NONDESTRUCTIVE EVALUATION OF OKLAHOMA
STATE UNIVERSITY COLVIN CENTER ANNEX

DECAYED TIMBER ARCHES

By
SARAH REBECCA MARKES
Bachelor of Science
Oklahoma State University
Stillwater, Oklahoma

1999

Submitted to the Faculty of the
Graduate College of the
Oklahoma State University
in partial fulfillment of
the requirements for
the Degree of
MASTER OF SCIENCE
December, 2001



COPYRIGHT
By
Sarah Rebecca Markes

December, 2001




NONDESTRUCTIVE EVALUATION OF OKLAHOMA
STATE UNIVERSITY COLVIN CENTER ANNEX

DECAYED TIMBER ARCHES

Thesis Approved:

Qud N Ao

Thesis Advisor

(;_ Sl Jggosbt_
Oobz K Ak

%oée Graduate College



PREFACE

This study was conducted to evaluate the condition of the Oklahoma State
University Colvin Center Annex glued-laminated arches. Throughout the 27-year
lifespan of the building, many adverse weather conditions have caused decay throughout
the exposed ends of the arches. The objective of this study was to determine the amount
of decay in individual laminations of each arch by employing through-transmission stress
wave technology. From this data collection, recommendations were made to Oklahoma
State University officials regarding possibilities for restoration of the existing structure
considering economical issues as well as safety. This information will help the university
make a final decision on the issue.

I would sincerely like to thank Dr. Robert Emerson for his unconditional help
through all of my thesis work. He has been an excellent mentor, as well as a friend. Not
only have I learned a great deal of knowledge from him, but [ have also learned patience
and perseverance. Also, thanks to my committee, Dr. Robert Hughes and Dr. Steve
Gipson, for responding quickly when I needed them. Finally, I want to thank the
Oklahoma State University Physical Plant, especially John Houck, for their trust in my
abilities of completing this undertaking, and for their financial backing throughout the

project.
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1. INTRODUCTION

In this thesis project, glued-laminated arches on the Oklahoma State University Annex
were analyzed to determine the amount of decay present in each. A previous visual
inspection of the beams by an outside source found serious amounts of decay throughout
each glulam. The idea of this research is to prove or disprove the amount of decay
present in these members by performing a nondestructive analysis of the internal
conditions of the beams. From this information, Oklahoma State University Officials can

make a final decision to keep or discard the structure.

1.1 Environmental Exposure

The Colvin Center Annex, located on the Oklahoma State University Campus, has been
subjected to many adverse and differing Oklahoma weather conditions. When the
structure was constructed, the 13 wood glued-laminated (glulam) arches were built with
the bottom 7-feet of each end exposed to the environment. Water runs off the roof
directly onto this exposed area and collects in the steel casing at the base of each glulam.
Due to the ever-changing weather and above-mentioned lack of protection from
precipitation, these members of the building have become decayed. Almost all of the
glulams have some amount of decay, and that level is the desired information found using

the following procedure.



1.2 Uses of Colvin Center Annex

The Annex has been used for many activities within the university, therefore historical
and sentimental significance have been placed on the structure. Intramural sports, varsity
athletic training, and summer camps are just a few of the numerous activities that take
place in the building every year. With the growing demand for athletic facilities, the
Annex has much physical importance as well. For these reasons, a structure of this
nature is needed for the Oklahoma State University community, and, if the existing

building can be salvaged, money could be saved for OSU.

1.3 Objectives

The goal of this study is to nondestructively identify the amount of decay present in each
exposed glulam arch and to pinpoint specific areas of major concern. A previous visual
analysis by a contracted company showed that decay existed throughout the length of the
exposed glulams. The results of this research on the Annex will prove or disprove this
spectral evaluation and will allow Oklahoma State University officials to effectively
retrofit the structure by concentrating on the problematic areas. This protection should
elongate the existence of the structure allowing the building to remain in service, and the

university can postpone the cost of a new structure.



2. TESTING PROCEDURE

Twenty-six exposed glued-laminated timber segments were nondestructively inspected to
locate and quantify decay. Inspection points were marked along each lamination being
inspected. Through-transmission stress waves were sent through the wood at each of
these locations. The apparent velocity of each wave was captured using a hand held
digital oscilloscope (Fluke 192 Scopemeter,) and these values were then graphed on color

and black-and-white contour diagrams, where decayed regions could be easily identified.

2.1 Layout of Test Spots

To begin evaluating the decay in the arches, a grid of proposed test spots was delineated.
Each glued-laminated timber arch is composed of 2x10 pieces of dimension lumber in 21
laminations. Four-inch increments along each lamination were used for the 80-inches of
exposed wood on each lamination to give an accurate but efficient sampling of the
material throughout each exposed arch section. Therefore, 20 different spots were
analyzed on each of the 21 laminations, totaling 420 test locations per member. When
constructing the graphs used for analysis, this amount of test locations depicted the
decayed regions precisely. As mentioned above, a total of 26 different segments of

glulam were evaluated using the layout depicted in Figure 2.1.






through the material, and the receiving accelerometer captured and converted the stress
wave's mechanical energy into electrical energy that was sent to the oscilloscope. As
shown in Figure 2.2, the initial strike began a
stress wave for both the hammer and its
accelerometer, with the hammer’s wave, wave A,
rising as the signal was sent. When the
accelerometer in the receiver sensed the wave, the

second wave, wave B, ascended similarly to the

hammer’s wave. The time between the fronts of

Figure 2.2: Captured Stress
Wave on Fluke 192 Scopemeter

the waves shown as the time between the two
vertical lines in Figure 2.2 was recorded for each test spot. This wave travel time for
each location was then divided by the distance through which the wave traveled giving
the velocity of the stress wave. The calculated velocity provided the necessary

information to locate and predict the amount of decay present throughout each glulam.

2.3 Effect of Decay on Material Properties
The travel time of each wave is dependent on the material properties of the wood. The
velocity (V) of a stress wave in a material is proportional to the material density (p) and

elastic modulus (E), as seen in Equation 2.1.

Equation2.1 V= E*g
p

where g is acceleration due to gravity.




Decay in wood decreases both the density and elastic modulus. The elastic modulus is
defined as the force needed to elongate a material, and the density is the amount of
substance contained within a specific area. In a decaying material, elastic modulus
diminishes much more rapidly than the density because the substance, in this case, wood,
can still be present, maintaining the density, but the decay fungi make the wood more
brittle, lessening the elastic modulus. Therefore, the velocity of a stress wave through
wood decreases as decay increases. Wood containing early decay has diminished density
and elastic modulus while maintaining the physical wood structure. Wood having
advanced decay may have voids due to complete degradation of internal wood structure.
Adjacent regions of early to moderate decay usually accompany these fully decomposed
areas, which can be seen later in the color contour diagrams of each glulam. Severely
decayed wood contains voids, which the wave must travel around, creating a longer
travel time, and consequently, a smaller apparent velocity. In comparison, sound wood
allows the wave to travel in a straight line, resulting in a shorter travel time and higher
velocity. Hues of light blue, green, and yellow frequently surround areas of red and

orange, indicating the above-mentioned levels of decay.

When considering the different levels of decay, early, moderate, advanced, or severe
decay were the tiers chosen for comparison. In each of these tiers, a corresponding
change in modulus of elasticity (MOE) and in compressive strength has been determined
based on previous studies by Emerson (1999), and Ross (1982). These approximate

values in Table 2.2 give an idea of the strength capacity remaining in the wood.






information comparatively to the other arches. In some of the color contour diagrams, a
red area could indicate a very high travel time in comparison with all of the glulams; on
another diagram, a red area could merely suggest a high travel time on that glulam when
the area might not actually have that significant of a travel time. This flaw in the
program could have been avoided if one color could be assigned to a certain travel time
value. However, since this problem could not be resolved, the dilemma was accounted
for when analyzing the diagrams by concentrating primarily on Microsoft Excel
Worksheets, where algorithms were entered to identify levels of decay in specific

regions.

2.5 Microsoft Excel Worksheets

After the travel times were put into SigmaPlot 2000, a comparison of travel times to loss
in material properties was performed. To do this, all times were put into Microsoft Excel,
where the velocity was calculated by dividing the width of the arch, 9.5-inches, by tht?
travel time. A sample of the excel worksheets is outlined in Table 2.5. After calculating
the individual velocities, these velocities were compared to the velocities through sound
wood, which was assumed to be located in the last 4-inches of each arch closest to the
building. The location of the sound wood areas is apparent in the last column, column
20, of Table 2.5. This area was chosen as a sound wood comparison since little to no

precipitation reaches the region that would result in decay.

A percent change in velocity was the desired information in these charts because, from

this data, a comparison could be made between loss in modulus of elasticity, and, finally,






3. ANALYSIS OF NORMALIZED GLULAMS

3.1 Summary

An aspect of consideration when analyzing glulams is the wood grain orientation of each
individual lamination. Different directions of wood grains can alter stress wave travels,
therefore varying travel times. To combat this discrepancy, all test locations were
normalized to create an accurate comparison between laminations. To normalize a
glulam, each individual travel time was divided by the travel time through sound wood of
that lamination. For example, in lamination A, travel times through locations Al through
A19 are divided by travel time through location A20. This procedure is repeated for each
individual location on every lamination. This step resulted in a value that compares to
every other test spot on the glulam. Most areas maintain some amount of decay, which
results in a normalized value greater than one. All normalized color and black-and-white
contour diagrams can be seen following the regular diagrams of each glulam. A dirf:tft
correlation can be seen between the areas of decay explained in the discussion of each
glulam and the normalized graphs. The reason for this is due to the normalization of
every test location. By normalizing the glulams, an even comparison is created between
each lamination as opposed to the regular diagrams where inherent variation between
laminations result in stress waves traveling at varying speeds from lamination to

lamination. This normalizing of the glulams eliminates this discrepancy.
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4. INDIVIDUAL ANALYSIS OF EACH GLULAM

4.1 Glulam 0

Glulam| Date |Temperature (F) | Precipitation | Moisture Content
0 |09/19/00 95 none 13

Table 4.1: Test conditions of Glulam 0.

In Glulam 0, a small amount of decay 1s present throughout most of the member. In the
first eight inches, a pocket of advanced decay exists. This critical area can be seen as
completely decomposed areas in the field picture. This advanced area is surrounded by
regions of moderate and early decay and should be flagged since the connection between
the member and the ground is made in this locale. Throughout the remainder of this
component, early to moderate decay is often present, but few areas of concern exist.
Lamination O is an exception, though, because moderate decay exists throughout the
mid-section of the entire piece up to about 20-inches from the top. This decay is
indicated on the color contour diagram as a light blue region just above the 10-inch
vertical mark. Sometimes these middle areas of slower travel time indicate a natural knot
in the wood, but, in this case, the entire lamination is affected, so decay is most likely

present.

Figure 4.1.1: Field picture of Glulam 0.
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4.2 Glulam 1

Glulam| Date |Temperature (F) | Precipitation | Moisture Content
1 | 08/08/00 90 none 14
Table 4.2: Test conditions of Glulam 1.

Glulam 1 seems to have very little decay throughout, with patches of early to moderate
decay present only in the top half of the member and not extending much past 16-inches
from the base of the arch. No advanced or severe decay exists throughout any of the
glulam. The location of this member is such that it is protected on both sides by brick
walls. These structures have helped in deterring weather from glulam 1 and have, in turn,
decreased the amount of decay in the constituent. From the field picture, it is seen that
the paint remains on most of the exposed arch area, and this sign indicates little or no
decay, since the paint peeling is the first step to allowing moisture to reach the depths of
the beam. The contour diagrams for this member show decay throughout its entirety,
which is misleading. The maximum travel times reach only to 400-ps, which is relatively

small, so every little change in travel time is magnified, since there are no large times

present.

Figure 4.2.1: Field picture of Glulam 1.
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4.3 Glulam?2

Glulam| Date |Temperature (F) | Precipitation | Moisture Content
2 | o8/10/00 92 none 16
Table 4.3: Test conditions of Glulam 2.

Early to moderate decay exists throughout areas of Glulam 2, but no major areas of
concern, containing either advanced or severe decay, subsist. The maximum travel time
did not exceed 300 microseconds, which indicates most of the wood in these laminations
is sound. This satisfactory state can be seen in the field picture below. As mentioned in
Glulam 1, a similar situation of little to no paint peeling occurs in Glulam 2. This
indicates, in conjunction with the Excel worksheets, that little or no decay exists
throughout this entire member. The normalized graph of this glulam shows a green area
along the bottom 8-inches of the beam. This area correlates with lamination T, where
moderate and early decay exist throughout the entire beam. This demonstrates the
accuracy of the normalized graphs. Another reason the normalized graph contains
several areas of green coloration is because the variance of the time travels is so slight,
similar to glulam 1, that the normalized graph has very little change from one area to the

next. Therefore, the smallest change results in a colored area signaling an area of decay,

when the entire beam actually contains only a slight amount of moderate and early decay.

Figure 4.3.1: Field picture of Glulam 2.
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4.4 Glulam 3

Glulam| Date | Temperature (F) | Precipitation | Moisture Content
3 | os/16/00 89 none 15
Table 4.4: Test conditions of Glulam 3,

Glulam 3 has a large concentration of moderate decay in the first 16-inches, although
very few of the travel times approach or surpass 350-ps. This value is comparatively low
to travel times in other arches. Yet, the effects of weather and wood grain orientation
could be the reason for this difference, which was discussed previously. Throughout this
member, some areas of concern do exist. Laminations J and K have some moderate
decay existing through most of the beam. This spot is too large to be considered a natural
knot in the wood, so should be considered a problem area. Another region of concern is
lamination T from 32-inches to 40-inches. Moderate decay is shown in this locale, but
due to the relatively small size of the area, a natural knot in the wood is probably the
cause of the large travel times. Overall, little decay occurs throughout the expanse of this
member, but the first foot is of a primary concern. The graphs below show many areas of

high decay, yet, as mentioned above, the travel times are relatively low, and the Excel

worksheets indicate otherwise.

: S— —
Figure 4.4.1: Field picture of Glulam 3.
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4.5 Glulam 4

Glulam| Date | Temperature (F) | Precipitation | Moisture Content
4 | oa/17/00 93 none 16
Table 4.5: Test conditions of Glulam 4.

Glulam 4 has solid amounts of early and moderate decay throughout the first 12-inches of
the arch. The location of the beam is in the middle third of the glulams, which are the
least sheltered from the environment members supporting the building. Although the
color contour diagram of this member does not show a large portion of orange and red
zones, the travel times are much larger than any of the previous beams. A wider expanse
of numbers is occurring, making the diagram deceptively blue. Yet the black-and-white
contour shows the locations of the high travel times. Laminations E and F have a
consistent amount of moderate decay throughout the first 44-inches of the beam, with a
concentration in the first 20-inches, which is indicated by the red and orange areas on the
normalized graph. Smatterings of early decay are prevalent throughout much of this

member.

Figure 4.5.1: Field picture of Glulam 4.
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4.6 Glulam 5§

Glulam| Date |Temperature (F)|Precipitation | Moisture Content
5 | oer21/00 95 none 13
Table 4.6: Test conditions of Glulam 5.

Large pockets of severe decay occur in the first 8-inches of glulam 5. Actual holes exist
in the wood, which is where a travel time of 5000-us is recorded. Surrounding the
pockets of severe decay, early, moderate, and advanced decay is also rampant. Yet, past
20-inches, nothing more than early and some moderate decay exists, although moderate
decay is quite prevalent in this area. Primary spots of advanced and severe decay are
restricted to the first foot or foot-and-a-half of the glulam. As mentioned in glulam 4, this
member is in a prime location where no protection from the weather exists. This factor
has a large effect on the decay present. The widespread and large values of travel time
can be seen in the black-and-white contour diagram. Other than the 5000-us recording, a
travel time of up to 600-pus is present, and this area is indicated in reds and oranges on the
color contour diagram. The normalized graphs are similar to the regular graphs, yet more
light biue exists throughout the member, representing the moderate decay, Although
decay occurs throughout this entire member, most of the decomposition is early or on the

low end of the moderate decay.

Figure 4.6.1: Field picture of Glulam 5.
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4.7 Glulam 6

Glulam| Date |Temperature (F)|Precipitation | Moisture Content
6 | 08/22/00 96 none 19

Table 4.7: Test conditions of Glulam 6.
In glulam 6, only moderate and early decay exist, with little or no decay subsiding

beyond 20-inches of the beam. This data is dissimilar to previous conjectures that the
members located in the middle third of the structure have large amounts of decay
throughout. Yet, the first 8-inches has a solid mix of early and moderate decay, similar to
all other members. Laminations E and F contain a stight amount of moderate decay
throughout the first 56-inches, or almost 5-feet, but this area is of little concern since the
rest of the beam is in such good condition structurally. These laminations should be
taken into account, since the pocket of decay is larger than merely a knot in the wood.
Yet, since little other decay exists throughout the arch, one small decayed area should not
cause too much structural instability. This glulam’s normalized graph 1s similar to the
regular graph but with more light blue scattered about the whole. This indicates the small
amounts of moderate decay throughout the length of the member, but not enough for the

beam to be a primary concern.

Figure 4.7.1: Field picture of Glulam 6.
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4.8 Glulam 7

Glulam| Date |Temperature (F) | Precipitation | Moisture Content
7 | 0ar23/00 93 none 14
Table 4.8: Test conditions of Glulam 7.

Following in a typical manner as previous arches, glulam 7 also has a concentration of
moderate decay in the first 16-inches with a few areas of severe decay, where the wood is
actually nonexistent due to complete rotting. Afier this area, only minimal amounts of
moderate and early decay exist, and the decomposition diminishes as the test spots
become closer to the building. Two areas to look at include lamination O between 20-
and 28-inches and lamination R between 28- and 36-inches. These areas indicate
moderate decay, when the rest of the beam only shows minor amounts of early decay.
Yet, since the areas are so small, the regions could be, and probably are, natural knots in
the wood. The severe decay areas are identified in red and orange and are obviously
located before the 10-inch marking on the horizontal axis. After this range, a solid blue
color exists with interspersed areas of light blue, all of which indicate moderate or early

decay. Overall, this beam does not have a continual problem throughout, but merely at

the connection with the ground, which is the critical area.

3

Figure 4.8.1: Field picture of Glulam 7.
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4.9 Glulam 8

Glulam| Date |Temperature (F)|Precipitation | Moisture Content
8 | 08/25/00 28 none 13

Table 4.9: Test conditions of Glulam 8.
Glulam 8 does not have much decay throughout the laminations. Moderate decay is

limited primarily to the first 8-inches. From this point of decomposition, scatterings of
moderate decay diminishing to decay levels continue scattered throughout the member,
but few areas of concern exist other than laminations N and T. These laminations have a
continual amount of moderate decay, which, since both areas are relatively small, this
region could merely be a natural knot in the wood. Even if the area was decayed, since
these two laminations are surrounded by 19 other structurally sound components, the
member should not fail. A light blue streak extends through 20- to 25-inches, and a
reason for this light blue streak through laminations could be due to the material
properties of the particular wood utilized in that lamination. Glulams often have varying
wood grain orientations throughout, and these differing patterns can cause an alteration in
the stress wave sent through the individual lamination, resulting, in this case, in a larger
travel time and a slower velocity. Although, this discontinuity should be fixed in the
normalized graph, but the area still occurs. Another reason this might be happening is the
relatively small travel times which appear to be drastic in the graphs, when, actually, the

largest time is 400-ps, a relatively small time.

Figure 4.9.1: Field picture of Glulam 8.
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4.10 Glulam 9

Glulam| Date | Temperature (F) | Precipitation | Moisture Content
9 08/30/00 95 none 1

Table 4.10: Test conditions of Glulam 9.
The first 12-inches of glulam 9 has a high concentration of damaging moderate decay

interspersed throughout the laminations with a small amount of early decay. The next 4-
inches have half moderate decay and half early decomposition. The remainder of the
member has relatively small amounts of moderate decay interspersed with early decay,
except lamination S, which has moderate decay throughout the first 44-inches of the
beam. This decay can be seen throughout the glulam in the color contour diagram as the
green and light blue area along the entire length of the bottom. Some form of decay is
present throughout this entire lamination up to the last foot. Yet, as mentioned in
previous glulam discussions, one decayed lamination will not fail the member. The load
can be transferred to the other surrounding laminations for support. The appearance of
the normalized graph seems to have a large concentration of decay throughout the beam,

indicated by the green areas, but this glulam only reaches travel times of 350-ps, which is

relatively low giving varying results from other glulams.

R —— 1 s >

2 =", - -
Figure 4.10.1: Field picture of Glulam 9.
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4.11 Glulam 10

Glulam| Date | Temperature (F) | Precipitation | Moisture Content
10 | og/08/00 89 none 18
Table 4.11: Test conditions of Glulam 10.

As found in all others, glulam 10 also has a high concentration of moderate decay in the
first 12-inches of the member, with no advanced or severe decay existing throughout the
entire member. Beyond this region, a high concentration of early decay with interspersed
moderate decay exists throughout the next 16-inches. From this point, only small
amounts of early decay exist with no moderate decayed regions. This decay can be seen
on the color contour diagram in the left side of the graph. Beyond this area, no coloration
other than blue exists, indicating no decay throughout. Once again, the normalized graph
is misleading because this graph shows green and dark areas throughout the entire beam,
but the highest travel time is 400-ps, which is relatively low, causing erroneous graph
portrayals. Overall, this beam is in good condition, which is apparent in the field picture,

Figure 4.11.1. Little paint has peeled off the beam, which is a good indication of little

decay.
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4.12 Glulam 11

Glulam| Date |Temperature (F) | Precipitation | Moisture Content
11 | 09/13/00 95 none 11

Table 4.12: Test conditions of Glulam 11.
A large concentration of moderate decay is limited to the first 12-inches of glulam 11. At

grid location El, a hole exists where the wood is completely decomposed. Extending on
into the member, the usual early and low moderate decay subsists, except for laminations
Jand Q. Lamination J has moderate decay throughout the entire first 52-inches, which an
area larger than a natural knot in the wood. Lamination Q has decay starting at 52-inches
and ending at about 60-inches. This area could be a natural knot in the wood since it 1s
relatively small, and, therefore, should not be flagged as a prime spot of concern. Other

than these specific areas, no key areas of decomposition exist beyond the usual scattering

of early decay.
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4.13 Glulam 12

Glulam| Date |Temperature (F) | Precipitation | Moisture Content
12 | 09/18/11 93 none 20

Table 4.13: Test conditions of Glulam 12.
Glulam 12 is protected on both sides from the environment. One side has a brick wall,

and, on the other, the Oklahoma State University tennis courts’ bleachers are situated.

For this reason, very little decay exists in this member. The color contour diagram is
misleading, because the green areas usually represent areas of large decay due to the high
travel time. Yet, since all the travel times are relatively low, the most significant being
280-ps, the range from low to high travel time is reduced, causing the colors to represent
lower travel times than normal. For this reason, large amounts of decay seem to be
present throughout the entire member, while, actually, no decay higher than moderate
exists at all, and only early decay exists past the first 12-inches. This glulam is not one of
major concern, although the color contour diagram appears to be that way. Throughout
the member, some early decay is present, yet nothing to be concerned about due to the‘

scattered nature of the decay.

Figure 4.13.1: Field picture of Glulam 12.
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4.14 Glulam 13

Glulam| Date |Temperalure (F)|Precipitation | Moisture Content
13 | 09/22/00 B9 none b I

Table 4.14: Test conditions of Glulam 13.
The location of this glulam is on the northwest corner, where weather is the worst.

Because of that, the condition of this member is poor. Glulam 13 has some major areas
of concern in the first 4-inches, with a high concentration of moderate decay extending
through the first 16-inches of the member. Severe decomposition is located in lamination
F, with laminations E and G containing advanced decay, all in the first 4-inches. These
areas can be clearly seen on the color contour diagram in the orange and red zones and in
the field diagram on the left side. Also, the travel times reach up to and past 500-pus,
which is relatively high compared to other glulams. Laminations E, F, and G contain
moderate decay throughout most of the glulam, with this region stopping at 52-inches. In
lamination O, at about 50-inches, a small pocket of apparent decay exists, and due to the
small nature of the area, this spot could be a natural knot in the wood, but may not be. A
light blue area surrounds the green region, which is usually present when decay subsists.
Therefore, this area should be treated as a decay spot, and precautions should be taken to
treat or to fix the area. Other than these problem areas, nothing more than scattered early

decay exists.

Figure 4.14.1: Field picture of Glulam 13.
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4.15 Glulam 14

Glulam| Date |Temperature (F) | Precipitation | Moisture Content
14 | 10/01/00 61 none 21

Table 4.15: Test conditions of Glulam 14.
Glulam 14 contains 4-inches of severe decay in lamination G and advanced decay in the

first 4-inches of lamination L. The severe decay is actually completely rotted wood, so a
value was merely assigned to it. These areas are indicated with the orange and red hues
on the color contour diagram. Besides this, a high concentration of moderate decay exists
in the first 12-inches, and beyond this, small amounts of moderate and early decay exist.
Yet, laminations G and S have moderate decay in areas throughout the beam. Lamination
G’s decay extends through the first 48-inches, and this region should be taken into
account and treated. Lamination S only contains decay between 60- and 70-inches,
which can be seen as a red area in the normalized color contour diagram. This area is
most likely a natural knot in the wood, due to the small nature of the apparently decayed
region. Past the first 12- or 16-inches, nothing more than scattered early decay exists,

other than the aforementioned areas.

Figure 4.15.1: Field picture of Glulam 14.
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4.16 Glulam 15

Glulam| Date |Temperature (F) | Precipitation | Moisture Content
15 | 40/009/00 ) none 14
Table 4.16: Test conditions of Glulam 15.

Glulam 15 contains no areas of severe or advanced decay. All of the travel times were
relatively low compared with other glulams, the largest being just over 200-ps. For this
reason, the color contour diagram has apparent areas of decay throughout the entire
member, but these green areas are merely caused by the minor changes in travel times.
Lamination A is the only actual part that may be of any concern, since moderate decay
exists primarily through the entire lamination. Yet, the remainder of the glulam is in
great condition, only containing scattered early and moderate decay. The reason for the
lack of decay in the member could be the location. Glulam 15 is located on the north side
of the building, with a hill just north of this location shielding the member from major
weather environments. As seen in the field picture, very little paint has peeled from this

member, also providing protection and indicating little decay.

Figure 4.16.1: Field picture of Glulam 15.
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4.17 Glulam 16

Glulam| Date |Temperature (F) | Precipitation | Moisture Content
16 | 10/10000 83 none 17
Table 4.17: Test conditions of Glulam 16.

In glulam 16, moderate decay exist throughout the entire depth of the beam in the first 8-
inches, with most of the moderate decay diminishing after the first foot of the member.
One spot of concern is the moderate decay extending through 44-inches in lamination T,
almost 3-feet of the member, with low moderate and early decay subsiding throughout
the remainder of the glulam up to the last foot. Other than these areas of concern, the
usual early and low moderate amounts of decay exist throughout the member, but no
major regions of decomposition. When looking at the graphs, many areas of decay seem
to exist, but the highest travel time 1s only 300-ps, which is relatively small, so causes
erroneous graph results. The field picture in Figure 4.17.1 seems to show a lot of decay,

but this apparition is merely due to paint peeling.

Figure 4.17.1: Field picture of Glulam 16.
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4.18 Glulam 17

Glulam| Date | Temperature (F) | Precipitation | Moisture Content
17 | 10/13/00 81 none 16

Table 4.18: Test conditions of Glulam 17,
The primary area of decay in glulam 17 is in the top 10-inches of the first 2-feet of the

member. This region is made apparent in the color contour diagram by the orange and
red hues within that one concentrated area. In the first 8-inches, a high concentration of
moderate decay exists throughout the depth of the member, but in this glulam, the bottom
half of the depth lessens to early decay. Extending past the first 8-inches, only the top
half of the member’s depth is of any concern, although, past 24-inches, only miniscule
scatterings of moderate and early decay exist in any of the member, both of little
apprehension. Overall, this glulam follows the usual problems of decay in the first foot,
with little or no decomposition extending further into the member. The field picture in

Figure 4.18.1 shows this result.

Figure 4.18.1: Field picture of Glulam 17.
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4.19 Glulam 18

Glulam| Date |Temperature (F) | Precipitation | Moisture Content
18 | 10/14/00 76 none 20

Table 4.19: Test conditions of Glulam 18.
Glulam 18 contains a high concentration of moderate decay, with areas of severe and

advanced decay in the first 4-inches. Lamination K is completely decomposed, resulting
in severe decay, while lamination J contains advanced decay. The entire first foot
contains a high concentration of moderate decay, with a few exceptions in the top half of
the member’s depth. Past the first foot of glulam 18, the decay somewhat subsides, with
the exceptions of laminations K, N, O, P, and Q. Each of these laminations contains
moderate decay through the first 2-feet of the member. The largeness, and continuity of
the region indicates something more than a natural knot in the wood, so measures should
be taken at this spot to avoid further decomposition. All of these high decay areas are
easily seen on the color contour diagram in orange, red, yellow, and green hues and on
the field picture in Figure 4.19.1. Primary emphasis should be placed on these
laminations, especially since the decay is extending further than previously mentioned |

glulams. Other than the specific areas mentioned, no major regions of concern exist.

Figure 4.19.1: Field picture of Glulam 18.
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4.20 Glulam 19

Glulam| Date | Temperature (F) | Precipitation | Moisture Content
9 |y0/17/00 69 none 14
Table 4.20: Test conditions of Glulam 19.

Glulam 19 possesses more severe and advanced decay through the first 4-inches of the
member than previous glulams. This area of decay is limited to laminations G and H
with severely decomposed pockets and to lamination M with advanced decay, rather than
spread through the entire depth of the member, with total decomposition occurring in
spots G1 and HI. Past this region, a high concentration of moderate decay exists through
the first 16-inches, with no moderate decay existing past the first 2-feet of the member.
The area in light blue around the 5-inch mark on the color contour diagram indicates this
lamination’s decay. Also, the field picture in Figure 4.20.1 shows this area of decay as
rotted wood on the left side of the picture. Other than the above-mentioned areas, no
major concerns exist. The cause for the serious decay in this member is the location of
the arch. A pattern has developed with the decay being more prevalent in the middle
third of the glulams, such as glulams 4 through 8 on the south side and glulams 17
through 20 on the north side. Little to no protection for these members exists, resulting in

more decay.

Figure 4.20.1: Field picture of Glulam 19.
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4.21 Glulam 20

Glulam| Date | Temperature (F) | Precipitation | Moisture Content
20 | 40/17/00 89 none 16
Table 4.21: Test conditions of Glulam 20.

In glulam 20, decay does not persist through the entire depth of the member at any point.
Actually, the first 8-inches have considerable amounts of moderate decay, but most of the
laminations have decomposition limited to laminations F through M. Laminations F
through I have moderate and early decay ranging from the ground connection up to 5-
feet. This region is the largest amount of decay in the entire member. Lamination M also
has moderate decay up to 3-feet of the member. These problematic areas are somewhat
delineated on the contour diagram, but not fully. Also, lamination A has a green area
around the 30-inch horizontal measurement, which, after referencing the excel
worksheets, indicates moderate decay. The remainder of the member does not have any
prime concern areas outside of the usual early decay, which can be seen in the field

picture in Figure 4.21.1 in the good quality of the paint.

Figure 4.21.1: Field picture of Glulam 20.
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4.22 Glulam 21

Glulam| Date |Temperature (F) | Precipitation | Moisture Content
21 | 40/22/01 64 none 22
Table 4.22: Test conditions of Glulam 21.

Glulam 21 follows a similar decay structure as previous glulams in that high
concentrations of moderate decay is primarily located in the central third of the depth,
and limited to the first 8-inches of the length. Throughout the entire glulam, no severe or
advanced decay exists, and the only crucial laminations are G and T. Moderate decay is
present in this component through 3-feet of the member’s length. From here, decay
diminishes scatterings of early levels. The rest of the glulam is in good condition, with
early decay existing haphazardly throughout the member’s length. The poor condition of
the beam’s first 8-inches can be seen in the color contour diagram, as well as in the field
picture in Figure 4.22.1. Also, the extended decay can be seen in the regular contour

diagram in the light blue streaks throughout the member.

Figure 4.22.1: Field picture of Glulam 21.
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4.23 Glulam 22

Glulam| Date | Temperature (F) | Precipitation | Moisture Content
22 | 10/26/00 62 none 18
Table 4.23: Test conditions of Glulam 22.

Glulam 22 has very little amounts of decay, with the primary area limited to the top third
of the member’s depth and the first 12-inches of the member’s length. This region
contains high concentrations of moderate decay, which is expected in trend with the other
glulams. Yet, beyond this area, no decay exists above early, and most of that
decomposition is spaced sporadically throughout the laminations, with few pockets of
concentrated decay. One exception is lamination L between 5 '4- and 6-feet, A small
pocket of moderate decay is indicated in this location and can be seen on the color
contour diagram as a small, light blue area; but the area could be, and most likely is, a
natural knot in the wood. Other than these limited regions of decay, glulam 22 is in
excellent condition, despite what is indicated in the field picture in Figure 4.23.1. The

peeling paint is misleading, since little decay actually occurs.

Figure 4.23.1: Field picture of Glulam 22.
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4.24 Glulam 23

Glulam| Date | Temperature (F) | Precipitation | Moisture Content
23 | 10/28/00 52 none 2
Table 4.24: Test conditions of Glulam 23,

Glulam 23 has a high concentration of moderate decay limited to the first 12-inches of
the member’s length, similar to previously discussed glulams, but this decay is located
primarily in the top half of the beam. Extending further into individual laminations F and
G, the decay areas can be seen as a light blue coloring, between 20- and 30-inches on the
vertical scale. Yet, this decomposition ceases at about 20-inches on the horizontal scale
in lamination F, and ends at 3-feet, or 36-inches on the horizontal scale for lamination G.
This area can be seen in the field picture in Figure 4.24.1 on the far left side. Another
problematic area is lamination K, at about 28- to 36-inches, on the horizontal scale. This
area is identifiable by a small green spot at about 15-inches on the vertical scale. This
pocket of moderate decay could merely be a natural knot in the wood, and most likely is
since no major decay exists around the region. Other than these flawed areas mentioned,

glulam 23 is in good condition and is easily treatable.

Figure 4.24.1: Field picture of Glulam 23.
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4.25 Glulam 24

Glulam| Date | Temperature (F) | Precipitation | Moisture Content
24 10/28/00 52 none 23
Table 4.25: Test conditions of Glulam 24,

Glulam 24 contains the usual amount of moderate decay in the first 8-inches of the
member’s length, extending through the entire depth. Beyond this area, the next 2-feet
contain sporadic concentrations of moderate decay. Lamination U contains moderate
decay in the first 2-feet of the member. This bottom lamination is a primary support
component, so decay in this area needs special consideration and treatment. Other
problematic regions include laminations K and O. Lamination K has an indication of
randomly placed moderate decay at spot K9, which is most likely a natural knot in the
wood due to the small nature of the area. Also, the decay does not slowly dissipate into
the wood around the decayed area. Lamination O contains moderate decay in the first 3-
feet of the member’s length, which then diminishes to early decay for another foot. None
of these areas can be seen well on the color contour diagram or the field picture outside
of the first 8-inches of decay, except lamination U. Green and orange hues can be seen in
the first 20-inches on the horizontal scale at the bottom of the member, which indicate the
above-mentioned decay. Other than these problem areas, no major regions of concern

exist in glulam 24.

Figure 2.25.1: Field picture of glulam 24.
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4.26 Glulam 25

Glulam| Date | Temperature (F) | Precipitation | Moisture Content
25 |01/03/00 28 snow 2
Table 4.26: Test conditions of Glulam 25.

In glulam 25, small concentrations of moderate decays exist in the first 12-inches, with
major amounts of decay diminishing after this point. Exceptions include laminations C,
G, and H. In lamination C, a possible natural knot in the wood may be present between
the first and second foot, as indicated in the color contour diagram by a small green
pocket between 25- and 30-inches on the vertical scale and at 10-inches on the horizontal
scale. Since no diminishing areas surround this region, decay is probably not the reason
for the coloration. Lamination G has moderate decay extending from the base through
the first 2-feet of the member. The red, orange, and green hues at about 20-inches on the
vertical scale indicate this area. From here, G has another pocket of decay that parallels
with decay in lamination H. This location is in the middle of the contour diagram, and
represents high moderate decay from 3- to 4-feet of the member's length. Other than
these areas, no major problematic regions exist in glulam 25. This member is in good
condition because its location is between a brick wall and the OSU tennis courts. This
coverage is the reason for the quality of the paint, showing little to no decay in the field

picture,

Figure 4.26.1: Field picture of Glulam 25.
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5. CONCLUSIONS

5.1 Summary

Upon analysis of each of these glulams, overall decay does not appear very prevalent,
which disproves the original visual analysis conducted by an outside contractor. In very
few cases does any decomposition extend beyond the first foot of the members. Yet, this
area on each glulam is seriously diseased with a decay fungus, and treatment is
imminently needed for further survival of the structure. Every glulam seems to have
some areas of apparent decay in the middle, but many of these regions can be attributed
to natural knots in the wood. The middle third of the arches, numbers 4 through 8 on the
south side and 17 through 20 on the north, contain decay sporadically spaced throughout
the entire member, but the decomposition is limited to individual laminations rather than

the whole depth. This localized decay should be treatable since confined to a small area.

5.2 Recommendations

Several methods of curbing localized decay exist. All of these techniques begin with,
first, killing the decay with an anti-fungal chemical. Yet, this compound may not
penetrate the wood to kill the fungi present throughout the interior of the glulams, but
most of the main decay exists in the foot of the member closest to the ground. This area
of decomposition exposes much of the wood, both internally and externally, due to the
completely rotted regions. Therefore, the fungi-killing chemical should reach most
primary areas of decay or should penetrate far enough to exterminate a large portion of

the fungi. After the decay fungi are killed, the rotted areas should be removed, and these
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voids filled with an epoxy to add structural strength. These first steps are the most

important to control the spread of further decay through the members.

Decay growth is affected by three primary factors including oxygen, temperature, and
water. Most wood decay fungi are obligate aerobes requiring free oxygen for growth, but
this atmospheric condition cannot be limited since oxygen is a naturally occurring
element. Temperature affects crucial fungal metabolic activities that are controlled by
enzymes, but, like oxygen, occurs out of the hands of mankind. Water 1s a critical
component for fungal growth and must be present in appropriate quantities for fungi to
digest the wood substrate, and this element can be controlled. The third recommendation
for Annex survival is to add a localized roof covering over each glulam. This awning
will divert direct precipitation from making contact with the wood, although air moisture
content will still have some effect on the structure. Despite this, the adjusted path of the

water should have a positive effect on the wood structure.

Final recommendations include structural additions to each glulam. A carbon retrofit
could be employed, as has been used in other scenarios of this nature. This supplement
would give more support to the individual members. Any other structural additions
would be a good idea, yet financially, these supplements could be costly to the university.
Therefore, killing the decay fungi, removing decayed areas, filling these regions with
epoxy, and diverting the water flow from the members are the main recommendations for

cost efficiency and further Annex survival.
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5.3 Conclusion

Upon completion of analysis of the Oklahoma State University Colvin Center Annex
glulam arches, failure does not seem to be imminent. Upon completion of the structural
analysis of the members, the previous suggestion that decay existed throughout the
members has been proven incorrect. Although, the structural stability is rapidly
decreasing with the degradation of the wood arches. Decay primarily exists in the bottom
third of the exposed glulams presently but will continue to spread if the fungi are not
killed. By adopting the above-mentioned recommendations, the future of the existing
Annex is optimistic. Not only will the university be saved a costly expenditure, but also

some of OSU’s heritage will be preserved.
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