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A pre-capstone junior-level structural and materials design project for
civil engineering students: glue laminated timber design

Abstract

Senior level civil engineering students in our department often struggle in the early stages of
their capstone senior design project because of their unfamiliarity with building codes and design
philosophies, and often lack an ability to solve open-ended design problems. Introducing
students to design philosophies, building codes, and some simplified design projects in their
junior year can help in their preparation for their capstone project by enhancing their confidence,
preparedness, and capacity to solve open-ended engineering design problems. In this evidence-
based paper, the impact of a junior-level pre-capstone design project involving the design and
optimization a glue laminated timber beam is discussed. The project required junior-level
students to calculate the wind, live, and dead loads per ASCE 7-10, use software (STAADPro) to
calculate the determine the structural demand, conduct knot timber surveys, determine strength
modification factors per ASTM D3737, design the structural members per 2015 AWC national
design specifications for wood construction, construct and test a small-scale glulam beam, and
develop an oral presentation to summarize the results. After completion of the project, students
were found to have relatively high engineering self-efficacy, motivation, and expectancy. The
students who completed the pre-capstone project also indicated more curricular emphasis was
placed on engineering design and the building codes compared to recent graduates who were not
given the project. The students were also found to have higher levels of confidence in
engineering design and ability to use tools to solve modern engineering problems.

Introduction

Over the last few decades, growing industrial and technical demands have required that
engineering departments shift towards more of a technical and scientific knowledge acquisition
centric curriculal that places less emphasis on broad, practical, and creative enterprises®>.
Students graduating from non-design centric curricula have several weaknesses according to the
literature, which include: little exposure to ill-defined problems, teamwork was largely
ineffective or uncommon, insufficient attention was given to communication, and students had
issues conceptualizing and formulating problems, among others*. Engineering design is an
iterative process that encompasses multiple creative, analytical, building, and testing components
to finally arrive at one or more working solutions. According to the Massachusetts Department
of Education®, the engineering design process encompasses eight major iterative components:
identifying a need or problem, research the need or problem, develop possible solutions, select
the best possible solutions, construct a prototype, test and evaluate, communicate the solution,
and redesign. The design loop is shown graphically in Figure 1.
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Figure 1. The engineering design process®

The current curricular emphasis in the Lamar University civil engineering department is on
engineering analysis (Freshman-Junior years) with the course objectives being primarily centered
around knowledge acquisition. Upon entering their senior year, students are often found lacking
the practical knowledge needed to solve open-ended design problems and generally lack
knowledge of the structural building codes. Without proper introduction to the structural building
codes and discussion of engineering design processes, expecting fully compliant designs seems
like an unreasonable proposition. There is a need to integrate civil engineering design problems
at the junior level to better familiarize the students with design codes and accepted design
practices.

There is sufficient evidence to suggest project based learning (PBL) is an effective teaching
pedagogy that positively changes students’ perception of the complex engineering design
process® and increases student confidence’. Moreover, project based spiral curriculums that
integrate design and revisit basic concepts in different contextual arenas, have also been shown
to be successful®® by increasing student motivation, overall satisfaction with the curriculum, and
design performance'®. Integrating a pre-capstone junior-level project can further enhance a
design centric curriculum and create a stronger link between the more common freshman
cornerstone, sophomore keystone, and senior capstone projects. The students get most of the
discipline specific analytical training during their junior year which allows an instructor the



flexibility to integrate more discipline specific topics and include relevant building codes into a
given project. Instructors can integrate the design lectures within a relevant course and present
the appropriate building codes and needed analytical work to solve the problem. The project
assignment itself can include field work, information synthesis, teamwork, the use of analytical
tools, testing, design, and a presentation which are some of the critical elements of the design
process®. The objective of such a project would be to increase students’ awareness of the relevant
building codes, the research required for proper compliance, to improve their engineering design
self-efficacy, their communication skills, their analytical skills, and to help guide their design
strategies and structure their thought processes.

This evidence-based paper summarizes a pre-capstone junior level design project that was
administered to students in a civil engineering materials course to increase general engineering
design confidence and improve their overall preparedness to successfully complete the senior
design project.

Implementation

The civil engineering materials course at our university is two credit hours and covers topics on
basic material response, steel, aggregates, Portland cement, supplementary cementitious
materials, concrete, asphalt, timber, and the building codes. There are seven laboratory classes
that supplement the topics. The instructor covered all of the material including the labs by week
10 of the semester. On week 11 and 12, the instructor lectured on the different building codes
which included IBC, ASCE 7-10, AWC NDS, and ASTM D3737. The instructor conducted two
lectures on the gravitational dead and live load, live load reduction, and lateral wind pressures
using the directional method and three lectures covering the ASTM D 3737 and NDS 2015
LRFD design procedures for glulam timber beams. The project statement was given to the
students on week 11 and due on week 15. The students were allowed to work in teams of 4-5.

During weeks 13-15, the classroom was inverted and the students were required to lecture on
specific components of the project which included: wind load calculations, structural analysis
and governing load combinations for maximum bending moment, field survey of timber knots,
timber strength knot modification factors per ASTM D3737, NDS 2015 glulam design
procedures, and glulam optimization with Excel®. During the lectures and designated lab time
(once per week for two hours) the students were also given time to work on the structural
analysis using STAADPro and the load combinations from ASCE 7-10. After completing the
structural analysis, the students began working on the timber knot field survey to determine the
50" and 95" percentile knot size distribution and strength modification factors per ASTM D3737
with the wood provided in the laboratory. The students then determined the optimum beam
cross-section based on material cost and moment capacity using both ASTM D3737 and NDS
2015. After completing the optimized design, the students manufactured a quarter-scale glulam



beam using various timber species (Helm Fir Stud, Douglas Fir Stud, Southern Pine No. 2, and
Southern Pine No. 1) polyurethane adhesive, and a mechanical press located in the lab. The
students tested the quarter-scale glulam beam using a four-point loading bending test until failure
and recorded the maximum load and bending moment. The results were then compared to the
design solutions (for a quarter-scale beam) per ASTM D3737 and NDS 2015 to assess the
reliability of the calculated design strengths. On the last day of class, during week 15, the
students orally presented their final design recommendations.

Methods

Survey instrument

The students that completed the project and course were given a 36 item online survey to
complete voluntarily. Incomplete surveys were discarded from the analysis. The survey is shown
in Table 1. The survey was created by Carberry et al.'* and used to measure students’
engineering design (ED) and design process (EDP) confidence, motivation, expectancy, and
anxiety, respectively, using a 11 point likert scale ranging from 0 to 100 with 10 point
increments. The ED measure is quantified by evaluating item 1 and the EDP measure is
quantified by pooling items 2-9. Each self-concept dimension (confidence, motivation,
expectancy, and anxiety) was inserted into the statement above the items and repeated four times
(for each dimension).

After completing the senior capstone project, the same students were given another voluntary
survey containing 20 items shown in Table 2 (using a 5 point likert scale ranging from 1 to 5
using one point increments). The first seven items assessed the impact of the pre-capstone
project on students’ engineering design ability, communication, and technical skills; these
questions are denoted with the abbreviation P1 and a lower-case letter associated with the criteria
3 ABET learning outcome®?.

The remaining 13 items measured the senior students’ perception of their own preparedness and
confidence to conduct engineering design upon completion of their junior year (pre-design
courses). The items focused on the students’ perception of 1) the importance of learning about
building codes and design philosophies (IMPRT), 2) the university’s curricular emphasis on life-
long learning (EMPh), broad education (EMPI), and contemporary civil engineering issues
(EMPj), 3) student preparation for completing code compliant designs (PREP), and 4) student
confidence to conduct engineering design (CNF). Note, the lower-case letters associated the
item categories represent the respective criteria 3 ABET learning outcomes.



Table 1. Post course/project survey

Item Statement/Question

© 00 N o O b~ W N -

Rate your degree of (Task-Specific Self Concept)
to perform the following tasks by recording a
number from 0 to 100:

Conduct engineering design
Identify a design need
Research a design need
Develop design solutions
Select the best possible design
Construct a prototype
Evaluate and test a design
Communicate a design
Redesign

The survey items shown in Table 2 were also given to recent graduates (2014 and 2015) without
the inclusion of the PA items since this group did not complete the pre-capstone project.

Hypotheses

e Upon completion of the pre-capstone project, students will not have significantly high
engineering design (ED) and engineering design process (EDP) self-efficacy.

e The students given the pre-capstone project will not have significantly different mean ranks
in engineering design confidence and preparedness to conduct engineering design than
students not given the project.

Data Analysis

Students’ ED and EDP measures were averaged and compared to the rankings defined by
Carberry et al.!* (high, moderate, and low levels of confidence, motivation, expectancy, and
anxiety). A confidence interval was derived by bootstrapping the data since normality was
rejected. The PI (Project Impact) items in the survey shown in Table 2, were also averaged and

bootstrapped.



Table 2. Survey administered to a) senior students upon completion of the capstone project,
and b) recent graduates

Item Statement/Question
Rate how the project affected your ability to (1-No Impact; 3-Moderate Impact 5-High Impact):

Pla Apply knowledge of mathematics, science, and engineering

Plc Design a system, component, or process to meet desired needs within realistic constraints such
as economic, environmental, social, political, ethical, health and safety, manufacturability, and
sustainability

Pld Function on multi-disciplinary teams

Ple An ability to identify, formulate, and solve engineering problems

Plg Communicate effectively

Plk Use the techniques, skills, and modern engineering tools necessary for engineering practice

Plcode  Develop engineering and code acceptable design solutions in senior-level capstone project

After completing your pre-design courses (Freshman-Junior years), how confident were you in
your ability to (1-No Confidence; 5-Very Confident):

CNFa Apply knowledge of mathematics, science, and engineering

CNFc Design a system, component, or process to meet desired needs within realistic constraints such
as economic, environmental, social, political, ethical, health and safety, manufacturability, and
sustainability

CNFd  Function on multi-disciplinary teams

CNFe |dentify, formulate, and solve engineering problems

CNFf  Understand professional and ethical responsibility

CNFg  Communicate effectively

CNFk Use the techniques, skills, and modern engineering tools necessary for engineering practice

To what degree did your pre-design courses (Freshman-Junior years) emphasize or cover the
following? (1-None; 3-Somewhat; 5-Significantly):

EMPh The broad education necessary to understand the impact of engineering solutions in a global,
economic, environmental, and societal context
EMPI A recognition of the need for, and an ability to engage in life-long learning
EMP]j A knowledge of contemporary civil engineering issues
COVcode Building codes and design philosophies

Please answer the questions using the following scale: 1-No; 3-Somehwat; 5-Yes

PREP Upon completing your pre-design courses, do you think you were adequately prepared to
develop code acceptable design solutions in your capstone design course?

Please answer the questions using the following scale: 1-Not Important; 3-Somehwat Important;
5-Very Important

IMPRT  How important do you think it would be to learn, in general, about different building codes and
design philosophies before your capstone design course?




The mean rank differences between the student group given the pre-capstone project (test
population) and graduates not given the pre-capstone project (control population) were evaluated
for significance using the non-parametric rank-sums Mann-Whitney U test. Note, while a
significant change cannot be directly attributed to the project itself, the survey provides a
reasonable estimate of how students perceive their skills within a given error.

Student survey response population and demographics

The population demographics for the test (senior students) and control group (recent graduates)
are shown in Tables 3 and 4. In both populations, the predominant race is Caucasian. Most
students in the test population are between 18 and 24 years old (78%) and in the control
population, the 18 to 24 and 25 to 34 groups are more evenly distributed. The control population
is a few years older in age than the test population. The distribution of GPA is similar; where
most have between 3.1 and 3.5. A total of 19 and 13 students fully completed the survey
immediately upon completion of the junior-level course and senior capstone project,
respectively. A total 17 graduates responded to the survey.

Table 3. Population demographics: gender, race, age

Course Gender Race Age
Asian/Pacific  African L . 18to  25to
Male  Female Islander American Hispanic ~ White 2o 34 35+
Swuderls  ega%  31.6% 0.0% 105%  105%  789% 78.9% 53%  158%
Claduales 64796 35.3% 5.9% 00%  353% 58.8% 412% 58.8% 0.0%

Table 4. Population demographics: work experience and GPA

Course Work Experience GPA
civer ¥ 5+ 21 26~ 31 36
y year  year 25 3.0 35 4.0
Suderl 923%  00% 7.7% 158% 316% 412% 17.6%
Graduates

N =17 353% 58.8% 59% 0.0% 17.6% 47.1% 35.3%




Results

The survey data was analyzed and the results indicate the pre-capstone project significantly
impacts students’ perception of their ability to conduct civil engineering design. The survey data
collected immediately after the completion of the pre-capstone project that was used to analyze
ED and EDP, is shown in Table 5 with the corresponding 95% confidence intervals. According
to the ranking system in Carberry et al.1, the students completing the project have statistically
significant (p<0.05) high student confidence, motivation, and expectancy and an intermediate
level of anxiety in engineering design (ED). The students also have statistically significant high
student confidence, motivation, and expectancy and an intermediate level of anxiety in the
engineering design process (EDP). Note Table 5 shows the ranking system defined in Carberry et
al. and is shown next to the current ED and EDP results.

Table 5. ED and EDP student survey results after the completion of the project/course

Self- ED (95% ClI), N=19, EDP (95% ClI)
Concept N =19/23 N =19/23 ED Ranks EDP Ranks
High: Intermediate:  High:  Intermediate:
Confidence  78.42(70.26, 86.32)  79.93 (76.75, 82.98) 80 54 82 61
High:  Intermediate: ~ High:  Intermediate:
Motivation  85.26 (76.84, 92.63)  84.90 (81.79, 87.581) 82 63 79 66
High:  Intermediate:  High:  Intermediate:
Expectancy 77.37(67.89, 85.79)  80.00 (76.62, 83.18) 79 54 80 60
High: Intermediate:  High: Intermediate:
Anxiety 56.32 (41.57,70.52)  55.76 (50.26, 61.13) 39 49 31 44

The students were surveyed again after the completion of the senior capstone design course to
assess the perceived impact of the pre-capstone project on technical and design abilities (P1),
student confidence (CNF), preparedness (PREP), curricular emphasis (EMP), and pre-capstone
design importance (IMPRT). The same survey, excluding the PI questions, was also given to
recent graduates and the results were compared and summarized in Table 6.

The senior students indicated the pre-capstone project impacted (3.5+/5 rating at p <0.05) their
ability to apply math and science (Pla), their ability to formulate and identify engineering
problems (Ple), and ability to communicate effectively (Plg) at p <0.05. The senior students also
indicated that a greater curricular emphasis was placed on contemporary civil engineering issues
(EMP;j), and building code and design philosophies (COVcode) at p<0.05. Both populations
indicate that it is important to introduce design topics and projects before senior year (IMPRT).
The student and graduate samples were found to be of adequate size to draw statistically
significant conclusions shown in Tables 5-6 (with a type Il error power of 0.8, confidence of
95%, and a worst-case Mann-Whitney/t-test asymptotic relative efficiency of 0.864). The
students were also shown to have greater confidence in conducting engineering design and using
tools to solve modern engineering problems at a lower confidence (90%). A larger sample size
must be used and more data must be collected to increase the confidence level.



It should be emphasized that the graduates surveyed were asked to retroactively assess their
perceived skill and level of preparation before completing their capstone project (at the start of
their senior year). They are not assessing their current perceived skill nor preparation to
successfully complete professional designs that would be expected when working as a licensed
engineer. This is a clear distinction that must be mentioned since their perceived skill and
preparation will most like evolve with time and experience. The context of their assessment is
constrained to their senior year which may limit some of changes to their perceived skills and
abilities which has occurred post-graduation. This context was made very clear on the graduate
survey.

Table 6. Post-capstone survey results: recent graduates v. senior students

Item Graduates N=17 Students N=13/15 Difference

Pla - 4.46 -
Plc - 4.15 -
Pld - 4.38 -
Ple - 4.31° -
PIf - 4.46° -
Plg - 4.46° ;
Plk - 431 -
PAcode - 4.382 -
CNFa 4.00 4.00 0.00
CNFc 3.00 3.85 0.85
CNFd 4.00 4.15 0.15
CNFe 3.76 3.92 0.16
CNFf 4.18 4.46 0.29
CNFg 4.12 4.23 0.11
CNFk 3.18 3.85 0.67
EMPh 2.88 3.92 1.04
EMPi 3.65 4.46 0.81
EMPj 2.76 4.08 1.31*
COVcode 2.47 4.08 1.61*
PREP 2.71 3.69 0.99
IMPRT 453 4.69 0.16

*statistically significant, p<0.05
a Significantly larger than 3.5, p<0.05

Student Comments

Upon completion of the glulam design project, the students were asked to select their three
favorite and their three least favorite project components from a list provided to them on the
survey. The values in Table 7 correspond to the number of favorite and least favorite student



responses that correspond to each of the listed project components. Students were permitted to
select both a favorite and least favorite response for the same project component. The total
number of responses should be equal to three times the number of respondents if all selected
three favorable and three unfavorable responses. The total number of respondents was N=13 and
the total number of favorable and unfavorable responses was N =37 and N=35, respectively. The
top-ranked favorable project component was load analysis using ASCE 7-10, and the top-ranked
unfavorable component was the structural analysis using STAADPro®.

Table 7. Student feedback: Favorable v. Unfavorable

Project Component gg\s/r?(;iks)«laes Project Component Ugg:gg;zgle
ASCE 7-10 9 Structural Analysis 8
Structural Analysis 6 AWC NDS 5
Teamwork 5 ASTM D3737 4
Optimization 4 Knot Survey 4
Knot Survey 4 ASCE 7-10 3
ASTM D3737 3 Optimization 3
Glulam Manufacturing 2 Oral Presentation 3
Engineering Design 2 Teamwork 3
AWC NDS 1 Glulam Manufacturing 1
Oral Presentation 1 Engineering Design 1

Conclusion

A pre-capstone project containing several engineering design components: identifying a need or
problem, research, development of possible solutions, selecting the best solution, prototype
construction, testing, and communication, was given to junior-level students. The students
completing the project showed high confidence, motivation, and expectancy in engineering
design and the engineering design process, and indicated more curriculum emphasis was placed
on engineering design and building codes compared to recent graduates that were not given the
project. The students also showed greater confidence in designing a system and using the tools
and skills to solve modern engineering problems at a statistical confidence of 90%. Both
populations of students and graduates did agree however, that it is important to integrate
different design philosophies, building codes, and design projects into the curriculum before
senior year. Although the results from this study are promising, more work needs to be done in
quantifying the impact on senior-level design performance using an external panel of experts,
and more participants need to be surveyed to further increase the level of the confidence of the
conclusions drawn here.



Future Research

Design performance data collected via a survey from a panel of experts will be collected in the
spring 2016 semester. Pre/post surveys (before beginning the project and shortly after
completion) will also be given to a new group of junior-level students to both increase response
population and further isolate the effects of the pre-capstone project on design performance.
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Appendix
Project Statement

You are a structural engineer and tasked with designing the main wind frame resisting system
(MWEFRS) of a church building located in an urban area. The church will have a capacity of 300
people. You are to design the MWFRS with glue laminated wood that satisfies the
manufacturing requirements given in AITC 190.1 using the design procedure provided in ASTM
D3737 and NDS 2015. You may use either LRFD or ASD.

The MWFRS will be an interior system which will allow the moisture content in the wood to
remain below 16% and will be treated prior to assembly. You are to treat the frame system as
beam element with respect to the NDS design specifications. Figure 2 shows a three dimensional
drawing of the structure. The frame is fixed to the floor on both ends. As shown in Figure 2, the
frame to frame spacing is 5 ft. center to center and 2x6’s are connected to the MWFRS every 12
in. on the ceiling. The ceiling will be constructed with ¥z in. drywall, %2 in polystyrene insulation,
3/8 in. plywood, and asphalt shingles.

Figure 2: Building geometry

Materials and Supplies:

Each group will have four types of lumber to choose from when designing the glulam beam:

1. No 1 Southern Pine: $2.06 per board-ft.

2. No 2 Southern Pine: $ 1.19 per board-ft.

3. Stud Douglas Fir: $0.75 per board-ft.

4. Stud Hem Fir: $0.63 per board-ft.

*Note, a board-ft. is a unit of measurement used in the timber industry and is defined as follows:

1 board — ft.= 144 in3



The glue used to build the glulam beam will be a Loctite® industrial grade 8X premium
polyurethane adhesive.

The lumber is color marked in the laboratory as follows:

e No.1 Pine: Red
No. 2 Pine: Pink
Douglas Fir: Black
Hem Fir: Blue

Glulam Manufacturing

1. Prior to designing the glulam cross-section, each group will be required to conduct a visual
survey of the lumber (for each of the four timber grades). The groups are to determine the 50'"
and 99.5" percentile knot sizes as a percent of the laminate width. The knot sizes are to be
recorded every foot. All knot sizes (as a percent of the laminate width) should be tabulated and
organized accordingly to determine the 50th and 99.5 percentile values. Assume the knot size
population to follow a normal distribution. Groups must survey each piece of wood available in
the lab.

2. Each group is to manufacture a “small-scale” version of the glulam in the lab. The width of the
beam should be 3.5 in. (You will use 1 x 4 and 2 x 4 laminates). The “small-scale” beam should
not have a depth greater than 4.5 in. The “small-scale” laminate configuration should be similar
to the actual laminate configuration used to construct the structural frame. Actual replicas are not
required since there is a limited number of timber and sizes. However, groups are encouraged to
design a “small-scale” cross-section that best represents their “large-scale” version.

Each group will have a limited number of timber to construct the “small-scale” beam as follows:

No. 1 Southern Pine: 2 boards
No. 2 Southern Pine: 4 boards
Stud Douglas Fir: 2 boards
Stud Hem Fir: 2 boards

3. The laminates must be glued horizontally with the industrial grade polyurethane adhesive.
The thickness of the adhesive bead should be approximately 1/4 in and placed 1 in. from the
edge of the laminate as shown in Figure 3. Immediately after gluing the laminates, the beam
must be pressed at a pressure between 100 and 200 psi using a 5 ton hydraulic jack for 24 hours
as shown in Figure 4. Ask the lab manager for assistance when pressing the glulam beam.



Figure 3: Polyurethane adhesive streaks on timber surface

Glulam Testing:

1. After curing, the beam must be tested under a four-point loading configuration. The loading
rate should be designed so the beam fails 5 minutes after the test begins and should be calculated
prior to testing. The effective span of the beam (center to center distance between the roller
supports) should be 22 in. The inner roller supports should be spaced four inches center to center
and positioned two inches on either side of the mid-span location, respectively.

\

Figure 4: Glue laminated timber press

Deliverables:

1. Determine the wind loads, roof live loads, and dead loads and all pertinent load combinations
therein.



a. Conduct a structural analysis of the 2-D MWFRS system to determine the critical
moment and critical load combination using only Case la wind loading and the directional
method.

2. Conduct a visual survey of the lumber knot sizes and determine the 50% and 99.5% percentile
knot size per board foot (as per ASTM D3737).

3. Design an optimal glulam cross-section that will have the capacity to withstand the moment
generated by the wind, dead, and live roof load whilst minimizing material cost.

4. Manufacture a “small-scale” glulam beam using the materials provided in the lab and test
under four-point loading. The beam length should be 24 in. and the effective span should be 22
in.

e Calculate the maximum bending moment for the “small-scale” beam and compare this
value to the experimental result.

5. Build a power point presentation detailing the analysis, all calculations, design assumptions,
manufacturing procedures, test data, and final design recommendations.

Schedule:

Timber knot survey: Date
StaadPro structural analysis: Date
Glulam design and optimization: Date
Glulam Manufacturing and Pressing: Date
o Groups 1 and 2: Date
o Groups 3 and 4: Date
e Four Point Testing: Date

Due Date:

e Power Point Presentations:
o The presentations sholud be emailed to the instructor by the shown time.
The groups will then be asked to present their findings and
recommendations on the date shown.



Sample student presentation
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enda. Windward walk

The ceiling will iat of the ing bailding tal
W" Drywall

A" Polyatyrene Inyulation

W Plyweod

Asphait Shingles

C,~0.8 (Peaint and Pos ==t
P UECICC)

7 - @2138)(.85)(8)-(3035)(0.18)
P~ 134798 paf

P = 053582 gl

€, - 0.8 {(Neg int and Poa o24)
P~ UGCaIGC)

- (38133)(.85)(8)-[30.35)(-0.18)
P - 243062 paf

P = 4129542 plf friphent saluc)

Figure 5. Sample student design solution




Wind Loads cont.

Wwindward Roof:

€.~ 02 (Posint 2nd Poxcxt)

P - Ol (G0

P - (18.133)( £5)(.2)430.35)(0.18)
p - 03035 paé

p--45175 pis

€.~ 02 (Negintend Pos =xt)

C,~-0269 (Neg =t 2nd Poaint)

P - WOCAIGC)

P - (38138 35)(-0.26%)-(30 35)(0.18)
P - LAT65 paf

p - 73326 5

€.~ 0269 (Neg int end Neg ext)

Critical Loading Combination

CAITIT 30 Th I Zew 233 Dwme Levd Srmbenanan

120 + 16(Lr o= S oe K} = (L or 0.5W) 5p 5

Intermal Negative Pressure

Thia egustion. with the specificd p 2 the critical load.
Critical Factored Moment and
Bending Moment Diagram

"~ .

Max Bending Moment: 293 kip-in

7 - w80 G-C) 7 - @BC g IC-C )
P - (18133 85)(2)43035)(-0.18) P - (38.133)( 25)(0.265)-(30.35)(-0.18)
p - 106225 pod p - 124035 pad
P = 534125 plf P = 020120 glf
Wind Loads cont.
Leeward Roof:
C_=-06 (Neg oxt end Poa iny)
P GCqICC)
- (38.132)(.85)(-0.6)-(30.35)(0.13)
F - 10,0155 paé
§ = 50.0775 pif
C_--0269 {Necg int and Neg oxt)
F - CCIGE)
- (28.132)( 85)(-06)-(30.35)(-0.18)
F— 20,0415 pai
= 1047075 plé
Wind Loads cont.
Leeward walk

€.~ -03 (Neg ext end Pan iny]

7~ ECICC)

¥ - {38.438)(25)(0S}30.35)0.23)

P~ 74357 pef

= 374737 pi

€, --0.269 (Necgintand Neg ext)

7 CCRIGHE)

F - (38.435)( 25)(-0 5)-20.35)(-2.48)

- 133617 pat
P = 13057 plf

Glulam Cross-Section
Design

Figure 5. Sample student design solution (continued)




Knot Analysis et RAba Cont
Rk e AV HamFr  MaxKnotSies | Widtc x
=) : :
NodPine M Kust Sic No—— X 1 aso0 is 0.14
n 2 220 35 0.06
i 0.0 35 0 3 o070 3is 020
2 000 35 0 B 000 3s 0.00
3 0.0 35 0
& 0.0 33 0 For Hem Fir
Foe No. 1 Pine: & Scﬂmknwiﬁn a
5 -0
-2 995 pereensils - 0.20
Se. Devistion = 0
995 percentilc - 0
e o Glulam Design
‘N2 Wina| | MaxKuat: | Vadth x Afics 2 theeough asalyaia, we heve concluded Shat the boat beam for this peoject
- i) would be an §" X 12* beam, comaisting of sight e fir laminates. A tomal
1 .70 s 049 of ten cvons accticss wees snalyzed, and the mot ceonemic optica that satisficd
2 1.30 15 037 all NDS factors sad excecded the eritical factorcd moment, was choscn,
% The following alidza show tae procen of saslysia sur group followsed to chooms e
= o = e eptimal creas section thown below
4 .00 35 000
H .00 35 000
6 .00 £ 0.00
7 .00 3as 000
e .00 35 0.0
For No. 2 Pine:
Mcan - 041 Virual for cxoas-acetion is the mad apan to the top of the beamn.
St Devistion - 015
$9.5 percentile - 048
s Ly Momsents of Inertia, I, I_ for Optimal Cross Section:
By knowing the sveroge and the #9.5 poroentile knot xize, we can detcrmine the
cffccta of the knots on the componits atrength. Knowing this dats for cech specics,
— . - . " e can snalyze diffcrent cxosa asctions to detcrmine moments of incrtic and
1 075 is 0 1o~ ZIERT/3 = ERET)N
2 Q60 35 047 To= 1152 it R
E] 010 35 043 g:
4 .00 £ 0.00 X 3 PSS a0
R T RN D~ (R
Bana ™ mans BRIVAT + (B /A7)
SMF, . -{1+3R) (1-RP {1-B/D)
Fee Douglas Fis: e L
SAIF, , =0.348
Mean - 040 SAMR,,
e SME, =038
9.5 percensile - 021 B ;=

Figure 5. Sample student design solution (continued)




NDS Factors
B = GO CCAC O CKAOK,
Vazisbles:
C, = {24/ L) (427 d)¥/= (5425 /L)~ 5 1.0 mpe £33
12z 87 wHDLIRE
L: Length of bending member betwesen points of zcro moment, ft

& Depth of bending member, in.

b: Width (breadth] of bends ber. For multiple icce width leyapa,

widths of widcat picee used n the layup. Thus, b 5 10.75",
x: 20 for Southern Fins

x: 10 for oll other apecsea

Calculating Bending Stress and Moment Capacity
For the Optimal Cross Section Chosen

L
B, =35 pui

My - ({Fo/ Kr) @) 1) 7 { Cy = 1000)

DL, = 510 kip-in

C,=1

TOcILAS IOLEnIe COrbark Soeet T muceed 1%
P T T Y

c,=1

Hﬁm“‘im

2 VDT b 2L R

C =1

Mztgnoe corkurk Saors 20N 2 poaariaLive Sustman! it 1ot sagaied
A2 32 IIED e b

oe=1
205t aing preercre Sasted wzod
o IE QASE NS

Cy==1

x?_qrb;szu:u-un”m-qm ssaccmding = 3y 35 3353) =10
5 1B VD EBUE ovd e 2 B4 MR

Co -1 -2000/R)P=1

Crw gy 4= darign n natgl

P T

Visual for Cross Sections from Mid Span to Top of Beam
Ecd: No.1 Finc
Pink: No. 2 Finc

Black: Douglea Fir
Bluc: Hem Far

K, =1 {Forunformoy Seteiraied load. Used tn cur desigr]
= [Tws ageal corcentraled ioads st 1/3 potnis of span Tastad tn 1ak)

A=83 Sr1ID414% crSceR) + [Loeldnw)
5 15 T E R0 ond e rpmeneie ¥1X @52 06

tractis
Ao A8 VSR e 4L

K, = 2.54 tor , peaperty]
P otvergetis
Mesaiia)

2O = 035 frestezance factar fox Ty pecpecty)
7 13 XDH L e 21L&

30 2 pie ned as 8 format coeventions Som ASD 83 LISD

The table below showa the dets obtoined from the enelyais of 10 different
Creaa scctions. The previcus stepa were fallowed for coch one.

STAD
Mas  Momer Caet for
Oz Noment Cagecity Cortper Stwucturs
Seztize b0 40w Ex0f | 3 £ Mpn) Ddodn| Natarals
i 7 177 G s oall L s1aLse

LB 5433 TLm 00w au

183 TR 84 D0dm I

b

173 a4 LA oAl W 441

s s 317 383088 A 0L M 453 sasen2
el s L7T LREAT LRSI 0L3W I s AT
. 4 L7 sl W e 14088
w s 13 el sz olxm s sl

Frama
preraty
sase
sman
e

1371 152 014 A AL s
mL
3900
sisaes
sirans
saacs

Boehue v F o BB

173 17a4 13502 el W sl

“Coequal il butthed/bis >2

Figure 5. Sample student design solution (continued)




Glulam Manufacturing
and Testing

Testing
Osce cured, ths 12" beam was toated under & four poim Jeading
csafiguration.
Raller sappests were placed o= cach cad end fzner aupperts placcd 27
en both sdex of the mid-apes loeatise.
A loading rats of 57 Ib‘aze was thes spplicd 20d the beam filed
approximaizly ssven minmcs aftcr trating.

px? L O b Predice

o Senall Scale Baam
{Bendmg Sz 1) / Cy

(3001 254) / 225 - 44039 Tbim

e R et~ th hipin

Beam Taest Loading Rate

TedAge =14 Crei Leile AlDeltn
Mleoe Moerert = (85°1) / Cr

Mo Fores = Mex Morment | qt,/z) Applicd Loed Dint)
‘Loading Rote = Mex Fores [
Calculstzd LR - 3201 Ih/sec
LR uscd inlsk - 37 Hyfoec

Manuﬁcm&ngProom .‘

* A vizual yervey of the wood was
coaducted and the 50 3=d §9.5
peesmtlc koot sizcs wens determined 23
3 perceat of tas laminatz width.

Using 2 No. { Pinsaand 2 Hem 1,3
ameli-psale version was facz ¥
ceastracted with t3c pincy ca fop sad
! otiom sad hem fin in the middle. Our
Seam was 1.5% wide aad 4 5" decp.

* The sdbesive was then uazd to glus the bsme borizeatally uring
adfacaive atrzaks of 4™ thicknens placed £ from cach cdge of fhe
| =8 .

|
-* Ths gheod brema wees then pecascd 3t 2 pesaaurs between 100
32d 200 pri waing 3 5-4cn Eydmulic jack for 24 Ao,

] ® 25 8

Discussion

Due to our spesimnen being only 2 fect long, our beam expericnesd o xmall
moﬁhhﬁlﬁwh‘hwmmﬁ;hﬂ) To sccuzately
teat for ol E steex, the i wouald heve to be much longer
-dmhfmﬂmﬁzmmmmehﬁqm
Another 3ouree of error could be thet our wood wes not cxactly what it waa
lzbeled e, If the wood labeled No. § Ping, was sctaelly = No. 2 Pine, then the
modulus of claaticity would change and affoct the calculotions.

Test Rexults:

Lood - 11862 Ibs.

Max Moment - 53379 lbvin
Max Moment ~ 53.4 kip-in
Bending Strexa - 4720 pai

Figure 5. Sample student design solution (continued)




