APPENDIX A: Overview of Fire Protection in Buildings

Spalling is defined as the breaking of layers (pieces) of concrete from the surface of the concrete
elements when it is exposed to high and rapidly rising temperatures. The spalling can occur soon after
exposure to heat and can be accompanied by violent explosions, or it may happen when concrete has
become so weak after heating that, when cracking develops, pieces fall off the surface. The consequences
may be limited as long as the extent of the damage is small, but extensive spalling may lead to early loss of
stability and integrity due to exposed reinforcement and penetration of partitions.

The extent of spalling is influenced by fire intensity, load intensity, strength and porosity of concrete
mix, density, aggregate type, and internal moisture content of the concrete. Significant spalling can occur if
the concrete has high moisture content and is exposed to a rapid growth fire.

A.3.3 Fire and Structural Modeling

Fire protection provided in accordance with building codes is based on laboratory tests that have no
correlation with actual fires. Through the use of numerical models, the fire protection design of structural
members can be determined given the exposure conditions from selected fire scenarios.

Building code requirements for fire resistance design are currently based on the presumed duration of a
standard fire as a direct function of fire load, building occupancy, height, and area. The severity of actual fires is
determined by additional factors, which are not now considered in current building codes except as an
alternate material method or equivalency when accepted by the enforcing official. Recent fire research provides
a basis for designing fire protection for structural members by analytical methods and is becoming more
acceptable to the building code community. In recent years, the use of numerical methods to calculate the fire
resistance of various structural members has begun to gain acceptance. These calculation methods are reliable
and cost-effective and can be applied to analyze performance in a specific situation (Milke 1999). The
Eurocodes currently describe a calculation method for assessing the performance of steel members exposed to
actual fires. There are three analyses that need to be conducted in a numerical assessment of fire resistance:

* model fire development
* model thermal response of assemblies

* model structural response of assemblies

Fire development is modeled to describe the heating exposure provided by the fire. Next, the thermal
response analysis consists of predicting the temperature rise of structural members. Finally, an analysis of
structural performance can be conducted to determine the structural integrity or load carrying capacity of
the fire-exposed structural members. Such an analysis needs to account for thermally-induced deformations
and property changes.

The analysis of the WTC buildings and the evaluation of other existing and future tall buildings could
involve both fire and structural modeling. Both mathematical and scale modeling, along with validation
tests, may be needed. In terms of the numerical modeling, it is currently possible to assemble a model
package that reasonably predicts the impact of the fire on strength, elongation, spalling, and other properties
related to the structural stability of the buildings involved. Currently, the available models for air movement
(to the fire), fire growth and the resulting environmental condition in the space, breaking of windows, heat
transfer through materials (e.g., fireproofing), and temperature rise in structural elements operate
independently of each other and generally do not share data. In the future, combined fire-structural models
may emerge that can interactively feed the output from heat transfer analysis models to structural analysis
routines on a time basis as the simulated fire progresses, with return feed to the fire models of any changes
(pertinent to the fire model) that the structural computations predict, such as changes in ventilation
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