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Abstract

Both critical thinking and Project Based Learning (PBL) have been widely utilized in engineering higher education. However, it remains rather unclear how critical thinking can be integrated into PBL, to promote deeper learning in complex multi-disciplinary environments. This paper aims to address this knowledge gap by evaluating a process model for such integration. The research was carried out on a large and innovative building ‘design & build’ multi-disciplinary student group project in the sustainable building discipline at a UK university. The study employed a multi-methodological research design to enable triangulation of results. The results suggest that students gradually developed their understanding of critical thinking in the PBL process, surface learning was observed, although predominantly at the earlier stages. The content and timing of the introduction of critical thinking requires modification to suit student learning more effectively. To realize the full benefits from PBL, the philosophy of critical thinking should be embedded in the design and implementation of the curricula, not only of the project but across the whole four-year program of the discipline. The findings contribute evidence of capitalizing on the marriage of critical thinking with PBL to student deeper learning as well as future research.
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1. Introduction

Critical thinking, as a concept, was first touched upon by Dewey [1, p.6] in 1910, when he outlined what he believed constituted ‘reflective thoughts’. More recently, ‘it has become something of an educational buzz-word’ [2, p.1], generating its own unique and sometimes conflicting discourse along the way. Mason [3] suggested that contemporary education literature now unquestionably links learning with critical thinking, and that ‘thinking skills’ have become a ubiquitous ambition of education, perhaps even a ‘promised land’ [4]. At the same time, the role of education, particularly Higher Education (HE), has been seen as increasingly important to economic developments, which are having a greater influence on the curriculum [5]. One issue repeatedly raised is that graduates should be able to ‘think smarter than was the case in the past’ [6, p.237]. More specifically, this point has been echoed in the field of engineering, where Mitchell et al. [7] pointed out that both industrial bodies and professional institutions are expressing the need for graduates to be equipped with personal and transferable skills to better prepare them for their careers. 

The approach of Problem and Project Based Learning (PBL) has become increasingly attractive in a number of teaching contexts in HE, to address graduate/employability skills and give graduates more professional experience. As such, PBL in its differing forms has experienced a dramatic increase in its use [8]. Kolmos and Holgaard [9, p.580] more specifically identified PBL as being ‘quite successful in aligning engineering education with companies’ needs’. Questions regarding the distinction between Project Based and Problem Based Learning often arise. PBL in this paper denotes to Project Based Learning in delivering a solution to a problem.

Despite the long attempted theorizing of both critical thinking and PBL, it remains unclear how the two can be better integrated. This lack of knowledge risks the achievement of deeper learning in complex multi-disciplinary environments. Much PBL research has tended to focus on assessing and analyzing PBL, and its associated characteristics, in specific subject areas, such as medical health [10], architecture [11], and civil engineering [12]. Unfortunately little of this has been conducted in relation to multi-disciplinary programs, and specifically in sustainable building, an area that is attracting increasing interest in teaching and learning. Further to this, in response to increasing attention given to issues of sustainability, improving the criticality of students in sustainable building through PBL will better prepare them for employability in this field. Pan and Allison [13] explored the integration of critical thinking into a multi-disciplinary environmental building PBL. They revealed that the introduction of the approach, as well as the timing of other interventions on critical thinking, were influential on the students learning performance regarding criticality. However, they fell short in evaluating the implementation and integration of critical thinking in PBL. Drawing on the previous research, this paper, reporting on a recent Higher Education Academy (HEA) funded project, aims to address this knowledge gap by evaluating the process model of integrating critical thinking into PBL. It investigates the integration process, examines the evolution of students’ understanding of critical thinking, and develops recommendations for refining the process. 

2. Research method
2.1. Research design and PBL context

This study employed a multi-methodological research design, in order to enable triangulation of results. The study included a literature review, questionnaire surveys, interviews, observations, and reflections. The research was carried out on a ‘large and innovative building’ group project, undertaken by 67 second-year undergraduate students in the sustainable building discipline at a UK university. In this project, the students were asked, in groups of five, to develop a ‘design & build’ solution for a new building for the Faculty of Technology of the University. This building should provide laboratory space and substantial teaching, research and administration areas as specified. It should be an architectural landmark, fitting in well within the contemporary campus and city centre. Furthermore, the design should be recognized as a flagship building of the University that boasts state-of-the-art technologies and facilities with sustainability, flexibility and wellbeing credentials. The project was cross-module, multi-disciplinary, and role-playing, which ensured that a suitable multi-disciplinary learning environment was provided. Its main features included:

· The inclusion of three modules: ‘Technology of Large and Innovative Buildings’; ‘Construction Management Processes and Principles’; and ‘Building Surveying Principles and Practice’. 

· Students were from four inter-related courses: architecture; building surveying; construction management; and, environmental construction surveying. 

· Self-selected groups were required to cover at least five roles throughout the project from the following: architect, structural engineer; construction manager; building surveyor; environmental surveyor; building services engineer; estimator; and, buyer; thus covering the main roles involved in a ‘real-world’ building ‘design and build’ project team, and reflecting the complex and collaborative nature of construction.

2.2. Process of integrating critical thinking into PBL
The project was designed as a continuous process of design development, feedback and improvement, leading towards final project presentation and exhibition. The process model developed in previous research [13] was adopted and adapted for integrating critical thinking into the PBL. The adapted process included an introductory workshop of critical thinking at the beginning of the second academic year, a project mobilization lecture, four interactive project advisory workshops with an interim advisory session and group interviews built in, then a review, and finally a one-day project event involving wide-ranging learning stakeholders (Figure 1). 
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Figure 1: Process of integrating critical thinking into PBL. Developed from Pan and Allison [13]
2.3. Data collection and analysis

For the study data was collected through the combined use of several methods (Figure 1). 

· An initial questionnaire survey carried out at the beginning of the project. This survey aimed to: investigate students’ understanding and performance in critical thinking; identify any problems and underlying issues; and, develop strategies for improving student deep learning. 44 out of 67 students responded, representing a response rate of 66%.

· Student group interviews during one of the advisory workshops. The group interviews aimed to reveal students’ collective feeling on how critical thinking had been integrated into the program, what impacts this had had, and whether they might be able to transfer this to other areas of their learning. Six student groups were interviewed, with more than one student from each group (19 students in total).

· A final questionnaire survey at the end of the project. The final survey explored: if the students felt their critical thinking had improved; if it had helped their understanding of the subject matter; and, what could have been improved regarding its integration and delivery in the PBL process. 31 students (out of 68) participated in this survey. 

· Observations and reflections of the researchers throughout the PBL process. These were made on the development of students’ projects, particularly during the advisory workshops, and on the students’ interim and final presentations, specifically looking at the students’ critical decisions and the rationale these were based upon, as the projects evolved. 
· Discussions with staff during the advisory workshops, interim and final presentations, and discussions with industry assessors on the project event day, which gave further insight into the criticality demonstrated by the students. 
The data generated from all these activities together enabled an effective and thorough evaluation of the process of integrating critical thinking in PBL and its impact on student learning. The qualitative data was analyzed using the content analysis method, by which relevant themes and patterns were identified to interpret the responses in a meaningful way.
3. Results and analysis

3.1. Students’ perception and understanding of critical thinking

The results of the initial questionnaire survey show that only 2% of the students (n=44) considered their initial understanding of critical thinking as ‘very good’, and 23% as ‘good’. Nearly two thirds (64%) held a ‘neutral’ attitude, while 11% considered their understanding ‘poor’ but no student felt it was ‘very poor’. In the final questionnaire survey, the number of respondents who felt that their critical thinking had improved over the course of the design project was 80% (n=30). 77% of the respondents felt that their overall understanding of their subject area had also improved. Additionally, the industry assessors’ comments on the students’ use of critical thinking were positive. They highly regarded the overall achievement of the student projects, which demonstrated good research efforts and relevant employability skills. These results suggest that the students gradually developed a deeper understanding of critical thinking, as a process of describing, analyzing, justifying and evaluating solutions. Surface learning was observed in the PBL process, although this was primarily at the early stages.
3.2. Students’ evaluation of critical thinking and the integration process

Overall PBL process

The results of the initial questionnaire survey show that the majority of the students considered critical thinking to be either important (65%) or very important (19%) to their project, particularly for selecting construction technology and identifying design solutions (n=40). All of the 6 student groups interviewed agreed that the PBL process had encouraged a critical approach in their project. Their enthusiasm however varied from group to group. Part of the reason suggested was the complexity, large size and cross-disciplinary nature of the project. All the student groups (5 explicitly and 1 implicitly) agreed that critical thinking had been a positive aspect of the environmental building discipline (program), because it encouraged them to think about things (they might not otherwise have thought of), and helped them to provide reasoned opinions, instead of jumping to conclusions. In the final questionnaire survey 100% (n=30) of respondents felt that the project had encouraged a critical approach. 

Critical thinking workshop

40 out of the 44 respondents to the initial survey commented on the effectiveness of the critical thinking workshop and its use for construction technology appraisal. The majority of the respondents found the workshop useful, albeit at varied degrees: very useful (3%), useful (25%), neutral (25%) and somewhat useful (35%). However, 13% of respondents found it ‘not useful’. 43 respondents to the initial survey commented on the timing of the workshop in relation to the construction technology coursework assignment: 44% perceived it appropriate, 30% regarded it inappropriate and 26% were not sure. 42 respondents commented on the timing of the workshop in relation to the project: 38% perceived it appropriate, 41% regarded it inappropriate and 21% were not sure. 

Impact of critical thinking on creation and innovation

The encouragement of a critical approach appeared to have helped students with creating their design solutions, but not to have had any specific influence on the innovation used in the design solutions. 60% (n=19) of respondents to the final questionnaire survey commented that they had been able to address the issues affecting their critical thinking that they raised in the initial questionnaire survey. 57% (n=28) of respondents felt that the explicit nature of critical thinking in the project had helped the creativity of their design solution, while 39% said it had no effect, none felt that it had hindered their creativity. 

Transferability of critical thinking

All the groups (except one for which no response was recorded) agreed that they would be able to transfer the critical approach to other learning areas, such as coursework and exams in other modules. A level of uncertainty and lack of knowledge of using the approach were observed, with students indicating that more input was expected.
3.3. Issues with the use of critical thinking
Nearly three quarters (31 out of 44) of the responding students to the initial questionnaire survey raised issues which affected their critical thinking in their coursework of appraising construction technology. Five broad themes were identified: 1) students’ problematic time management; 2) insufficient skills at study and group management; 3) students’ perceived overwhelming magnitude of research and finding sources; 4) a lack of students’ understanding of the critical thinking process and how to conduct research critically; and 5) the timing of organizing the critical thinking workshop, possibly with repeated sessions during the PBL process. In the final questionnaire survey, the issues suggested were centered on students’ critical thinking technique, e.g. “backing up what we decided to use”, and sustainability as an essential requirement of the design. 
3.4. Improving the integration of critical thinking into PBL

Over three quarters of the respondents (35 out of 44) to the initial questionnaire survey provided recommendations for improving the workshop of critical thinking, which were centered on timing, content, and delivery style. 51% (n=35) of respondents specifically mentioned its timing or proximity to the assignments being set, although this varied from it being too soon for some and too late for others. 8 students suggested that the workshop be more tailored to their course, with more construction industry examples of utilizing the critical thinking approach. Again, more than three quarters (34 out of 44) of the respondents to the initial survey suggested personal measures for improving their critical thinking, by addressing the raised issues (see above). Three themes were identified: 1) to improve time management; 2) to improve critical thinking, study and management skills; and 3) to carry out more and better quality research.  

26 out of the 44 respondents to the initial survey suggested measures for the University or lecturers to help improve students’ critical thinking for their design project. Three themes were identified: 1) more structured and active teaching style for critical thinking, with the inclusion of more construction-related examples; 2) earlier delivery and repeat of the critical thinking teaching; and 3) learning by research or research-informed teaching. 

Comments received from the group interviews were centered on four aspects of the introduction of critical thinking: 1) the timing of the workshop, either too early or too late, leading to suggestion of repeated sessions in the process of learning; 2) more construction-related examples to be included; 3) embedded, subliminal, multi-module delivery of the workshop; and 4) critical thinking as a step-change in the ways that students have to think.  
Once again when asked how it could have been improved, the groups felt there could have been constant reminders throughout the process to make it more embedded, better use of examples, and better timing. In the final questionnaire survey, there were far fewer respondents (7) to the questions on strategies for improvement. These responses suggest two themes for improving the introduction of the critical thinking approach to the project. They were on the timing and content of such introduction. Better training on critical thinking might help students understand the project brief better and tackle project tasks (which are multi-disciplinary and complex) with more confidence.
4. Discussion
4.1. Introduction of critical thinking in PBL
The introduction of the critical thinking approach appeared to be essential to student learning and engagement. The approach utilized in this study was adapted from the previous year (2008-09), when the workshop was scheduled at a later date, prior to the beginning of the PBL project. On the previous occasion it was felt that the students had not had sufficient time to really grasp the critical thinking concept, or apply the model or materials they had been introduced to before the project started. As a result, ‘students struggled to understand and implement the process model of critical thinking, and therefore did not really embrace the critical approach in their thinking’ [13, p.551], with the students only gaining momentum with regard to critical thinking towards the latter stages of the project. 

In light of this issue, the critical thinking workshop was provided at the beginning of Term 1 in the academic year 2009-10, just after the students had received the construction technology appraisal assignment brief. This gave students an opportunity to use and become familiar with the materials, whilst also gaining some summative feedback at the end of the coursework, and prior to the project. In practice, the timing of the workshop adopted in this present study received a mixed response from the students, some feeling that it was sufficient, particularly for the construction technology appraisal assignment, whilst others felt it could have been better placed, with regards to the PBL project. However, the overall impact of this, from an evaluation and assessment perspective, was positive, with the students feeling less strongly about the timing when the project neared completion. Any timetabled intervention is unlikely to gain universal approval from all students, and repeating or follow up workshops are not always possible. If flexibility in the timing is possible then offering students a choice and handing the decision over to them would be one way to ensure broader approval. Overton [14, p.268] suggested that the preferred method for ‘selling’ skills in engineering is to ‘embed them within a discipline context’. Critical thinking in this instance was not embedded in the strictest sense, according to Fallows [15] this entails skills development being implemented within the broader curriculum and across modules. It was however introduced at an early stage in the program, referred to throughout, discussed in relation to relevant examples, and linked to assessment, which is some way from the ‘generic’ or ‘bolt-on’ approaches to skills development that are widely criticized.

The balance between embedded and more explicit approaches to skills development in the curriculum is of considerable importance and can have a significant influence on student learning. Research conducted by Ramsden et al. (c.f. Biggs & Tang [16]) on taught study skills, showed that a taught approach led to students adopting more ‘surface’ approaches to their learning. The results here show that this might have been evident during the early stages of the module, as a number of critical thinking definitions given by the students talked of it in terms of a process, something that had to be followed in order to complete the task. In contrast to this, towards the latter stages students made reference to the transferability of their critical thinking to other areas of their learning, which would suggest that deeper learning and understanding had taken place progressively and as it was increasingly utilized, similar to the findings of McKay and Kember [17]. 

4.2. Integration of critical thinking into PBL

Throughout the PBL process, the importance of adopting a critical approach was re-emphasized and its application was strongly urged. The project brief explicitly highlighted the need of utilizing a critical approach for developing the overall solution and the more detailed individual components of the design, e.g. construction technology selection for the building design. A drawback highlighted in the previous year was the students’ lack of appreciation of the relationship between PBL, critical thinking and the design decision-making process. Therefore a follow-up tutorial session on critical thinking was provided, after the first project and just prior to the PBL project. This was intended to revisit and develop the students understanding of critical thinking and its role in the PBL project. Further input on this was also provided throughout the advisory workshops and the interim presentation. 

Students also reported difficulties with analyzing complex designs associated with construction projects, which tied in with the students’ suggestion that the workshop should contain more examples relating to the construction industry. The initial lack of understanding of critical thinking revealed through the initial questionnaire survey tied in with the students’ desire to have the workshop run closer to or after the start of the project, or to repeat the session, rather than in Term 1 only. This result confirms the finding of Pan and Allison [13, p.551] that ‘...a strategy for improving the effectiveness of PBL would be to embed critical thinking into the program from an earlier stage’, and also expands it by giving a strong message that students indicated that more, repeated training of critical thinking and its applications tailored in construction was felt to be preferable.
A further point raised by students was a preference for more active teaching of critical thinking, with a clearer structure and more explicit description of the assessment of criticality in the project. This adds evidence reported in previous research by Pan and Allison [13, p.551], ‘some students commented that the...link between the use of critical thinking and project assessments should have been made more tangible’. However, the important message from the results was to integrate critical thinking into the environmental building program in a holistic manner, rather than into the PBL per se.

The implementation and evaluation of the use of critical thinking in the PBL process suggest the process model should be further refined, ideally to cover three stages: pre-PBL learning, PBL application, and post-PBL learning. Such a process will advocate the philosophy to integrate critical thinking into the building discipline (program) in a holistic manner: all-years, embedded, and linked with assessment. 

5. Conclusions

This paper has evaluated the process of integrating critical thinking into PBL. The research was carried out on a large and innovative building ‘design and build’ multi-disciplinary group project, undertaken by 67 second-year undergraduate students in the environmental building discipline at a UK university. While surface learning was observed in the PBL process (particularly at early stages), the students progressively developed their understanding of critical thinking as a way of describing, analyzing, justifying and evaluating solutions, through the PBL process. The students highlighted a need for a more interactive delivery of the introductory workshop with more construction project examples included, while their views on the timing of such a workshop varied. A number of issues were also identified which affected students’ critical thinking. These included students’ problematic group and time management, lack of research skills, and a loose link between the use of critical thinking and the assessment of the project. In order to realize the full benefits from PBL, the philosophy of critical thinking should be embedded in the design and implementation of the curricula, not only of the project, but also across the whole four-year undergraduate program of the discipline. The content and timing of the introductory critical thinking workshop requires modification to suit student learning more effectively. Research-informed teaching emerged as a potential technique to improve students’ research skills and criticality. Greater emphasis of critical thinking in the project, particularly linked with assessment, is also needed. A holistic process has been suggested, which should cover the stages of pre-PBL learning, PBL application, and post-PBL learning, and advocates the integration of critical thinking into the environmental building discipline (program) all-years. The findings contribute evidence of capitalizing on the marriage of critical thinking with PBL in sustainable building education. They should also contribute to future debate on critical thinking and PBL in the wider knowledge community.
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