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Abstract

Interior renovations to existing buildings can affect the performance of the exterior enve-
lope. The speakers will present a case study to illustrate considerations for interior retrofits 
to exterior mass masonry walls, and instances where long-term monitoring may be a useful 
component of a quality assurance and control (QA/QC) program.

The envelope of the subject building originally consisted of an exterior wythe of stone 
with an interior wythe of clay tile and plaster. As part of an interior renovation project, 
the plaster and clay tile were removed, and metal studs and drywall were installed. After 
demolition, water infiltration was observed on the inside face of the stone. Masonry repairs 
were recommended to reduce infiltration, and an “interior water management strategy” was 
recommended to manage water that may continue to reach the interior.

To assess the hygrothermal and water management performance of the modified exte-
rior walls, moisture, temperature, and humidity monitors were installed within the cavity 
between the new interior drywall and the exterior masonry. Measurements were recorded for 
one year and correlated with weather data.

The speakers will present their findings as a basis for recommendations regarding the 
coordination of interior renovations at exterior walls, and suggestions for how and when 
long-term monitoring may be appropriate.
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MASS MASONRY WALL SYSTEMS
The exterior walls of masonry build-

ings constructed prior to the 1940s can 
generally be characterized as multi-wythe 
mass masonry. These walls are typically 12 
inches or greater in thickness, consisting 
of an exterior “decorative” cladding wythe 
constructed of brick, stone, terra cotta, or 
combinations of the three. The cladding 
wythe was typically laid integrally with a 
masonry backup consisting of brick, stone, 
or an extruded terra cotta tile system. 
Typically, the interior finish consisted of 
painted gypsum-based plaster applied to 
the inside face of the interior wythe of the 
wall. Generally, these wall systems did 
not incorporate insulation, drainage cavi-
ties, flashings, weather-resistive barriers, 
or air barriers. Unlike more contemporary 
masonry veneer walls that are constructed 
with a wall cavity and flashing system 
to limit water leakage to the interior, the 
walls of buildings of this vintage rely on a 
combination of wall thickness (absorption) 
and surface integrity (well-bonded mortar) 
to resist water penetration and subsequent 
interior water-related damage. Once the 
exterior surface of the wall has reached a 
certain degree of saturation, excess water, 
or water that is not repelled at the exterior 
surface, will be absorbed by the mass of 
the wall. The critical degree of saturation 
depends upon the type, age, and condition 
of the wall assembly. Ideally, rainwater is 
repelled at the exterior surface or absorbed 
by the wall at a rate that is slower than that 
which is required to cause a visible leak or 
damage at the interior of the building. 

Though some moisture is absorbed 
directly through the mortar in mass mason-
ry walls, a large majority of water enters 
the wall system via interfaces, cracks, and 
similar defects in the wall surface. This 
rainwater can collect within the layers of 
the wall and then move downward and/or 
inward through gaps and voids that typi-
cally exist in the inner wythes of the wall. 
Depending on the nature and extent of 
the precipitation event (i.e., the duration, 

volume of rain, and wind conditions aid-
ing in driving the moisture inward), along 
with conditions that exist inside of the wall 
(extent of voids, continuity of voids, condi-
tion of the mortar, and previous saturation 
or moisture content of the masonry assem-
bly), the water will: a) develop into a visible 
leak, b) cause an elevated moisture level at 
the interior of the building, or c) evaporate 
to the interior or exterior of the wall after the 
storm has ended.

Addressing water leakage in walls of 
this vintage requires an evaluation of the 
cause of the leakage and potential contrib-
uting factors. While direct water infiltration 
is often a major source of water leakage, 
other potential sources of moisture should 
be considered, including condensation and 
vapor drive. Unanticipated water infiltration 
can result from repairs or modifications to 
the walls that change their performance 
characteristics or expose a previously exist-
ing issue that may have been concealed 
prior to the modifications. 

The following case study focuses on a 
building on the Duke University campus 
that was constructed in various phases 
between the 1920s and the 1960s. The 
building has undergone recent renovations 
that have resulted in water leakage on the 
interior. WJE has per-
formed various investi-
gations at this building 
since 2015, beginning 
with an overall evalua-
tion of the exterior clad-
ding and roof interface, 
and continuing with two 
subsequent targeted 
investigations of specific 
spaces within the build-
ing that were identified 
by Duke.

DUKE STONE 
Beginning in 1838, 

the institution that 
would eventually become 
Duke University was 

first established as Union Institute. It was 
rechartered as Normal College in 1851, 
and then as Trinity College in 1859. In 
1924, Trinity College was renamed Duke 
University as a memorial to the Duke family 
who established an endowment to rebuild 
the existing campus and create a new uni-
versity campus in Durham, North Carolina.1 
The campus expanded rapidly in the 1920s 
with numerous collegial gothic-style build-
ings. Among the buildings constructed dur-
ing this time was Perkins Library, which is 
the subject of this paper. 

James Duke selected a locally quarried 
stone, known originally as Hillsborough 
stone, for many of the buildings on Duke’s 
campus. The stone, now known as Duke 
stone, required little effort to quarry and 
cut. Natural fissures tended to produce 
stone with four to six faces, so minimal 
cutting was required. The stone has simi-
lar characteristics to slate, including very 
low absorption and porosity. The stone 
is quarried from a string of volcanic hills 
and mountains ranging from Virginia to 
Georgia.2 Characterized by colors ranging 
from dark gray to beige, the stone is typical-
ly installed in a random bond pattern with 
units ranging in size from less than ¼ sq. ft. 
to almost 2 sq. ft. (Figure 1).
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Figure 1 – Typical Duke stone masonry with raised and 
ruled mortar joints.



PERKINS LIBRARY
Perkins Library is a three-story steel-

frame building constructed in three phases 
between 1928 and 1968. The original 1928 
phase of the building includes a four-story 
tower at the southwest corner. An addition 
was constructed in 1948 that abuts the 
east façade of the original building and also 
incorporated a tower on the east end of the 
south façade. The 1968 addition abuts both 
the original building and the 1948 addi-
tion. A roof plan of the building is shown in 
Figure 2 illustrating the various phases of 
construction.

The exterior cladding on all three phases 
(1928, 1948, and 1968) of Perkins Library 

consists of Duke stone installed with ran-
dom coursing and limestone features, 
including window surrounds, water tables, 
spandrels, finials, and copings (Figure 3). 
Fenestration systems include the original 
steel-frame divided-lite casement windows 
in combination with fixed steel-frame units. 
The windows are set in limestone sur-
rounds. Arched window heads and some 
other windows are fixed units with lime-
stone tracery. The roofing consists of a com-
bination of clay tile at gables, membrane 
roofing at low-slope roof areas, and lead-
coated copper batten-seam roofing at the 
mechanical penthouse. 

The exterior walls of the 1928 building 

originally consisted of (from exterior to inte-
rior) two to four wythes of header-bonded 
Duke stone (typically around 12 in. of total 
thickness with variations at structural ele-
ments and piers), a 1- to 2-in. cavity/collar 
joint, and a wythe of 4-in.-thick extruded 
terra cotta tile with a 1-in. layer of plaster 
applied to the inside dovetailed surface of 
the tile (Figure 4). Reportedly, the terra 
cotta wythe was originally set directly on 
the concrete structural slab, and a 1- to 
2-in. topping slab was then cast over the 
structural slab using the terra cotta tile wall 
as a pour stop. A wood floor set on regularly 
spaced wood sleepers had previously been 
installed on top of the topping slab. A nomi-
nal 1-in.-thick cementitious parge coat was 
installed on the inside surface of the inner 
wythe of the Duke stone in the 1948 and 
1968 phases, but these wall systems are 
otherwise essentially the same as the 1928 
phase of the building. 

In 2012, a renovation project began that 
included extensive interior modifications 
and select exterior enclosure work, includ-
ing window restoration, roof replacement, 
and minor masonry façade repairs. The 
scope of the interior renovation included 
removing the terra cotta tile wythe and wood 
flooring and sleeper system. The perimeter 
recessed area, previously home to the base 
of the terra cotta tile wythe, was filled with 
patching concrete, and a 4-in. metal stud 
wall was installed with drywall on the inside 
surface of the studs. Carpeting or other 
finish flooring was installed directly on the 
existing topping slab (Figure 4). 
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Figure 3 – Perkins Library.

Figure 2 – Plan of Perkins Library showing 
approximate extents of 1928, 1948, and 1968 
construction (project north is at the top). WJE’s 
targeted investigations were performed in the 
area outlined in red. Background roof plan 
courtesy Shepley Bulfinch Richardson & Abbott; 
image modified by WJE.



INITIAL INVESTIGATION 
In November 2014, Duke informed WJE 

of ongoing and active interior water leaks 
through the exterior masonry walls at vari-
ous areas of the building. WJE was retained 
to evaluate the cause(s) of the water leakage 
and provide recommendations to address the 
leaks. Our investigation included interview-
ing building occupants and maintenance 
staff, a review of applicable available draw-
ings, an exterior survey, an interior survey, 
and water testing. As will be described later 
in this paper in more detail, a follow-up tar-
geted investigation also incorporated in-situ 
temperature, relative humidity (RH), and 
moisture monitoring. 

Limited original drawings were available 
for our review, but some of the renovation 
drawings were available. The document 
review was important to help understand 
the general construction of the original exte-
rior walls, and to determine the intended or 
designed water management system of the 
building. Review of the renovation drawings 
helped us to understand how the building 
had been altered, and how modifications to 
the building may have impacted thermal, 
moisture, and hygrothermal performance. 

An interior survey of the building, in 
combination with interviews of occupants 

and building maintenance staff, was per-
formed to document locations of observed 
water leakage. In addition, anomalous con-
ditions that might have been contributing 
to the leakage or other unintended perfor-
mance or serviceability issues were noted. 

An exterior survey of the building was 
performed from grade, accessible roof areas, 
and from a personnel lift to determine and 
quantify visible damage, deterioration, dis-
tress, and previous documented and undoc-
umented maintenance and repairs. The exte-
rior survey data is useful in determining 
patterns of performance and deterioration, 
and distress and damage based on orienta-
tion, construction type, materials, and build-
ing components and assemblies. Exterior 
surveys performed under various weather 
conditions and times of day can provide 
valuable information. For example, survey-
ing exterior façades immediately following 
a rain event provides indications of water-
shedding performance and characteristics, 
and drying patterns can provide insight into 
areas of higher absorption. This information 
should be compared and potentially correlat-
ed to interior leakage patterns. In addition, 
façades viewed in various lighting conditions 
and orientation can yield information regard-
ing macro and micro displacements. 

Finally, based on the exterior façade 
survey and interior observations, in com-
bination with interview information, water 
testing was performed at various locations 
throughout the building. Water testing can 
be performed using a variety of equipment 
and techniques. Most commonly, calibrated 
spray nozzles are used to evaluate localized 
areas of potential leakage, including window 
perimeters and roof/wall interface condi-
tions. Water can be applied in a range from 
a pencil stream of water (very low pressure) 
to pressures of 30 psi or higher if deemed 
necessary. Most often, spray nozzles are 
used to check specific joints or specific 
points within a façade. 

A more general testing method is 
achieved by using spray racks that are 
often used to check the performance of 
larger areas. A spray rack can be assembled 
in various geometries on 2-ft. increments 
ranging from linear assemblies to larger 
two-dimensional geometries, which are lim-
ited only by available water pressure and 
the logistics of setting up the equipment. 
The spray rack consists of regularly spaced 
pre-calibrated brass heads that apply water 
to a surface at a specified distance to simu-
late a rain event. Spray racks are sometimes 
used in combination with interior chambers 
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Figure 4 – Perkins Library exterior wall sections prior to and after renovation.



to create a negative pressure differential 
between the interior and exterior (similar to 
the test method described in ASTM E1105). 
For diagnostic purposes, however, interior 
chambers are often not necessary. Areas of 
the façade are often masked off to isolate 
specific areas or components of the façade 
for general performance. For instance, win-
dows are often masked off with plastic to 
evaluate the masonry or vice versa, or joints 
can be masked off with duct tape. 

Other water testing techniques exist, 
depending on the conditions being evalu-
ated, including closed chamber systems 
to determine the relative water infiltration 
performance of the masonry (ASTM C1601). 
These tests are helpful to determine the 
general water resistance of a wall assembly. 
Wall drainage testing assemblies, consist-
ing of regularly spaced tubes inserted into 
a wall, introduce water directly into the wall 
system to evaluate the performance of a 
concealed flashing system, typically in cav-
ity wall systems. 

For the evaluation of Perkins Library, a 
combination of calibrated spray nozzle and 
various geometries of a spray rack were 
deemed to be the most appropriate diagnos-
tic testing methods.

Masonry Assessment
At selected locations on the interior of 

Perkins Library, where original Duke stone 
walls were partially demolished, observa-
tion of the full cross section of the walls 
was possible. At these locations, signifi-
cant voids were noted between the stone 
composing the inner and outer wythes. 
The mortar between the Duke stone on the 
exterior was installed with a raised and 
ruled ribbon joint (Figure 1). The width of 
the joints generally varies between ½ and ¾ 
in. Traditionally, this type of joint is formed 
by installing mortar to a flush or slightly 
concave profile; and, prior to the mortar 
achieving initial set, another layer of mortar 
is added to create the raised profile. The 
limestone installed at various areas, includ-
ing window surrounds and water tables 
(Figure 5), is a typical oolitic sedimentary 
stone that is more conventionally installed 
with flush-struck mortar joints. Numerous 
areas of debonded, cracked, and missing 
mortar were noted throughout the façade 
at both the Duke stone and the limestone. 
In addition, shrinkage cracks were noted in 
the mortar joints throughout the areas of 
Duke stone. The aggregate in the mortar is 
generally uniform, with the largest aggre-

gate being less than 1/8 in. 
in diameter. A specific sieve 
analysis was not performed, 
but based on visual obser-
vations, the aggregate (sand) 
appeared to be poorly graded. 
The surface of the mortar 
joints was generally weath-
ered, with the most severe 
mortar weathering occurring 
in the Duke stone masonry 
near the top of the building. 
During a rain event coincident 
with our investigation, the 
Duke stone below the water 
table appeared significantly 
lighter than the masonry 
above (Figure 5). This pattern 
was noted on Perkins Library, 
as well as other buildings 
on the campus with similar 
cladding systems and stone 
details. 

Windows
All of the operable sash-

es and frames of the steel 
casement windows had been 
removed, restored, and rein-

stalled at the time of our initial investiga-
tion. The restoration reportedly included 
the removal of the sash and frame, removal 
of all existing coatings and application of 
a high-performance coating system, and 
reglazing of the glass in the operable divided 
lite sections with new lead cames and glaz-
ing cement. The exterior window perimeter 
sealant had also been replaced. Unsealed 
fastener holes were observed at the window 
frame sills (Figure 6).

Water Testing
Water testing conducted at various loca-

tions at Perkins Library during our initial 
investigation revealed numerous sources of 
potential water leakage. Generally, the leak-
age could be grouped into three categories:

1. The most immediate and significant 
leakage was found to be related to 
defective flashing and termination 
details at the wall-to-roof interfaces.3  

2. Leakage was also found to occur due 
to deteriorated mortar joints in both 
the Duke stone and the limestone, 
in combination with the limited res-
ervoir capacity of the wall system. 

3. Finally, limited water leakage was 
observed at the windows through 
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Figure 5 – Wetting patterns on Duke stone masonry at Perkins Library after a rain event; light 
and dark areas of masonry are divided by the limestone water table highlighted by the arrow. 



inadequate and/or incomplete 
perimeter seals at individual glass 
lites within the sash, and at unsealed 
windowsill fasteners.4

DISCUSSION AND INITIAL 
CONCLUSIONS

The exterior wall system at Perkins was 
designed as a mass wall system, which is 
consistent with buildings of similar vintage 
on Duke’s campus. Due to the characteris-
tics of the Duke stone—specifically its very 
low absorptive characteristics—the capacity 
of the wall system to absorb water is lim-
ited to the absorptive characteristics of the 
mortar and, in the 1948 and 1968 phases, 
the interior parge coat as well. Further, 
the numerous voids between the inner and 
outer wythes of the Duke stone portions of 
the wall result in water being able to move 
through the wall much more quickly than 
a wall constructed of clay masonry or a 
more absorptive stone. Finally, the geometry 
and condition of the mortar joints result in 
increased water infiltration into the wall 
system from the exterior. The combination 
of the projecting profile, variable width, 
and composition of 
the mortar have all 
contributed to wide-
spread mortar bond 
separations, shrink-
age cracking, and 
weathering of the 
joints, resulting in 
increased water infil-
tration. The areas of 
the façade below the 
water table courses, 
which have a profile 
that helps to shed 
water, are more pro-
tected from rainfall, 
as evidenced by the 
wetting patterns 
noted above. As a 
result, the mortar in 
these areas gener-
ally experiences less 
weathering, which 
was consistent with 
our observations.

Generally, a con-
cave or flush joint 
is more effective at 
resisting water infil-
tration than a raised 
and ruled ribbon 

joint, since the mortar can be compressed 
against the adjacent masonry during the 
tooling process to achieve a greater extent 
of bond and higher bond strength. Bond 
line separations specifically, and the gen-
eral weathering of the mortar, are likely 
the result of the poor mortar-bonding char-
acteristics of the Duke stone, the variable 
joint width, and the joint profile. For stone 
with low absorptive characteristics and 
low porosity, mortar bond is very sensi-
tive to moisture content and mortar com-
position. Mortar that has too much water 
when installed will result in a thin layer of 
water between the solid components of the 
mortar and the stone itself. This condition 
is known as “floating.” Historically, low 
absorptive stone often requires the use of 
higher cement content in the mortar to form 
an adequate bond. More recently, polymer-
modified mortars are used to increase bond. 

Shrinkage cracking of the mortar is 
potentially the result of several factors, 
including improper installation and curing 
techniques and improperly sized aggregate. 
To minimize shrinkage cracking, current 
industry standards generally recommend 

that the aggregate be of varied size and 
include some aggregate that is approxi-
mately one third of the joint width. At 
Perkins, joints vary in width but gener-
ally are between ½ and ¾ in. As such, the 
aggregate should include roughly 5 percent 
aggregate that is 3/16 in. Based on our obser-
vation, there is no aggregate of this size in 
the mortar. 

Given the characteristics of the stone 
and mortar of the original exterior wall 
system at Perkins, more water has likely 
been entering the wall system over its entire 
history than a more conventional mass wall 
system of this vintage. It is likely that, when 
the terra cotta tile interior wythe was in 
place, similar quantities of water penetrated 
to the inside face of the Duke stone, but 
the water may not have been visible on the 
interior since the bottom of the terra cotta 
tile was below the finished floor. Water was 
likely being absorbed by the terra cotta tile 
and may also have been collecting below the 
wood flooring between the sleepers. Once 
the tile and flooring were removed, the infil-
tration was much more visible.

In addition to generally allowing higher 
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Figure 6 – Unsealed fastener hole at window frame and associated leak from water testing.



volumes of water into the wall system, the 
historic and aesthetic properties of the 
Duke stone and the raised mortar joint pro-
file limit the practical options to control this 
water entry in a systemic exterior-applied 
approach. While comprehensive repointing 
and/or applying of a penetrating sealer to 
the mortar joints may reduce some of the 
water infiltration in the short term, it was 
our opinion that the combination of the 
stone characteristics and the joint profile 
necessary to maintain the aesthetic of the 
wall make addressing the exterior of the 
wall in this manner unrealistic and likely 
impractical. This type of intervention would 
also likely be ineffective for more than a 
few years without a frequent maintenance 
and reapplication schedule. Application of 
a coating on the interior is also deemed not 
advisable since it may reduce drying toward 
the interior. 

Leakage that was noted at the limestone 
window surrounds is the result of the sur-
round units being a single, full-depth unit 
from interior to exterior, and therefore the 
mortar joints are also continuous pathways 
from exterior to interior. As a result, water 
that penetrates through the joints between 
the limestone surround units has a direct 
path to the interior.

EXTERIOR REPAIR 
RECOMMENDATIONS

Based on our investigation, we recom-
mended the following repairs be performed 
at the exterior to limit water infiltration. 
The recommended repairs listed below do 
not include recommendations related to the 
roof/wall interface which are not the subject 
of this paper. 

1. Repoint all mortar joints at lime-
stone. 

2. Install non-staining silicone sealant in 
the upward-facing joints in limestone 
details and between coping units.

3. Seal windowsill fastener holes.

INTERIOR WATER MANAGEMENT 
STRATEGY RECOMMENDATIONS

It was WJE’s opinion that even if the 
repairs listed above were implemented, it 
was likely that some water infiltration would 
continue to occur. As such, we also recom-
mended the following interior water man-
agement strategies in combination with the 
exterior repairs noted above:

1. Keep moisture-sensitive finishes 
(i.e., drywall, carpet, wood flooring) 

out of contact with exterior walls, 
particularly at limestone window 
surrounds. 

2. Install interior windowsills made of 
non-absorptive or water-resistant 
materials. 

3. Install a continuous bead of sealant 
along the interior face of the stud 
wall sill track at the floor level in 
combination with a liquid-applied 
waterproofing membrane at the base 
of the cavity between the stud wall 
and the Duke stone extending up 
the outside flange of the bottom 
track of the stud wall.

4. Vent the wall cavity to facilitate dry-
ing. Mechanical ventilation of this 
space would be preferred; however, 
since this approach was deemed not 
to be feasible, regularly spaced ven-
tilation openings at the top and bot-
tom of the wall should be included 
at a minimum to encourage natural 
stack effect drying.

5. Consider installing a finished floor 
system that is raised above the mud 
slab.

Following our initial investigation and 
report, it is our understanding that some 
of the recommendations presented were 
implemented, including the installation of 
waterproof materials at windowsills and 
cutting vent holes in the drywall installed 
on the exterior walls to allow for air move-
ment within the wall and to promote drying. 
However, our recommendations to keep 
moisture-sensitive finishes (e.g., drywall, 
carpet, wood flooring) out of contact with 
exterior walls, particularly at limestone 
window surrounds; to seal the stud wall 
sill track at the floor level; and to consider 
installing a finished floor system that is 
raised above the mud slab, were not imple-
mented. In addition, recommendations to 
repoint all mortar joints at the limestone 
window surrounds and to seal the window-
sill fastener holes were not incorporated. 
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Figure 7 – Conference room window head flashing installation.



TARGETED INVESTIGATIONS
Conference Room

In the fall of 2015, ongoing and active 
interior water leaks were reported by library 
personnel prior to the official reopening of 
the building after its extensive renovation, 
including recurring leaks at certain window 
heads in one of the conference rooms. The 
location of the conference room is identified 
with a red outline on the plan in Figure 2. 
WJE was retained to evaluate the cause(s) of 
the leakage in the conference room and pro-
vide recommendations to address the leaks. 
WJE performed a similar investigation to 
that previously described and provided sim-
ilar exterior repair recommendations, with 
the addition of recommending the instal-
lation of window head flashings above the 
east-facing conference room windows. 

Water testing revealed that as water 
enters the Duke stone masonry above win-
dows, it flows down through the mortar and 
voids within the masonry until it reaches 
the limestone window lintels. At areas with-
out head flashings, some of the water is 
likely absorbed by the limestone, but some 
water will also flow toward the exterior or 
interior of the wall, depending on the slope 
of the limestone surface. When enough 
water collects to spill over the interior edge 
of the limestone window lintel, it will cause 
a visible leak on the interior, which was 
consistent with the reported recurring leaks 
in the conference room. The recommended 
head flashing located on top of the lime-
stone lintels would collect the water drain-
ing through the Duke stone masonry and 
direct it back to the exterior (Figure 7).

It is our understanding that the recom-
mended head flashing repairs were per-
formed at the conference room during the 
summer of 2016, and no leaks have been 
reported or noted in this location since the 
repairs were implemented.

Boardroom
In August 2017, the university contacted 

WJE regarding reported water leakage that 
had caused damage to the wood flooring in a 
boardroom that is located directly below the 
conference room that was previously inves-
tigated. The location of the observed damage 
is adjacent to a low-slope roof over a single-
story entrance hall. At Duke’s request, WJE 
investigated the reported water leakage in 
the boardroom and provided recommenda-
tions to address the leakage.

WJE conducted a similar investigation, 

including document reviews, personnel 
interviews, interior and exterior visual sur-
veys, and water testing at the boardroom. 
Our findings and recommendations were 
similar to our previous investigations, with 
the addition of specific repair recommenda-
tions based on the atypical conditions at 
this location (Figure 8). In this case, repairs 
to the counterflashing at the adjacent low-
slope roof were recommended in addition to 
interior water management strategies.

TEMPERATURE, HUMIDITY, AND 
MOISTURE MONITORING

As part of our targeted investigation at 
the conference room, WJE installed mois-
ture, temperature, and humidity monitors 
to determine if moisture exists in the spaces 
between the exterior masonry walls and 
the interior finishes. We monitored for 
bulk water within the cavity, and we also 
assessed whether the dew point tempera-
ture within the cavity was affected by pre-
cipitation. We also evaluated the potential 
for condensation within these spaces.

WJE installed two different types of 
monitors in the conference room to deter-

mine if moisture exists or if there is the 
potential for condensation in the spaces 
between the exterior masonry walls and the 
interior finishes. Four water rope sensors 
(Figure 9) and five temperature and RH (T/
RH) sensors (Figure 10) were installed. The 
T/RH sensors record the temperature and 
RH of the air in which the sensor resides; 
the unit also calculates the dew point tem-
perature. The rope sensors record a simple 
“water present” or “no water present” read-
ing, based on whether the rope is in contact 
with liquid water or not. 

The specific sensors and the locations in 
which they were installed include: 

1. North water rope sensor – on the 
floor behind the drywall under the 
north windows

2. East (short) water rope sensor – on 
the floor behind the drywall under 
the smaller east window

3. East (long) water rope sensor – on 
the floor behind the drywall under 
the larger east windows

4. South water rope sensor – on the 
floor behind the drywall under the 
south windows
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Figure 8 – Boardroom repair recommendations.



5. Upper north T/RH – behind the dry-
wall near the top of the north wall 
(close to the northeast corner)

6. Lower north T/RH – behind the 
drywall near the bottom of the north 
wall (close to the northeast corner)

7. Upper south T/RH – behind the dry-
wall near the top of the south wall 
(close to the southeast corner)

8. Lower south T/RH – behind the 
drywall near the bottom of the south 
wall (close to the southeast corner)

9. Room interior T/RH – within a ther-
mostat cover mounted on the dry-
wall surface of the west wall

The specific locations of the sensors are 
shown in Figure 11.

WJE also compiled weather data that 
was recorded at the KIGX weather station 
in Chapel Hill, NC, and accessed via www.
wunderground.com. Monitor readings and 
associated weather data were collected for 
one year.

Based on our review of the data col-
lected over the year, it was determined 
that the temperature and RH data patterns 
varied seasonally, as expected. The interior 
temperature remained generally constant 
around 70°F (21°C) year round. The tem-
peratures recorded within the wall cavi-
ties generally fell between the interior and 
exterior temperatures, as expected. The 
interior RH was much more variable dur-
ing winter months (approximately October 

to May) than during summer months (May 
to October). During summer months, it 
was generally constant at around 55 to 60 
percent, presumably due to dehumidifica-
tion as part of the air conditioning system. 
During the winter months, it varied from 
approximately 15 to 65 percent.

Because RH varies with temperature, 
the dew point temperature is a better met-
ric to evaluate the amount of moisture in 
the air when temperatures vary. The dew 
point temperature is the temperature at 
which moisture in the air will condense. If 
the temperature of a surface falls below the 

dew point temperature, condensation will 
form on that surface. The more moisture 
there is in the air, the higher the dew point 
temperature will be.

During summer months, the dew point 
temperatures recorded within the wall cavi-
ties generally follow the dew point tempera-
tures recorded within the room because the 
air in the cavities is also being dehumidified 
due to air conditioning. In winter months, 
the cavity dew points showed greater devia-
tion from the interior dew points, but still 
generally followed the pattern of the interior 
dew points. 
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Figure 9 – Water rope sensor installed 
inside wall cavity.

Figure 10 – Temperature and 
humidity sensor installed in 

conference room interior.



By plotting the recorded precipitation events with the 
dew point temperature data, we concluded that precipi-
tation did not appear to influence the cavity dew point 
temperatures during summer months. In winter months, 
the dew point temperatures within the wall cavity and 
the room interior appear to be more sensitive to changes 
in exterior dew point temperature than to precipitation 
events that may soak the masonry wall. While the exte-
rior dew point temperature often goes up after precipita-
tion events, there are also instances when the exterior 
dew point and the interior and cavity dew points spike 
without any recorded precipitation. 

Though precipitation did not appear to directly influ-
ence the dew point temperatures within the cavity, there 
was a correlation between precipitation events and the 
“water present” readings that were recorded by the rope 
sensors (Figure 12). All of the “water present” readings 
occurred during or shortly following significant precipi-
tation events that were typically accompanied by high 
winds. However, not all heavy precipitation events result-
ed in “water present” readings, which could be due to the 
variability of wind speed and direction, or the moisture 
content within the wall prior to these events.

Over the course of the monitoring period, we did 
not record any temperatures within the wall cavities 
that were below the calculated dew point temperature. 
However, it is important to note that the monitors record 
the air temperature within the cavity, not the tem-
perature of the adjacent solid surfaces such as the steel 
studs, structural steel frame, and face of the masonry 
wall, which may vary. The temperature of the steel studs 
would likely trend more towards the interior room tem-
perature, while the face of the masonry wall and the 
structural steel frame would likely trend more towards 
the exterior temperature. 

During the winter months, there were several instanc-
es in which the exterior temperature (the minimum, or 
“low” temperature for the day) fell below the calculated 
dew point temperature within the wall cavity (Figure 13). 
Depending on the specific heat transfer properties of the 
masonry wall and steel frame, as well as the thermal lag 
of the wall due to its thermal mass, it is possible that the 
surface of these elements may drop below the dew point 
temperature within the cavity, resulting in condensation. 
However, based on the fact that the masonry wall and 
steel frame are exposed to moisture from other sources 
such as soaking precipitation events, and these materials 
are not particularly moisture-sensitive, infrequent con-
densation would likely not pose any additional risk to the 
integrity of the exterior wall. Additionally, the masonry 
wall has the ability to absorb some of the moisture from 
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Figure 11 – Monitor locations (background plan 
courtesy Shepley Bulfinch Richardson & Abbott; 

image modified by WJE).

Figure 12 – Air temperature, dew point 
temperature, and precipitation readings.



any potential condensation, so it is unlikely 
that condensation would ever result in 
enough liquid water to flow down the face of 
the masonry wall and onto the floor where 
it could come into contact with moisture-
sensitive materials such as wood flooring 
or drywall. This is supported by the fact 
that there were no “water present” readings 
during the monitoring period that did not 
correlate to significant precipitation events.

CONCLUSIONS
Our initial recommendations to address 

the general performance of the masonry 
walls remained essentially unchanged fol-
lowing our subsequent targeted investiga-
tions. Based on our investigations and 
monitoring, bulk water infiltration during 
wind-driven precipitation events appears 
to be a more critical concern for the exte-
rior wall system at Perkins, rather than 
hygrothermal issues such as condensation 
within the wall cavity. This correlates with 

our initial findings from the water testing 
investigation, in which we noted that some 
water leakage will likely continue to occur 
on the interior of the stone walls based on 
the limited capacity of the wall system to 
behave as a reservoir. As such, the original 
recommendations presented to Duke were 
not modified based on the targeted investi-
gations and monitoring, but specific recom-
mendations were added based on unique 
and atypical conditions at transitions and 
interface locations.

We have recommended that Duke con-
tinue to monitor the interior spaces in 
Perkins Library for signs of possible water 
infiltration (e.g., damage to drywall, wood 
flooring, etc.) and visible water leaks, espe-
cially during wind-driven precipitation 
events. We also recommended that con-
sideration be given to periodically checking 
the wall cavities throughout the building 
for signs of water infiltration. To this end, 
water rope sensors that alarm when water 

is detected could be installed in 
select spaces where water infil-
tration could cause extensive 
damage to interior finishes or 
significant disruption to the use 
of the space. 

One of the most valuable les-
sons learned from our investiga-
tions at Perkins Library is that 
an interior renovation project 
can have a significant impact 
on the performance of the exte-
rior wall system if the original 
water management characteris-
tics of the wall system are not 
well understood. In instances 
where exterior repairs may not 
be practical or effective at miti-
gating water leakage, interior 
water management strategies 
may have to be employed. And 
finally, temperature, humidity, 
and moisture monitoring may 
also be useful to determine 
baseline performances and then 
evaluate the effects of modifica-
tions or repairs to an exterior 
wall system. 
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3. As part of our investigation, the 
roof/wall interface details were also 
evaluated and tested, but the focus 
of this paper is primarily the façades 
themselves. Our approach and test-
ing of these interfaces followed a 
similar methodology to those pre-
sented related to the façades.

4. Further discussion of the water leak-
age through the window systems 
was included in our original report, 
but we have omitted it here since the 
focus of this paper is the masonry 
façades and monitoring.

7 2   •   v a n  d o m E l E n  a n d  g E r n S  B u i l d i n g  E n v E l o p E  T E c h n o l o g y  S y m p o S i u m   •   n o v E m B E r  1 6 - 1 7 ,  2 0 1 8

Figure 13 – Cavity dew point temperature compared to cavity and minimum exterior 
temperatures.


