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hile the word “forensic”
has different meanings
throughout North America, for this article, it is
defined as “the puzzlesolving application of a
broad spectrum of technical knowledge and
expertise to answer questions of interest.”
The purpose of the following case study is to
consider nonlinear puzzle-solving processes
used during an extended water intrusion
investigation—not to evaluate the merits of
original decisions made by the building’s
contractors.

The on-grade concrete slab addressed below was introduced
to Interface readers in a November 2009 article, “Concrete
Slab-on-Grade Moisture Tests: How Useful Are the Testing
Data When the Vapor Barrier May Be Ineffective?”

PReLImINaRy INVeSTIgaTIoN
Our firm was hired to investigate carpet/flooring failure at the offices of a nonprofit research facility (Photo 1) near San
Francisco. The
commercial
building was
constructed
in 2005 with
concrete tiltup
panels
(Photo 2) atop
spread concrete footings
surrounding

an on-grade concrete floor slab directly
adjacent to a tidal estuary (Photo 3) at the
mouth of a river flowing into a saltwater
bay.

Photo 2 – 2005: Concrete tilt-up panels on “spread
footings” surround on-grade concrete slab.

Photo 1 – Nonprofit research facility
near San Francisco.
november 2012

Interface

•

5

by transmitting a radio-frequency
alternating-current field into the
slab.4
2. An internal relative-humidity test
carried out in conformance with
ASTM F2170.5 Holes are drilled to
a depth of about 40% of the slab’s
thickness to accommodate a tightly
fit sensor that registers the approximate temperature and relative
humidity (RH)6 within the concrete.7

Photo 3 – The building was constructed atop a high water table adjacent to a tidal estuary.
As seen in Photo 4, our inspection confirmed deterioration of the latex adhesive
used to secure the vinyl-backed carpet
tiles, which were functioning as a barrier
against the dissipation of water vapor rising through the floor slab. Such adhesive
failure can result when “moisture traveling
upward through the concrete brings alkalies to the surface where they can attack
flooring materials.”1 We expedited samples
of the smelly, emulsified adhesive to a laboratory for assessment of potential health
risks to the building occupants and then,
as directed by indoor air quality (IAQ) specialists, removed the carpet tiles and deteriorated adhesive, exposing the underlying
“wet” floor slab.
After safe removal of the failed carpet tiles, the pressing forensic questions
included these:
a. How wet was the concrete slab at
this point in time?

b. Were some areas substantially wetter than others?
c. Over time, would the now-exposed
on-grade concrete slab begin drying?
d. Did the humidity data provide clues
to the moisture source(s) wetting the
slab?
Over the course of our investigation, we
used two diagnostic
tests to address such
issues:2
1. An electrical
impedance
test using a
proprietary
to
meter 3
determine
near-surface
moisture content (Photo 5)

With the electrical impedance meter,
we found that the near-surface moisture
content of the slab ranged from about 5% to
greater than 6%.8 These high values clearly demonstrated some form of moistureresistive performance failure in the design
and/or construction of the on-grade concrete slab and its surroundings.
In Figure 1, which presents a floor plan
of the building, our preliminary (Phase 1)
and later (Phase 2) electrical impedance
metering is summarized in three approximate zones of moisture content: “yellow”
(5.0 to 5.7%), “green” (5.8 to 6.0%), and
“blue” (>6.0%). The Phase 1 data suggested
that primary origin(s) of the unintended
moisture infiltration might be located at or
near the western edge of the slab.9

Photo 5 – Electrical impedance confirms
floor slab is saturated.

Photo 4 – Latex adhesives are emulsified and
deteriorating, creating smelly IAQ problem.
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By comparison,
the matrix in Table
1 summarizes midslab “internal RH”
data collected from
six sensors over a
two-year period. The
locations of the six
sensors (S-1, S-2,
S-3, S-4, S-5, and
S-6) are identified in
Figure 1. We see in
Table 1 that five of
the six sensors have
recorded surprisingly high humidity10 levels within the
concrete slab, while
the other sensor
(S-3) has recorded
“dry” conditions.
Note: With these
sensors, “Hi” indicates a value greater
than 99% RH. While
both values correspond to saturation
of the concrete floor
slab,
significant
additional moisture
is required to register “Hi” instead of
99%.
The data from
our moisture me- Figure 1 – Partial plan view identifies the “internal RH” sensors (S),
ters and RH sen- the concrete test cuts (C), four inspected planters (P), and approximate
sors demonstrated moisture content (MC) measurements at the concrete slab.
that the on-grade
concrete slab was unusually wet. The forensic process is the highly perceptive
primary purpose for our ensuing puzzle- guidance published by architect William
solving investigation was to explain why, Rose: “Most moisture problems can be
how, and where this excess moisture infil- diagnosed by looking at the condition and
trated the slab. The foundation for this asking how much water it took to create

Table 1 – Internal relative humidity readings per ASTM F2170.
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Photo 7 – Test cut C-1 exposes the overlap joint
of the 10-mil polyethylene vapor retarder.

Photo 6 – Widespread cracking of concrete tilt-up panels
was an exacerbating source of water infiltration.

that problem. Solving the problem amounts
to asking where that amount of water could
have come from and where it should go.”11
Even though we already had identified
a variety of exacerbating sources of water
leakage into the building and onto the slabon-grade concrete, including improperly
installed aluminum-framed storefront windows and widespread cracking of the concrete tilt-up panels (Photo 6), these defects
could not have produced sufficient amounts
of water to make the floor slab so wet.
Conditions under the concrete floor

slab were investigated destructively
at three locations
(C-1, C-2, and
C-3) identified in
Figure 1. In test
cut C-1 (Photo 7)
near the S-3 sensor, we found multiple punctures in the
10-mil polyethylene vapor retarder12 (Photo
8) installed between the compacted granular base and granular subbase. No evidence
of free water was found in this hole.
At test core C-2, near the western
edge of the concrete floor slab, pooling
water (Photo 9) was found directly under
the floor slab. Similarly, at test cut C-3,
after excavation below the sidewalk, water
began seeping outward (Photo 10) from
under the concrete

tilt-up panel, indicating the existence of a
pool of water under the slab at its western
perimeter.
Upon digging into planters P-1 and
P-2 (see Figure 1) between the front of
the building and the sidewalk, we found
corroded rebar and the exposed edge of a
blackish 10-mil polyethylene vapor retarder
(also punctured). In other words, as seen in
Photo 11, the contractor had not closed off
(or “turned down”) the edge of the concrete
slab to provide a water migration barrier
between the planter soil and the granular
base and subbase under the concrete slab.
However, within these two planters, we
found no evidence of ponding or trapped
water, and we observed that the granular
fill supporting the sidewalk promoted good

Photo 9 – Test core C-2: Pooling water was
found directly under the floor slab.

Photo 8 – The polyethylene vapor retarder
was found to have numerous punctures.
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Photo 10 – Test cut C-3 at sidewalk: Water began seeping outward
from under the concrete tilt-up panel.
Photo 11 – Soil in planter directly abuts the
granular subgrade under the concrete slab.
The punctured polyethylene vapor retarder is
visible under the corroded rebar.

drainage away from the building.
At this point in the forensic analysis,
it seemed reasonable to hypothesize that a
primary moisture source for the wet floor
slab was some form of upward “percolation” of unintended moisture (water and/
or vapor) through the underlying clay soil13
from the high water table14 (Photo 3) traveling vertically through the punctured vapor
retarder15 (Photo 8) into the on-grade concrete slab.
In retrospect, we had reached this seemingly reasonable—but erroneous —hypothesis by overly focusing on the heavily punctured vapor retarder due to our past experiences with failed or missing underslab
vapor retarders at other projects.16
PhaSe 2 INVeSTIgaTIoN
Upon subsequent review, our theory
was found to suffer from a fatal flaw: the
concrete floor slab and its subslab granular
layers had been installed onto a 30-in.-thick

lime-treated soil
(LTS)17 pad constructed atop
the locally common adobe clay
soil, which can
be highly expansive (i.e., has
a high shrink/
swell potential
when its moisture content decreases or
increases). Our destructive testing (with a
jackhammer) supplemented research indicating such dense LTS pads are resistant to
water and vapor infiltration.
Many areas in North America18 have
expansive clay soils with high shrink/
swell properties that can be stabilized with
hydrated lime treatment, which causes
the clay surface mineralogy to be altered,
producing reduced
plasticity, reduced
moisture-holding

capacity, reduced swell potential, improved
stability, and the ability to construct a solid
working pad.19
While it is far more common to encounter these relatively expensive LTS stabilization programs during roadway construction and at large commercial projects than
at small office/warehouse buildings, with
20/20 hindsight (considering the adobe clay
soils and the river mouth location), it makes

Photo 13 – Close view of P-3 planter.

Photo 12 – Overview of P-3 planter.
november 2012

Interface

•

9

ern edge. Upon sidewalk, we again found native clay soil
excavation into that was highly sticky and water-saturated,
the infill planter providing minimal drainage, if any, from the
(P-3) seen in planter. (Also note the plastic piping for the
Photos 12 and 13, landscaping irrigation in Photo 15.)
we found wet soil,
the exposed edge SummaRy dISCuSSIoN
In many litigation cases, forensic analyof the polyethylene
vapor retarder, and ses of building envelope performance move
water trails leading forward sporadically due to legal, logistiunder the concrete cal, access, and/or budgetary constraints.
slab and granular This article does not attempt to describe or
base and subbase explain the timeline of the extended investiatop the LTS pad. gation carried out at this building.
A critical goal of the forensic process is
And, even though
some, but not all, tying together cause(s) and effect(s). “Within
of these planting the limits of the investigator’s commission: a)
Photo 14 – Phase 2 investigation occurred at Unit 12.
areas were ser- the consequences of leakage are established;
viced by landscap- b) the severity, consistency, and distribugreat sense that the construction site first ing drains, the inlets for these through-the- tion of these consequences are determined;
had been prepared with a thick, dense, and sidewalk drain pipes were located about two and c) leakage pathways from construction
inches above the LTS pad, thus serving no defects and other types of building envelope
relatively water-impenetrable LTS pad.
failures are identified. This investigative proDuring our initial forensic surveys, per- functional purpose.
Finally, even though our excavation at cess commonly is both inductive and deduchaps blinded by our focus upon the punctured vapor barrier and the high water the P-1 and P-2 planters at the front of the tive and should be carried out with methodtable, our incomplete surveys at the P-1 and building had revealed a drainable granular ological competence, intellectual rigor, and
P-2 planters and the C-1, C-2, and C-3 test base under the adjacent sidewalk, here at professional integrity.”22
While our preliminary Phase 1 survey
cuts caused a failure to consider the under- the P-3 sidewalk, we found native clay soil
lying LTS pad (not shown on the provided that was highly sticky and water-saturated, led us to hypothesize vertical percolation
construction drawings). In hindsight, it is providing minimal drainage,
obvious that we also should have inspected if any, from the planter. In
short, at the four sides of the
the other planters sooner.
The thick LTS pad extends beyond the P-3 planter, only the granubuilding’s footprint, under the adjacent lar base and subbase under
sidewalk. Beyond the sidewalk, the at-grade the slab provided drainage
hardscape slopes away from the concrete routes.
Meanwhile, we had reslab and sidewalks. These conditions certainly seemed to discredit any theory that ceived permission to take
the wet floor slab was indicative of vertical moisture content readings of
“percolation” of moisture from the under- the concrete floor slab inside
south-facing Unit 12 (see
ground water table.
The puzzle-solving process for complex Photo 14), which had become
water intrusion investigations can be a vacant. As shown in Figure 1,
highly nonlinear maze. When arriving at a the entire floor in Unit 12 was
roadblock or dead end, the next step is to re- found to be very wet, with
assess previously collected observations and the wettest readings at the
data for evidence of alternate pathway(s). southern edge adjacent to the
Again, the advice of architect William Rose planters.
We excavated into the P-4
is fundamental: Solving complex moisture
problems always entails asking where that planter (Photo 15), again findamount of water could have come from.20 ing wet soil, the exposed edge
For this particular puzzle, if the problematic of the polyethylene vapor
water apparently was not migrating vertical- retarder, and visual evidence
ly, then we needed to reconsider potential that water migration under
routes for horizontal intrusion atop the the concrete slab was occurnewly recognized LTS pad.
ring atop the LTS pad, which
Our initially collected moisture data had was found to have an undu- Photo 15 – The pour strip (or pour-back strip) 21 within Unit
indicated the wettest (“saturated”) areas of lated surface that could pond 12 was saturated. The planter drains under the slab via
the wet concrete floor slab were at its west- water. Then, under the P-4 the LTS pad.
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from the natural water table as a primary
explanation for the wet slab and resultant flooring failure, subsequent evidence,
including the Phase 2 survey, led us to
conclude that a primary source was horizontal migration—via the granular base and
subbase under the slab—from the poorly
drained planters, creating a perched water
table23 atop the LTS pad.24
In retrospect, the early information
gained from the moisture content values
summarized in Figure 1 and the subgrade conditions (see Photo 11) exposed
at the interface between the P-1 planter and the slab easily could have been
sufficient to solve this moisture-migration
puzzle. However, even if our conclusions
perhaps came slowly, our forensic process
remained consistent with the investigative
methodology prescribed in ASTM E2128,25
which includes the following guidance: “The
information systematically accumulated in
a leakage evaluation is analyzed as it is
acquired. The new information may motivate a change in approach or focus for subsequent steps in the evaluation process.”
Even though E2128 specifically addresses leakage evaluations of building walls, its

november 2012

forensic principles are valid for all building
envelope evaluations.26 As the investigation
progresses, new conditions and sampling
questions may emerge that confirm, enrich,
modify, or challenge the investigator’s
understanding of the observed phenomena: “The evaluation of water leakage…is a
cognitive process in which technically valid
conclusions are reached by the application
of knowledge, experience, and a rational
methodology.”27 The hallmark of good building envelope forensics is a willingness to
remain open to new information, no matter
what it reveals.
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