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SUMMARY AND RESEARCH NEEDS

This paper reviewed findings concerning the material behavior, code provisions, and analytical modeling
aspects of HSC at elevated temperature. These findings are summarized as follows:

* HSC has a higher strength loss than NSC in the temperature range between 25 °C to 400 °C.

» HSC is more susceptible to explosive spalling when exposed to high temperature (above 300 °C).

e Data for LWA HSC under all three test conditions are scarce, as is data for NWA HSC under stressed test
conditions.

* The modulus of elasticity of HSC and NSC vary similarly with temperature, but LWA HSC retains higher
proportions of the original elastic modulus at high temperature than NWA HSC.

* Current fire design provisions of codes such as the CEN Eurocodes and the CEB are unconservative for
estimating mechanical properties of HSC at elevated temperatures. The Finnish design curve is more
applicable, but it is still slightly unconservative, especially in the temperature range of 200 °C to 400 °C.

* The basic understanding of how high temperatures cause explosive spalling in HSC has not been
completely developed.

* Data on fire-exposed HSC structural elements, which may be used for validating analytical models, are
scarce.

The followings research needs are identified by the NIST workshop to address the above issues:
(1) Experimental studies to develop an understanding of the spalling mechanism(s) and establish a
predictive parameter and standard method(s) for its measurement. A combination of experimental and
analytical studies will be needed to gain the understanding necessary to develop a parameter for use in
predicting susceptibility to spalling, similar to a parameter in the field of refractory concrete that includes
permeability, tensile strength, porosity, and moisture content. Experimental data which include measurement



of internal pore pressures and moisture distribution are also needed for validation of analytical predictions.
Effects of compositional and processing factors (curing methods, maturity, self-desiccation) on spalling
tendency should be assessed. Also, the effects of thermal exposure conditions (rate of temperature rise,
maximum temperature, and uniformity of exposure conditions) should be examined. The results of this work
should allow understanding for why spalling has not always been observed in tests of HSC.

(2) Standard protocols for measurement of properties of HSC as a function of temperature. Most current
engineering property data were obtained by testing HSC specimens using different heating rates, specimen
sizes and shapes, and loading combinations. These differences may result in incompatible test results,
especially for HSC since the rate of pore pressure buildup and the moisture escape path have an important
influence on the performance of the test specimen. In order to permit the comparison of data from different
research programs, it will be necessary to establish a suite of standard test methods. Factors such as maturity
and conditioning prior to testing need to be studied and standardized. Experimental studies should also
include measurements of other mechanical properties such as tensile strength, time-dependent behavior, and
fracture mechanics parameters. The effects of specimen shape and size and of previous load histories on
measured properties should also be examined. In addition, other material characteristics, including transport
properties, thermal properties, sorption isotherms, and water release during dehydration, need to be measured
as functions of temperature to provide input data for numerical models.

(3) Methods for evaluating local and manufactured aggregates for optimizing fire resistance of concrete.
Practical methods are needed to evaluate different aggregate sources so that those that can be expected to
result in poor performance can be eliminated during the selection of materials for HSC mixtures to be used
in critical structural elements.

(4) Methods for evaluation of fire damage. There should be investigations of the applicability of advanced
techniques based on stress-wave propagation (e.g., acoustic tomography and spectral analysis of surface
waves) and microwave radiation to evaluate the extent of damage after a fire. Other techniques based on the
scanning electron microscope should be developed for analysis of microstructural damage or changes of
samples taken from the affected structure.

(5) Coupled heat and mass transfer leading to pore pressure prediction in HSC with and without
polypropylene fibers, and investigation of the need for new numerical methods to handle the saturated-
unsaturated interface zone. High temperature exposures cause vaporization of pore water in concrete. The
slow transport of water and water vapor then leads to elevated pore pressure levels. Since the elevated pore
pressures may be a cause of damage in the concrete, accurate predictions of these pressures need to be
developed. Because a sharp interface develops between the saturated and unsaturated parts of the concrete
(liquid:vapor interface), it is possible that existing analytical and numerical tools may be inadequate.
Therefore the development of new mathematical tools needs to be investigated. The role of polypropylene
fibers, in terms of the mechanism by which they can give fire protection, needs to be understood.

(7) Coupling of pore pressure and fracture consideration. The elevated pore pressures must be quantitatively
linked to spalling (fracture) of the concrete. Since it has been known for a long time that the fracture of
concrete at room temperature is not controlled by a simple strength criterion, but is rather a fracture process,
it is reasonable to assume that a similar situation applies at fire temperatures as well.

(8) Creep and thermal shrinkage at fire temperatures. Concrete is a viscoelastic material (creep), and has
dimensional changes with changes in moisture levels (shrinkage). Fire temperatures induce large amounts
of water removal from concrete, with correspondingly high amounts of induced shrinkage. Thermal stresses
and pore pressure-caused stresses can be partially relieved by creep, although the amount of relief will be
determined by the relative time scales of relaxation processes versus water loss, since the viscoelastic
properties of concrete are dependent on water content.

REFERENCES

1 American Concrete Institute, "State-of-the-Art Report on High-Strength Concrete", ACI 363R-92.



W N

10

11

12

13

14

15

16

17

18

19

20

21

22

23

American Concrete Institute, "Guide for Determining the Fire Endurance of Concrete Elements", ACI 216R-89.
Comite Euro-International Du Beton, "Fire Design of Concrete Structures - in accordance with CEB/FIP Model
Code 90 (Final Draft)", CEB Bulletin D'Information No. 208, July 1991, Lausanne, Switzerland.
Schneider, U.; “Properties of Materials at High Temperatures - Concrete”, RILEM - Committee 44 - PHT,
University of Kassel, Kassel, June, 1985.
Comité Européen de Normalisation (CEN), “prENV1992-1-2: Eurocode 2: Design of Concrete Structures. Part
1 -2: Structural Fire Design,” CEN/TC 250/SC 2, 1993.
Comité Européen de Normalisation (CEN), “Eurocode 4. Design of Composite Steel and Concrete Structures.
Part 1 -2: General Rules - Structural Fire Design,” CEN ENV 1994,
Concrete Reinforcing Steel Institute, "Reinforced Concrete Fire Resistance", CRSI, 1980.
Phan, L.T.; Carino, N.J.; Duthinh, D.; Garboczi, E., “NIST International Workshop on Fire Performance of High
Strength Concrete,”, (in progress), NIST, Gaithersburg, Maryland, 1997.
Castillo, C.; Durrani, A. J.,”Effect of transient high temperature on high-strength concrete,” ACI Materials Journal,
v.87, n.1,1990, pp. 47-53.
Hertz K., "Danish Investigations on Silica Fume Concretes at Elevated Temperatures", Proceedings of ACI 1991
Spring Convention, March 17-21.
Diederichs, U.; Jumppanen, U.M.; Penttala, V.; “Behavior of High Strength Concrete at High Temperatures”,
Helsinki University of Technology, Department of Structural Engineering, Report #92, 1989.
Hammer, T.A.; “High-Strength Concrete Phase 3: Compressive Strength and E-modulus at Elevated
Temperatures”, SP6 Fire Resistance, Report 6.1, SINTEF Structures and Concrete, STF70 A95023, February,
1995.
Sullivan, P. J. E.; Shanshar, R., “Performance of concrete at elevated temperatures (as measured by the reduction
in compressive strength®, Fire Technology, v. 28, n. 3, Aug 1992, pp. 240-250.
Abrams, M.S., “Compressive Strength of Concrete at Temperatures to 1600F”, ACI SP 25, Temperature and
Concrete, Detroit, Michigan, 1971.
Morita, T.; Saito, H.; and Kumagai, H., “Residual Mechanical Properties of High Strength Concrete Members
Exposed to High Temperature - Part 1. Test on Material Properties,” Summaries of Technical Papers of Annual
Meeting, Architectural Institute of Japan, Niigata, August, 1992.
Furumura, F.; Abe, T.; Shinohara, Y.; “Mechanical Properties of High Strength Concrete at High Temperatures,”
Proceedings of the Fourth Weimar Workshop on High Performance Concrete: Material Properties and Design,
Weimar, Germany, October 4th and 5th, 1995, pp. 237 - 254.
Felicetti, R.;Gambarova, P.G.; Rosati, G.P.; Corsi, F.; Giannuzzi, G.; “Residual Mechanical Properties of HSC
Subjected to High-Temperature Cycles,” Proceedings, 4th International Symposium on Ultilization of High-
Strength/High-Performance Concrete, Paris, France,1996, pp. 579-588.
Noumowe, A.N.; Clastres, P.; Debicki, G.; Costaz, J.-L., “Thermal Stresses and Water Vapor Pressure of High
Performance Concrete at High Temperature,” Proceedings, 4th International Symposium on Utilization of High-
Strength/High-Performance Concrete, Paris, France, 1996.
Phan, L.T., “Fire Performance of High-Strength Concrete: A Report of the State of the Art,” NISTIR 5934,
National Institute of Standards and Technology, Gaithersburg, Maryland 20899.
Concrete Association of Finland, “High Strength Concrete Supplementary Rules and Fire Design RakMK B4,”
1991.
Bazant, Z.P., Thonuthai, W., "Pore pressure in heated concrete walls: Theoretical prediction," Magazine of
Concrete Research, v. 31, n. 107, pp. 67-76.
England, G.L.; Khoylou, N.; “Modeling of Moisture Behavior in Normal and High Performance Concretes at
Elevated Temperatures,” Proceedings of the Fourth Weimar Workshop on High Performance Concrete: Material
Properties and Design, Weimar, Germany, October 4th and 5th, 1995, pp. 53 - 68.
Ahmed, G.N.;Hurst, J.P.; “Modeling the Thermal Behavior of Concrete Slabs Subjected to the ASTM E119
Standard Fire Condition,” Journal of Fire Protection Engineering, 7(4), 1995, pp. 125-132.



	CD-ROM Table of Contents
	Search
	Help
	Proceedings Information
	14th Analysis and Computational Specialty Conference
	Emerging Computing Technology in Structural Engineering
	Modeling & Application of Semi-Active Control Systems
	Recent Developments in Passive Damping Systems
	Case Studies in Optimal Design of Civil Infrastructure Systems
	Intelligent Seismic Isolation Systems for Structural Control
	Recent Advances in Structural Optimization
	Optimal Performance-Based Design of Buildings: Practical Applications
	High-Performance Computing
	Role of Nonlinear Analysis in Performance-Based Design

	Bridges
	Evaluation of Bridges Using the LRFD Philosophy
	Rain/Wind Induced Vibration of Cables on Cable-Stayed Buildings
	Advanced Technology Application in Concrete Bridges
	Advanced Bridge Management Decision Support
	Advances for Structural Monitoring Systems
	Non-Destructive Assessment of Structural Systems
	Update on Major Bridge Projects in the USA
	In-Service Performance of Composites in Bridge Structures

	Buildings
	Walter P. Moore Session II: More Than Just Tall
	Walter P. Moore Session III: Structural Engineering Practice in a Changing World
	Performance-Based Design of Reinforced Concrete Structures
	Torsional Wind Loads on Buildings
	The Influence of Wind-Tunnel Testing on the Design of Tall Buildings
	Future Challenges in the Practical Design of Tall Buildings
	Performance of Building Envelope in High Wind

	Dynamics/Wind/Seismic
	Practical Aspects of Blast Design & Retrofit
	Advancements in Wind & Seismic Engineering for Light Frame Buildings
	Seismic Performance Analysis of Steel Moment Frame Systems
	Characterization of Seismic Ground Motion & Its Effects
	State-of-the-Art Application of Passive Energy Dissipators
	Dynamics/Wind/Seismic Topics
	Developments in Applications of Damping Devices to Reduce Wind Responses
	Performance-Based Seismic Engineering

	Steel Structures
	Innovative Approaches for Seismic Evaluation & Retrofit of Steel Bridges
	Structural Steel Specifications
	Steel Topics
	Vibratory Effects on Bridges
	Steel Bridges in the Next Millennium
	Fracture Toughness for Modern Steel
	Design & Analysis Innovations for Electrical Transmission/Substation Structural Systems I
	Design & Analysis Innovations for Electrical Transmission/Substation Structural Systems II

	Timber/Composites/Concrete
	Design & Evaluation of Structure Serviceability
	Today's Technology for Analysis of Historic Structures
	Fracture Mechanics & Related Topics in Reinforced Concrete
	FRP-Reinforced Concrete Structures
	Structural Strengthening & Rehabilitation with FRP Composites
	Use of Fiber-Reinforced Composite Materials for Overhead Electric Utility Lines
	Fire Performance of High-Performance Materials
	Topics in Timber, Composites & Concrete

	Practical Design & Detailing
	Timber Bridge Technologies

