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Abstract

The current approach for evaluating fire resistance of prestressed concrete (PC) mem-

bers is through prescriptive-based methods and this approach has several drawbacks.

To overcome these drawbacks, a performance-based methodology is applied to evaluate

the fire resistance of PC beams under realistic fire, loading, and restraint scenarios.

A numerical analysis is carried out to study the effect of various factors governing the

fire resistance of PC double T-beams. In the analysis, high-temperature material prop-

erties, various load and restraint levels, and material and geometric nonlinearities are

accounted for, as well as realistic criteria applied to determine failure. Results from the

analysis indicate that fire scenario, load level, and failure criterion have a significant

influence on the fire resistance of PC double T-beams. The steps involved in undertaking

a performance-based fire design are outlined.
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Introduction

In recent years, precast/prestressed concrete (PC) construction has gained wide
popularity in buildings, parking structures, and shopping centers. PC double
T-beams are a common floor/roof assembly for such structures due to their desir-
able span-to-depth ratios, aesthetics, high-quality manufacturing, constructability,
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and low maintenance characteristics. Structural fire safety is one of the primary
considerations in building applications and hence, building codes generally specify
fire resistance rating requirements for double T-beams. These fire resistance ratings
are generally derived based on standard fire resistance tests or through prescriptive-
based approaches. As an illustration, the prescriptive-based provisions in ACI 216
[1] estimates fire ratings based on minimum concrete cover thickness for the tension
reinforcement in PC beams. These prescriptive provisions are limited in scope and
restrictive in application since they were developed in accordance with ASTM E119
[2] standard fire resistance tests. Furthermore, these fire provisions are valid only
for a narrow range of parameters, and do not fully account for realistic fire, load-
ing, or restraint scenarios. In addition, the simplified rules of thumb cannot be
applied to new types of designs (different section configurations) and materials
(high-strength concrete, HSC) and thus limit designers from taking full advantage
of high fire resistance properties offered by PC construction.

This article presents results from numerical studies aimed at overcoming
the current fire resistance limitations for PC double T-beams by using a per-
formance-based approach. Two double T-beams are analyzed using a finite
element-based computer program under different fire, loading, and restraint sce-
narios. In the analysis of high-temperature material properties, various load and
restraint levels, and material and geometric nonlinearities are accounted for, as
well as realistic criteria applied to evaluate failure. The design fires are selected to
provide a wide spectrum of possible building applications. Results from the
parametric studies are used to study the thermal and structural response of
double T-beams under realistic fire exposure, restraint, load intensity, and failure
conditions.

State-of-the-art-review

Background

Since the 1950s, a number of experimental and analytical studies have been carried
out on the response of PC members under fire conditions. Typically, these studies
are based on standard fire exposure and focused strictly on the behavior of the
element while neglecting any member (structural) interactions. In spite of the lim-
itations, many of the key factors affecting fire performance of PC members have
been identified. This section provides a brief state-of-the-art review of experimental
and analytical studies on the fire behavior of PC beams. In addition, the fire resis-
tance provisions in different codes of practice are reviewed and briefly discussed to
present the shortcomings in the current fire provisions.

Experimental studies

Numerous fire resistance tests have been performed on PC beams primarily to
derive fire ratings. The majority of these tests have been based on scaled specimens
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subjected to standard fire exposure. Some of the notable experimental studies are
discussed below.

Woods [3] conducted one of the first fire tests on a PC beam at the Portland
Cement Association (PCA) Fire Research Center. A full-sized, 14.26m (43 ft 6 in.),
I-shaped bridge girder was tested in a massive furnace to determine its structural
behavior and fire resistance rating under an ASTM E119 [2] standard fire exposure.
This PC beam achieved a high fire resistance of 4 h 31min and this was attributed
to massive concrete cross-sectional area capable of absorbing substantial amounts
of heat. Further, Woods concluded that concrete cover thickness for steel strands
has a significant impact on fire resistance of PC beams.

Results of 47 standard fire tests on precast PC building components (beams and
slabs), conducted by several organizations were compiled by Gustaferro and
Carlson [4]. These fire tests were conducted by National Bureau of Standards,
Underwriters Laboratories (UL), PCA, and Fire Prevention Research Institute
to assess the factors affecting fire performance. An assortment of span lengths,
insulation thicknesses, aggregate types and member cross-section shapes, such as
I-shaped, double-tee, and single-tee beams, as well as flat hollow-core, solid, and
stemmed floor assemblies, were tested in accordance with ASTM E119 [2] standard
test provisions. Using the data from 43 beam and 4 slab fire tests, a prescriptive-
based table of fire ratings for 1, 2, 3, and 4 h was developed for beams and slabs
based on concrete cover and cross-sectional area. Based on the analysis of test data,
the authors concluded that restraint effect, which develops during fire exposure,
improves the fire resistance of PC elements, but this effect is difficult to account for
in fire resistance calculations due to complexities associated with this concept.
These comprehensive test data resulted in establishing critical factors that govern
fire resistance of PC elements. Accordingly:

. Lightweight aggregate concrete has better thermal resistance than normal weight
aggregate concrete.

. Type of aggregate (siliceous or carbonate) has minimal effect on fire perfor-
mance of member.

. Higher moisture content (exceeding 70% of relative humidity) in PC members
leads to fire-induced spalling.

. Addition of insulation layers increases fire resistance of PC components.

. Failure of unrestrained PC members generally occurs when strand temperatures
exceed critical limiting temperature, while in the case of restrained members,
failure occurs through heat transmission criteria.

Selvaggio and Carlson [5] undertook fire tests on six PC double T-beams
exposed to standard fire conditions to study the effect of fire-induced restraint.
All the beams were of 5.45m (17 ft 10½ in.) span and loaded with 7.8 kPa
(163 psf) of live load, computed based on U¼ 1.8(D+L) (where U is the ultimate
load capacity at ambient temperatures, D the dead load, and L the live load).
Different degrees of restraint were incorporated through limiting axial deformation
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(expansion) from resulting fire exposure. The series of tests provided an insight into
the effects of degree of restraint. The tests confirmed that moisture content plays an
important role in determining the fire performance of double T-beams. More spe-
cifically, overdrying during fabrication reduces fire resistance times, while excessive
moisture leads to fire-induced spalling in stems near supports. Also, the test data
revealed that strand temperatures and mid-span deflections do not govern the fire
resistance of restrained members, if adequate restraint is provided. Thus, restraint
improves the fire resistance of PC double T-beams through plastic flow (compres-
sive deformations without an increase in stress) and fire-induced thermal moments.

Selvaggio and Carlson [6] performed fire tests to study the influence of aggregate
type and load intensity on the fire resistance of restrained and simply supported PC
I-beams under standard fire exposure. All tested beams had a span of 6.10m (20 ft)
and three different aggregates, normal weight (dolomitic or siliceous), and light-
weight (expanded shale) were investigated. The beams were loaded with live loads
35.8, 28.5, and 21.2 kN/m (2455, 1950, and 1450 lb/ft), computed based on
U¼ 1.2D+2.4L, U¼ 1.8(D+L), respectively. The test results revealed that aggre-
gate type has a significant influence on the mid-span deflection, thermal thrust, and
heat transmission characteristics in PC beams. It was found that lightweight aggre-
gate concrete provides better fire resistance than normal weight aggregate concrete.
The authors concluded that the load intensity has a significant effect on the fire
resistance, with higher loads leading to lower fire resistance. The shape and size of
the compression zone have a significant impact on the fire performance of simply
supported PC I-beams. Restrained beams exhibited 22% better fire performance
than unrestrained beams.

Abrams et al. [7] conducted fire tests on multiple concrete joist floor and roof
assemblies to compare the results of unexposed surface temperatures with five
reinforced concrete (RC) double T-beams. A span of 5.49m (18 ft) was used for
floor joist fire tests while the double T-beams had spans of 5.41m (17 ft 9 in.) and
5.45m (17 ft 10½ in.), respectively. Different aggregate and insulation types were
included, as well as various degrees of longitudinal and lateral restraint. The speci-
mens were subjected to ASTM E119 [2] standard fire exposure and to a load in the
range 3.9–5.3KPa (82–110 psf). The test data indicated that fire resistance of slabs
depends on unexposed surface temperatures, rather than on structural consider-
ations. Furthermore, it was concluded that unexposed surface temperatures can be
determined strictly through testing slabs with no considerations for assembly type.
Intermediate degrees of restraint improved fire resistance of concrete floor/roof
assemblies. A series of thermal interaction diagram envelopes were developed
from the test results and proved to be an excellent measure of structural integrity
of PC beams.

Abrams and Gustaferro [8] conducted tests to assess the fire resistance of four
PC double T-beams coated with spray-applied insulation, by exposing them to
ASTM E119 [2] standard fire. All the specimens had spans of 6.10m (20 ft) and
were loaded with a live load ranging from 4.1 to 4.8KPa (85–100 psf). Two types of
cross-sections were considered in the test program and vermiculite acoustical
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plastic, as well as mineral fiber insulation was applied independently to the beams.
Results from the fire tests indicated that both types of insulation are effective and
maintained adhesion during fire exposure. Therefore, spray-applied insulation is a
feasible alternative to improving the fire resistance of PC beams. Overall, vermic-
ulite insulation provides slightly better fire resistance than mineral fiber insulation.
These findings were used to develop a prescriptive-based tabulated approach for 2
and 3 h ratings, based on stem width, concrete cover, insulation type, and thickness
of PC beams.

Lin et al. [9] performed a series of fire tests on RC beams of rectangular cross-
section and PC double T-beams to study the effect of shear and moment redistri-
bution of continuously supported flexural members. Both simply and continuously
supported beams were tested under ASTM E119 [2] standard fire exposure. All the
beams were loaded with a series of 37.8KN (8.5 kip) point loads to represent a
uniformly distributed load. Based on the test results, the authors concluded that the
fire resistance of simply supported concrete beams can be estimated by accounting
for reduced strength in steel and concrete. However, to accurately determine the
fire performance of continuous members, redistribution of moments has to be
considered. The fire test data on indeterminate beams revealed that the additional
intermediate supports restrain rotation and thus cause an increase in negative
moments, hence a reduction in positive moments. This redistribution of moments
enhances the fire performance of continuously supported beams compared to that
of simply supported beams.

Franssen and Bruls [10] tested two PC double T-beams to develop a proprietary
fire rating for a precast manufacturer. Both specimens were scaled to a total length
of approximately 7.0m (23 ft) and subjected to ISO 834 [11] standard fire exposure.
Two point loads of 233.8 kN (52.6 kips) were applied to the double T-beams, with
equidistant spacing between the loads and supports. In order to assure that a 2 h
fire rating could be achieved, an initial design of the double T-beam was tested.
During the fire test, this double T-beam developed vertical cracking resulting in loss
of bond and failed in 79min. An improved section of the double T-beam was
designed and tested. The improvements included modifying the strand pattern
into two columns, hooped shear reinforcement, and reduced aggregate size to max-
imize bond strength. The modified beam achieved a 2 h fire rating. The test proved
that a single column of vertically aligned prestressing strands are susceptible to
hairline cracks that promote bond failure. Furthermore, this study proved that
bond failure can be minimized with appropriate detailing of prestressing strands,
shear reinforcement, and concrete mix design.

Anderson and Lauridsen [12] conducted fire tests to investigate the effect of fire-
induced spalling on fire resistance of three PC double T-beams made with HSC.
The simply supported beams had a span of approximately 6.12m (20 ft 1 in.) and
were exposed to ISO 834 [11] standard fire exposure. Four point loads ranging
from 364 to 374.8 kN (81.8–84.3 kips) were applied on the double T-beams. Based
on the test results, the authors concluded that HSC is prone to explosive spalling
within the first 20min of fire exposure, especially at the junction of the stem and
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bottom surface of the slab. Another observation was that scaled specimens are
more prone to bond failure because of the dramatic increase in the shear envelope.

The experimental studies presented above have proven to be invaluable in iden-
tifying key factors governing fire resistance of PC beams and also common failure
modes under fire conditions. These tests indicate that the primary factors affecting
fire performance of PC beams are moisture content, aggregate type, concrete den-
sity, restraint, insulation, continuity, and load intensity. The typical failure in a
simply supported beam is dictated by its strand temperatures, while in continuous
beams the failure is governed by unexposed slab temperatures. Many of these
studies have been utilized to establish proprietary fire ratings, as well as prescriptive
design provisions. The design provisions are typically based on concrete cover
thickness, aggregate type, and either cross-sectional area or beam width. The fire
ratings are prescriptive since these ratings were derived based on standard fire
conditions, without full consideration for load, restraint, or design fire scenario.
Although, some studies did incorporate restraint, much work is still required to
quantify this influence in practical scenarios.

Analytical studies

A review of the literature indicates that there is a limited number of analytical
studies relating to the fire performance of PC beams. The reported analytical stud-
ies range from applying simple empirical methods to advanced numerical
approaches for evaluating fire resistance of PC beams. This section provides an
overview of the analytical studies.

Boon and Monnier [13] developed an analytical approach for evaluating fire
resistance of PC beams based on shear and flexural failure criterion. This approach,
developed utilizing available data from fire tests on PC beams, is applicable to
simply supported beams exposed to standard fire scenarios and subjected to service
loads. Fundamentally, the approach is similar to generic gravity load design with
the exception that ambient strength properties of concrete, reinforcement, and
prestressing steel are reduced to account for the degradation of strength and stiff-
ness associated with elevated temperature. The reduced material properties in pre-
stressing steel at a given time is based on the temperature of each strand relative to
its location from the surface. For shear reinforcement, strength is computed based
on actual fire temperatures. To estimate such temperatures in the prestressing steel,
time–temperature profiles based on concrete cover thickness are provided.
Similarly, plots are also supplemented to estimate the reduced material properties
for a given temperature. The reduced material properties are used to evaluate the
reduction in the beams’ shear and flexural capacity at a given fire exposure time. At
any given time, if applied loads exceed the member’s capacity, failure is said to
occur due to loss of prestressing strength, horizontal cracking of the stem, and
bond degradation.

Franssen and Bruls [10] performed finite element analysis on a PC double
T-beam to evaluate its fire response. SAFIR [14], a special purpose computer
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program, was utilized to evaluate fire resistance based on flexural considerations
only. To verify the results of the analysis, a beam was tested under ISO 834 [11]
standard fire conditions. Contrary to the authors’ assumption that flexural strength
would govern, the beam failed in the fire test due to shear considerations. Since
SAFIR cannot handle shear considerations, Eurocode 2 [15] provisions were
applied to determine the ultimate shear capacity of the beam. The analysis indi-
cated that shear failure occurred in the beam at about 80min, which coincided well
with the Eurocode predictions of 79min. Results from this analysis were utilized to
redesign the beam section to enhance its shear resistance at both ambient and fire
conditions. The analysis of the revised beam section indicated that the fire resis-
tance improved to 135 and 130min based on shear and flexural considerations,
respectively. This upgraded beam, when tested in the laboratory, yielded a fire
resistance time of 144min. The study clearly illustrates the usefulness of detailed
finite-element analysis to improve the member’s design for enhancing fire
resistance.

Fellinger et al. [16] attempted to develop an elasto-plastic bond slip model for
7-wire prestressed strands embedded in concrete at ambient and elevated temper-
atures. The analysis was carried out using a finite-element computer program,
named DIANA [17]. The cross-section, discretized into concrete, prestressing
strand, and bond interface components, was represented with plane stress triangu-
lar, truss, and plane stress quadrilateral elements, respectively. The model captured
changes in bond stress due to slip, Poison’s effect, concrete confinement, pitch,
splitting of concrete, and differential thermal expansions of steel and concrete.
The mechanical properties of the constituent materials were in accordance with
Eurocode 2 [15] relationships and due consideration was given to thermal elonga-
tion, transient creep, plasticity, and fracture energy. The model was validated by
comparing the results with test data on hollow-core slabs. The ambient tempera-
ture results indicated that the development of prestress, effect of shrinkage and
creep, and change of steel stress after development of flexural cracks can be pre-
dicted reasonably well. However, under elevated temperatures, the model proved to
be inconsistent due to lack of temperature-dependent input parameters (high-
temperature material properties such as bonding). Nonetheless, this study
identified that the two key parameters, friction coefficient and bond strength,
have significant influence on fire performance of prestressing strands.

The above analytical studies indicate that both simplistic and advanced finite
element methods can be applied in predicting fire resistance of PC beams. It should
be noted that the models used for analytical studies were validated only under
standard fire conditions, without due consideration to realistic load, restraint,
and fire scenarios.

Codes and standards

In the USA, fire design provisions for concrete and masonry elements are specified
in ACI 216 [1], PCI Design Handbook [18], ASCE/SEI/SFPE 29-05 [19] and the
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International Building Code [20]. These codes and design standards offer three
different alternatives to assess fire ratings of PC double T-beams exposed to
three-sided standard fire exposure. The simplest and quickest procedure consists
of tabulated fire ratings based on minimum concrete cover thickness to prestressing
strands. The specified concrete cover thickness is based on a combination of aggre-
gate type (carbonate, siliceous, lightweight, semi-lightweight, or all), restraint
(restrained or unrestrained), and beam width or area considerations. These con-
crete cover thickness provisions were derived from fire test data and it was assumed
that failure occurs in the beam when temperature in the strand reaches a limiting
temperature of 427�C (800�F).

The PCI [18] design standard offers an alternative to the tabulated fire ratings
approach through the use of simplified calculations. This approach is similar to
ambient temperature calculations in that flexural resistance is evaluated to deter-
mine if the beam can withstand the load effects at a specified fire exposure time. The
reduced capacity at any given fire exposure time is evaluated by taking into con-
sideration the loss of strength in prestressing steel and concrete. The strength loss is
estimated using temperature–strength relationships (graphs) derived from high-
temperature material test data. The strand temperatures are estimated from tem-
perature profiles (graphs) given for different beam dimensions and aggregate types.
If the computed capacity is less than the applied moment, failure is said to occur
and this fire exposure time is termed as ‘fire resistance.’ One advantage in using this
approach, as compared to tabulated ratings, is that it accounts for the effect of load
intensity.

In addition to flexural strength considerations, the PCI [18] design standard also
requires PC double T-beams to satisfy heat transmission criteria, since the member
acts as a floor/roof (barrier) assembly. Accordingly, failure is said to occur when the
unexposed temperature increase on the slab exceeds 181�C (325�F) at any one point
or an average of 139�C (250�F). This limiting temperature ensures compartmenta-
tion functionality and corresponds to a critical temperature required to ignite cotton
waste. The tabulated fire ratings for the heat transmission criterion of RC (PC) slabs
are expressed in the PCI Design Handbook as a function of aggregate type and
concrete thickness. Additional heat transmission fire ratings are provided for insu-
lated and built-up concrete floor/roof assemblies based on slab thickness, insulation
type (sprayed mineral fiber, vermiculite cementitious material, mineral board, and
glass fiber board), and insulation thickness. Once both heat transmission and
strength fire ratings are evaluated, the minimum fire resistance represents the fire
rating of a PC double T-beam and is generally denoted as 1, 1½, 2, 3, or 4 h ratings.

In Canada, the National Building Code of Canada [21] and CPCI Design
Manual [22] are the two main guidance documents which set forth fire provisions
for PC structures. These provisions are similar to those in US codes/standards. The
tabulated fire ratings are based on concrete cover to prestressing strands, but the
specified cover thickness is only based on aggregate type in concrete and beam area.
Three aggregate types, namely type S, N, and L, represent concrete composed of
siliceous, calcareous, or lightweight aggregates, respectively. No consideration for
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restraint is included because it is assumed that the unrestrained member governs
and will suffice for restrained conditions. Except for minor differences in tabulated
fire ratings, the simplified calculation method is virtually identical to provisions in
US code provisions. The only other significant difference in Canadian fire provi-
sions is that heat transmission criteria for insulated concrete floor/roof assemblies’
utilize multiplying factors rather than tabulated data. The multiplying factors
modify the effective thickness of the insulation material (multiple types of plaster,
gypsum wallboard, cellular concrete, vermiculite and perlite concrete, portland
cement with sand aggregates, and terrazzo) to determine an equivalent concrete
thickness based on its thermal properties. This equivalent thickness is then used to
determine the tabulated fire rating, similar to US fire provisions. Based on these
three criteria, a fire rating, corresponding to a minimum value, is assigned for a PC
double T-beam as ½, g, 1, 1½, 2, 3 or 4 h.

In Europe, fire provisions for PC structures are specified in the Eurocode. The
tabulated fire ratings for PC beams set forth in Eurocode 2 [15] are similar to US
and Candian fire provisions, except that they are based on combinations of web
width and axis distance to strand centroid for both simply and continuously sup-
ported beams. An additional set of tabulated fire ratings is provided for four-sided
exposure in beams. Neither set of tabulated fire ratings in the Eurocode take into
consideration the influence of aggregate type on fire resistance. In addtion to these
prescriptive-based approaches, Eurocode fire provisions also permit the use of
advanced analysis for evaluating fire resistance of PC members. Application of
these advanced analysis techniques require detailed thermal and mechanical anal-
ysis with due consideration to realistic fire scenarios, actual load intensities, and
restraint conditions to evaluate fire resistance under performance-based codes. Fire
rating provisions specified in US, Canadian, and European fire codes and stan-
dards are given in Table 1.

To illustrate the variation in US, Canadian, and Eurocode fire provisions, fire
ratings were evaluated for two PC double T-beams (10DT24+2 and 12DT32+2).
The PCI [18] designation 10DT24+2 refers to a 3048mm (10 ft) wide double
T-beam, with depths of 610mm (24 in.) and 51mm (2 in.) of concrete slab topping.
Similarly, 12DT32+2 refers to a 3658mm (12 ft) wide double T-beam, with depths
813mm (32 in.) and 51mm (2 in.) of concrete slab topping. Ratings computed, based
on tabulated data, simplified calculation, and heat transmission approaches, are
shown in Table 2. The fire ratings based on tabulated data for both beams yield
1½h per US standards, while Canadian and Eurocode fire provisions produce 1½h
for 10DT24+2 and a 2 h rating for beam 12DT32+2. This variation in fire ratings
is mainly due to the consideration given to different factors in each code such as the
use of effective flange thickness in the Canadian code and neglecting aggregate type
in the Eurocode. Further deviations are observed in the simplified calculation fire
ratings, where Eurocode and Canadian provisions result in a 1 h fire rating for both
beams. However, the US fire provisions produce 1½ and 2 h fire ratings for beam
10DT24+2 and 12DT32+2, respectively. The main reason for these differences in
fire ratings is due to the load combinations utilized in standard fire tests. Using the
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heat transmission criterion, US and Canadian fire provisions yield 1 h fire rating for
both beams, while the Eurocode provisions result in 1½h fire rating for both beams.
This result is due to the lack of consideration for aggregate type in the Eurocode. It
should be noted that all these provisions are based on the standard fire exposure
without any consideration for realistic fire, loading, and restraint scenarios.

Prescriptive to performance-based design

Heretofore, prescriptive-based design methods have dominated the fire resistance
assessment methodologies. As seen in the state-of-the-art review, these methods

Table 1. Comparison of fire design provisions in national codes.

Code/standard USA Canada Eurocode

Methodology

Tabulated data X X X

Simplified calculations method X X X

Heat transmission criterion X X X

Performance-based approach X

Factors considered

Aggregate type X X

½ h fire rating X X

g h fire rating X

Fire proofing (insulation) X X

Restraint X X X

Four-sided exposure X

Spalling X

Table 2. Fire resistance ratings (h) for 10DT24 + 2 and 12DT32 + 2 per different codes.

Code/standard ACI/PCI NBCC/CPCI Eurocode

Tabulated data

10DT24 + 2 1½ 1½ 1½

12DT32 + 2 1½ 2 2

Simplified calculation method

10DT24 + 2 1 ½ 1 1

12DT32 + 2 2 1 1

Heat transmission criterion

10DT24 + 2 1 1 1½

12DT32 + 2 1 1 1½
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rely on tabulated fire ratings established through standard fire resistance tests and
tend to be conservative. Recently, a performance-based approach for fire design,
which considers realistic conditions such as fire exposure, load levels, and actual
failure criteria, has come to the fore in a vision to adopt a more rational method-
ology. Such analysis requires assessing multiple fire scenarios (variations in fuel
load, ventilation, and wall lining materials in a compartment), thermal and
mechanical response, different failure criteria, and overall (global) structural
system response. Undertaking a performance-based analysis requires advanced
computer models, compartment characteristics, high-temperature material proper-
ties, and trained personnel. At present, there is a lack of numerical models, high
temperature properties, and trained personnel to carry out performance-based fire
designs. The application of such a performance-based approach for evaluating the
fire resistance of PC beams is illustrated in this article through a set of numerical
studies.

Numerical model

Numerical studies of PC double T-beams are carried out using a special-purpose
finite-element computer program SAFIR [14], developed at the University of Liege
in Belgium, which is capable of predicting the fire response of structural systems.
This software is validated well for evaluating steel and RC members. However,
SAFIR is applied to assess the fire resistance of PC members in a limited way [10,
23]. In this computer program, the fire resistance of a structural system is analyzed
through a two-fold thermo-mechanical analysis. For thermal analysis, the cross-
section is discretized into triangular and quadrilateral solid elements in 2-dimen-
sions or prismatic (6 or 8 nodes) elements in 3-dimensions. For structural analysis,
the member is discretized into truss, beam, frame, shell, or prismatic beam ele-
ments. The elements can be discretized into irregular-shaped cross-sections with
multiple materials. Any fire exposure (design or standard) scenario can be incor-
porated in the analysis by providing relevant time–temperature data. The computer
program accounts for high-temperature material properties, different types of
strains (mechanical, thermal, and creep), large displacements, both heating and
cooling phases of a fire, torsion, and residual stresses.

The thermal analysis model is based on fundamental heat transfer principles to
generate temperature profiles within a two/three-dimensional nonlinear geometric
cross-section. The PC beams’ cross-section is modeled as composed of three dif-
ferent materials (concrete topping, member, and steel prestressing strands) and
discretized into triangular and quadrilateral solid elements, as illustrated in
Figure 1. The Eurocode temperature-dependent thermal properties (thermal con-
ductivity, specific heat, density, and thermal expansion) of concrete, prestressing,
and reinforcing steel are built into the program and as an illustration are repro-
duced in the Appendix. In thermal calculations, energy required to evaporate mois-
ture within the concrete is considered, but the effect of fire-induced spalling is
neglected.
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The structural analysis model utilizes Bernoulli’s beam theory for tracing the
mechanical response under fire conditions. The thermal analysis is linked to struc-
tural analysis by assuming that each triangular or quadrilateral element formed in
the thermal analysis is represented as a fiber-based beam element. Each fiber is
assigned a nonlinear temperature-dependent material property (Poisson’s ratio,
compressive strength, tensile strength, Young’s modulus, and yield strength) in
accordance with Eurocode 2 [15] and is constant along the length of the beam
element. The material properties incorporated in the model are reproduced in
the Appendix. The culmination of these fibers determine the stiffness of the
beam elements and mechanical response at a given time step. Therefore, for a
given time increment, the temperatures of all the fibers are generated from the
thermal analysis and utilized in the structural analysis to estimate the reduction
in strength and stiffness of that beam element.

For the analysis of a PC beam, the discretization is a series of (single line) beam
elements. Each beam element utilizes two integration points to assess the internal
forces resulting from the applied loading. For simulating restraint effects, a truss
element is incorporated and various degrees of restraint are simulated by modifying
the cross-sectional area of the member. The output parameters at each time step
include temperatures, support reactions, internal forces, and longitudinal and mid-
span deflections. Failure is defined as a loss of stiffness in the member or when the
material strains are exceeded. The Newton–Raphson procedure is applied to solve
the system of nonlinear equations. Although the structural model has numerous
advantages, it cannot account for shear effects, fire-induced spalling, and bond
degradation between prestressing strands and concrete.

Validation

The numerical model, SAFIR [14], was validated by comparing predictions from
the model with measured data from fire tests on two PC double T-beams. There are
very limited experimental data on fire performance of PC double T-beams. Due to
a lack of comprehensive test data (such as temperatures and deflections) for any
one beam, test data from the first beam were utilized to compare the predicted
unexposed slab temperatures, while the data from the second beam were utilized to
compare strand temperatures and deflections.

The first beam selected for validation, a PC double T-beam with multiple speci-
mens, was tested [24] to establish proprietary fire ratings under the ASTM E119 [2]
standard fire exposure. The cross-sectional details of the tested beam are shown in
Figure 2. In the tests, failure occurred when the unexposed surface temperature
increase exceeded the limiting temperature criterion, which is 181�C (325�F).
Results from fire tests were used to generate fire ratings 30, 60, 90, 120, and
180min by increasing the slab thicknesses (h) from 51, 76, 102, 121, and 152mm
(2, 3, 4, 4g, and 6 in.). This beam was analyzed using SAFIR with various
slab thicknesses. For the analysis, a normal weight concrete comprising
carbonate aggregate with a moisture content of 3% by weight was assumed.
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High temperature properties, as specified in Eurocode, are used in the analysis.
These properties are similar to those given in ASCE manual of practice and are
reproduced in the Appendix.

The unexposed slab temperatures predicted by SAFIR are plotted in Figure 3 as
a function of fire exposure time for varying slab thicknesses. Also, plotted in the
figure is the limiting heat transmission temperature increase of 139�C (250�F).
In all cases, the temperatures in the unexposed side of the slab initially rise
slowly in a linear fashion until all the free moisture has completely evaporated.
After this point, the temperatures increase at a higher rate and follow a similar
trend as that of ASTM E119 fire curve. These temperature trends reveal that a
thicker slab delays the temperature rise in the unexposed slab’s surface compared
to a thinner slab. Figure 4 shows a comparison of predicted fire resistance ratings
with that of UL listed ratings for beams with different slab thicknesses.
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Figure 2. Cross-sectional details of the beam tested by UL for establishing fire ratings.

Note: 1 in.¼ 25.4 mm; 1 ft¼ 0.3048 m.
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The predicted fire resistance values are close to UL listed ratings over the entire
range with the data points lying within 10%. These comparisons indicate that the
unexposed slab temperatures can be predicted reasonably well with SAFIR if rel-
evant high-temperature thermal properties (concrete type, moisture content, and
density) are accounted for in the analysis.

The second beam selected for validation is the one tested [4] to study the
response of a simply supported PC double T-beam under ASTM E119 [2] fire
exposure. In the test, a uniform live load of 4.8KN/m2 (100 psf) was applied
over the 6.1m (20 ft) span of the beam whose cross-section is shown in Figure 5.
A summary of test data, namely, strand temperatures, mid-span deflections, and
fire resistance time, is listed in Table 3. This beam was analyzed using the SAFIR
computer program. In the analysis, the moisture content within the concrete was
assumed to be 3% by weight. The strand temperatures generated from the SAFIR
analysis are plotted in Figure 6, where strands 5 and 1 correspond to the strand
with the greatest and least concrete cover, respectively. In all strands, the temper-
atures gradually increase, with temperatures in strand 1 rising more rapidly than
strand 5. Also, shown in Figure 7 are the minimum, average, and maximum strand
temperatures at failure as measured in the test. The results indicate a strong cor-
relation between the model and test data, with average strand temperatures falling
within 9% of each other. The difference in the strand temperatures can be attrib-
uted to the particular values of concrete moisture content and thermal properties of
concrete used in the analysis.

These property values had to be assumed based on best guess estimates, since
they are not provided in the test report. The predicted mid-span deflections are
compared with measured deflections from the test in Figure 7. The deflections
gradually decrease with time up to about 40min due to deterioration of the mem-
bers’ stiffness. After 40min, the measured deflections increase at a faster rate com-
pared to predicted deflections. This can be primarily attributed to faster
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degradation of strength and also to the fact that high temperature creep plays a
significant role and the model accounts for only part of this creep. The predicted
deflections are within 24% of measured values and this kind of variation is not
uncommon in fire resistance analysis. The failure times (fire resistance) match well
with only a difference of 4min. The strand temperature, mid-span deflection, and
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Figure 5. Cross-sectional details of beam used in the validation study.

Note: 1 in.¼ 25.4 mm; 1 ft¼ 0.3048 m.

Table 3. Summary of results from fire resistance test on a simply supported PC beam.

Time (min) 30 45 62 Strand temperatures (�C)

Mid-span deflection (mm) 58 124 381 Minimum Average Maximum

Fire endurance (min) 62 366 521 632

Note: 1 in.¼ 25.4 mm; T(�C)¼ 5/9� (T(�F)� 32).
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failure time results indicate that SAFIR is capable of reasonably predicting thermal
and structural response of PC beams exposed to fire.

Parametric studies

Details

To study the influence of various factors on the fire response of PC double
T-beams, a parametric study was performed. For the study, two cross-sections,
namely 10DT24+2 and 12DT32+2, with spans 12.2 and 15.2m (40 and 50 ft),
respectively, were selected from the PCI Design Handbook [18]. The elevation and
cross-sectional detail of the 10DT24+2 and 12DT32+2 are shown in Figures 8
and 9 and the sectional and material properties tabulated in Table 4. The factors
considered in the parametric study are fire scenario, concrete compressive strength,
axial restraint, load intensity, aggregate type, and failure criteria.

Both beams were subjected to a live load of 2.4 kPa (50 psf). This load was
selected in accordance with the ASCE 7-05 [25] design loads for a parking
garage/building. The dead load for each beam was comprised only of the self-
weight of the concrete and calculated to be 3.4 and 4.1 kPa (72 and 85 psf) for
the 10DT24+2 and 12DT32+2 PC beams, respectively. The loads were evalu-
ated based on a load combination of U¼ 1.2D+0.5L under fire conditions.
The loading resulted in load ratios 37% and 41% for the 10DT24+2 and
12DT32+2, respectively. The beam–slab assemblies are assumed to be fabricated
with carbonate aggregate concrete having a compressive strength of 40MPa
(5.8 ksi). The prestressing strands are special 13mm (½ in.) diameter, 1860MPa
(270 ksi)-grade, low-relaxation cold-drawn steel. Each prestressing strand was
assumed to be stressed to 1172MPa (170 ksi) to account for the initial jacking
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force (0.75 fpu where fpu is the ultimate tensile strength of strand) and minimum
stress loss 207MPa (30 ksi) as per the provisions specified in PCI Design Handbook
[18] to account for all losses. With these assumptions and by varying relevant
parameters, a set of numerical studies were carried out using SAFIR. For the
analysis, high temperature properties of concrete and prestressing steel, per
Eurocode, are used (Appendix). Results from the SAFIR analysis were applied
to evaluate failure and the time to failure was taken as fire resistance. In all cases,
except when the failure criterion parameter was satisfied, flexural strength limit
state was applied to define failure. A summary of the fire resistance times is pro-
vided in Table 5 and the effect of various factors on fire resistance is discussed
below.

Effect of fire scenario

The effect of varying the fire scenario on fire resistance was evaluated by subjecting
the 10DT24+2 and 12DT32+2 PC beams to five different fire scenarios.
Figure 10 shows two standard fires (ASTM E119 [2] and ASTM E1529 [26] hydro-
carbon fire) and three parametric (design) fires used in the analysis. The current
provisions for fire ratings are based on fire tests carried out under ASTM E119 fire
exposure. There are many drawbacks with this standard fire exposure including the
lack of a decay (cooling) phase.

In order to develop a wide range of realistic fire scenarios for the analysis, three
additional parametric time–temperature relationships were generated through the
guidelines provided in Eurocode 1 [27]. The fire scenario in a room is a function of
fuel load and ventilation characteristics of a compartment. For generating these
design fires, ventilation factors 0.03, 0.05, and 0.07m�1/2 (0.05, 0.09, and 0.13 ft�½)

Figure 8. Elevation and cross-sectional details of the 10DT24 + 2 PC double T-beam used in

the parametric study: (a) elevation and (b) cross-section.

Note: 1 in.¼ 25.4 mm; 1 ft¼ 0.3048 m.
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and fuel loads 125, 200, and 400MJ/m2 (11,007, 17,611, and 35,222Btu/ft2), respec-
tively, were assumed. The three different cases were selected to represent mild,
medium, and severe fires, respectively. The medium and severe fires were selected
to simulate a typical fire resulting from the burning of a passenger car in a parking
garage. Typically, once a passenger car ignites in a parking garage, the fire rapidly
grows to high temperatures due to the unlimited ventilation available in such an
open structure. Therefore, the medium and severe fires were developed with rapidly
rising temperatures which are greater than the ASTM E119 fire until the limiting
fuel load causes the fire to die down. In contrast, the mild fire was selected to
represent a minor fire, similar to a small compartment fire in a building.
Literature [28] indicates that the temperatures predicted by Eurocode design equa-
tions are slightly lower than realistic fires with similar fuel and ventilation condi-
tions. Thus, a minor adjustment was made to the design equation to increase the
temperature predictions [28]. These types of time–temperature scenarios can also be
generated using a similar approach specified in a recently published SFPE
Engineering Standard [29].

The strand and unexposed slab temperatures predicted by SAFIR thermal anal-
ysis are plotted in Figure 11 for the 12DT32+2 PC beam for different fire sce-
narios. Also shown in the figure are the limiting strand and slab temperatures, as
prescribed in ASTM E119 [2]. The strand and slab temperature results follow
similar trends as the actual fire scenarios. Initially, the strand and slab temperatures
maintain a constant temperature until approximately 10min into the fire due to
effect of moisture. At this point in time, the free moisture has completely

Table 4. Sectional details and material properties of PC double T-beam 10DT24 + 2 and

12DT32 + 2 used in parametric study.

Member Prestressing strand

10DT24 + 2 12DT32 + 2 10DT24 + 2 12DT32 + 2

A (cm2) 4445 6310 fpu (MPa) 1862 1862

I (cm4) 1,363,158 3,606,479 fse (MPa) 1172 1172

yb (mm) 511 648 Strand patterna 88-S 128-S

yt (mm) 150 216 ys (mm) 127 178

Sb (mm3) 26,711 57,584 Minimum cover (mm) 44 21

St (mm3) 90,932 173,080 Topping

Wt (kN/m) 0.98 1.38 f ’c (MPa) 40 40

DL (kN/m2) 3.44 4.07 Span (m) 12.2 15.2

V/S (mm) 34 43

f ’c (MPa) 40 40

Note: 1 in.¼ 25.4 mm; 1 ft¼ 0.3048 m; 1 lb¼ 4.448 N.
a88-S refers to 8–12 mm (8/16 in.) diameter strands with a straight profile; 128-S refers 12 mm (8/16 in.)

diameter strands with a straight profile.
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evaporated in the concrete surrounding the strands and the strand temperatures
begin to rapidly rise analogously to its respective fire scenario. In contrast, the slab
temperatures rise much slower in a linear fashion until approximately 70–80min,
depending on the fire scenario. This difference in temperature results is because the
slabs’ concrete mass retains more free moisture which prolongs its insulating
effects. Once all the free moisture has evaporated in the slab, the unexposed slab
temperatures begin to follow a comparable trend with respect to its fire scenario,
but these temperature results are much lower when compared to the temperatures
in the strands. As the fire scenarios progress with time, a greater difference in
temperature results can be seen. Neither the ASTM E1529 or E119 standard fire
exposures include a decay phase; so the temperatures continue to rise throughout
the duration of the fire. In contrast, the three design fire scenarios incorporate a
decay phase and lead to a reduction in strand temperatures after about 120min.
Similar results can be seen in the slab temperatures, but the decay phase has less

Table 5. Results from fire resistance analysis for PC double T-beams.

Failure criterion (min)

10DT24 + 2 12DT32 + 2

Strength

Heat

transmission

Strand

temperature Strength

Heat

transmission

Strand

temperature

Fire

exposure

ASTM E119 61 78 57 85 81 82

ASTM E1529 43 64 40 64 66 61

Severe 56 74 36 79 63 76

Medium 61 78 57 84 81 81

Mild 68 84 64 96 87 92

Concrete

compressive

strength

(MPa)

40 61 78 57 85 81 82

55 61 78 57 85 81 82

70 61 78 57 85 81 82

Restraint 0 61 78 57 85 81 82

25 64 78 57 94 81 82

50 65 78 57 94 81 82

75 65 78 57 95 81 82

100 65 78 57 95 81 82

Load ratio (%) 30 65 78 57 96 81 82

50 54 78 57 78 81 82

70 45 78 57 64 81 82

Aggregate

type

Siliceous 56 68 52 78 71 75

Carbonate 61 78 57 85 81 82

Note: 1 ksi¼ 6.89 MPa.
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influence because of the concrete mass and exposure boundaries. Both the strand
and slab temperature results indicate a significant difference in temperatures as a
result of the decay phase. The greatest difference in temperature is apparent once
the decay phase becomes a factor, especially with regards to the strand tempera-
tures. These results indicate that fire scenario has a major impact on the strand and
slab temperatures in a PC double T-beam.

To further illustrate the effect of fire scenario on structural response, mid-span
deflections predicted by SAFIR are plotted in Figure 12. The mid-span deflections
for all fire scenarios follow a similar trend. Initially, the deflections for all the fire
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scenarios, except ASTM E1529, remain constant during the first 5min of exposure
because the temperature increase within the cross-section is minimal. In the early
stages of fire exposure, the beams camber upward and this is a direct result of
relatively light loading and increase in temperatures within the concrete surround-
ing the strands. More specifically, as the temperatures rise, the concrete expands in
the longitudinal direction, but the steel prestressing strands expand at a slower rate
due to the reduction of temperatures near the center of the stem. This gradient of
expansive forces induces a compressive force by the prestressing strands and leads
to the exaggeration of the initial camber resulting from the light loading. A similar
trend can be seen in the ASTM E1529 fire scenario, but this behavior begins
immediately due to the severity of this fire scenario. The deflections turn negative
after about 40min, which can be attributed to substantial loss of stiffness of the
beam due to increasing temperatures, particularly in strands.

The sagging of the PC beam is further amplified just prior to failure, mainly due
to high temperature creep. The deflection response indicates that fire scenario plays
a key role in the structural behavior of a PC double T-beam. A severe fire exposure,
such as the ASTME E1529, leads to larger positive deflections that occur much
sooner when compared to a less severe fire exposure.

The effect of fire scenario on fire resistance is tabulated in Table 5. The derived
fire resistance is based on a strength failure criterion. For the 10DT24+2, fire
resistance times are 61, 43, 56, 61, and 68min for the ASTM E119, ASTM E1529,
severe, medium, and mild fires, respectively. The corresponding fire resistance times
for the 12DT32+2 are 85, 64, 79, 84, and 96min. These results indicate that PC
beams fail sooner under a more severe fire, such as ASTM E1529 or severe design
fire, rather than a moderate fire. One of the main reasons for attaining higher fire
resistance under mild fires is the presence of a decay phase.

Results from the analysis indicate that fire scenario has a significant influence on
the fire resistance of PC double T-beams. Therefore, if a PC beam is designed under
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the prescriptive approach and the ASTM E119 fire scenario does not represent the
actual fire exposure, namely the severity or lack of a decay phase, then the beam
may be over- or under-designed based on the actual fuel loads and ventilation
conditions present. Unrealistic fire scenarios can limit the designer to costly and
conservative designs, with no consideration for new and creative alternatives.

Effect of concrete strength

The effect of concrete compressive strength (f0c) on the fire performance was inves-
tigated by analyzing two PC beams with compressive strengths 40, 55, 70MPa (5.8,
8, and 10.2 ksi) under an ASTM E119 [2] standard fire. The concrete strengths were
selected to represent a normal-, intermediate-, and HSC. Figure 13 illustrates the
variation of mid-span deflection of 12DT32+2 for all three concrete strengths.
The deflection patterns for all three concrete strengths are nearly identical with
deflections initially increasing until the strands begin to gradually lose their stiffness
leading to excessive sagging, and hence failure. These results indicate that concrete
compressive strength has little influence on the fire resistance, with failure times
approximately 61 and 85min for the 10DT24+2 and 12DT32+2, respectively. It
should be noted that in this analysis, fire-induced spalling is not taken into
consideration as SAFIR cannot handle this phenomenon. A few studies, [30] and
[31], have indicated that higher strength concretes might be susceptible to spalling,
especially under conditions such as rapidly rising fire intensity or high moisture
content.

Effect of restraint

According to the PCI Design Handbook [18], PC double T-beams are considered
to be restrained when ‘potential thermal expansion of the floor or roof system is
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resisted by framing systems or the adjoining floor or roof construction.’ To model
the effect of axial restraint levels, a truss element was introduced in the analysis.
Figure 14(a) shows a generic schematic of the modified structural model. The truss
element is intended to act as a spring with an axial stiffness of EsAs

l . Variable stiffness
was applied through altering the cross-sectional area of the truss element, since the
elastic modulus and length are constant. Various degrees of stiffness were simulated
to determine the effect of restraint on the fire performance of PC double T-beams.
To quantify intermediate degrees of stiffness, it was necessary to establish a ‘quasi’
100% axial stiffness. This upper limit can be visualized as similar to a pin–pin
support condition. Although, the truss element cannot completely provide full
axial restraint, this idealization is more realistic because no structure can provide
infinite restraint.

The effect of axial restraint on the fire performance of PC double T-beams is
evaluated through applying 0%, 25%, 50%, 75%, and 100% axial restraint.
Table 5 presents fire resistance times of the 10DT24+2 and 12DT32+2 beams.
Results from analysis indicate that axial restraint increases the fire resistance of a
PC beam and the application of restraint improved fire resistance up to 6% and
10% for beams 10DT24+2 and 12DT32+2, respectively. This improvement
results from the development of fire-induced axial forces due to the restraint offered
by the support. The resultant axial force is eccentric to the beams’ center of gravity
(CG) as shown in Figure 14(b); hence a thermally induced moment is created.
Therefore, the fire-induced restraint (moment) enhances the fire resistance by com-
pensating for the loss of strength of the prestressing strand.

To illustrate the development of the axial restraint, the axial forces of the
12DT32+2 are plotted against time in Figure 15(a). As the beam tries to
expand longitudinally, the fire-induced axial forces increase rapidly until they pla-
teau at the level of axial restraint provided. The axial force eventually begins to
decrease gradually as the degradation of prestressing strands causes a shift in the
members’ CG downward. Once the CG falls below the location of the restraining
force, the axial restraint decreases the PC beam’s fire performance due to the
reversal of moments. A similar trend can also be seen from the mid-span deflection
of the 10DT24+2 PC beam shown in Figure 15(b). Notice how the deflection of
the axial restrained beam shifts gradually from positive to negative once the pre-
stressing strands begin to lose significant stiffness. However, when the unrestrained
beam starts to lose significant stiffness, there is no external effect to delay its failure.
Thus, axial restraint can improve the fire resistance of PC beams.

The above results suggest axial restraint can improve the fire resistance of a PC
double T-beam. However, it should be noted that these findings only represent a
single type of support condition. In reality, numerous support configurations are
possible in structural systems and this can influence the location of the restraining
force and ultimately the fire performance of a PC beam. For instance, if the resultant
restraining force is located at the deck of a PC double T-beam, the thermally induced
moment can have a negative effect and may lead to early failure. Also, each building
is unique and exhibits variable stiffness characteristics. Such factors are not taken
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into consideration in the current approach of evaluating fire ratings. Another short-
coming of the current prescriptive fire provisions is the lack of a more specific def-
inition to distinguish the difference between flexural and axial restrained beams.
These two restraint conditions exhibit different behaviors; the flexural restrained
beams benefit from the redistribution of moments, while axial restrained beams
rely on the location and magnitude of the restraining force. In order to accurately
assess the effects of restraining forces of a PC beam, the type of restraint, support
condition, and stiffness should be considered on a case-by-case basis.

Effect of load intensity

Previous studies [4] and [6] have shown that load ratio has a significant influence on
fire resistance of concrete members. The load ratio is defined as the ratio of the
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Figure 15. Effect of axial restraint on fire response of 12DT32 + 2 PC beam: (a) fire-induced
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expected load effect (moments) under fire conditions to the nominal (flexural)
capacity under ambient conditions.

The fire resistance analysis was carried out by subjecting the two PC beams to
three load ratios, namely 30%, 50%, and 70%. Results plotted in Figure 16(a) and
tabulated in Table 5 show that fire resistance decreases with an increasing load
ratio. The fire resistance times are 57, 54, and 45min for the 10DT24+2 and 81,
78, and 64min for the 12DT32+2, respectively. The effect of load intensity on fire
response is further illustrated through a mid-span deflection plot for the PC beam
10DT24+2 in Figure 16(b). It can be seen that the mid-span deflection of the 30%
and 50% load ratio scenarios follow a similar trend to the previous results for an
unrestrained member, because the loading is very similar. However, in the case of
70% load ratio, no cambering effects are noticed and the beams’ deflections grad-
ually decrease due to high level of load. These results indicate that the load inten-
sity has a significant influence on the fire performance of PC double T-beams.
In spite of these trends, tabulated methods in codes and standards prescribe fire
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Figure 16. Effect of load intensity on fire response of 10DT24 + 2 PC beam: (a) fire resis-

tance and (b) mid-span deflection.
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ratings of a structural member based on the sectional dimensions, concrete cover,
and aggregate type, with no consideration for load intensity. Therefore, if tabulated
approaches are utilized to prescribe a fire rating for highly loaded PC beams, it may
not lead to realistic designs.

Effect of aggregate type

The aggregate type used in the concrete mix has an influence on the fire resistance
of concrete members. The two most common aggregates used in concrete are sili-
ceous and carbonate aggregates. Siliceous aggregate mainly consists of quartzite,
granite, and basalt, while carbonate aggregates are primarily composed of either
limestone or dolomite. The fire resistance analysis is carried out by analyzing two
PC beams fabricated from siliceous and carbonate aggregate concrete under stan-
dard fire exposure.

Results from the analysis indicate that carbonate aggregate concrete provides
better fire resistance than siliceous aggregate concrete. For instance, the fire resis-
tance of the 10DT24+2 increases from 56 to 61min, while the 12DT32+2 beam
fire resistance increases from 71 to 81min. The effect of aggregate type on fire
response of PC beams is illustrated in Figure 17, which shows the mid-span deflec-
tion as a function of time for a 12DT32+2 beam. For both types of aggregates,
the deflection initially increases until the strands begin to gradually lose their stiff-
ness, leading to excessive sagging and then failure. The deflections for a siliceous
aggregate concrete beam produce larger camber effects and lead to sagging much
sooner, producing a lower fire resistance. This difference in the beam’s behavior is
primarily due to the variation in high temperature properties of the two concrete
types. Carbonate aggregate concrete has a much higher heat capacity then siliceous
aggregate concrete in the 650–700�C (1202–1292�F) temperature range due to
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disassociation of dolomite as a result of an endothermic reaction. This reaction
results in very high heat capacity, about 10 times higher than siliceous aggregate
concrete, and is beneficial to fire resistance. In addition, carbonate aggregate has
slightly lower thermal conductivity when compared to siliceous aggregates.
Furthermore, carbonate aggregate concrete has lower thermal elongation and
better resistance to strength loss. These properties of carbonate aggregates produce
lower temperatures, deflections, and greater fire resistance. Both Eurocode and
ASCE provisions recognize these differences in properties, but in a different
manner. Therefore, the effect of aggregates must be taken into consideration
when designing for the fire resistance of PC beams.

Effect of failure criteria

ASTM E119 and other fire test standards specify three limiting criteria, namely,
strength, heat transmission (unexposed slab surface temperatures), and critical
strand temperatures for defining the failure of PC beams. While the critical
strand and unexposed slab temperatures represent prescriptive failure limit
states, the strength limit state represents a realistic failure condition. These three
failure criteria are applied to determine the fire resistance values of all analyzed PC
beams and the results are tabulated in Table 5.

The fire resistance results for the different failure criteria shown in Table 5 reveal
that prescriptive limit states generally predict lower fire resistance than actual fail-
ure conditions. For instance, a lower fire resistance results for 10DT24+2 when
the critical strand temperature criterion is applied, while the heat transmission
criterion produces lower fire resistance in the case of a 12DT32+2 PC beam.
The only exception to this generalization is when load ratios equal to or greater
than 50% are applied, at which time the strength criterion produces a lower fire
resistance. Therefore, fire resistance of PC beams is governed by prescriptive limit
states, unless relatively large load levels are applied. The specific prescriptive limit
state is dependent on the bulkiness of the beams’ cross-section, as can be seen when
an additional 13 to 25mm (½ to 1 in.) of concrete cover thickness is provided to
prestressing strands of 12DT32+2, resulting in lower temperatures in the pre-
stressing strands and consequently altering its failure criterion from critical
strand temperature to heat transmission.

The lower fire resistance produced by the prescriptive failure criteria, compared
to actual failure conditions, should raise the question whether such limit states are
viable considerations in evaluating fire resistance of PC beams. To address one
aspect of this question, recall that the intent of the heat transmission criterion is to
maintain compartmentation within a structure. The necessity to prevent spread of
fire beyond the first compartment indicates that this prescriptive limit state is a
viable consideration. However, when considering the viability of the critical strand
temperature limit state, it becomes clear that this simplified approach consistently
underestimates the fire resistance of PC beams, except when larger loads are
applied, in which case it dangerously results in an overestimation. Therefore, the
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critical strand temperature failure criterion does not reflect a realistic limit state and
may lead to under-prediction of the fire resistance of PC beams.

Performance-based design

Methodology

The preceding studies clearly indicate that fire resistance of a PC double T-beam is
influenced by factors such as fire scenario, axial restraint, load level, aggregate type,
and failure criteria. These factors have to be given due consideration for a realistic
assessment of fire resistance. This can be achieved by applying rational calculation
methodologies for evaluating fire resistance. The steps associated with fire resis-
tance assessment include:

1. Developing suitable fire and loading scenarios.
2. Performing detailed thermal and structural analysis to generate fire response.
3. Developing practical alternatives to achieve required fire resistance.

Fire and loading scenarios

To develop relevant fire scenarios for the compartment, parametric time–temper-
ature relationships provided in Eurocode 1 [27], by SFPE [29], or design tables
specified in the literature [32] can be used. For using these relationships, fuel load
and ventilation characteristics are prescribed or estimated as input parameters. The
fuel load can either be calculated based on fuel content, including wall and ceiling
linings, or can be found directly from design tables in the literature based on
compartment type [33]. Likewise, the ventilation factor can be determined from
the layout of windows and door openings [28]. Figure 10 illustrates three design
fires developed under the Eurocode provisions which were based on fuel load and
ventilation factor described in the previous section.

The loading on a PC double T-beam during the event of a fire should be in
accordance with the ASCE-07 [25] standard (1.2D+0.5L) or through calculations
based on actual load combinations.

Thermal and structural analysis

The second step is to undertake a thermo-mechanical analysis to predict the fire
response of a PC double T-beam. The complexity involved in such an analysis
requires the use of a finite element-based program, such as SAFIR [14], ANSYS
and ABAQUS. These programs utilize heat transfer and mechanics principles to
perform a coupled heat transfer/strain equilibrium analysis at incremental time
steps. The analysis is carried out in three main steps: calculation of fire exposure
temperature, calculation of temperature distribution within the PC beam due to the
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fire exposure, and calculation of residual strength, internal forces, stresses, strains,
and deflections. The estimated fire scenario, structural loads, as well as geometric
and material properties form the input to these computer models. The critical
component of the input is high-temperature constitutive models of concrete, rein-
forcing, and prestressing steel because these properties define the thermal and
mechanical response of a material. These properties vary with time and have a
significant influence on fire resistance predictions. In SAFIR, Eurocode properties
are built into the models, but the ASCE recommended high temperature property
relationships can also be built into the program.

To obtain reliable results, the selected computer program should be capable of
accounting for nonlinear high-temperature material properties, standard and user-
defined fire scenarios, different concrete types, high temperature creep, second-order
effects, and failure criteria. The model should also be able to handle multiple mate-
rials within a nonlinear geometry and to incorporate the effect of prestressing or
residual stress. At each time step, the program generates output parameters such as
stresses, temperatures, and forces, which are used to check failure. Any of the crite-
ria, namely, critical strand temperature, heat transmission, strength, or deflection
can be applied for predicting failure in the beams. By following these steps, a per-
formance-based design can be applied for evaluating the fire resistance of PC beams.

Practical alternatives

Results from the performance-based analysis can be utilized to develop practical
alternatives for achieving required fire resistance in PC beams. As an example, if
the fire resistance of a PC beam is just shy of the required fire resistance, then one
solution is to replace the siliceous aggregate in the concrete with carbonate aggre-
gate to provide additional fire resistance. Other options include changing sectional
dimensions, increasing the slab depth, or modifying load level depending on the
criteria governing the fire resistance of the PC beam. Another option to improve
fire resistance is to include the effects of axial restraint when appropriate. The fact
that many of these options can be explained through numerical analysis, without
the need for expensive fire tests, offers an attractive proposition for designers.
These suggestions are just some of the several possibilities to improve the fire
resistance of a PC beam.

Conclusions

Based on the information presented in this article, the following conclusions can be
drawn:

. Current approaches for evaluating the fire resistance of a PC double T-beam are
based on prescriptive methods and may not yield realistic fire resistance.

. The main factors that influence the fire response of PC beams are load intensity,
fire scenario, aggregate type, restraint, and cover thickness.
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. Load intensity is inversely proportional to fire resistance of PC beams and can
drastically reduce the fire resistance for very high load levels.

. Fir scenario has a significant influence on the fire response of a PC double T-
beam. If a PC beam is designed under the prescriptive approach, then the beam
may be over- or under-designed based on the actual fuel loads and ventilation
conditions present.

. The type of aggregate used in concrete has a moderate influence on fire resis-
tance of PC beams. Carbonate aggregate concrete provide higher fire resistance
than siliceous aggregate concrete.

. Axial restraint can improve fire resistance of PC double T-beams, but the level
of restraint depends on the type of restraint, support condition, and variable
stiffness offered by the adjoining members.

. Fire resistance of PC beams is often governed by limiting strand temperatures
for slender stems and heat transmission for bulkier stems where adequate cover
thickness is provided.

. Performance-based fire design can be used to develop rational and innovative
solutions by introducing realistic fire scenarios, load intensity, and restraint
conditions.
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Nomenclature

A ¼ cross-sectional area
Aps ¼ cross-sectional area of prestressing strands

As ¼ cross-sectional area of steel truss member
C ¼ compressive force in strands
D ¼ unfactored dead load

DL ¼ unfactored dead load pressure

e ¼ eccentricity between thermal induced force and CG of section
Es ¼ elastic modulus of steel truss member
f’c ¼ concrete compressive strength

fpu ¼ ultimate strength of prestressing steel
fse ¼ effective stress in prestressing steel after losses
h ¼ concrete slab (topping) thickness

I ¼moment of inertia
K ¼ axial stiffness of steel truss member
l ¼ length of steel truss member

L ¼ unfactored live load
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M ¼ thermal induced restraining moment

S ¼ tensile force in strands
Sb ¼ section modulus with respect to the bottom fiber of a cross-section
St ¼ section modulus with respect to the top fiber of a cross-section

T ¼ thermal induced axial force
U ¼ ultimate load capacity at ambient temperatures

V/S ¼ volume-to-surface ratio
w ¼ uniform load

Wt ¼ self-weight
yb ¼ distance from the bottom fiber to the CG of the section
ys ¼ distance from the centroid of prestressed reinforcement to the bottom

fiber
yt ¼ distance from the top fiber to the CG of the section

"c ¼ compressive strain in the top fiber of the section
"s ¼ tensile strain in prestressing strand
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