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Development of an assessment for measuring knowledge
transferred between the classroom and structural engineering
practice.

Introduction

It is well documented that humans are not adept at the process of transferring knowledge learned
in one setting to another in which the underlying principles are the same, but the outward
appearance is different from that in which the learning took place [1]-[7]. Knowledge transfer
(“transfer’”) is something that is often assumed in upper division structural engineering courses.
For example, an instructor may assume that a student can apply fundamental principles of
mechanics such as equilibrium, compatibility, and state of stress to practical engineering
problems such as bridge design. Acknowledging that this assumption is faulty has led us to
explore an anchored civil engineering curriculum in which these fundamental principles are
situated (or anchored) in a specific practical engineering context. The goal of this broader
investigation is to demonstrate that the process of anchoring will lead to better prepared bridge
engineers and may lead to a positive shift in attitudes about careers in bridge engineering. This
would, in turn, help address the need for more practice-ready bridge engineers. This goal is part
of a study funded by the Federal Highway Administration (FHWA), entitled “Creating More
Practice-Ready Bridge Engineers through Anchored Instruction”. As part of the study, we
identified a need for an assessment tool to measure student learning of fundamental engineering
knowledge so that we can assess whether anchoring has an influence on the transfer of
fundamental engineering knowledge to practical bridge engineering problem solutions. As no
existing instrument was available to meet this need, we embarked upon the development of such
an instrument which is the focus of this paper.

The purpose of this paper is to present the in-progress development of an assessment instrument,
called the “Fundamental Engineering Knowledge (FEK) Assessment”. This instrument is aimed
at measuring undergraduate engineering students’ ability to apply fundamental engineering
knowledge to bridge engineering practice. To date, we have completed two iterations of
instrument development and have achieved a Fleiss’ Kappa inter-rater reliability, k= 0.445 (95%
CI, 0.415 to 0.475), p <0.001, without reconciliation between the raters. The resulting
instrument will be deployed through the end of the FHWA project (Summer 2025).

The study described in this paper will provide engineering educators with a descriptive road map
of the assessment development process, which can be used towards refining and improving
similar instruments and/or pedagogical interventions.

Background

FHWA Project: Creating more Practice-Ready Bridge Engineers through Anchored Instruction

The overarching objective of the FHWA project is to develop and install pedagogical
interventions into an existing undergraduate civil engineering mechanics curriculum such that
core principles are more likely to be transferred from the classroom to the bridge engineering
profession.



This is expected to be accomplished by deeply contextualizing, or anchoring, fundamental
engineering principles in bridge-centered case-studies throughout students’ four-year course of
study, beginning with sophomore-level mechanics courses. In these introductory-level courses,
students are presented with the details of a local bridge and asked to perform simple analysis
tasks. As students progress through statics, mechanics of materials, and structural analysis
courses, they revisit this fully contextualized bridge analysis problem, giving them the
opportunity to apply increasingly advanced skills. Important engineering concepts are therefore
contextualized in terms of their application, thereby improving students’ ability to grasp
fundamental knowledge. Student progress is periodically measured via their performance on the
FEK Assessment.

In this overarching study, we aim to produce a practical, adoptable, and validated framework for
modifying existing civil engineering mechanics curriculum such that core principles are
anchored within a contextualized case-study of a bridge analysis and design scenarios. This
project has the potential to transform existing undergraduate engineering education by
addressing the important issue of transfer between theory and practice. The research plan is
guided by the research questions listed in Table 1. The focus of the present paper is the
development of an instrument that can be used to help answer the first research question.

Table 1. Research Questions for Overarching FHWA Project

No. | Research Question

Do students who experience the Anchored classroom interventions demonstrate an ability to transfer
fundamental engineering knowledge to applied bridge design?

1 a. If so, how many Anchored courses must a student have taken to demonstrate a significant positive
' correlation with their success in the Bridge Design course?

b. If so, which interventions demonstrate a significant positive correlation with a students’ success in the
Bridge Design course?

2. | How are student attitudes towards careers in bridge design related to exposure to Anchored classroom
interactions and a Bridge Design Course?

3. | How much extra effort is required to implement effective Anchored classroom interventions.

Anchored Learning

Anchored learning is based on the construct of “situated cognition” which also forms the basis
for what is widely called “experiential learning”. Anchored learning is founded on the notion that
knowledge can be recalled when people are explicitly asked to use it as a “tool” for solving a
problem [7]. The anchor is a highly contextualized scenario, or case study, that would
realistically be solved in practice by a bridge designer. Thus, students apply theoretical concepts
in the context of the anchor and its respective details. Figure 1 conceptually illustrates how a
model of anchored learning connects theoretical principals to practical application.



Anchored learning is a pedagogical model that has Statics, Mechanics of Materials,
shown promise as an effective tool for developing Structural Analysis, Concrete
knowledge transfer skills and increasing student Design, Steel Design, Bridge Design
performance [1]-[3],[5],[8]..

The FHWA project installs anchors into the civil
engineering curriculum in the following courses:
Statics, Mechanics of Materials, Structural
Analysis, Reinforced Concrete Design, and
Structural Steel Design. An additional Bridge
Design and Construction technical elective course
is provided as a means of measuring students’
ability to transfer the theoretical knowledge
attained in their foundational courses.

Knowledge Transfer Critical Thinking Skills

Knowledge Transfer

Anchor:
Richly contextualized

Traditionally, undergraduate engineering students
Y. u gracu & g st bridge problem

view their course work as a necessary means
toward a degree. They do not view the theoretical
and mathematical knowledge acquired in school
as important to applied engineering practice. According to Bransford et al. [1], “it is left to the
student to transfer theoretical knowledge to the solving of problems.” Thus, there is a need for an
engineering program that facilitates learning which promotes the transfer of fundamental
engineering knowledge to engineering practice.

Figure 1. Conceptual model of an anchor.

Knowledge transfer is defined in Gestalt psychology as “the use of the solution to one problem in
solving a second problem that has elements in common with the first” [9]. Gestalt psychology
focuses on the dynamic organization of experience into patterns or configurations.

In the context of engineering education, knowledge transfer is demonstrated by a student’s
ability to use understood information to solve new problems across time and contexts. For
instance, given a problem in a new context, they must be able to interpret what is being asked,
recall a previous experience in which pertinent information was used to solve a similar type of
problem, identify how the information from the previous situation can be correctly applied to the
new problem, and execute the results successfully. Students who exhibit an ability to transfer
knowledge are better equipped to make meaningful contributions to their respective industry [6].

To improve students’ knowledge transfer abilities, educators must first identify the factors that
inhibit knowledge transfer, and then apply teaching strategies that improve upon these factors.
Lockett et al. [6] present interview data from 53 participants who identify as academics, business
owners and/or managers, and non-academics. According to Lockett, the profession prioritizes
knowledge transfer more than the academy does. Some businesses have taken initiative to
improve knowledge transfer by working closely with higher education institutions with defining
the goals and learning outcomes of their programs, with a focus on application of engineering
knowledge.



Fundamental Engineering Knowledge

To measure and evaluate whether students are transferring knowledge from one context to
another, it is necessary to define what is meant by “knowledge”. For a structural engineer who is
practicing bridge engineering, Newtonian physics (statics) and mechanics of materials provides a
foundational basis for what we are terming fundamental engineering knowledge (FEK). Using
recommendations from Steif [10] for guidance, we define FEK within three categories. First are
the conceptual basis for structural engineering which consist of relevant concepts (declarative
knowledge). Secondly are the skills needed for implementing these concepts (procedural
knowledge). Lastly are the common errors associated with conceptual lapses that will assist in
evaluating student performance on the assessments.

Conceptual Basis for Structural Engineering

To identify relevant concepts, we began with a list of topics that are included in typical structural
mechanics courses. We then proceeded to group these topically. Then, drawing from our
collective years of structural engineering teaching and professional practice and informed by the
Force Concept Inventory [11] and Statics Concept Inventory [12], we identified eleven common
concepts, or fundamental categories of knowledge. For the purpose of this study, we defined
“fundamental” as concepts that are required to perform a prerequisite level of structural analysis
needed for a culminating bridge engineering course. (Table 2).

Table 2. Structural Engineering Concepts and Skills

opposite. Combinations or distributions of forces acting
on a body are statically equivalent to a force and
couple moment.

Topic Concept Skill

a. Section the ability of an object to resist stress is proportional to | Calculate centroid, area, first

Properties its area, first moment of area, and second moment of moment of area, and second
area moment of area.

b. Static Sum of all forces on object, part, or particle is zero. Draw FBD. Sum forces equal

Equilibrium Forces between two connecting parts are equal and to zero.

c¢. Relationship
between load, shear
and moment

The change in internal shear in a beam is the integral of
the externally applied transverse load and the change in
internal moment is the integral of the shear.

Draw a V and M internal force
diagram. Derive V and M from
load.

d. Relationship
between beam
moment (M),
curvature (0), and
deflection (A).

Based on the Bernoulli Beam assumption of plane
sections remain plane, the slope of the 1st order
deflection of a bending member is the integral of the
internal curvature and the bending deflection the
integral of the slope.

Determine deformation of
structure including effects of
bending, axial, and shear
deformations.

e. Deformations by
energy methods

Based on conservation of energy, the external work of
loads applied to an object is stored as internal strain
energy.

Determine deformation of
structure including effects of
bending, axial, and shear
deformations.

f. Constitutive

The normal and shear stress at any location within a

Relate the strain on a cross-

location is related to the differential force over the

relationships member is related to the normal and shear strain section to the subsequent
according to the characteristic behavior of the material | stress, or vice versa.
constituent from which the member is made.

g. Stress A force normalized by the area it acts upon. Stress ata | Determine the normal stress,

shear stress, or combination at




Topic

Concept

Skill

differential area (dF/dA). The state of stress can be
represented by the combination of normal and shear
stresses on the orthogonal surfaces (e.g., X, Y, Z)

a location on a structural
member. Determine the state
of stress at a location on a
structural member.

h. Stability

Equilibrium of a body in its deformed shape (i.e.,
“second order” deformation). If equilibrium is
maintained the structure is stable, if it is not maintained
the structure is unstable. For an object to be in static
equilibrium, the sum of all forces of an object, part, and
particle is zero - for the deformed shape (i.e., second
order)

Identify and mitigate unstable
conditions (e.g., potential
brace locations, determine
buckling load, calculate
overturning and sliding forces.

i. Analytic Model

The boundaries of a structure can be represented as
idealized rollers, pins, hinges, fixed supports, or
springs. The loading on a structure can be represented
as idealized concentrated point loads, point moments,
or distributed loading

Model an actual structure as a
representative idealized beam,
frame, and/or truss, including
boundary conditions that
restrict movement in
accordance with the actual
constraints.

j- Superposition

The net response caused by two or more forces and/or
displacements at the same location is the sum of the
response that would have been caused by each action
individually at that location.

Determine the actions of
multiple loadings by applying
each loading individually to
the structure and combining
the results at a specific
location to represent the
complete behavior of the
originally loaded structure.

k. Limit States

Factor of safety. Strength. Serviceability. Demand vs
capacity.

Identify all applicable design
limit states and evaluate
design criteria are satisfied
(e.g., factor of safety, demand
to capacity ratio

Common Errors Associated with Conceptual Lapses

To evaluate the assessments in a consistent and reliable manner, we categorized several common
errors that students make by the activities performed when solving engineering mechanics

problems. These common errors, listed in Table 3, are the basis of creating a reliable grading
rubric in the FEK Assessment.




Table 3. Common Errors Associated with Conceptual Lapses

Error Type | Description

Formulation | Errors applying equations associated with conceptual misunderstanding of the phenomenon. Not
using correct value for a variable or inconsistencies with the sign on terms.

Modeling Errors associated with showing static equilibrium including: i) internal forces at a cut missing; ii)
showing internal forces without cutting object; iii) not accounting for the sense and direction of
the internal forces; iv) not showing internal forces in opposite directions on opposite sides of a
section cut; v) and incorrectly showing resultant force.

Boundary Inappropriate assignment of reactive forces and moments at boundaries (i.e., supports). Missing
Condition reactions that should be present. Reactions that are not consistent with boundary condition.

Computing | Inconsistency between force direction and its sign. Multiplying a moment by a distance. Incorrect
Equilibrium | computation of the magnitude or location of resultant of distributed load. Incorrectly drawing the

V and M diagram.
Math Incorrect application of algebra, trigonometry, and/or calculus procedures.
Units Not accounting for dimensional homogeneity, units inconsistent with variables, and unit

conversion errors.

Development of Assessment and Grading Rubric

The purpose of the FEK Assessment is to provide data to answer the research question 1 (RQ1)
listed in Table 1. For the FHWA project, students’ ultimate ability to transfer fundamental
engineering knowledge is measured using a traditional final examination in an optional Bridge
Design and Construction course, taken in the senior year. Since this course is elective and only
offered once per year, the number of students who enroll in it is modest. Therefore, to create a
more robust data set, the FEK assessment instrument will be deployed in each of the following
courses: Statics, Mechanics of Materials, Structural Analysis, Reinforced Concrete Design, Steel
Design, and the Bridge Design courses.

The content of the FEK Assessment is mapped to two constructs: 1) core principles underlying
structural engineering problemsTable 2; and 2) skills needed for implementing these concepts
(Table 2). Students’ ability to demonstrate these skills and explain these principles is assessed
based upon common errors in structural engineering problems associated with conceptual lapses
(Table 3).

Each problem assesses the students’ ability to: 1) solve the problem; 2) identify the most
applicable principle used to solve the problem; and 3) explain why they believe the principle
they selected is most applicable.

Development of the FEK Assessment

To develop the FEK assessment, we established the following constraints.

1. Start with the 11 concepts and skills listed in Table 2.
2. Limit to 4-6 questions.

3. Focus on concepts with which students tend to struggle.

To improve the validity of the assessment, we included questions which require students to
explain their thought process as a means of internally evaluating the intentionality of their
answers. In addition, we wanted an assessment which would reliably attain the same results



regardless of the rater. Thus, after defining our framework, we focused our development efforts
on improving the reliability of the raters’ scores. The first iteration of the FEK assessment was
deployed in the Spring 2022 term. Four civil engineering faculty and one graduate student
graded these assessments using a pilot rubric. The results of an inter-rater reliability (IRR)
analysis indicated an average Fleiss’ Kappa value of 0.285, or fair agreement amongst the raters
[13]-[14].

Based on the results from the first iteration, the authors improved the assessment questions and
rubric descriptions to more consistently quantify students’ abilities. These revisions were based
on discussions among the raters about how each interpreted the questions, with an aim to clarify
any ambiguities. The second iteration was deployed in the Fall 2022 term and resulted in IRR
Fleiss’ Kappa of 0.445 which shows moderate agreement amongst the raters [13]-[14].

Development Process for Rubric

The current iteration of the FEK Assessment was developed over the course of six months by the
authors. Two full iterations of the development process have been completed. We took a
methodical approach to its development with a constant eye on consistency and the goal of being
able to reliably measure the student’s understanding of fundamental engineering knowledge.

Initial Development

We had an ultimate need to answer the question “did they transfer what they learned to bridge
design.” This led us to define what we meant by “what they learned.” Our answer was that we
wanted to know whether they learned the fundamentals of engineering mechanics within the
domain of structural engineering.

Then we asked, “how do we know?’”” whether they learned this fundamental engineering
knowledge (FEK). This was needed to build a grading rubric which could reliably measure
learning. The ability to “get the right answer” is the traditionally accepted method for assessing
learning, however we know that a person can arrive at the right answer for the wrong reason
(including guessing, especially if the assessment has a multiple-choice format). This led us to
include an explanation component in the assessment to evaluate why the student answered the
way that they did.

We wanted students to solve relatively simple engineering mechanics problems that were
situated in a bridge engineering context. We knew that students could solve such problems using
rote processes without really understanding the fundamental principles that they are using, so we
added a component that asked them to describe which fundamental engineering principles they
used in their solution.

This resulted in the first iteration (V1) of the FEK Assessment which consisted of four problems
that each had various levels of difficulty. The difficulty levels were assigned to students from
different classes (level 1 to statics students, level 3 to structural analysis students). This first
version of the FEK Assessment was taken by the researchers themselves to identify potential
problems. The team met to resolve any differences in interpretation of the assessment questions.
This resulted in a second version (V2) which included a more focused 3-part rubric that assessed



whether the student 1) gave the correct answer 2) selected the appropriate FEK associated with
the solution and 3) explained their reasoning.

To evaluate the correct answer, we assigned the highest rubric score to students who showed
work, had correct formulation, provided sketches, was well organized and resulted in the correct
answer. Four faculty evaluated the students’ work, and we compared our scores using Fleiss’
Kappa inter-rater reliability index. We discussed the answers that the students gave and
discussed ways to improve the problem statements, instructions, and grading rubric. As a result
of the first set of evaluations, we made the following adjustments.

1.

We were looking for students to explain their steps but didn’t explicitly ask them to do so.
So, we added that to the instructions.

We realized that as evaluators, we were looking at the “correct answer” and problem
solution steps differently so we modified the rubric to better capture our shared
understanding of what constituted the correct solution. As a result, we broke this into three
categories: thoroughness, appropriateness of model, quality of answer. We collectively
defined what the different point levels would mean.

We noticed that the FEK principles were difficult for us to categorize across the different
questions. At this point, we had not yet organized the FEK to the level that would avoid
confusion. So, we spent considerable time developing operational definitions of what we
meant by FEK (see Table 2.). We decided to provide this table of concepts (column 2 in
Table 2.) at the beginning of the assessment as the full set of options for all questions,
replacing the multiple choice list within each problem.

In operationalizing the FEK, we decided that it would be useful to add a fifth problem to
capture material constitutive behavior.

The resulting assessment (V3) is provided in Appendix A. For illustration purposes, an example
of one of the problems is shown in Figure 2 below.



A photograph, elevation view, FBD, and cross-section are shown for a prestressed 1ype IV
AASHTO girder. Section properties of the girder are given.

a) Compute the normal stress at Section A-A at the bottom fiber of the cross-section.

Show all your work, including sides notes that explain your thought process at each step.

Cross-Section Properties:

wsod [ o Area  789in’
Sk - Weight 0.822 kip/ft
g an b 260,741 in"
a5 ® *l_-
=
Section A-A
Reactions at section A-A are given as shown:
A
3 k/ft. (includes selfweight)
I EEEEEEEERER! 1215 kip-ft
(“\\; ———————————————————————————— 9531 1200 k
—_— e e
1200 k . N ok
iy 45'-0” o \
I centroid of prestress strands
135k

b) Select the single most applicable engineering principle from Table 1 above, for solving
part of this problem.

c) In 2-3 sentences and in your own words (i.e., do not re-iterate the definition), explain why
you chose this principle.

Figure 2. Example of a FEK assessment problem.

The associated version (V3) of the rubric is provided in Appendix B. The portion of the rubric
used to grade the above example problem (Figure 2) is shown in Figure 3 below.



Question 2a

and relates it to their
work, process, and
model

answer but missing
some key points

and/or just plain
wrong

. Proficient Competent Novice
Criteria - p. - Grade/Score
5 points 3 points 1 point
All steps are shown
with headers and Work is mostl
logical flow. Clear and 4 Includes no indication
complete and can be .
Thoroughness [easy to follow. of how that arrived at
. followed but thought
Includes annotations . answer
. ) process is not clear
explaining their
thoughts
Did not set up
problem correctly
Correct model, Mostly correct process |including
Appropriate [process, and with minimal errors/omissions
process and |equations were errors/omissions associated with
model selected to set up and [setting up or showing |showing equilibrium,
solve the problem equilibrium usingincorrect
formula orincorrect
variables
Setup was correct but .
Multiple
there was an error . )
. . . errors/omissions with
Quality of with computing .
Got the correct answer L math, units, or
answer equilibrium, math computin
error, and/or unit _p_g_
equilibrium.
error
Question 2b
Multiple Choice Grade/Score
a-3pt.
f-3pt.
g-5pt.
Question 2c
. Proficient Competent Novice
Criteria - - - Grade/Score
5 points 3 points 1 point
In-depth explanation
Appears to be a guess,
that accurately Demonstrates a ]
. L . . reiterates the
X describes principle rationale for their . .
Explanation definition verbatim,

Figure 3. Rubric used to grade above FEK assessment problem.

Results

e Statics. Sophomore-level course which is required and a critical prerequisite for civil and

mechanical engineering students.

The FEK assessment was deployed during the Fall 2022 term in the following classes.

e Mechanics of Materials. Sophomore-level course which is required and a critical

prerequisite for civil and mechanical engineering students.




e Structural Analysis. Junior-level course which is required and a critical prerequisite for
civil engineering students.

e Reinforced Concrete Design. Senior-level course which is required and a prerequisite for
the senior capstone design course.

Because these courses are relatively dense with content, it was not feasible to consume an entire
class period to deploy the assessment. However, we were able to have the instructors give the
assessment as an extra-credit assignment. The instructors assured the students that they would
receive full extra credit points simply for “trying their best”. They asked the students to not work
together, and to limit the use of external resources to textbook-like material. Thus, because the
stakes were negligible, we expect to have collected an accurate representation of students’
individual abilities — even though the assessments were not proctored. We do acknowledge that
there is a possibility that students may not have followed our instructions. A description of the
Fall 2022 sample is provided in Table 4.

Table 4. Fall 2022 Sample (N) of Students who Completed FEK Assessment and Gave Consent.

Course Civil Eng. | Mechanical Eng. | Other | Total
Statics 4 11 4 19
Mechanics/Materials 0 0 0 0
Structural Analysis 4 7 0 11
Reinforced Concrete 22 0 0 22

Inter-rater Reliability

Reliability and Validity

Validity of an instrument is a measure of its ability to measure that which is intended. One
common way to validate an instrument is to compare its results to another instrument that has
already been validated. The lack of an existing instrument is what necessitated the development
of the FEK assessment tool, so this was not an option. Another method of validation is termed
“triangulation”, in which other data is used to come to the same conclusion. In the case of this
FEK Assessment tool, we have incorporated a qualitative explanation by which the student
describes their rationale for selecting the answers that they chose. A rubric score associated with
this explanation allows for internal validation that participants’ answers are intentional.
However, overall validation studies have not yet been completed on the data due to the early
nature of the study.

Reliability of an instrument is a measure of its ability to measure the same results under repeated
evaluations. In the case of the FEK Assessment, multiple experts evaluated the student responses
using a rubric based on the common errors associated with conceptual topics. Agreement of
scores among the various raters indicates that the instrument is reliable. This is termed “inter-
rater reliability” In order to quantify this reliability, a Feiss’ Kappa reliability index is used.

As a first step, the second author for this paper graded all the assessments. Then, based on his
findings, he used a purposeful selection process to choose five assessments for the other authors
to independently grade. These five assessments were selected to represent the bounds of possible



scores in multiple rubric areas in order to represent a “worst-case scenario” for achieving
agreement between raters. After grading, the inter-rater reliability results were computed from a
Fleiss’ Kappa analysis [13]-[14]. These results are provided in Table 5 and Table 6 for V3 of the
assessment and rubric.

Table 5. Overall Fleiss’ Kappa Agreement.

Kappa | Standard Error | Z | p Value | Lower Bound 95% | Upper Bound 95%
Participant1 | 0.421 0.039 10.9 | <0.001 0.345 0.497
Participant 2 | 0.550 0.036 15.5 | <0.001 0.480 0.619
Participant 3 | 0.346 0.035 9.9 | <0.001 0.278 0.414
Participant 4 | 0.443 0.046 9.7 | <0.001 0.354 0.532
Participant 5 | 0.335 0.033 10.2 | <0.001 0.271 0.400
Overall 0.445 0.015 29.0 | <0.001 0.415 0.475

Table 6. Fleiss’ Kappa Agreement on Individual Categories.

. Conditional Standard Lower Bound | Upper Bound
Rating Probability Kappa Error z p Value 95% pp95%
0 0.952 0.949 0.029 32.2 | <0.001 0.891 1.006
1 0.339 0.305 0.029 104 | <0.001 0.248 0.363
2 0.317 0.237 0.029 8.0 <0.001 0.179 0.295
3 0.552 0.359 0.029 12.2 | <0.001 0.301 0417
4 0.328 0.198 0.029 6.7 <0.001 0.140 0.256
5 0.757 0.647 0.029 219 | <0.001 0.589 0.705

Results and Discussion

As shown above, a Fleiss’ Kappa analysis showed that there was moderate strength in agreement
between the five raters, x = 0.445 (95% CI, 0.415 to 0.475), p < 0.001. There was almost perfect
agreement between raters for assessment problems which received a score of 0 (k= 0.952,
substantial agreement for problems which received a score of 5 (k¥ =0.647), and fair agreement
for problems which received a score between 1 and 4 (0.198 < ¥ <0.359). The score on each
element evaluated using the rubric had an average range equal to 1.2 (on a 0-5 scale) and an
average covariance of 18%. Given the relative subjectivity of this type of assessment and given
that the raters did not reconcile their results, the average range and covariance are reasonable and
expected. Thus, moderate inter-rater agreement is satisfactory and reliable.

Conclusions

The objective of the FHWA project is to measure the effect of anchored classroom interventions
on students’ ability to transfer fundamental engineering knowledge to bridge engineering
applications. Since we measure this ultimate outcome during students’ senior year, we developed
the FEK assessment described in this paper to better track their progress in their sophomore and
junior years. In addition, we wanted an assessment which would reliably attain the same results
regardless of the grader.

To date, we have completed two iterations of instrument development and have achieved a
Fleiss’ Kappa inter-rater reliability, x = 0.445 (95% CI, 0.415 to 0.475), p < 0.001, without



reconciliation between the raters. In addition, each element of the rubric (graded ona 0 to 5
scale), for all five participants, had an average range of 1.2 and average covariance of 18%.
Given the relative subjectivity of this type of assessment, these values are expected, moderate
inter-rater agreement is acceptably reliable.

The instrument that is described in this paper will be used to help assess whether the use of an
anchored approach is beneficial in helping engineering students transfer fundamental engineering
principles to practice. In addition, the development of this assessment is thoroughly described in
this paper to provide engineering educators with the information needed towards adapting or
refining similar instruments.

Acknowledgements

The authors acknowledge the support and funding from Federal Highway Administration Project
Number FHWA-PROJ-21-0045. The opinions expressed herein represent those of the authors
and not necessarily those of the sponsors.

References

[1] J. D. Bransford, R. D. Sherwood, T. S. Hasselbring, C. K. Kinzer and S. M. Williams,
"Anchored Instruction: Why We Need It and How Technology Can Help," Cognition,
Education, and Multimedia, vol. 12, 1990.

2] The Cognition and Technology Group at Vanderbilt, "Anchored Instruction and Its
Relationship to Situated Cognition," Educational Researcher, vol. 19, no. 6, pp. 2-10,
1990.

[3] The Cognition and Technology Group at Vanderbilt, "Anchored Instruction and Situated
Cognition Revisited," Educational Technology, Nashville, 1993.

[4] Z. B. Dahalin and K. Suebsom, "Constructing a model for assessing knowledge transfer,"
Education, 2008.

[5] M. E. Jones, Effects of an Anchored Career-Focused Curriculum on the Knowledge and
Attitude of At-Risk High School Students, University of Kentucky, Lexington, 2020.

[6] N. Lockett, R. Kerr and S. Robinson, "Multiple Perspectives on the Challenges for
Knowledge Transfer between Higher Education Institutions and Industry," International
Small Business Journal, vol. 26, no. 6, pp. 661-675, December 2008.

[7] J. Mattar, "Constructivism and connectivism in education technology: Active. Situated,
Authentic, Experiential, and Anchored Learning," Revista Iberoamericanan de Educacion
a Distancia, 2018.

[8] B. A. Bottge, M. D. Toland, L. Gassaway, M. Butler, S. Choo, A. K. Griffen and X. Ma,
"Impact of Enhanced Anchored Instruction in Inclusive Math Classrooms," Exceptional
Children, vol. 81, no. 2, pp. 158-175, 2015.

[9] American Psychological Association. APA Dictionary of Psychology (2nd ed.), 2015.

[10]  Steif, Paul S. "An articulation of the concepts and skills which underlie engineering
statics." 34th Annual Frontiers in Education, 2004. FIE 2004. IEEE, 2004.



[11]

[12]

[13]

[14]

Hestenes, David, Malcolm Wells, and Gregg Swackhamer. "Force concept inventory." The
physics teacher 30(3) 141-158. 1992.

Steif, Paul S., and John A. Dantzler. "A statics concept inventory: Development and
psychometric analysis." Journal of Engineering Education 94(4). 363-371. 2005.

Altman, D. G. Practical statistics for medical research. New York: Chapman & Hall/CRC
Press. 1999.

Landis, J. R., & Koch, G. G. “The measurement of observer agreement for categorical
data.” Biometrics, 33, 159-174. 1977.



Appendix A

Fundamental Engineering Knowledge Assignment

This assessment is designed to evaluate your knowledge of fundamental engineering principles
related to bridge engineering. Each question has multiple parts. Please read the instructions to
each problem thoroughly and include annotations in your work.

Some of the following engineering principles will be used to solving the problems in this exam.
For each question, you will be asked to identify the most applicable principle used to solve.

Table 1

Fundamental Engineering Principles

its intended function. A factor of safety, FS, expresses how
much stronger a system is than it needs to be for an intended
limit state.

a) Section The ability of an object to resist stress is proportional to its _

. A=[dA
Properties area (A), first moment of area (Q), and second moment of Q=ly-dA
area or moment of inertia (I). Ly = Iyz' dA

b) Static Sum of all forces on object, part, or particle at rest is zero. XF=0
Equilibrium Forces between two connecting parts are equal and opposite. IM=0

¢) Relationship The change in internal shear in a beam is the integral of the
between load externally applied transverse load and the change in internal - [w-
(w), shear (V), moment is the integral of the shear. v ~ wedx

M = [V-dx
and moment
(1))

d) Relationship Based on the Bernoulli Beam assumption of plane sections M
between remain plane, the slope of the 1* order deflection of a 0= El dx
moment (M), bending member is the integral of the internal curvature, and 0
slope (0), and the bending deflection the integral of the slope. A= f —dx
deflection (A) El

e) Deformations by | Based on conservation of energy, the external work of loads U.="Us
Energy Methods | applied to an object is stored as internal strain energy. T

f) Constitutive The normal and shear stress at any location within a member _
Relationships is related to the normal and shear strain according to the ° :f ()

characteristic behavior of the material constituent. T=/0)

g) Stress Stress is a force normalized by the area it acts upon. The state dF

of stress at a point can be represented by the combination of c=—
normal and shear stresses on the orthogonal surfaces. dA

h) Stability If equilibrium of a body in its deformed shape is maintained,

the structure is stable; if it is not maintained, the structure is
unstable.

i) Analytical The limits of a structure can be represented as idealized
Model rollers, pins, hinges, fixed supports, and/or springs. The

loading on a structure can be represented as idealized
concentrated loads, point moments, and/or distributed
loading.
j) Superposition The net response caused by two or more forces and/or
displacements at the same location is the sum of the response _
that would have been caused by each action individually at Fxi+xz) = F(x) + F(x2)
that location.
k) Limit State A state of failure beyond which a structure ceases to perform

Actual

FS = Allowable




1) The McConnell Drive bridge is a three-span continuous steel girder bridge. A photograph,
looking west at the east elevation, is shown.

a) Determine all internal member forces [i.e., axial (N), shear (V), and moment (M)] at
Section A-A and include the following steps:

e Draw a free-body diagram (you choose what side of cut)
e Write equations of equilibrium
e Solve for unknowns

Show all your work, including sides notes that explain your thought process at each step.

o IS L R T T e
< " B -
12.[. k - 119k 3
\;?ITSI(-‘&. sst

b) Select the single most applicable Fundamental Engineering Principle from Table 1
above, for solving this problem.

c) In 2-3 sentences and in your own words (i.e., do not re-iterate the definition), explain
why you chose this principle.



2) A photograph, elevation view, FBD, and cross-section are shown for a prestressed Type IV
AASHTO girder. Section properties of the girder are given.

a) Compute the normal stress at Section A-A at the bottom fiber of the cross-section.

Show all your work, including sides notes that explain your thought process at each step.

20"

207 Cross-Section Properties:
Prestressed Area 789 in2
strands “g:
+ —  Weight 0.822 kip/ft
wrs b 260,741 in*
v e
6.5"
[ o I
Section A-A
Reactions at section A-A are given as shown:
A

3 k/ft. (includes selfweight)

EEEEEEEEEEEER 1215 kip-ft
e r c.g.
N Semmeeem——— o f ) mon

0k
Tﬂ 45)_0” \
centroid of prestress strands

135k

b) Select the single most applicable engineering principle from Table 1 above, for solving
part of this problem.

¢) In 2-3 sentences and in your own words (i.e., do not re-iterate the definition), explain
why you chose this principle.



3) A photograph and analytical models a) through c) are shown for a segmental balanced
cantilever bridge during construction.

Select which loading diagram results in a
maximum effect.

For each one of your selections, explain your
reasoning:

e Why you chose the option you chose; and
e Why you did not choose the other options.

a) Maximum reaction force at support D. b) Maximum moment at section B-
60"-0" 180°-0" 60'-0" 60-0" | 180°-0" 60'-0"
B C B c
A . e * A c ol ®
Al 900" D Al o900 D
oo v
. [ R EEEEEEEEEEEEER! ) I EE R EEEEEEEEERIEER!
H 4 N K 4 2
i EEEEEEEEEI R i IEEEEEREEER IR
ii.) N ii.) N
N rZeE IEXEEEREER R CECE I CEECEREER
ii.) 5 = iii.) = =
) I EEEEEEREY _ IEEEEEEEEEY
iv.) - - i) - 2.

¢) Maximum shear at section C-C

60-0" 180°-0" 60-0"

B C

i s Ay K . d) Select the single most applicable
— 0 ! engineering principle from Table 1
above, for solving this problem.

IEEEEEEEEE)
4 9.

IEEEERIEEREE:

i)

4 9.
e) In 2-3 sentences and in your own
0 % FE¥ words (i.e., do not re-iterate the
e ” K § definition), explain why you chose this
principle.
KX I EEEE}

iv.)




4) A photograph, analytical model and internal force diagrams are shown for a segmental
balanced cantilever bridge during construction.

a) Select the deflected shape which corresponds to the shear and moment diagrams.

For your selection, explain your reasoning:

e  Why you chose the option you chose; and
e  Why you did not choose the other options.

Deflected shape

TiYiryeviveeivyy .
A 1!“ Va

iv.) = -
— s ~
- ."---___—" ~~~
~

b) Select the single most applicable engineering principle from Table 1 above, for solving
this problem.

c) In 2-3 sentences and in your own words (i.e., do not re-iterate the definition), explain
why you chose this principle.



5) For the bridge shown, Member A is made from ASTM A36 steel, and has the properties
shown in the figure below.

Member A has an internal axial tensile force of 5,600 kKN.
a) Draw an “X” on the stress-strain diagram below, approximate the state of stress in
Member A and determine the elongation of member A (in mm) caused by the internal

tensile force.

Show all your work, including sides notes that explain your thought process at each step.

Member A Cross Section
A =16,000 mm?

Original Length
L=5m

Material Properties of A36 Steel

Yield Strength | 250 MPa

Stress-Strain Behavior for A36 Steel

S0 T T T T T T T
a0 i
=
™
2
£ 30f i
£
L7 o]
-1
=]
g wof i
=]
[-T4]
£
—
100 I
0 1 1 1 1 1 1 1
0 5 10 15 20 25 30 35 40
Engineering Strain(%)

b) Select the single most applicable engineering principle from Table 1 above, for solving
this problem.

c) In 2-3 sentences and in your own words (i.e., do not re-iterate the definition), explain
why you chose this principle.



Appendix B

Grading Rubric

Question 1a
Proficient Competent Novice
Criteria - p. - Grade/Score
5points 3points 1 point
All steps are shown
with headers and
K Work is mostly ——
logical flow. Clear and Includes no indication
complete and can be N
Thoroughness |easy to follow. of how that arrived at
. followed but thought
Includes annotations i answer
o R process is not clear
explaining their
thoughts
Did not set up
roblem correctl
Correct model, Mostly correct process ipncludin v
Appropriate  [process, and with minimal € o
K o errors/omissions
processand |equations were errors/omissions i X
. . associated with
model selected to set up and |setting up or showing showing equilibrium
solve the problem equilibrium _g. q ’
showing resultant
force
Setup was correct but .
Multiple
there was an error . .
. R . errors/omissions with
Quality of with computing .
Got the correct answer| I math, units, or
answer equilibrium, math i
computing
error, and/or unit A
equilibrium.
error
Question 1b
Multiple Choice Grade/Score
b - 5pt.
c-3pt.
i-3pt.
Question 1c
. Proficient Competent Novice
Criteria - - - Grade/Score
5points 3points 1 point
In-depth explanation
P P Appears to be a guess,
that accurately Demonstrates a .
. - . . reiterates the
. describes principle rationale for their L .
Explanation definition verbatim,

and relates it to their
work, process, and
model

answer but missing
some key points

and/or just plain
wrong

Question 2a
Proficient Competent Novice
Criteria — p. - Grade/Score
5points 3 points 1point
All steps are shown
with headers and
K Work is mostly -
logical flow. Clear and Includes no indication
complete and can be R
Thoroughness |easy to follow. of how that arrived at
X followed but thought
Includes annotations i answer
o R process is not clear
explaining their
thoughts
Did not set up
problem correctly
Correct model, Mostly correct process |including
Appropriate  [process, and with minimal errors/omissions
processand |equations were errors/omissions associated with
model selected to set up and [setting up or showing |showing equilibrium,
solve the problem equilibrium using incorrect
formula orincorrect
variables
Setup was correct but .
Multiple
there was an error . .
. R . errors/omissions with
Quality of with computing X
Got the correct answer| I math, units, or
answer equilibrium, math i
computing
error, and/or unit -
equilibrium.
error
Question 2c
Multiple Choice Grade/Score
a-3pt.
f-3pt.
g-5pt.
Question 2d
. Proficient Competent Novice
Criteria — — - Grade/Score
5points 3 points 1point
In-depth explanation
P P Appears to be a guess,
that accurately Demonstrates a .
. - . . reiterates the
. describes principle rationale for their L .
Explanation definition verbatim,

and relates it to their
work, process, and
model

answer but missing
some key points

and/or just plain
wrong




Question 3a, 3b, and 3c

. Proficient Competent Novice
Criteria — p. - Grade/Score
5 points 3points 1 point
Got the correct answer .
Got the correct answer K Got answer incorrect
A ) A and marginal o
. including calculations . and no indication of
Part a) Quality of notes/calculations or,
and/or notes . how they got
answer - . incorrect answer and
explaining their . answer(appears to be
A detailed
selection i guess)
notes/calculations
Got the correct answer .
Got the correct answer K Got answer incorrect
. X R and marginal o
) including calculations . and no indication of
Part b) Quality of notes/calculations or,
and/or notes X how they got
answer - . incorrect answer and
explaining their R answer(appears to be
A detailed
selection i guess)
notes/calculations
Got the correct answer .
Got the correct answer K Got answer incorrect
. X . and marginal o
. including calculations . and no indication of
Part c) Quality of notes/calculations or,
and/or notes . how they got
answer laining thei incorrect answer and ( tob
explaining their R answer(appears to be
P . s detailed PP
selection X guess)
notes/calculations
Question 3d
Multiple Choice Grade/Score
b-5pt.
c-3pt.
Question 3e
. Proficient Competent Novice
Criteria — — - Grade/Score
5 points 3 points 1point
In-depth explanation
P P Appears to be a guess,
that accurately Demonstrates a 3
A . . . reiterates the
) describes principle rationale for their . .
Explanation definition verbatim,

and relates it to their
work, process, and
model

answer but missing
some key points

and/or just plain
wrong

Question 4a
Proficient Competent Novice
Criteria - p. - Grade/Score
5points 3points 1 point
Got the correct answer .
Got the correct answer K Got answer incorrect
A ) A and marginal o
. including calculations . and no indication of
Quality of notes/calculations or,
and/or notes . how they got
answer - . incorrect answer and
explaining their . answer(appears to be
A detailed
selection X guess)
notes/calculations
Question 4b
Multiple Choice Grade/Score
d-5pt.
e-3pt.
Question 4c
. Proficient Competent Novice
Criteria - - - Grade/Score
5points 3points 1point
In-depth explanation
P P Appears to be a guess,
that accurately Demonstrates a .
. - . R reiterates the
) describes principle rationale for their . .
Explanation definition verbatim,

and relates it to their
work, process, and
model

answer but missing
some key points

and/or just plain
wrong




Question 5a

Proficient Competent Novice
Criteria — p. - Grade/Score
5points 3points 1 point
All steps are shown
with headers and
K Work is mostly -
logical flow. Clear and Includes no indication
complete and can be N
Thoroughness |easy to follow. of how that arrived at
. followed but thought
Includes annotations i answer
o R process is not clear
explaining their
thoughts
Did not set up
roblem correctl
Correct model, Mostly correct process ipncludin v
Appropriate  [process, and with minimal € o .
K o errors/omissions with
processand |equations were errors/omissions i
. . showing work on
model selected to set up and |setting up or showing diagram. usin
solve the problem equilibrium X gram, &
incorrect formula or
incorrect variables
Setup was correct but
there was an error Multiple
uality of with computin errors/omissions with
a v Got the correct answer I puting / X
answer equilibrium, math math, units, or
error, and/or unit computations
error
Question 5b
Multiple Choice Grade/Score
a-3pt.
f-5pt.
g-3pt.
Question 5¢
- Proficient Competent Novice
Criteria - - - Grade/Score
5points 3 points 1point
In-depth explanation
P P Appears to be a guess,
that accurately Demonstrates a .
. - . . reiterates the
) describes principle rationale for their . .
Explanation definition verbatim,

and relates it to their
work, process, and
model

answer but missing
some key points

and/or just plain
wrong




