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Bridging Conceptual Gaps in Applied Statics through ChatGPT-Supported
Learning

Abstract

Applied Statics, a foundational Construction Engineering course, shows high failure rates tied to
weak prerequisite skills in trigonometry, vectors, and linear equations. This mixed-methods
study asks whether ChatGPT-supported leveling activities can narrow those gaps. Two cohorts at
a private Chilean university were compared: a control group (Spring 2024, n = 33) and an
experimental group (Spring 2025, n = 23). The experimental group completed two instructor-
designed activities: first, students solved problems by hand, then entered the same exercises into
ChatGPT to compare procedures, check intermediate steps, and correct errors under instructor
oversight. A 15-item pretest—posttest adapted from the TUV and CCI instruments produced a
normalized gain of (g) = 0.67. Pass rates rose from 72.7% to 82.6% (mean grades 4.3 — 4.9;
Mann-Whitney U, p = 0.060, not significant). Between 87% and 96% of students reported that
ChatGPT clarified concepts, supported self-paced review, and encouraged autonomous
reasoning. Together, these findings show that when generative Al is embedded with clear
didactic criteria, hand-first practice, Al-assisted verification, and instructor oversight, it can
measurably strengthen prerequisite skills in gateway engineering courses and offer a replicable
model for addressing the math-readiness gap in STEM programs.

Keywords: Applied Statics, ChatGPT, Construction engineering education, Generative Al,
Learning gain, Mathematical prerequisites

Introduction

The construction sector is one of the fundamental pillars of the Chilean economy, accounting for
an average of 6.5% of the national gross domestic product (GDP) over the past 10 years.
Additionally, according to data from the National Institute of Statistics, in 2023 the construction
sector accounted for 7.9% of national employment, making it one of the country’s main sources
of jobs [1]. By 2026, investment in construction is expected to increase by 4.8%, driven
primarily by growth in infrastructure and housing [2]. Within this context of expansion and high
labor demand, the need to educate professionals with strong technical competencies is
reinforced, particularly those capable of meeting the sector’s requirements for productivity,
safety, and quality. Consequently, strengthening the education of future construction engineers is
essential to ensure that graduates possess the skills and competencies currently demanded by the
industry, facilitating a rapid and successful transition into the workforce.

In this context, the Applied Statics course is included in most Construction Engineering curricula
due to its fundamental role in developing competencies in equilibrium analysis and the behavior
of isostatic structural systems. This course addresses the study of loads acting on structures,
support reactions, and the determination of internal forces in structural elements. Mastery of
these principles is essential for addressing the technical challenges involved in the safe and
efficient execution of building and infrastructure projects [3].

Applied Statics is a course that involves abstract and complex concepts, and many students
struggle to relate structural models, free-body diagrams, and mathematical language to real-



world scenarios [4]. These difficulties are often associated with insufficient foundational skills in
algebra and trigonometry, gaps that instructors frequently identify. For example, Liu et al. [5, p.
1] note: “My students can’t do the math. They need to know math, then they would do better on
the exams.” Such deficiencies negatively affect students’ academic performance and their ability
to apply fundamental principles of mechanics in Applied Statics and in more advanced
engineering courses.

Globally, there is growing concern about the decline in students' mathematical competencies
entering higher education, particularly with respect to essential concepts that should have been
mastered in secondary education. For instance, in Malaysia, Mahat et al. [6] reported results from
diagnostic assessments administered to first-year engineering students, identifying strengths in
vector operations but significant weaknesses in trigonometric functions and calculus. These gaps
delay academic progress and limit students’ preparation for entering the engineering profession
[6]. In line with these foundational gaps, international evidence indicates that difficulties are not
confined to trigonometry and calculus but also extend to fundamental modeling skills in physics
and engineering, such as vector concepts [7]. A study conducted with science and engineering
students completing an introductory physics course identified persistent difficulties in key vector
concepts, particularly in the representation and use of unit vectors, two-dimensional vector
addition and subtraction, and the interpretation of dot and cross products [7]. These concepts
constitute direct prerequisites for courses in Civil Engineering and Construction Engineering.

Similarly, Barniol and Zavala [8] designed and validated the Test of Understanding of Vectors
(TUV) based on an analysis of errors made by 2,067 students and subsequently administered it to
423 students at the end of an introductory physics course. Their results showed that, even after
passing the course, students continued to exhibit substantial difficulties with vectors, particularly
in the vector cross product, as well as errors in the representation of unit vectors and in two-
dimensional vector subtraction [8]. These findings confirm that vector-related gaps are not
automatically resolved in introductory courses and may persist into subsequent engineering
coursework.

In a similar vein, European research has addressed this issue, which some scholars refer to as the
“mathematics problem” [9]. Nortvedt and Sigveland [9] report that the Norwegian Mathematical
Council developed and implemented an assessment to measure mastery of basic mathematical
skills among students entering higher education programs in engineering, mathematics, and
economics. The results indicated that students did not demonstrate sufficient mastery of content
covered in lower secondary mathematics curricula, including basic arithmetic principles, simple
algebra, and algebraic language. Notably, an exercise that proved surprisingly difficult involved
ordering fractions by magnitude. Additionally, evidence from Ireland reported by Hyland and
O’Shea [10], based on diagnostic assessments across 11 institutions, indicates that the transition
to higher education remains marked by persistent gaps in basic mathematics. This finding
reinforces an international and long-standing concern, as the authors note: “In any case, it seems
that worries about the lack of basic mathematical proficiency among school leavers are
prevalent internationally” [10, p.45].

Research conducted in the United States similarly indicates that a large proportion of students
enter university with deficiencies in mathematical knowledge, particularly in algebra and



precalculus, which significantly affects their retention in STEM programs. Consequently, early
identification and support are considered essential strategies for reducing these gaps [11]. Other
studies in the U.S. higher education context also acknowledge that many students lack a solid
foundation in mathematical skills upon entry, which substantially hinders their academic
progress [12].

In the Chilean context, a study conducted with first-year engineering students identified
significant gaps in foundational content, particularly in trigonometry, highlighting errors in the
use of trigonometric identities and inappropriate application of algebraic properties. In their
discussion, the authors argue that these errors are primarily related to insufficient prior
knowledge in trigonometry and algebra [13].

The 2022 PISA results reported by the OECD further highlight this issue, showing that Chile
performed below the OECD average in mathematics, reading, and science. In mathematics, only
44% of students reached at least Level 2 (compared to 69% across OECD countries), a threshold
indicating the ability to recognize and interpret how a simple situation can be represented
mathematically. At the same time, only 1% of students achieved high performance levels (Levels
5-6), compared to 9% in the OECD. These indicators suggest deficits both in minimum expected
learning outcomes and in the development of advanced skills, with direct implications for the
transition into university courses that require strong mathematical reasoning, particularly in
engineering programs [14]. Evidence from school-level assessments (PISA) and studies
involving first-year university students converges in showing that a substantial proportion of
students enter higher education with weaknesses in fundamental mathematical competencies and
prerequisite content, especially algebra and trigonometry. These gaps become particularly
evident in “gateway” courses within engineering curricula, where prior mathematical mastery is
critical for understanding, modeling, and solving engineering problems.

Within this context, recent evidence from a Chilean Construction Engineering program identifies
the set of courses in the structures area as a historical “bottleneck,” concentrating the highest
failure rates in the curriculum. Specifically, Applied Statics, the first course in this area, shows
an approval rate of approximately 54%, reinforcing the presence of conceptual and procedural
gaps that hinder progression to subsequent courses [15].

Recent work in engineering education has also advanced pedagogical approaches specifically
within Statics and Applied Statics. In particular, assessment-oriented studies have emphasized
that evaluating students’ ability to construct free-body diagrams (FBDs) requires more than
checking procedural correctness, prompting the development of competency-based models that
identify common conceptual errors in authentic Statics tasks [16]. Complementing this line of
work, research on representational competence has highlighted the importance of helping
students interpret, coordinate, and reason with visual representations, suggesting that explicit
scaffolds can strengthen learning in engineering problem-solving contexts [17].

In addition, metacognitive approaches, such as self-explanation, have been investigated in Statics
as knowledge-building activities that can promote conceptual change and make students more
aware of their reasoning during problem-solving [18]. Taken together, these studies show that
recent innovation in Statics pedagogy has focused on improving assessment, representational
scaffolding, and metacognitive support. However, less is known about course-embedded



interventions that explicitly remediate prerequisite mathematical gaps—such as trigonometry,
vectors, functions, and systems of linear equations—through instructor-mediated adaptive
scaffolding within Applied Statics courses. This gap provides a clear rationale for the present
study.

In response to this situation, generative artificial intelligence tools such as ChatGPT have
emerged as potential supports for personalized and adaptive learning, offering effective feedback
mechanisms to address diverse learning styles. A systematic review of ChatGPT in higher
education analyzed 57 articles published between 2023 and 2024 and reported applications
focused on academic tutoring, automated feedback, and the generation of study resources,
highlighting its potential to provide frequent and accessible learning support [19].

Complementarily, another systematic review of 44 articles identified eight primary uses of
ChatGPT to support student learning, ranked from most to least frequent: 24/7 support and
accessibility, explanation of difficult concepts, conversational partner, personalized feedback and
learning materials, writing support, self-assessment, student engagement, and self-determination.
These findings reinforce the idea that ChatGPT can help reduce educational gaps, provided its
implementation is guided by explicit pedagogical and ethical criteria [20].

Along the same lines, a systematic review with meta-analysis of experimental studies identified
69 articles published between 2022 and 2024 across five databases and found that ChatGPT-
based interventions are predominantly implemented at the university level, integrated into
regular classroom practices, and, in most cases, involve students directly using ChatGPT. This
context is particularly relevant, as it suggests that adoption is occurring in authentic instructional
settings and at an accelerated pace. Unlike traditional chatbots based on predefined responses
and limited interactions, ChatGPT’s generative capabilities enable more dynamic, context-
sensitive conversations and personalized feedback, thereby supporting timely and adaptive
learning assistance [21].

Consistent with this evidence, empirical research in higher education suggests that integrating
ChatGPT can yield measurable benefits in completing complex tasks that require reasoning and
creativity. Specifically, its value can be described across three dimensions: (i) cognitive support
during problem-solving, including step-by-step explanations, concept clarification, and
procedural organization; (ii) strategic support for comparing and selecting solution pathways
through the evaluation of alternatives; and (iii) motivational support by increasing students’
confidence in their ability to solve problems. When incorporated as a learning companion,
ChatGPT has been associated with improved student performance. However, these benefits
depend on students’ self-regulation, as responses may appear correct even when they are not,
potentially leading to overconfidence. Consequently, its use requires the strengthening of
metacognitive skills such as verifying procedures, cross-checking results, and justifying
decisions, that is, adopting a critical and reflective stance, since perceived usefulness does not
guarantee correct solutions.

Within this framework, the objective of this study is to evaluate the extent to which a ChatGPT-
supported learning intervention contributes to reducing conceptual gaps in Applied Statics,



particularly in foundational mathematical skills, including trigonometry, vectors, functions, and
systems of linear equations.

Methodology

This study adopted a mixed-methods approach, integrating quantitative and qualitative methods
to examine both the impact and the student experience associated with the use of ChatGPT as a
complementary learning resource in the Applied Statics course. The quantitative component
followed a quasi-experimental design with non-equivalent groups, consisting of a control group
(CG) from the Spring 2024 semester that completed the course without any Al-based
intervention, and an experimental group (EG) from the Spring 2025 semester that participated in
an instructional intervention supported by ChatGPT.

In the experimental group, a conceptual pretest and posttest were administered. These
assessments were adapted from validated instruments reported in the literature, specifically the
Test of Understanding of Vectors (TUV) [8] and the Calculus Concept Inventory (CCI) [22].
Learning gains were subsequently calculated using Hake’s normalized gain method [23]. In the
control group, no pre—post measurements were conducted; therefore, this group was used as a
comparative reference based on institutional academic indicators, including final course grades
and pass/fail rates.

In addition to the quantitative measures, a perception survey was implemented to capture
students’ views regarding the educational innovation involving ChatGPT as an assistive
technology. The survey consisted of eight items measured on a five-point Likert scale assessing
levels of agreement, as well as four open-ended questions aimed at eliciting students’ reflections
on their experience using ChatGPT. These open responses enabled the collection of qualitative
data on perceived benefits, limitations, and implementation recommendations. This instrument
was administered exclusively to the experimental group.

A. Participants

The sample comprised students enrolled in the Applied Statics course within a Construction
Engineering program at a private university in Chile.

e Control Group (CG): Spring 2024 semester, n = 33 (32 male students and 1 female
student).

o Experimental Group (EG): Spring 2025 semester, n = 23 (22 male students and 1 female
student).

Context and procedure

The Applied Statics course is offered in the fourth semester of the Construction Engineering
curriculum and requires prior completion of an introductory mechanics course. It constitutes a
core component of the program and serves as a prerequisite for subsequent courses in the
structural engineering area. The course aims to develop students’ abilities to analyze isostatic
structures by applying principles of equilibrium, mechanics of materials, and the determination



of internal forces. The instructional approach traditionally combines lectures, problem-solving
sessions, and written assessments focused on quantitative reasoning and the development of
discipline-specific analytical skills. Table 1 presents an overview of the instruments and
instructional activities implemented during the study, including the specific weeks of the
semester in which each activity was conducted.

The instruments implemented in this study are described below.
o Conceptual Test (Pretest and Posttest — EG only):
A 15-item multiple-choice conceptual diagnostic test was administered in a pretest format
(at the beginning of the semester, prior to the intervention) and a posttest format (at the
end of the intervention) to estimate learning gains in prerequisite content for Applied
Statics. The instrument assessed foundational mathematical competencies, including
vectors, trigonometry, linear equations, and functions.

Table 1. Timeline of activities and assessments incorporating ChatGPT in the Applied Statics
course.

Time of the Week of the semester (out
Content
semester of 17)
Beginning Pre-conceptual test Week 2
Part 1: The students solve exercises traditionally (manually)
using a calculator.
- Part 2: The same exercises are entered into ChatGPT to Traditional method: Week 4
Activity 1 ; .
compare results, reflect on the generated responses, and Using ChatGPT: Week 5
validate the calculations.
Part 1: The students solve exercises traditionally (manually)
using a calculator. " )
. . Traditional method: Week
Activity 2 Part 2: The same exercises are entered into ChatGPT to 12
compare results, reflect on the generated responses, and Using ChatGPT: Week 13
validate the calculations.
Post-conceptual test Week 16
Final Survey about students’ perceptions and reflections regarding |\ .\ |-
using ChatGPT.

The test was developed based on validated instruments reported in the literature, specifically the

Test of Understanding of Vectors (TUV) and the Calculus Concept Inventory (CCl). It comprised
six items on vectors, four on trigonometry, and five on linear equations and functions. Examples

of the test items for each dimension are presented in Table 2.

Table 2. Dimensions and sample items.

Dimensions Items examples
(No items)




Vectors (6)

The figure below shows vector A" and a list of vectors. Which vector(s) has/have the same direction
as vector 4 ?[8]

o
A K.L
® TI.K
© K
(D) H.K.,L
(BE) No vector has the same direction as vector 4’

Correct answer: option (A)

Trigonometry

(4)

Which is the correct method to work out side t?

' 420 -
71 cm
(A) cos (42)
71
(B) sin (42) * 71
(C) tan (42)
71
(D) tan (42) x 71

Correct answer: option (D)

Functions and
systems of
linear
equations (5)

Values at a few points are given below for two functions f(x) and g(x) that are defined for all real
values of x. [22]

glx)
101
102
103

fix)
101
102
103

o | &M=

Blw|m]e|x

104 8 104

Which of the following relations can be correct?

A g®=2fX)
B) g =f(x)
© g =¥
© 9@ =£()

(

B g ="
Correct answer: option (D)

Two practical activities were implemented throughout the semester. Each activity was designed
to align with the course learning outcomes and conducted in a group-based format to promote
peer collaboration. Table 3 presents the content areas addressed in each activity, along with a
representative question for each.




Table 3. Sample questions and content covered by the activity.

Activity and Sample Question Topics Covered
Activity 1 Decomposition of forces, calculation
Given the proposed structural system, determine the external of support reactions, and resultant
reactions at each support. force.

-

o [ T e 8 g

is ‘ %4
\
\

10m J‘

Activity 2 Trigonometry, linear equations, and
Determine the forces in each member of the truss shown using the | the determination of forces in truss
method of joints. structures.

—+—— S0 kN—
C

A

AN ==
}-—75m

Perception survey on the use of ChatGPT

The purpose of this survey was to collect information on students’ perceptions regarding the use
of generative artificial intelligence tools in problem-solving activities within Applied Statics. The
instrument consisted of eight Likert-scale items designed to measure students’ perceptions, along
with four open-ended questions that allowed students to reflect on their experiences and provide
recommendations based on their use of ChatGPT.

Data analysis and ethical considerations

The collected data were analyzed using Microsoft Excel to synthesize and effectively visualize
the results, and JASP was employed to conduct inferential statistical analyses. Regarding ethical
considerations, the study adhered strictly to ethical guidelines applicable to educational research.
All participants were fully informed about the purpose, objectives, and scope of the study prior
to participation. Confidentiality was ensured through the use of anonymous identifiers and the
secure storage of all collected data. In addition, written informed consent was obtained, ensuring
that participants understood their right to withdraw from the study at any time without any
negative consequences.

Results
This section presents the results of the study. First, the findings related to the normalized
learning gain ({g)), calculated following Hake [23] using Equation (1), are reported. According



to this author, learning gains are categorized as follows: low-g < 0.3; medium-g 0.3-0.7; high-g

>0.7.
— N(Sf)= %(SH
(9) = (100— %(Si)) (1)

After entering the pretest and posttest data into the model proposed by Hake [23], a normalized
learning gain of (g) = 0.67 was obtained, indicating a medium-to-high learning gain. Dimension-
level analysis shows comparable normalized gains across the conceptual domains assessed, with
g = 0.65 for vectors, 0.68 for trigonometry, and 0.66 for functions and systems of linear
equations, suggesting consistent learning gains across topics. Item-level learning gains for
individual test questions are presented in Table 4.

Table 4. Item-level learning gains on the conceptual test.

Item Dimension Gain {g)
1 Vectors 0.63
2 Vectors 0.62
3 Vectors 0.54
4 Vectors 0.64
5 Vectors 0.75
6 Trigonometry 0.50
7 Trigonometry 0.73
8 Vectors 0.72
9 Trigonometry 0.67

10 Trigonometry 0.83
11 Functions and systems of linear equations 0.75
12 Functions and systems of linear equations 0.53
13 Functions and systems of linear equations 0.79
14 Functions and systems of linear equations 0.71
15 Functions and systems of linear equations 0.54

Regarding final course grades, an increase of approximately 10% in the pass rate was observed
between the control group (72.7%) and the experimental group (82.6%), along with an increase
in the overall course average (see Table 5). Differences in means between the control and
experimental groups were examined using the Mann—Whitney U test (95% confidence level).



The results indicated that the observed differences were not statistically significant (p = 0.060).

Table 6 presents the test results along with the corresponding descriptive statistics.

Table 5. Course pass rates and average final grades.

Spring 2024 Spring 2025
% Pass rate 72.7% 82.6%
% Fail rate 27.3% 17.4%
Course average grade 4.3 4.9
Table 6. Descriptive Statistics.
Grades

Group 1 2

Valid 33 23

Mean 4.3 4.9

Std. Deviation 1.15 1.15

Minimum 2.2 2.1

Maximum 6.7 6.4

Finally, the results of the perception survey regarding the use of ChatGPT are presented. The
survey was administered at the end of the leveling activities. Table 7 summarizes the results of
the instrument, in which the response categories were regrouped into three levels: Disagree
(combining Strongly disagree and Disagree), Neutral (corresponding to Neither agree nor
disagree), and Agree (combining Agree and Strongly agree).

Table 7. Students’ perceptions of the use of ChatGPT in leveling activities in Applied Statics.

Question Disagree Neutral Agree
The activities supported by ChatGPT helped me better understand
the concepts of trigonometry, vectors, and systems of equations 0.0% 13.0% 87.0%
required for Applied Statics.
The s_tep—by—step explanatlpns provided by ChthPT helped me 0% 8.7% 91.3%
identify and correct errors in my problem-solving approach.
| feel_that _the activities supported by Chth_PT helped reduce the 4.3% 8.7% 87.0%
gaps in prior knowledge | had at the beginning of the course.
During the activities, | was able to progress at my own pace and
request additional clarification from ChatGPT when | did not 0% 8.7% 91.3%
understand a procedure.
Worklng_W|th ChatG_PT made me feel more motivated and 4.35% 4.35% 91.3%
engaged in my learning process.
I consider it useful to continue using generative Al tools such as
ChatGPT as academic support in other courses within the 4.35% 4.35% 91.3%
curriculum.
Overall,_my experience using _Cha}tQPT in the Ievellng activities 0% 8.7% 91.3%
was positive and contributed significantly to my learning.
| belleye that the use of ’ChatGPT qomp]ements, rather than 0% 43% 95.7%
replacing, the instructor’s explanations in class.




The following section presents the open-ended questions administered at the end of the
intervention, along with the categories derived from the analysis of students’ responses,
including their corresponding frequencies and a representative example. The categorization
process was conducted through qualitative analysis of the collected responses, first identifying
key ideas, then defining recurring themes, and subsequently grouping them into emergent
categories. See Table 8.

Question 1. How did your perception of artificial intelligence tools change (if at all) after
participating in these activities? Please comment using concrete examples or specific situations.

Table 8. Emergent categories and response frequency for question 1.

Categories emerged
(frequency)

Description (an example of response)

This category includes responses indicating that students’ perceptions of artificial
intelligence did not change, as they had already been using Al tools as academic
support prior to the intervention. Example: “It did not change because I have
always used ChatGPT as a complementary tool for studying.”
This pattern reflects a positive shift in students’ perceptions of Al tools, moving
from viewing them primarily as “machines that provide answers” to recognizing
Positive change (15) them as resources that support reasoning and learning. Example: “I stopped
seeing Al only as machines that give answers and started using them as support
for reasoning.”
Responses in this category acknowledge that ChatGPT can provide useful
Change with reservations | support, while also highlighting perceived risks and limitations. Example: “Even
©)) though ChatGPT can help in many ways, it does not always provide correct
results, which can sometimes lead to confusion when studying.”

No change (5)

Question 2. Thinking about your learning in Applied Statics, to what extent do you feel that
using ChatGPT helped you study more autonomously? Please describe a concrete example (e.g.,
a situation, exercise, or study moment).

The emergent categories identified for Question 2 are presented in Table 9.

Table 9. Emergent categories and response frequency for Question 2.

Categories emerged
(frequency) Description (an example of response)

This category reflects students’ perceptions of ChatGPT as a support tool for
problem solving by providing detailed procedures and explanations of
underlying reasoning, as well as guidance aimed at understanding the solution
process. Example: “When I made a mistake, the Al explained in detail where |
went wrong, helped me solve the problem step by step, and recommended
additional study materials.”

This category highlights that the tool supports autonomous learning by allowing
students to study at their own pace without relying on instructors or peers.
Autonomy (7) Example: “Using ChatGPT helped me study Applied Statics more autonomously
because it allowed me to identify and correct my own mistakes without always
depending on a professor or a classmate...”

Formative feedback (14)




This category acknowledges that ChatGPT provides general guidance; however,
students expressed limited trust in its use for calculation-intensive exercises due

Limited usefulness (2) | to perceived errors and inconsistencies. Example: “This semester ChatGPT did
not help me study Applied Statics because I don’t trust the answers it gives, when
it comes to calculations, it often provides different results.”

Question 3. When an exercise did not work out for you, what type of help did you request from
ChatGPT (e.g., hints, analogies, intermediate steps, result verification), and which aspects of that
support helped you understand the prerequisite concept you were missing (trigonometry, vectors,
or systems of equations)?

The emergent categories identified for this question are presented in Table 10.

Table 10. Emergent categories and response frequency for Question 3.

Categories emerged
(frequency)

Description (an example of response)

This category reflects students’ requests for detailed, step-by-step procedures
Step-by-step guidance | accompanied by explanations of why a problem should be solved in a particular
and explanation of way. The emphasis is on understanding the reasoning process rather than receiving
underlying reasoning | the final solution. Example: “I asked it to explain everything step by step, but
(12) without giving me the final answer. This helped a lot, especially with
trigonometry.”

This group is characterized by requests for more targeted support, such as hints,
intermediate steps, and review of the student’s own procedure to identify mistakes.
The focus is on detecting and correcting errors within the solution process
Guided hints and error | developed by the student. Example: “When a statics problem didn’t work out, 1
correction (9) mainly asked ChatGPT for guided hints, verification of my free-body diagrams
and equations, and sometimes intermediate steps without giving the final result.
This type of help allowed me to identify exactly where my mistake was without
solving the entire problem for me.”

In this category, students used ChatGPT primarily to verify their results and
Result verification and | compare their answers with alternative solution methods. Example: “I asked it to
comparison (2) verify my results and to show whether there were different ways to reach the

”

answer.

Question 4. Please write at least four prompts that you used during your interaction with
ChatGPT.
The emergent categories identified for this question are presented in Table 11.

Table 11. Emergent categories and response frequency for Question 4.

Categories emerged

(frequency) Description (an example of response)

The prompts written by students reflect an intentional use of ChatGPT as a learning support
tool, prioritizing step-by-step guidance rather than direct access to the final answer. This
pattern is evident in explicit requests for feedback without revealing the solution. Example:
“Take the role of a statics instructor and help me resolve my questions and review the
exercises without giving the correct final answer.”

Learning companion
tool (14)

This category includes prompts primarily focused on verifying and validating results, as well
as identifying potential errors in students’ solutions. Example: “Verify the results I obtained,
compare them with yours, and correct me.”

Result verification and
error correction (4)




In this category, prompts request that ChatGPT generate additional practice problems and
complementary study materials (e.g., videos, personalized resources, platforms) to help reduce
learning gaps. Example: “Propose exercises targeting the areas where I show the most
difficulties when solving problems and recommend materials and videos so | can study the
topic more effectively.”

Personalized materials
and resources (5)

Discussion

In line with the objective of this study, to evaluate how a ChatGPT-supported instructional
intervention may contribute to reducing learning gaps in Applied Statics, particularly in
foundational mathematical skills such as trigonometry, vectors, functions, and systems of linear
equations, this section discusses the main findings of the research.

Regarding students’ learning of trigonometry, vectors, functions, and systems of linear
equations, the normalized learning gain obtained was {(g) = 0.67, which falls within the medium-
gain range according to Hake’s classification (low-g < 0.3; medium-g 0.3-0.7; high-g > 0.7),
while also being very close to the upper threshold of this range. This finding is particularly
relevant because normalized gain allows learning progress to be interpreted relative to students’
initial knowledge levels (pretest), providing a comparative metric for discussing the effects of
instructional strategies on conceptual learning rather than solely on final performance.

This result is consistent with other interventions reported in higher education. For instance,
Huesca et al. [24] integrated ChatGPT into programming courses and found that its impact was
associated with learning gains when embedded within a structured instructional design.
Specifically, in a university-level flipped learning course, the ChatGPT group achieved a
normalized gain of (g) = 0.53, compared to the control group's (g) = 0.41. The comparison
between groups revealed a statistically significant difference in normalized gains in favor of the
ChatGPT-supported flipped learning group (Wilcoxon—Mann—Whitney, p = 0.000584),
supporting the idea that ChatGPT can enhance learning gains when integrated into a well-
designed instructional strategy.

Complementarily, Masriyah et al. [25] reported evidence from mathematics education (integral
calculus), where ChatGPT was incorporated as a support tool within a flipped classroom
approach. Their results showed a normalized gain of (g) = 0.89 in the experimental group,
compared with (g) = 0.76 in the control group, further supporting the potential of Al-based tools
to strengthen conceptual understanding of mathematical content.

Regarding final course grades, the experimental group (4.9) had a higher average than the control
group (4.3), along with a higher pass rate (72.7% in the control group and 82.6% in the
experimental group). However, as no statistically significant differences were identified between
the two groups, these variations cannot be conclusively attributed to the ChatGPT-based
intervention.

These findings are consistent with those reported by Abdulla et al. [26], who, in a study with
similar characteristics, also found no statistically significant differences between experimental
and control groups. The authors attributed this result to the highly specific nature of the second
exam administered, which was designed for a particular context and may have required more



specialized prompting strategies, as well as more precise contextualization of the tool, to reveal
measurable advantages in academic performance.

In the present study, the absence of statistically significant differences in overall performance
may be associated with the fact that the ChatGPT-supported intervention focused specifically on
strengthening foundational mathematical competencies, vectors, trigonometry, functions, and
linear equations, rather than addressing the full range of content covered in the Applied Statics
course. From this perspective, it is plausible that the intervention's impact would be more clearly
reflected in indicators directly related to these competencies, whereas the final course grade,
which integrates multiple assessments and heterogeneous content, may partially dilute the
intervention's effect, despite the favorable trend observed in the experimental group.

Regarding students’ perceptions, the quantitative results indicate strong acceptance of the
ChatGPT-supported intervention. As shown in Table 8, students highlighted the usefulness of
step-by-step explanations for identifying and correcting errors (91.3%), which aligns with
qualitative responses describing ChatGPT as a support tool for understanding procedures and
receiving immediate feedback during problem-solving. Similarly, the opportunity to progress at
their own pace by requesting additional clarifications (91.3%) is consistent with responses
emphasizing increased autonomy, as students were able to study outside the classroom without
constant reliance on others.

Additionally, students reported that the intervention contributed positively to their learning
process (91.3%). This perception is reinforced by the analysis of prompts, which show that
students oriented their interactions toward reviewing steps, identifying errors, and contrasting
procedures rather than simply obtaining the correct final answer. Along the same lines, the near-
unanimous agreement that ChatGPT “complements, but does not replace” the instructor (95.7%)
suggests that, from the students’ perspective, the tool functions as an academic support resource
rather than a substitute for instructional mediation—an important consideration for the
responsible use of Al in education. This pattern aligns with findings in higher mathematics
education reported by Fardian et al. [27], who describe ChatGPT as a tool that provides step-by-
step explanations and makes learning more accessible and motivating, while emphasizing that
the instructor’s role as a mediator or facilitator remains essential.

However, responses also revealed concerns about the tool’s reliability, particularly the possibility
of incorrect or inconsistent results. These findings underscore the importance of integrating
ChatGPT use with explicit criteria for validation and critical thinking. Zhuang [28] notes that
ChatGPT may produce calculation errors, highlighting the need for instructor supervision to
evaluate and validate Al-generated outputs. Similarly, Fardian et al. [27] emphasize that the
reliability of the information provided depends on both problem complexity and prompt quality,
reinforcing the importance of human oversight to minimize errors.

Overall, the qualitative evidence supports the conclusion that, under guided implementation,
ChatGPT can function as an effective tool for strengthening conceptual understanding and
supporting autonomous learning, while maintaining the instructor’s role as the central mediator
in the learning process.



Conclusions

The objective of this study was to evaluate the extent to which a ChatGPT-supported learning
intervention contributes to reducing conceptual gaps in Applied Statics, particularly in
trigonometry, vectors, functions, and systems of linear equations. Using a mixed-methods
approach that combined a conceptual pre—post test and a perception survey, the results revealed a
normalized learning gain of (g) = 0.67, corresponding to a medium-to-high gain, with consistent
values across the assessed dimensions (vectors, trigonometry, and equations/functions). These
findings suggest that a guided implementation of ChatGPT can contribute to strengthening
foundational knowledge that is essential for problem-solving in applied statics.

Regarding students’ experiences, the perception survey indicates a broadly positive evaluation of
ChatGPT use, particularly highlighting its usefulness in providing step-by-step explanations that
help identify and correct errors, ultimately fostering greater student autonomy. The open-ended
responses and prompt analysis further reinforce that ChatGPT was predominantly used in a
formative manner, oriented toward understanding procedures through immediate feedback,
verifying solution steps, and accessing additional materials and practice exercises to complement
learning. At the same time, some reservations emerged about ChatGPT's reliability for
calculation-intensive tasks, underscoring the need to incorporate explicit validation criteria and
to adopt a critical stance when using the tool.

Overall, the convergence of quantitative and qualitative findings indicates that ChatGPT, when
incorporated as a complementary tool within a pedagogically guided framework, can function as
an effective instructional support mechanism by providing formative feedback that enhances
autonomous learning and helps reduce mathematical gaps relevant to Applied Statics, while
preserving the instructor’s role as the central mediator of the learning process.

In this regard, the results of this study provide evidence that ChatGPT can strengthen existing
pedagogical strategies in higher education, provided it is integrated with clear didactic criteria
and used to promote a more personalized learning process aligned with the educational demands
of twenty-first-century learners.

Limitations and Future Work

This study presents methodological and contextual limitations related to the sample, which was
drawn from a single institution and a specific academic program (Construction Engineering), and
showed limited gender diversity. In addition, the absence of pre—post measurements in the
control group restricts the ability to compare learning gains across cohorts. Furthermore, access
conditions to ChatGPT (free versus paid versions) were not controlled, which may have
influenced the number and nature of student interactions with the tool.

Given these limitations, future research could extend this study by including larger samples from
multiple institutions and engineering programs, thereby enhancing the generalizability of the
findings and accounting for greater diversity in educational contexts and student profiles.
Additionally, the implementation of quasi-experimental designs with pre—post measurements in



both experimental and control groups is recommended to enable more robust analyses of
learning gains and to strengthen causal inferences.

In line with the present findings, future studies could also examine the impact of ChatGPT on
specific competencies and content areas within Applied Statics, using more targeted indicators
that allow for a more precise assessment of intervention effects. Finally, it is recommended that
future research control for and analyze the type of access to the tool (free versus paid versions),
as well as the frequency and characteristics of student interactions, in order to better understand
how these variables moderate the impact of generative artificial intelligence on learning.
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