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Research Needs
There were 223,000 vehicle fires in the United States in 2019, of which 189,500 occurred on highways [1]. Such a fire can generate heat upward of 1500 °F [2], and emit flames more than 10 feet long. Their high temperatures can cause various levels of damage to highway infrastructure, resulting in further interruption to the transportation network. For example, a vehicle fire resulting from a truck collision on the Brent Spence Bridge on November 11, 2020 damaged the bridge’s decks, support beams, and electrical and drainage systems, leading it to be closed for more than one month [3].
Non-conventional materials that incorporate polymers (e.g., polymer concrete (PC), and polymer-modified concrete (PMC)) are increasingly used in highway-infrastructure construction and maintenance. For example, polymer concrete that consists of aggregate with a polymer binder and contains no Portland cement or water, has high acidity, salt and freeze-thaw resistance, high chemical stability under corrosive environment, high compressive strength, high resistance to water permeation, low shrinkage,  and shows its maximum strength at a short period of time [4]. The combination of these characteristics makes polymer concretes an attractive choice in overlays for existing or new bridges, as shown in Figure 1. By 2016,  more than 50 bridges have been protected by PC overlays in Utah [5]. Four main types of polymer concrete are used in overlays: epoxy polymer concrete, epoxy urethane polymer concrete, polyester polymer concrete, and methacrylate polymer concrete [5]. Polymers in these concretes are sensitive to high temperatures, with relatively low glass transition temperatures and melting points [4]. For example, polyethylene terephthalate (one type of polyester) exhibits a glass transition between 153 °F to 178 °F and melts at 500 °F [6] [7]. Poly (methyl methacrylate) exhibits a glass transition around 221 °F and melts around 320 °F [8]. The high sensitivity of these materials to elevated temperatures has led to the concern that a vehicle fire may degrade or even completely destroy a PC overlay on a bridge deck.
[image: Figure 1]
Figure 1 Overlaying concrete bridge deck with polymer concrete [9]
Some further concerns also attend the use of PC as overlays on bridge decks. Among those concerns is the deformation incompatibility of those materials and their concrete substrate at high temperatures. The thickness of a PC overlay is small, usually applied at a total thickness of  0.5-0.75 inches [10]. Under a vehicle fire, a PC overlay will be exposed to high temperature directly while the temperature of the concrete substrate beneath it is still relatively low, as shown in Figure 2. Such a thermal gradient along the bridge deck may lead to the delamination of the overlay from its concrete substrate. This will be further aggravated by the significant difference between the thermal expansion coefficient of PC and that of conventional cement concrete. The thermal expansion coefficient of PC is typically two to three times higher than that of conventional cement concrete [11], [12].
[bookmark: _Hlk68737551][bookmark: _Hlk68737645]Some prior research has looked at the potential negative impacts of the significant difference between the thermal expansion coefficient of PC and that of concrete substrate [12], [13]. However, most of the existing studies focus on a daily ambient temperature range, and relatively uniform temperature increases or decreases. We have little firm information about scenarios in which a composite panel of conventional cement concrete substrate and PC overlays (hereafter, a “composite panel”) is directly exposed to a vehicle fire, since 1) the heat from a vehicle fire is much higher than the ambient-temperature changes studied to date, and 2) the composite panel experiences thermal gradients not only along its thickness (as illustrated by the vertical red arrow in Figure 2), but also along its surface (the horizontal red arrow) due to the low thermal conductivity of materials and the non-uniform heat exposure of a surface under a vehicle fire. As previously discussed, the strong thermal gradients along a composite panel’s thickness may increase the thermal-expansion difference between the PC materials and their concrete substrates. Such gradients along a panel surface, on the other hand, may result in the area of overlay directly exposed to a vehicle fire expanding against the surrounding cooler areas and thus damaging them.
Accordingly, this project will give due attention to the potential problems that intense heat from vehicle fires may cause to PC bridge deck overlays.
[image: Figure 2]
Figure 2 Thermal gradient of a bridge deck under a vehicle fire
Research Objectives
The overall objective of this project is to enhance the vehicle-fire resistance of PC bridge deck overlays. The specific research objectives are:
Objective 1: To identify the impact of vehicle fires on PC bridge deck overlays.
Objective 2: To develop effective preventive design/construction methods and post-fire repair strategies for PC bridge deck overlays.
Research Methods
[bookmark: _Hlk68725277]The majority of this project will consist of experimental tests. As shown in Figure 3, Objective 1 will be achieved through 1) a real vehicle-fire test on a large reinforced concrete (RC) panel protected by a PC overlay; and 2) overlay-performance tests, before and after the vehicle-fire test. Objective 2 will be achieved through 1) suggestions for effective preventive design/construction methods and post-fire repair strategies, based on analysis of the test data; and 2) validation of those suggestions through controlled heating-cooling tests on medium-sized RC panels protected by PC overlays. Further details of these research methods are provided below.
[image: Figure 3]
Figure 3 Overview of the research methods and their relationship to the objectives
The first step is to design and construct RC panels and concrete specimens with PC overlays according to the UDOT Structures Design & Detailing Manual [14].  These panels include 1) one 36 ft x 20 ft x 8 in RC panel (Figure 4; hereafter, “large RC panel”); 2) multiple 3 ft x 3 ft x 8 in RC panels (hereafter, “medium-sized RC panels”); and 3) multiple small concrete specimens. The large RC panel, representing a portion of a concrete bridge deck, will be subjected to a real vehicle fire.  The medium-sized RC panels will be tested under controlled heating and cooling conditions, and the small concrete specimens will be used in overlay-performance tests. The binder for the large RC panel and small concrete specimens will be the one most commonly used in practice, as identified via literature review and expert interviews with engineers and transportation officials.
[image: Figure 4]
Figure 4 A vehicle fire test on a large RC panel overlaid by PC
[bookmark: _Hlk68741188]The characteristics of vehicle fires that expose bridge decks to intense heat (e.g., fuel type, amount, location, and spread, ignition location, peak heat release rate (HRR), time to peak HRR, and burning duration)  will be identified from the data in the Motor Vehicle Fire Research Institute (MVFRI) vehicle-burning dataset [15] and National Fire Data Center [16], [17], among other sources [18]–[21]. The vehicle fire in this study will be designed in accordance with those characteristics. FDS fire-modeling techniques will then be validated and used to simulate the designed vehicle fire, to ensure that its behavior is similar to that of severe vehicle fires in the real world [21-23], and thus that the damage to the PC overlay sustained during the vehicle-fire test is representative of that suffered by PC bridge deck overlays in actual fires of this type.
[bookmark: _Hlk68722244]During the vehicle-fire test on the large RC panel, thermocouples, plate thermocouples and IR cameras will be used to record the following data: 1) flame temperature, 2) temperature distribution over the surface of the panel, 3) spatial distribution of heat flux to the surface of the panel, 4) gas temperature near the surface of the panel, and 5) temperatures at multiple depths within the panel, especially at the interface between the overlay and its concrete substrate. The entire fire test will also be recorded with a video camera. After the fire test, damage to the overlay and its concrete substrate (e.g., melting, delamination, cracks, and spalling) will be measured and recorded via visual inspection, ultrasonic pulse velocity tests, etc. The fire will be extinguished by firefighters after it burns for the designed duration. It is possible that firefighting techniques will inflict further damage on the PC overlay, which will be considered in the analysis of test data.
[bookmark: _Hlk68722437]Post-fire, once the large RC panel has dried and cooled to ambient temperature, the residual performance of the fire-damaged overlay will be evaluated in terms of its residual: 1) skid resistance, via sand-patch tests [25], 2) bond strength between the overlay and the concrete substrate, via pull-off tests [26], 3) water-penetration resistance, via water-penetration tests [27], 4) chloride-permeability resistance, via rapid chloride permeability test [28], and 5) abrasion resistance, via abrasion tests [29]. These results will be compared against the performance of PC overlays without fire damage.
Based on the data from the vehicle-fire and overlay-performance tests, suggestions will be provided to enhance the vehicle-fire resistance of PC bridge deck overlays, in terms of material selection, construction practices, post-fire repair, etc. Those recommendations will be tested on medium-sized RC panels. Instead of real vehicle fires, those panels will be tested under controlled heating and cooling conditions, using electronic heating devices such as a Heat-Transfer Rate Inducing System (H-TRIS) [30].
Expected Outcomes
[bookmark: _Hlk68724535]The expected outcomes of this project will:  1) inform engineers of the potential problems that intense heat from vehicle fires may cause to PC bridge deck overlays, 2) provide preventive design/construction suggestions for PC overlays, 3) provide fire-specific repair strategies for PC overlays, and 4) provide useful information for producing high-fire-resistance PC. Moreover, the recorded vehicle-fire test data and the developed vehicle-fire modeling techniques from this project can be used for any future research about the impacts of vehicle fires on highway infrastructure. Last but not least, the PI’s will collaborate with the local fire department in the vehicle fire test, which will provide them with training on vehicle firefighting. 
Relevance to Strategic Goals
This project directly relates to the USDOT strategic goal of State of Good Repair that aims to ensure that the U.S. proactively maintains critical transportation infrastructure in a state of good repair. Knowledge from this project will guide the design, construction, and maintenance of PC bridge deck overlays to make them more resistant to vehicle fires, which is particularly important for those bridges whose damage due to vehicle fires will lead to severe transportation network interruption.
Educational Benefits
A Ph.D. level graduate student and an undergraduate student worker will be engaged in this project. Before the vehicle fire test, both students will be provided fire safety training. The Ph.D. student will take the lead on most tasks in this project, while the undergraduate student work will help the Ph.D. student with all the experimental tests. The Ph.D. student will gain general project management, communication, writing, and data management skills, as well as discipline-specific skills such as modeling fire in FDS, designing an instrumentation plan for a fire test, evaluating pavement’s performance, etc.  The active involvement of the undergraduate student will not only equip the student with research and communication skills but also encourage her/him to pursue higher education.  The PI also participates in the USU College of Engineering’s annual summer program for high school juniors, Engineering State. The PI is currently developing a bridge-fire-related module to be presented during this program.

Technology Transfer
The results of this research will be disseminated in the following ways: 1) research results will be presented at local, national and/or international conferences such as the annual UDOT Engineering Conference and the Annual Transportation Research Board Meeting;  2) the final report will be sent to staff colleagues at state and local transportation agencies; 3) two manuscripts will be prepared and submit them for publication in journals related to highway infrastructure and construction materials; 4) a webinar will be arranged through the Mountain Plains Consortium; and 5) all presentations, articles, and the final report will also be shared on the PI’s research website (https://sites.google.com/view/shunani/home). Since this project will involve a real vehicle fire test, the research results from this test could also be presented in fire-related conferences, such as the International Symposium on Fire Safety Science. A manuscript about this test and the FDS vehicle-fire modeling will be submitted to fire-related journals, such as Fire Safety Journal and Fire Technology.
Work Plan
The proposed project will be carried out over a 12-month period:
Task 1 (1 month): Literature review. The following information needs to be identified through literature review: 1) the type of PC most commonly used in practice for bridge deck and its recommended mix ratios; 2) the current design and construction practices for PC overlays; and 3) the characteristics of vehicle fires that expose bridge decks to intense heat.
[bookmark: _Hlk67481411]Task 2 (1 month): Design and construct RC panels and concrete specimens with PC overlays. One large RC panel, multiple medium-sized RC panels, and multiple small concrete specimens will be designed and constructed. Additionally, the instrumentation plan will also be designed and implemented in the construction.
Task 3 (2 months): Design a vehicle fire for the fire test. The vehicle fire will be designed in accordance with those characteristics identified from the literature review. FDS fire-modeling techniques will then be validated and used to simulate the designed vehicle fire to ensure that its behavior is similar to that of severe vehicle fires in the real world.
Task 4 (2 months): Vehicle fire test on the large RC panel with a PC overlay. Temperature, heat flux, fire spread, and panel damage after the vehicle fire will be measured and recorded.
Task 5 (1 month):  Performance tests on PC overlays with and without fire damage. The investigated overlay performance includes skid resistance, bond strength, water-penetration resistance, chloride-permeability resistance, and abrasion resistance. The skid resistance and the bond strength will be measured on the large RC panel directly before and after the vehicle fire, and the latter three will be measured on concrete cores drilled from the damaged large RC panel and intact small concrete specimens. The performance of fire-damaged PC overlays will be compared to that of intact overlays.
Task 6 (3 months): Propose and test preventive design recommendations and post-fire repair strategies.  Based on the data from the vehicle-fire and overlay-performance tests, suggestions will be provided to enhance the vehicle-fire resistance of PC bridge deck overlays. Those recommendations will be tested on medium-sized RC panels under controlled heating and cooling conditions.
Task 7 (2 months): Final Report. A final report will document the results of Tasks 1 through 6 with an emphasis on reporting practical implications to transportation decision makers.
Project Cost
Total Project Costs:	$	160,000
MPC Funds Requested: 	$	80,000
Matching Funds: 	$	80,000
Source of Matching Funds:	PI’s startup funding, non-resident tuition of the Ph.D. student, and faculty time & effort
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