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Abstract

Starting in 2000, undergraduate students at the School of Engineering at the University of Puerto Rico at Mayagüez are involved in projects guided by the authors studying the feasibility of substituting part of the aggregates in concrete mixes with recycled polymers and rubber crumbs.  These students have the opportunity to receive training in research solving simple but practical problems such as to reuse the tremendous amount of wasted material in Puerto Rico.  These experiences motivate the students to pursue graduate degrees and to develop necessary skills in themselves.  

The projects are divided in two mayor groups:  Polymers and tire rubber crumbs.  The projects investigating the use of polymers used both thermoplastics and thermosetting samples such as PVC, polycarbonate, paper phenolic, and acrylic.  The projects investigating the tire rubber used tire particles in concrete mixes and in concrete blocks. The recycled products substituted from 0% up to 30% by weight the fine, coarse or total weight of aggregates.  Reduction in strength is observed in all mixes at the ages of 7, 14, and 28 days.  Particular materials such as polycarbonate reduced the strength by 38% with only a 5% substitution while recycled tire rubber had 50% strength reduction with 14% substitution.  
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1. Introduction
The actual tendency in many universities is to provide a research experience for their undergraduate students.  It is expected that this experience will increase high-level cognitive development and personal skills such as organizational skills, communication, and teamwork (Zydney et al., 2002). Among other desired results from undergraduate research experiences is to inspire confidence in the students and motivate them to continue graduate studies (Narayanan, 1999).

This paper presents an experience about undergraduate research performed at the University of Puerto Rico at Mayagüez, (UPRM).   A study of the feasibility of substituting part of the aggregates in concrete mixes with recycled polymers and rubber crumbs is presented.  The undergraduate students have the opportunity to receive training in research solving simple but practical problems such as to reuse the tremendous amount of wasted material in Puerto Rico.  These experiences motivate the students to pursue graduate degrees and also places them in privileged positions compared to students without previous research experience.  Most of these students are participating in two programs which have a goal of increasing the number of students of underrepresented groups obtaining degrees in science, mathematics, and engineering.  These programs are the Puerto Rico Louis Stokes Alliance for Minority Participation PRLSAMP and the SLOAN Foundation.

PRLSAMP is a collaborative between the National Science Foundation (NSF), the University of Puerto Rico system, and three private Universities.  PRLSAMP grant is in its 3rd period of funding from the NSF.  The goal of the collaboration is to increase the quantity and quality of minority and low income college students who successfully complete a baccalaureate degree in science, mathematics, engineering or technology and/or complete a graduate degree in a related field.  One of the programs run by PRLSAMP (http://www.prlsamp.org/) is the undergraduate research scholarship.  It is required from the participating students to make a presentation of their research in the Puerto Rico Interdisciplinary Scientific Meeting.  

The SLOAN foundation program has the objective to increase the number of granted Ph.D. degrees in the Nation providing undergraduate research experience.  The component of the program at the Civil Engineering Department sponsored 10 students per year and also provided the students with seminars on the GRE exam, report preparation, how to select a graduate school, and the application process. 
Students participating in the undergraduate research under the authors’ guidance were from multiple disciplines.  Several groups involved students from the Civil Engineering Department, Mechanical Engineering Department, and Industrial Engineering Department.  Although the research is inclined to civil engineering applications, the students from other disciplines show great excitement and commitment for the work.  All participants are required to have or to sit in the Civil Engineering Materials course to gain basic knowledge in concrete mix design and testing prior to begin their research.  However, the students participating in SLOAN are all from Civil Engineering Department.

Besides the experience and the opportunity the student have, they also obtain course credits for their work.  The students register in Undergraduate Research course for three credits.  The course is offered in each department in the Engineering Program.

2. The Investigation Theme

Puerto Rico, being a small island, confronts the problem of deposing of its waste.  One approach that has been adapted by many nations is to recycle most of its waste. The core investigation presented in this paper used for the undergraduate research is to find effective ways to use the waste materials, giving emphasis to polymers and rubber.  This is a practical problem for which any developed alternative can greatly elevate the quality of life in Puerto Rico.

2.1 Polymer Recycling 

This study investigates how the properties of concrete are changed when part of its aggregate are substituted by polymers.  The ideal solution is to substitute most of the aggregates and still keep good concrete properties.  To make the investigation complete, substitution of both fine and coarse aggregates are used.  

Polymers are classified as thermoplastic, thermosetting, and elastomer (considered a thermosetting with high extensibility).  The thermoplastics are the ones that can be recycled in the industry.  Their form can be changed several times without affecting their properties in a significant way.  The thermosetting opposed to the thermoplastic can be shaped only one time (Callister, 2003). This research studies all these kind of polymers. 

The companies, that fabricate polymeric parts from thermoplastic, can use virgin polymers or can combine some of their own recycling material with virgin material. The combination will depend on the piece they fabricate.  Some of the industry, like medical devices or power line pipes industries should produce products with very high quality, in this case the industry used only virgin polymer.  Ninety percent of the Puerto Rico polymer industries use thermoplastic.  However, rubber, the elastomer, is used in great quantity.  

2.2 The polymers Substitution

Four thermoplastic polymers Polyvinyl Chloride (PVC), Polyethylene (PE), Methyl Methacrylate (acrylic PMMA), and Polycarbonate (PC) are studied.  One thermosetting, Phenol-formaldehyde (paper phenolic) and one elastomer, the rubber, are also studied.  All the polymers are tested to see how the percentage and type of aggregate substitution affects the strength of concrete mix. The elastomer is also tested as part of construction concrete blocks. 

2.3 Rubber Recycling
About 4 million tires per year are disposed in Puerto Rico.  Of those, only approximately 800,000 tires are recycled (Velázquez Sánchez, 2001).  The useful life of many landfills in the island is near its end and the creation of new facilities most of the time is not feasible due to limitations of space, the topography and the rapid housing development all over the island.

Alternatively, tires can be recycled.  Many of the alternative uses for disposed tires require a pre process of the tire.  The tires need to be split, shredded or finely ground, removing the fibers and steel wires previous to their use.  Shredded tires can be used as filler material for soils, foundations and pavements.  Crumbed or pulverized tire rubber can be combined with other polymeric material to form mats, playground tiles, or road barriers among others.  By itself it can be used as an aggregate for asphalt pavements or concrete mixes.  The application for this investigation involved recycled pulverized rubber.  Similar to the recycling of polymers, a solution is to substitute part of the aggregate in concrete mixes with pulverized tire rubber.

At the early stages of research related to the use of recycled tires, chips were available and most of the time the particles contained steel wires and polyester fibers.  With the advances in technology now the recyclers in the Island are capable of removing all the wires and polyester fibers.  Also, the tire chips that were used at the early stages are disappearing and being replaced by crumbed rubber which has small or no residue of fibers and wires.

2.4 Methodology

The concrete mixes were designed to resist a compressive strength of 3000 psi with a water/cement (W/C) ratio of 0.5 to 0.55 for the polymers and 5000 psi with a W/C of 0.48 for rubber.  A control sample was always made so the results of different groups could be compared.  Different percentages by weight of the aggregates of concrete were substituted by the polymers. The polymers tend to be low-density materials.  All the concrete mixes were less dense than the control one.  

Three cylinders, 6”x 12” or 4” x 8”, were made for each of the samples tested.  Cylinders were prepared and cured according to the ASTM C-192 standard.  The specimens were tested according to the ASTM C-39 standard.  Most of the time, the three cylinders were available to obtain the average of each test.  Sometimes one of the tests differed considerably from the other two of the same test due to major defects having to be discarded.  The tests were performed after 7, 14, and 28 days of curing.  The results presented in a following section are for the 28 days cylinders. 

Fine crumbed rubber (mesh 14-20) was used in the study.  The physical properties of the rubber were measured prior to the mix design and preparation.  Because the rubber particle size falls in the category of fine aggregate, the amount of rubber substituted was with respect of the fine aggregate.  Although the substitution is reported in weight fraction, volume was used in the original formulation to be able to compare results with the studies available in the literature (Nehdi and Khan, 2001, and Khatib and Bayomy, 1999).

The following table presents the polymers, the type of aggregate they substitute, and the percentage by weight used.

Table 1:  Material, Type of Aggregate, and Percentage Used.

	Material
	Type and Weight Percentage Used

	PVC
	Coarse 10%, 15%, 25%, 30%

	Acrylic
	Fine and Coarse 5%, 10% 

	Polyethylene
	Fine #4 5%, 10%, and #8 5%, 10%

	Polycarbonate
	Fine 5%

	Paper Phenolic
	Fine 5% and #30 5%, 10%  

	Rubber (cylinders)
	Fine 4%, 9%, 14%

	Rubber (blocks)
	Fine and Coarse 5%


3. Results and Discussion

3.1 Polymers Recycling


Figure 1
 presents results of all samples of the polymers substituting fine aggregate showed in Table 1 tested at 28 days. Similar results were observed for samples tested at 7 and 14 days and for the polymers substituting the coarse aggregates.  It was observed that for all substitutions the strength of the samples was smaller than the control.  Also, it was observed that as the percentage of substitution increased, the tendency was that the concrete strength decreased.  Similarly, the PVC and acrylic samples as coarse aggregates behaved as the fine aggregate counterpart, experiencing strength reduction as the percentage of course aggregate increased.  The best concrete strength of all the samples was the one for paper phenolic, used as fine aggregate 5 wt % #30.  The paper phenolic is the only thermosetting used.  The other polymers that caused approximately the same relative strength on concrete were acrylic 5 wt %, phenolic 10 wt % #30, and PE 5 % #8.   Note that the smaller particle used caused the best strength.  The sieved paper phenolic, identified as #30 having smallest particles, showed good concrete strength.  Similar observations were obtained for 5 wt % PE #4 and #8, where #8 represents the smallest aggregate.  Sieve #8 has smaller openings than the #4.
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Figure 1:  Normalized Concrete Strength with Polymer Content.

3.2 Rubber recycling

Figure 2 shows a comparison of the concrete cylinder strength having different recycled rubber content.  The concrete strength was normalized by the target strength of 5,000 psi.  The results presented are at the ages of 7 and 28 days.  The figure also shows experimental results from Khatib and Bayomy (1999).  Similar to the polymer substitution, rubber crumbs in the concrete mixes also reduce the concrete strength.  The maximum strength reduction of 50% was for the mix with 14% substitution.  Mix at 28 days had good correlation with data obtained by Khatib and Bayomy (1999), but that was not the case for the mixes at 7 days.
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Figure 2:  Normalized Concrete Strength with Rubber Content (Khatib and Bayomy, 1999). 

A batch of concrete blocks was fabricated adding 5% of rubber crumbs of the total aggregate weight to the mix.  As the blocks were coming out of the manufacturing line it was observed that they were more fragile than blocks without the rubber.  This caused approximately 40% of the fabricated batch to be lost.  Figure 3 shows the normalized block strengths at different ages of the mixes with and without rubber.  The blocks were tested at the ages of 5, 7, and 14 days applying the load at the center cell (three cells per block) and at the age of 202 days distributing the load over the entire block.  The strength is normalized with the strength of the control blocks at 14 days.  A reduction in the strength of the blocks with the rubber was observed but it was not significant.  A different behavior was observed when the blocks were tested after 202 days of been fabricated where the rubber mix is more than half the strength of the control mix.  It is appropriate to clarify that no special curing procedure was followed.  The samples were laying outside the building exposed to sunny and rainy days through the 202 days prior to testing.
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Figure 3:  Normalized Concrete Block Strength at Different Ages. 

4. Conclusion

This work presents undergraduate research experience for UPRM students participating in two programs (PRLSAMP and Sloan Foundation) investigating the use of recycled polymers as substitute for aggregates in concrete mixes.  From the students research it is found that reduction in strength is observed in all mixes at the ages of 7, 14, and 28 days.  Particular materials such as polycarbonate reduced the strength by 38% with only a 5% substitution while recycled tire rubber had 50% strength reduction with 14% substitution.  Nevertheless the strength reduction for others 5% polymer substitution only goes down from 6 to 12 %, one third of the observed for polycarbonate.  The type of polymer affected the strength but it is not well understood.  However, the higher the percentage of aggregates used, the higher was the reduction of the concrete’s strength.  It is believed that the smooth surface of the polymer does not form a strong binding with the cement matrix, as the percentage of substitution increases the amount of area for weak binding increases.

Feasible application for this kind of concrete can be among others sidewalks and support for coral deposit. 

The undergraduate research experience has been a great help for the students. Several of these students graduated and are currently enrolled in graduate programs in universities such as University of Puerto Rico at Mayagüez, Purdue University, University of South Florida, and University of Illinois at Urbana-Champaign or are working for national laboratories such as the US Corps of Engineers. 

Acknowledgments

We want to recognize the contribution of the following students to the results presented in this paper: Jennifer M. Ramos Ortiz, Obdulio Quiñones Caballer, Wandaliz Torres García, Marta Torres, Julissa Hidalgo, Pedro O. López, Eric J. Correa, Emmanuel Carrasco Mercado, Héctor Vega Barreto, Luis González Solá, Javier Vargas Feliciano, Pedro Moreno Torres, Angel M. Santiago, Anibal Mercado, Osvaldo Vargas, and Omar Esquilín.  Also, we wish to thank the Puerto Rico Louis Stoke Alliance for Minority Participation program and the Sloan Foundation program for the opportunity to mentor this great group of students and for their financial support.
References

ASTM (2001). Practice for Making and Curing Concrete Test Specimens in the Laboratory, C 192, Philadelphia, PA.

ASTM (2001). Test Method for Compressive Strength of Cylindrical Concrete Specimens, C 39, Philadelphia, PA.

Callister, W. D. (2003). Materials Science and Engineering, John Wiley & Son, Inc.

Velázquez Sánchez, E. (2001). “Tire Recycling: A Great Industry,” (in Spanish), Dimension, Colegio de Ingenieros y Agrimensores de Puerto Rico, Vol. 15, No. 4, pp. 29-32.

Khatib, Z. K. and Bayomy, F. M. (1999). “Rubberized Portland Cement Concrete”, Journal of Materials in Civil Engineering, Vol. 11, No. 3, pp. 206-213.

Narayanan, R. M. (1999).  “Use of Objective-Base Undergraduate Research Project Experience as a Graduate Student Recruitment Tool,” Journal of Engineering Education, Vol. 89, No. 2, pp 361-365. 

Nehdi, M. and Khan, A. (2001). “Cementitious Composites Containing Recycled Tire Rubber:  An Overview of Engineering Properties and Potential Applications,” Cement, Concrete, and Aggregates, CCAGDP, Vol. 23, No. 1, pp. 3-10.

Zydney, A. L., Bennett J. S., Shahid, A., and Bauer, K. W. (2002).  “Faculty Perspective Regarding the Undergraduate Research Experience in Science and Engineering,” Journal of Engineering Education, Vol. 91, No. 2, pp 291-297. 
















