi

0.046<0.20 lb/ftz this system passes. Using Equatmn 4 agam

m=0215 (64)(0.171-0.110/(0211 4156 +:;-1_:.39
= 0.027 b/t

The failure threshold for foam systems is 0. 012 lb/ft
Since 0.027 > 0.012 Ib/ft?, this system fails.

Requirement 3: For the fiberboard system, the cond1t10n_;

for failure is not met, so this system passes.

R,/ R, = 1.39/1.56
=0.9.

" Since 0.9 < 1.5, we fail.

- Requirement 4: Using Equations 7 and 8 to determine

N - the relatlve time to dry for the fiberboard and foam systems:
' f'~ 3 months (for fiberboard)

e 7 months (for foam)
The f1berb0ard system dries more quickly than the foam

' system but both dry in fess than the maximum of 12 months.

: The: ﬁ_berboard system passes all four requirements and,
therefore; represents an acceptable design for moisture control
for this roofing application. The foam system would likely sce

" condensation at the roof membrane in the winter and repre-

sents a poor design for moisture control in this case.

CONCLUSIONS

Algorithms have been developed that can be used by the
roofing designer to assess the moisture tolerance of a roofing
system. Given the location and indoor conditions of the build-
ing, the designer can use these algorithms to determine if a
vapor retarder is needed, if small leaks in the roofing system
will translate into leaks into the building, and the relative abil-
ity of the roofing system to be self-drying. The roofing
designer can vary roof membrane color, insulation type and
thickness, and deck permeance until optimum moisture toler-
ance (subject fo other limitations) is achieved. Experimenting

Thermal Envelopes VIVRoof and Attic Issues: Heat, Moisture, Ventilation—Practices.

For the foam system, the vapor resistance ratio is calcu—- _ Désﬁrl ais

with these algorithms will hopefully offer insight into the
basics of moisture controf.,

The algorithms proposed in this paper are presently
limited to roof systems and environmental conditions detailed

- in this paper. Fature work will include the analysis of roofing
i -systems with'a wider range of propertics in order to establish
'j’:'.the limitations of the predictive algorithms. A wider variety of
" insulation types, decks, and indoor vapor pressures needs to be
. . ‘evaluated to assess the accuracy of the proposed algorithms to

“““roofing systéms and components that are presently not in our
o database :

* The’ algonthms are now available on an Internet home

- page (www.ornl.gov/roofs+walls) where the roofing designer
v ¢an:simply select the roofing components from menus and
: determme the moisture tolerance of his roofing creation,
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