Postfire seismic performance
of reinforced precast concrete columns
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B This paper explores the lateral load capacity and
seismic performance of reinforced precast concrete
columns that have been damaged by fire.

B Full-scale precast concrete columns were subjected
to fires of various duration and tested to determine
the impact of fire damage on force-displacement be-
havior, moment-curvature relationship, stiffness, ener-
gy dissipation capacity, and residual displacements.

B Analytical models were developed using the basic
principles of structural mechanics considering ma-
terial deteriorations, and the models were validated
with the results of the full-scale testing.

B The results indicate that fire damage does not signifi-
cantly affect the seismic performance of reinforced
precast concrete columns for fire durations up to
60 minutes.
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ver the past few decades, precast concrete struc-

tural members have been a product of choice in

the United States wherever people need to rapidly
build homes and industrial facilities.! With this popularity,
reinforced precast concrete structural members are widely
used in structural systems for buildings in seismic zones of
both developed and developing countries. Generally, socket
base connections are the simplest way to connect reinforced
precast concrete columns to foundations, and are mostly
used for low-rise buildings, bridge piers, and other light
industrial facilities.? In such column-to-foundation connec-
tions, the bottom of the column is inserted into a reinforced
concrete hollow-core body and grouted in place. Reinforced
precast concrete columns are prominent load-bearing mem-
bers in frame buildings that are subjected to seismic loading.
Particularly in industrial facilities, lateral forces are resisted
through cantilever action of the reinforced precast concrete
columns. The majority of European industrial facilities con-
sist of reinforced precast concrete frames, and these struc-
tures have demonstrated poor seismic behavior when con-
nections were insufficiently detailed, potentially threatening
the life safety of occupants after an earthquake.*® Reinforced
precast concrete structures that were not properly designed
and constructed according to the relevant specifications have
experienced serious damage, large lateral displacements, and
total collapse in previous earthquakes.>*



Most building codes require that reinforced concrete struc-
tural members remain standing after a fire event as well as
after a design earthquake so that occupants are able to escape
from the building and rescue operations can be conducted
safely. However, fire damage complicates the assessment of
the seismic behavior of structural members depending on

the deterioration of the materials, such as concrete and steel
reinforcement, which is not generally taken into account
during the design stage and is of vital importance for postfire
performance assessment. In postfire performance assessment,
it should be decided whether to repair, strengthen, or demol-
ish and rebuild the entire structure, taking into account the
service and earthquake loads during the remaining service
life of the structure. Furthermore, in addition to the need for
postfire performance assessment of individual fires, structur-
al fires may also occur because of earthquakes, potentially
causing a significant number of casualties. The fires follow-
ing the 1906 San Francisco, Calif., and 1923 Tokyo, Japan,
earthquakes rank as two of the largest urban fires in history.
After these two major earthquakes, fires caused about 150,000
deaths and destroyed over 150,000 buildings.> Severe earth-
quakes are typically followed by aftershocks, and therefore
structures that have been exposed to fires may be exposed to
seismic actions again. The risk of aftershocks following the
main shock underscores the obvious need for postfire seismic
performance evaluations.®

This study focuses on estimating the postfire seismic perfor-
mance of flexure-dominated reinforced precast concrete col-
umns, which has not been previously investigated. Although
the behavior of cast-in-place reinforced concrete columns

at elevated temperatures has been extensively investigated
under service loads and under service loads combined with
uniaxial/biaxial bending after cooling, experimental studies
on the postfire seismic behavior of cast-in-place reinforced
concrete columns are extremely rare.””'> Yaqub and Bailey'®
and Bailey and Yaqub'” described the results of an experi-
mental study to investigate the seismic performance of shear
critical post-heated reinforced concrete columns that had been
repaired. In these studies, a uniform temperature exposure
was applied and the effects of fire damage on hysteretic
response were addressed for fiber-reinforced-polymer (FRP)
retrofitting. These studies considered cast-in-place reinforced
concrete columns with insufficient shear capacity and focused
on retrofitting to enhance the shear capacity of substandard
existing buildings.

Bénichou et al.° presented the results of a study on the seismic
resistance of FRP-strengthened concrete members after fire
exposure. Two square and five circular reinforced concrete
columns with FRP confinement and fire insulation were ex-
posed to standard fire for four hours. Then, a pushover lateral
load was gradually applied. Furthermore, a numerical eval-
uation was conducted using the structural analysis software
SAFIR.'"®" Because a fire-exposed column specimen without
FRP confinement was not available in the study, a simplified
approximation using the axial-shear-flexure interaction meth-
od was used to estimate the unfired lateral load capacity of

one of the columns in numerical calculations. It was reported
that the bare column (unconfined and fire exposed for four
hours) experienced a 55% reduction in its maximum lateral
load capacity due to fire damage, and the maximum drift
estimated for this column was 0.03, corresponding to about
a 200% increase in deformation capacity compared with a
reference specimen that was kept at room temperature.

To the authors’ best knowledge, there is no experimental study
in the literature that considers the postfire seismic behavior of
flexure critical reinforced concrete columns, which are com-
monly used all over the world. Furthermore, the present study
is also unique because it addresses the postfire seismic behav-
ior of reinforced precast concrete columns. The previously
mentioned points show that the residual structural capacity of
fire-damaged reinforced precast concrete structures subjected
to earthquakes is not well known, meaning that many fire-dam-
aged structures could be demolished after a fire when it is

not necessary.”*! The objective of this paper is to determine
the postfire seismic behavior of reinforced precast concrete
columns and to use this knowledge to develop safer and more
cost-effective postfire structural repair and remediation meth-
ods through enhanced postfire performance assessment.

Materials and specimen details

Four reinforced precast concrete columns with 2800 mm
(110 in.) height and 300 x 300 mm (12 x 12 in.) cross-sec-
tional dimensions were manufactured. The precast concrete
columns were then inserted into reinforced concrete footing
sockets. The embedded parts of the columns within the foot-
ings were 600 mm (24 in.) long with a gap of 25 mm (I in.)
on all sides. The outer dimensions of the footings were 700
x 700 x 825 mm (27.6 x 27.6 x 32.5 in.). The 25 mm wide
gap between the column and the inner walls of the footing
was then grouted in place. The surfaces of the embedded
parts of the precast concrete columns and inner walls of the
footing socket were not subjected to any special treatment
(Fig. 1). The ready-mixed concrete used in the production
of the specimens was provided by a private precast con-
crete company representing the common practice. Table 1
gives the properties of the concrete. The concrete contained
78% calcareous aggregates, and 28-day concrete cylinder
tests showed a concrete compressive strength of 32.4 MPa
(4.7 ksi). The columns were fitted with four 20 mm (0.8 in.)
diameter longitudinal steel deformed reinforcing bars placed
at the corners with a 50 mm (2 in.) concrete cover from the
edge of the specimen to the center of the longitudinal re-
inforcing bar. These reinforcing bars had a yield strength

of 461 MPa (66.9 ksi). Lateral reinforcement with a yield
strength of 472 MPa (68.5 ksi) was provided in the form

of 10 mm (0.4 in.) diameter ties spaced at 100 mm (4 in.)
center-to-center for most of the column height. Along the top
600 mm length of the columns, ties were placed at a spacing
of 75 mm (3 in.) center to center. The ratio of the longitudinal
and lateral reinforcements of the columns at the core concrete
section were calculated according to Eq. (1) and (2), as 2.5%
and 0.7%, respectively.
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Figure 1. Longitudinal and transverse sections of the specimens and thermocouple locations. Note: All dimensions are in

millimeters. T mm = 0.0394 in.
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The seismic design of the specimens was in accordance with
, the Ministry of Public Works and Settlement’s Specification
P = Tdﬂ (2)  for the Buildings to be Built in Disaster Areas (Turkish seismic
design code).” The designation of the columns is as follows:
where
*  PC-REF is the unheated column.
P, = ratio of longitudinal steel reinforcement
e PC-30M represents the fire exposure time of 30 minutes.
A = area of longitudinal steel reinforcement
*  PC-60M represents the fire exposure time of 60 minutes.
A, = area of concrete core section
e PC-90M represents the fire exposure time of 90 minutes.
p, = ratio of lateral reinforcement
Socket foundations were overdesigned and insulated against
A, = area of lateral reinforcement fire. The grout filling the gap between the footing and the
column was not insulated and was exposed to fire, like the
s = spacing of the lateral reinforcement columns. A commonly used cement-based, nonshrink expand-
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Table 1. Mixture proportions and properties
of concrete

Material

Quantity

Portland cement (42.5R),

300
kg/m?
Sand (0 to 4 mm), kg/m? 920
No. 1 te (5t
o. 1 aggregate (5 to 507
12 mm), kg/m3
No. 2 te (12 t
0. 2 aggregate ( o 290
22 mm), kg/m?
High-range water-reducing 36
admixture, kg ’
Water, kg/m? 124
Slump, mm 200
28-d i
ay compressive 204
strength, MPa
Testd i
est day compressive e

strength, MPa

Note: Tmm = 0.0394 in;; 1 kg = 2.205 Ib; 1 kg/m? = 1.69 Ib/yd? 1 MPa =
0.145 ksi.

ing grout was used to fill the gap between the column and the
socket foundation. At 28 days, the cube (70 mm [2.75 in.])
compressive strength of the grout was 65 MPa (9.4 ksi) and
the flexural strength was 9 MPa (1.3 ksi).

Fire tests

The columns were cured at ambient temperature and humidity
for 14 months and then transported to the facility where the fire
tests were conducted. The moisture content of the specimens
was about 2.5%. The fire furnace was 3.2 x 4.0 m (10.5 x 13.1
ft) in plan and 3 m (9.8 ft) in height (Fig. A.1) (for appendix
figures, go to https://www.pci.org/2020Nov-Appx-Dem). The
furnace consisted of aerated autoclaved concrete walls and
slab. The heat was provided by eight gas burners positioned on
opposite sides of the furnace. The furnace temperature was set
in accordance with the International Organization for Standard-
ization’s Fire Resistance Tests—Elements of Building Construc-
tion—Part 1: General Requirements (ISO 834-1:1999)* during
the heating stage, which was calculated using Eq. (3).

T =20+ 345log(8t + 1) 3)
where
T = furnace temperature
t = time

After following the fire temperature curve for 30, 60, and
90 minutes, the furnace was switched off and natural air

cooling was adopted until the specimens cooled to room tem-
perature (Fig. 2). Figure 2 shows that the furnace followed the
ISO 834 time-temperature curve, which is similar to the ASTM
International fire temperature curve, for each test duration.*

The temperatures of concrete and reinforcement were
monitored by six K-type NiCr-Ni thermocouples embedded
within each specimen during fabrication (Fig. 1). Thermo-
couples at various locations in the furnace (Fig. A.1) were
used to measure the furnace temperature. After 30, 60, and
90 minutes of fire exposure, maximum furnace temperatures
of 841°C, 945°C, and 1005°C (1545°F, 1733°F, and 1841°F)
were measured, respectively (Fig. 2). In all fire tests, after
about 10 minutes of heating, vapor began to come out of the
furnace and continued until the end of the test. No spalling
sound was detected during the test of column PC-30M, but
many irregular hairline cracks appeared on the concrete
surfaces of this specimen after heating. A few areas of minor
concrete spalling were observed in column PC-60M after

25 minutes of heating. A large total amount of spalling oc-
curred in PC-90M in the form of many small concrete spalls.
Because the fire-induced pore pressure increased, spalling
was a larger factor for this specimen. Figure 3 shows the
heated columns after cooling. Because of dehydration, light
gray formations were observed over the concrete surfaces

of PC-30M and PC-60M, whereas the surface of PC-90M
was yellowish after heating. During the cooling stage, the
temperature continued to rise toward the center of the spec-
imens for up to 5 hours, depending on the duration of the
fire exposure, then decreased at a slower rate until the heat
balance was achieved. After the first 30 minutes of cooling,
furnace temperature decreased to about half of the maximum
temperature, then the cooling rate slowed to about 2°C/min
(67.6°F/min). The furnace door was kept closed for about
24 hours after cooling started.

Theoretical postfire seismic
capacities

The impact of postfire seismic loading on the reinforced
precast concrete columns was estimated through combined
thermal and structural modeling. At the thermal analysis
stage, SAFIR, a finite element analysis software, was used
for cross-sectional thermal numerical evaluation over a
quarter of the column cross section (Fig. 4).'° The software
assumes that heat is distributed in solid structures essentially
by conduction, and at the boundary of the structure, heat is
exchanged with the environment by convection and radia-
tion. For conduction in concrete, heat exchange is based on a
Fourier equation expressed in a Cartesian system of coordi-
nates (Eq. [4]).

o[, oT] o| oT| 9, oT oT
I 2 2k D o =ept
axl: ax]-’-ay{ ay}-azl: az]+Q P ot 4)

where

X = vector of Cartesian coordinates
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Figure 2. Time-temperature curves in the furnace during the fire tests and after cooling. Note: Surface is obtained from T5, out is

obtained from T2 and T3, in is obtained from T1 and T4, and center is obtained from T6. 1°F = 1°C x 1.8 + 32.

k = thermal conductivity

y = vector of Cartesian coordinates

z = vector of Cartesian coordinates

0 = constant for internal generation of heat
c = specific heat

P = specific mass

For convection and radiation acting over the structure’s
boundaries with the surrounding environment, heat exchange
is evaluated using Eq. (5) and (6).

h,=h(T,-T) (%)
where
h, = convective heat flux between gas and solid
h, = coefficient of convection
T, = temperature of the gas
T = temperature at the surface of the solid
h = oeT? 6)
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where

h, = radiative heat flux emitted by a solid
o = Stefan-Boltzmann constant

€ = emissivity of the solid

The software uses an iterative process that evaluates the
temperatures at multiple time steps until thermal equilibrium
is established. In thermal modeling with SAFIR, column cross
sections were defined by 144 nodes and 121 solid elements,
and then experimentally obtained time-temperature rela-
tionships including the cooling phase were defined for the
fire-exposed edges of the section. Calcareous concrete and
steel material properties were assigned to the corresponding
elements of the cross section as given by the European Com-
mittee for Standardization’s Eurocode 2: Design of Concrete
Structures—Part 1-2: General Rules—Structural Fire Design
(Eurocode 2).% Experimentally measured thermocouple
readings (Fig. 2) were used to verify the findings of SAFIR
(Fig. 4), which were found to be satisfactory.

Thermal analysis results were then implemented into structur-
al modeling to predict the postfire lateral load-displacement
response of the columns. Figure 5 shows the step-by-step
structural analysis procedure. The theoretical seismic respons-
es of the fired and unfired columns were calculated consider-
ing the moment-curvature relationships of the columns at the



PC-30M

Figure 3. Postcooling appearance of the columns.

critical sections based on fiber analysis approach and plastic
hinge concept. The effect of axial loading was considered in
the fiber analysis. In the fiber analysis, reinforced concrete
column cross sections were divided into 36 finite elements
each having dimensions of 50 x 50 mm (2 x 2 in.) (Fig. 6

and step 1 of Fig. 5). Average temperatures for each element
attained during the whole course of heating and cooling, were
taken from the thermal analyses conducted by SAFIR, which
were verified by thermocouple readings obtained from the fire
tests (Fig. 2 and step 2 of Fig. 5). The average temperatures
for the elements were then interpolated based on the tempera-
tures calculated along both the diagonal section and symmetry
axis of the section (Fig. 6), similar to the method of Mosta-
faei et al.?® Using the calculated temperatures, the residual
stress-strain relationship for each of the finite elements was
determined using Eq. (7) and (8), as recommended by Chang
et al.” (step 3 of Fig. 5).

L _ 101 -0.00055T for 20°C < T < 200°C
fo (68°F < T<392°F)

(N
=1.15-0.00125T for 200°C < T < 800°C
(392°F < T < 1472°F)
where
fclT = residual compressive strength of concrete after
exposure to temperature T
fcl = concrete compressive strength at ambient temperature

Eor — 1 for 20°C < T'< 200°C (68°F < T'< 392°F)
€

o

PC-60M

PC-90M

- {(—0.1 £+ 7.7)[ exp(3.5+0.017) ]— 0.0219} @®)
I+ exp(—5.8+0.017)

for 200°C < T'< 800°C (392°F < T < 1472°F)

where
o = residual peak compressive strain of concrete after
exposure to temperature 7’
€ = compressive peak strain at ambient temperature

To verify the actual compressive strength of each finite
element, concrete core samples were taken from undamaged
regions of the reinforced concrete columns after the seismic
tests were conducted. A total of two single-core samples with
a diameter of 100 mm (4 in.) and a height of 300 mm (12 in.)
were taken along the whole width and depth of each column,
and each sample was then divided into six parts, each having
a diameter of 100 mm and height of 50 mm (2 in.). These
samples were tested under uniaxial compression loads to
verify the compressive strength of each fire-exposed concrete
element shown in Fig. 6. Because measuring compressive
strains over these core samples would not be realistic due to
the unconventional dimensions of the samples, 150 x 300 mm
(6 x 12 in.) standard cylinders were subjected to the same
fire tests as the reinforced concrete columns. The stress-strain
behavior of these cylinder specimens was obtained under
uniaxial compression loads. Figure A.2 shows the variations
of stress-strain relationships obtained from standard cylinder
specimens after fire tests and variations of average compres-
sive strengths of the cores and the cylinder samples. A stan-
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Figure 4. Temperature distributions in fire tests obtained from the thermal analysis software SAFIR for 30, 60, and 90 minutes.

Note: 1°F = 1°C x 1.8 + 32.

dard naming convention was used for the specimens shown in
Fig. A.2. For example, REF represents an unheated specimen
and C1-30M-1 represents the first cylinder specimen of the
sample series exposed to fire for 30 minutes (30M).

Experimentally obtained compressive strengths and strains
were found to be in reasonable agreement with the analyt-
ically estimated model findings from Eq. (7) and (8). Core
compressive strengths were converted to standard cylinder
strengths with a conversion factor calculated based on the
ratio of cylinder to core compressive strengths obtained
from the unheated specimens (that is, 36.2/30.8 in Fig. A.2).
Therefore, model predictions obtained using Eq. (7) and (8)
were used in the structural analysis for defining unconfined
concrete properties after fire exposure, which were validated
by the core strengths (converted to cylinder strengths) and
heated cylinder peak compressive strains given in Fig. A.2.
Figure A.2 also gives the stress-strain relationships used in the
fiber analysis for the unheated (unfired) elements and ele-
ments heated (fired) for 90 minutes.

The model developed by Mander et al.”® was used to estimate
confined concrete properties after fire exposure, and actual
uniaxial tensile test results of reinforcement were used in the
analysis (step 4 of Fig. 5). To obtain the mechanical properties
of the reinforcement, 300 x 300 x 500 mm (12 x 12 x 18 in.)

PCl Journal | November-December 2020

reinforced concrete specimens, which had the same reinforc-
ing as the full-scale reinforced concrete columns, were cast
using the same concrete batch. These specimens were then
subjected to the same fire exposure as the full-scale columns.
The reinforcing bars were removed from the concrete after
cooling and subjected to uniaxial tension tests.

Table 2 presents the mechanical properties of the longitudinal
(20 mm [0.8 in.]) diameter) and transverse (10 mm [0.4 in.]
diameter) reinforcing bars at ambient temperature and after
cooling. The table gives properties based on the average of
four samples and shows that the differences of the tensile test
results between the fired and unfired specimens were almost
negligible (less than 5%). There is no remarkable difference
between the mechanical properties of the unfired reinforcing
bars and the reinforcing bars exposed to fire for 90 min-

utes (the most severe fire) because the measured maximum
temperatures along the reinforcement did not exceed 510°C
(950°F) during the fire tests, including the cooling phase
(Fig. 2). The residual properties of the reinforcing bars are
thus estimated to be almost recovered for all fire exposure
durations (30, 60, and 90 minutes) as experimentally shown
in this study (Table 2) and also reported in the literature for
these temperature ranges.” For the sake of conservatism, the
small difference between the residual properties of the fired
and unfired reinforcement was also considered in the fiber
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Figure 5. Calculation procedure for the prediction of postfire P-A relationships of the columns. Note: M = moment; P = lateral

load; A = lateral displacement; ¢ = curvature. 1 mm = 0.0394 in.

analysis, and the test results for specimens exposed to fire for
90 minutes were used in modeling all fire-exposed reinforce-
ment (step 4 of Fig. 5). For the fiber analysis, steel reinforcing
bars were assumed to behave in an elastoplastic manner with
strain hardening. For the unfired columns, the actual stress-
strain relationships obtained from unheated cylinder speci-
mens (Fig. A.2) were used to define the unconfined concrete
properties, whereas the Mander et al.”® model was used for
confined concrete (step A in Fig. 5 step A). Experimentally
obtained mechanical properties were used for the reinforce-
ment (Table 2).

Once the residual mechanical properties of the concrete and
reinforcement were determined, monotonic moment-cur-
vature relationships for the columns were obtained at the

critical sections of each reinforced concrete column through
a fiber analysis approach using commercial software® (steps
5 and B of Fig. 5). The moment-curvature relationships were
later used to predict the load-displacement relationships
(steps 6 and C of Fig. 5). Figure A.3 shows the theoretically
obtained moment-curvature relationships for the columns
PC-REF and PC-90M. Table 3 gives the strains computed
for unconfined concrete (extreme concrete compression
fiber on the column surface) ¢ , confined concrete (extreme
concrete compression fiber on core) ¢ , and longitudinal re-
inforcing bars in tension &_corresponding to specific points
on the moment-curvature relationships (Fig. A.3) (that is,
for points corresponding to yielding [A and C] and ultimate
[B and D] where the analysis stopped). After obtaining the
moment-curvature relationships, the total top displacements
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Figure 6. Maximum temperatures including cooling stages after 30, 60, and 90 minutes. Note: T mm = 0.0394 in.; 1°F

=1°C x 1.8 + 32.

of the columns were estimated considering the elastic and
inelastic deformations using the approximation defined by
Paulay and Priestley?! for prismatic reinforced concrete
cantilever columns (steps 6 and C in Fig. 5). The curvature
distribution at yield was determined by linear approximation
and can be estimated using Eq. (9).

a4 = ¢y12/3 C))
where
Ay = yield displacement
b, = yield curvature
[ = shear span of the reinforced concrete column

Assuming that the plastic rotations are concentrated at mid-
height of the plastic hinge length lp, the plastic displacement
Ap at the cantilever tip is calculated using Eq. (10) to (12).

L,=hi2 (10)

Table 2. Mechanical characteristics of reinforcing bars

Reinforcing bar

A Fire exposure, minutes
diameter, mm

0,=9L (11)
4,=60(1-050) (12)
where
h = depth of the cross section
Op = plastic rotation along the equivalent plastic hinge
length
?, = plastic curvature

For the sake of simplicity, the Turkish seismic design code*
was used to define the plastic hinge length as half the depth
of the cross section. The theoretically obtained load-displace-
ment relationships were later compared with the experimental
behavior, which is discussed in the following section.

Seismic tests

Seismic performance at different seismic displacement
demands of the precast concrete cantilever columns con-

20 n/a
10 n/a
20 90
10 90

472 0.0023 569 0.0965 525 0.15
483 0.0025 557 0.0998 525 0.10
442 0.0024 549 0.0992 516 0.16
457 0.0024 552 0.0992 522 0.11

Note: £ = maximum tensile stress; f, = ultimate tensile stress; fy = yield stress; n/a= not applicable; €, ., = maximum tensile strain; € = ultimate tensile

strain; g, = yield strain. 1 mm = 0.0394 in.; 1 MPa = 0.145 ksi.
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Table 3. Theoretically obtained strains

o [ roms | e [ o]

Compressive strain of unconfined concrete €_ 0.0011
Compressive strain of confined concrete €__ 0.0007
Tensile strain of longitudinal steel reinforcement &, 0.0024t

*Crushing of core concrete
tYielding of reinforcing bar

sidered in this study is expected to be higher with respect
to that of cast-in-place columns because of higher flexibil-
ity due to higher interstory height observed in industrial
building columns and the relatively low flexibility of the
supports compared with cast-in-place columns. Because this
is the first study considering the postfire seismic behavior
of reinforced precast concrete columns, there is an obvious
need to better understand hysteretic response to predict
seismic performance at different seismic displacement de-
mands for a comprehensive postfire structural performance
estimation.

Adaptor
foundation

Seismic test setup

0.006 0.0018 0.007
0.020* 0.0014 0.020*
0.083 0.0024* 0.072

It is important to develop hysteretic models capable of repre-
senting all important phenomena related to the deterioration
observed in experimental studies. These models will help
evaluate the postfire capacity of structures. Therefore, to
determine the seismic performance, after exposure to the
standard heating, all columns were transported to a labora-
tory for seismic testing. Seismic tests were conducted under
constant axial loads with an axial force level of 315 kN
(70.8 kip) and uniaxial lateral load reversals. In Europe, the
common practice in precast concrete industrial buildings is
to keep the axial load ratio n between 0.05 and 0.20.* There-

950 mm
a4 4
< )
+ = ‘
C
650 mm
i éﬁ
150 mm &g s q=£
130 mm i= <
20 mm £ il
a
] 4 .
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4 “ ° <
sa .,
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Arrangement of linear variable differential transformers

Figure 7. Seismic test setup and arrangement of linear variable displacement transducers. Note: 1 mm = 0.0394 in.
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fore, to reflect the actual axial loads in practice, the axial
load in the present study corresponded to 10% of the axial
load-bearing capacity, which was calculated using Eq. (13)
and (14).

n=NIN, (13)
where
N = applied axial load
N, = axial load-bearing capacity of the column consider-

ing only the contribution of the concrete

N,= fC'Ag 14)
where
A = gross cross-sectional area of the column

4

Seismic tests were conducted 75 days after the fire tests,
corresponding to the approximate date when structural perfor-
mance assessment procedures, including the residual structural
analysis, are completed. Figure 7 shows the seismic test setup.
All columns were fixed to a strong floor with four 32 mm

(1.3 in.) diameter high-strength steel bolts. A hydraulic jack
was used between the top of the columns and the steel frame
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to apply axial loads, and the load cell was inserted between the
jack and the loading beam to measure the applied axial loads.
Axial loads were applied to the column by a pinned connection
from the supported steel frame, which was fixed at the base

to the adaptor foundation by steel rods before application of
lateral loads simulating seismic loading. Cyclic lateral loads
were applied at the top of each specimen at 1900 mm (75 in.)
height from the column base by a hydraulic actuator with a
capacity of £250 kN (56 kip) and £300 mm (12 in.) connected
to a strong reaction wall. To monitor the lateral and longi-
tudinal displacements as well as rotations, numerous linear
variable displacement transducers were installed at various
locations along the height of the columns (Fig. 7). The Ameri-
can Concrete Institute’s Guide for Testing Reinforced Concrete
Structural Elements under Slowly Applied Simulated Seismic
Loads (ACI 374.2R)* lateral loading protocol was used in

the seismic tests (Fig. A.4). Target drift ratios, calculated as
the ratio of the lateral displacement at the top of the specimen
to the specimen height, were +0.1%, +0.25%, +0.5%, +1%,
+2%, +3%, +4%, +5%, +6%, £7%, and +8% in the pushing
and pulling directions, corresponding to top displacements of
+1.9 mm (0.075 in.), #4.75 mm (0.19 in.), £9.5 mm (0.37 in.),
+19 mm (0.75 in.), 38 mm (1.50 in.), £57 mm (2.24 in),

+76 mm (3.0 in.), #£95 mm (3.74 in.), +114 mm (4.49 in.),
+133 mm (5.24 in.) and =152 mm (5.98 in.), respectively. All
displacement cycles were repeated twice, as recommended by
ACI 374.2R.
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Figure 9. Envelope curves of the columns. Note: P = lateral

load. 1T mm = 0.0394 in.; 1 kN = 0.225 kip.

Figures 8 and 9 show, respectively, the lateral-load-displace-
ment hysteretic curves and their envelopes obtained for the
tested columns, where P denotes applied lateral load. In the
figures, the negative drift ratios correspond to the pushing
direction and the positive drift ratios are the pulling direction
values. The analytical modeling results given in Fig. 8 accurate-
ly predict the lateral-load-displacement behavior of reinforced
precast concrete columns. In analytical evaluation, all of the
specimens failed with the crushing of the confined concrete
because buckling was not included in the fiber analysis. In the
experimentally obtained load-displacement curves, failure was
caused by the buckling of the longitudinal bars at larger drifts
(around 6% drift ratio). The analytical findings of this study
show that when the residual properties after fire, such as stress-
strain behavior of concrete and reinforcement, are realistically
taken into account, the basic principles of structural mechanics
are also applicable to postfire seismic performance assessment.

All tested columns reached their theoretical capacities, indicat-
ing that the inelastic response of the columns was ultimately
dominated by flexure, resulting in ductile behavior (Fig. 8). Peak
lateral loads were observed at about 2% drift ratio for the col-
umns PC-REF and PC-30M, whereas columns PC-60M and PC-
90M reached their lateral load capacities at about 3% drift ratio.

Figures A.5 and A.6 show damage to the potential plastic hinge
region of the columns after reaching their lateral load capacities
at around 2% drift ratio and at the end of the tests, respectively.
The columns exhibited a stable deterioration response up to

a drift ratio of about 6%, where buckling of the longitudinal
reinforcing bars led to subsequent failure and the strength of
the columns decreased following strength degradation. Mean
values of pulling and pushing direction peak loads (Table 4)
show that for PC-30M and PC-60M, lateral load capacities were
not significantly affected by fire exposure, compared with an
approximately 10% reduction in ultimate lateral load for PC-
90M. This can be explained by the greater loss in compressive
strength of this specimen, leading to lower bending moment
capacity and thereby lower lateral load capacity than the other
specimens. However, the reductions in lateral load capacities
were less than the reductions in the compressive strengths. This
can be explained by the low axial loads (315 kN [70.8 kip])
applied during the seismic tests (which is typical for this kind
of reinforced precast concrete column in practice, as previously
explained), which minimized the impact of compressive strength
on the behavior, as shown in the axial-load-moment interaction
diagrams (Fig. A.7). Theoretically obtained lateral load ca-
pacities are in reasonable agreement (less than 7% error) with
experimental peak lateral loads (Table 4).

The displacement ductility factor u,, which is the ratio of
the ultimate displacement 4 to the yield displacement 4 ,
was calculated for each column to compare the column
performance in terms of sustained ductility (Fig. 10). Ulti-
mate displacement is defined as the point on the post-peak
branch of the average lateral-load-displacement envelope
curve (absolute average of pushing and pulling directions)
where the lateral load is 80% of the maximum lateral load
(P=0.8P, ), asrecommended by previous researchers.’’
Yield displacement is also obtained from the average lat-
eral-load-displacement envelope curve as the displacement
corresponding to the maximum lateral load P, _plotted on a
straight line between the origin and the point at 75% of the
peak load on the ascending portion of the envelope curve
(P=0.75P, ), as recommended by previous researchers.”
The ductility of the columns was not found to be affected by
fire exposure of up to 60 minutes, whereas column PC-90M

Table 4. Lateral load capacities and ductility parameters of the columns

Experimentally obtained maximum

lateral load P__, kN 550
Theoretically obtained maximum lateral 559
load P__, kN

Lateral yield displacement Ay, mm 22.2
Lateral ultimate displacement 4 , mm 124.9
Ductility factor u, 5.6

Note: T mm = 0.0394 in.; 1 kN = 0.225 kip.

56.5 559 50.5
53.7 51.9 51.0
26.4 25.3 29.8
112.3 142.4 147.1
4.3 5.6 4.9
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Lateral load P

Ua = Au/dy
Kit*=Pit/ 4"
Ki =Pi/ A7
K= (Ki+Ki)/2
V' = (dres/4i)

Lateral displacement 4

Figure 10. Definition of ductility parameters. Note: / = cycle number; K = secant stiffness; K, = secant stiffness at cycle /; P, =

lateral load at cycle /; P

max

lateral plastic displacement when the lateral load is zero; 4, = lateral ultimate displacement; Ay = lateral yield displacement; u, =

= maximum lateral load; r = residual displacement; 4, = lateral displacement at cycle /; A

= residual

res

ductility factor.

exhibited about 13% ductility reduction with respect to the
reference column (Table 4).

In column PC-30M, local defects in the concrete cover close
to the plastic hinge region were observed after the fire tests.
Figure 3 shows that these fire-induced vertical cracks (indi-
cated as vertical black lines) advanced remarkably at about
0.5% drift ratio (9.5 mm [0.37 in.] top displacement). This
defect caused premature spalling of the concrete cover for
this specimen, which resulted in relatively high yield dis-
placement (lower stiffness) and low ultimate displacement
and ductility factor. Even though fire exposure increased both
the yield and the ultimate displacements of the fire-exposed
specimens (except for PC-30M due to the aforementioned
phenomenon), the main deficiency related to the fire damage
occurred in the ductility ratio of column PC-90M because the
increase in yield displacement was greater than the increase
in ultimate displacement. As a general consequence of the
findings previously mentioned, it is noteworthy that fire expo-
sure enabled larger displacements at a cost of reduced lateral
strength. Stiffness degradation of column PC-90M due to fire
exposure arose from higher yield and ultimate displacements
with respect to the unheated column. Nevertheless, previ-

ous researchers reported that displacement ductility factors
higher than 3.5 correspond to a fully ductile response that can
reasonably be achieved at carefully identified and detailed
inelastic regions.*! When this value (3.5) is compared with the
values given in Table 4, the postfire ductility of all columns
appears to be satisfactory in terms of structural response.

Loss of stiffness due to fire exposure is a key parameter to be
considered in the postfire performance assessment of rein-
forced concrete members. To evaluate stiffness degradation
after a fire, secant stiffness K values of the columns were de-
termined by dividing the maximum lateral load of each cycle
by the displacement at the peak of each load cycle considering
the mean value of the pushing and pulling directions (Fig. 10).
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Figure 11 compares the variation of secant stiffness with the
horizontal displacement and shows that the initial stiffness
values for the fire-exposed columns were substantially lower
than for PC-REF. The reductions in initial stiffness were
about 7%, 20%, and 33% for columns PC-30M, PC-60M, and
PC-90M, respectively, compared with column PC-REF. How-
ever, the rate of postcracking stiffness degradation was more
pronounced in PC-REF compared with the heated columns.
New cracks initiated after imposing cyclic loading for the un-
heated specimen (PC-REF), while fire-induced existing cracks
advanced for the fire-exposed columns. Therefore, a slower
rate of stiffness degradation was observed in the fire-exposed
specimens than in the reference specimen, which is beneficial
for reinforced precast concrete columns subjected to seismic
actions because brittle failure related to sudden loss of stiff-
ness is eliminated. Fire exposure had a greater effect on the
residual stiffness at smaller drift ratios, whereas the stiffness
of the columns was similar after about 2% drift ratio (around
yielding). This is because the structural response is governed
by concrete residual properties up to yielding, whereas after
yielding, the reinforcement characteristics that are restored
after cooling are more dominant.

The area enclosed by the first hysteretic loop of each target
displacement is defined as the energy dissipated by the col-
umns, which represents the ability to consume seismic energy
through plastic deformations. Figure 11 plots the cumulative
hysteretic energy dissipation capacities of the columns, which
are the summations of these areas (Fig. 10), at increasing drift
ratios. The figure clearly indicates that the lowest energy was
dissipated by PC-90M due to the relatively low lateral load
capacity, while it was similar among the other specimens. The
energy dissipation capacities of the columns were similar up to
2% drift ratio (around yielding), whereas the rate of increase
in energy dissipation capacity was found to be greater for

the columns other than PC-90M after yielding. This is be-
cause after yielding, most of the energy was consumed by the
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Figure 11. Stiffness degradation, cumulative energy dissipation capacities, and residual displacement levels for the columns.
Note: EDC = energy dissipation capacity; 4, = residual lateral plastic displacement when the lateral load is zero; 4, = specified

peak displacement for each drift ratio. 1 kN-m = 0.74 kip-ft; 1 kN/mm = 5.71 kip/in.

inelastic deformation of the columns, including the formation
of new cracks and the yielding of reinforcing bars. The energy
dissipation capacity was about 15% less in PC-90M at 7% drift
compared with PC-REEF, while the difference between the other
specimens was less than 5%. No appreciable pinching was
observed in the load-displacement curves of the columns, high-
lighting acceptable performance in terms of energy dissipation.

Residual displacement is one of the most important param-
eters for measuring postearthquake functionality and the
feasibility of repairing fire-damaged structures. The residual
plastic displacement ratios r of the columns are obtained

by dividing the residual lateral plastic displacements after
unloading when the applied lateral load is zero A4 by the
specified peak displacement for each drift ratio 4  in the
pushing direction (Fig. 10). Figure 11 gives the r values with
increasing drifts and shows that after flexural yielding, the r
values are lowest for PC-90M, whereas they are similar for
the other columns, demonstrating greater permanent flexural
damage associated with yielding of the reinforcing bars in
PC-90M.* The lower residual displacements for PC-90M can
be attributed to the reduced postyield stiffness induced by fire
exposure, and the impact of bond deterioration on this issue
can be limited. The limited bond deterioration can be validat-
ed considering the good agreement between the theoretical
and experimental test results (Fig. 8) as well as the minor dif-

ferences in residual displacements for all specimens (Fig. 11).
At 7% drift, the residual plastic displacement ratio was about
0.65 for columns PC-REF, PC-30M, and PC-60M and about
0.6 for PC-90M, corresponding to an approximately 10%
reduction in plastic deformations for PC-90M with respect to
the other specimens. The relatively low residual deformations
observed in PC-90M are considered a positive property under
seismic loads.

Figure A.8 presents the base moment-average curvature
relationships for the columns. In the figure, the negative
values correspond to the pushing direction and the positive
values correspond to the pulling direction. The base moment
was calculated by multiplying the measured lateral load by
the shear span of 1900 mm (75 in.) extending between the
acting point of the lateral load and the column—foundation
interface, where the contribution of the axial load was also
taken into account. The curvature distributions of the columns
were measured using displacement transducers attached at the
potential plastic hinge region over heights of 0 to 20 mm (0
to 0.8 in.), 20 to 150 mm (0.8 to 6 in.), and 150 to 300 mm (6
to 12 in.) above the column—foundation interface (Fig. 7). Be-
cause the low axial forces and closely spaced stirrups provid-
ed effective confinement, large plastic rotations in the plastic
hinge regions were observed for all specimens. The curvature
was concentrated mainly over a height of approximately 0 to
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150 mm for PC-REF and PC-30M, which is the half depth #/2
of the column cross section (Fig. A.8). This height was be-
tween 0 and 300 mm for PC-60M and PC-90M, correspond-
ing to full depth 4 of the column dimensions in the loading
direction. This behavior indicates that flexural damage was
distributed over a larger plastic hinge length for PC-60M and
PC-90M than for PC-REF and PC-30M. This is attributed to
the considerable loss of concrete compressive strength with an
increase in fire duration, which resulted in a loss of axial load
capacity and thereby an increase in axial load ratio (applied
axial load divided by axial load capacity). Axial load ratio has
an important influence on the plastic hinge length of rein-
forced concrete columns, and plastic hinge length elongates
with an increase in the axial load ratio.* Furthermore, the for-
mation of cracks was observed during the cyclic loading to be
distributed over a larger hinging zone for specimens subjected
to longer fire duration. The widths and lengths of the cracks
were also smaller in fire-exposed specimens, indicating the
larger hinging zone triggered by fire exposure (Fig. A.5 and
A.6). Realistic determination of potential plastic hinge lengths
of reinforced precast concrete columns is of vital importance
for the postfire seismic performance assessment of existing
buildings. The ratio of the plastic hinge length to the height of
the column decreases with an increasing shear span ratio of
the reinforced precast concrete columns.* However, there are
no studies demonstrating the effects of fire on plastic hinge
length for reinforced precast concrete columns. Hence, there
is a strong need for more experimental studies to clarify the
plastic hinge length after fire damage.

No damage or rotation of any socket foundations of the test-
ed columns was observed during the seismic tests, indicating
that the socket foundations provided substantial fixity at the
base of the precast concrete columns. Also, no cracks were
observed in the grout, indicating that seismic forces were
resisted through the cantilever action of the precast concrete
columns resulting from the rigid column-to-foundation con-
nection detail. Previous studies have reported similar seismic
behavior of precast concrete columns with socket founda-
tions in terms of no grout damage even when larger grout
thicknesses were used.>*!*} As precast concrete has emerged
in the building marketplace over the past decades, comply-
ing with fire resistance became a challenge for engineers in
terms of respecting the prescriptive assembly descriptions of
the design specifications, so testing these assemblies became
the common method for approval in practical applications.*!
Therefore, the experimental research presented here serves
as a basis for developing postfire seismic resistance as-
sessment procedures for concrete assemblies that could be
included in existing performance assessment guidelines. It
should be noted that the present study focuses on columns of
typical low-rise reinforced precast concrete structures with
low axial load (that is, 10% of the axial load capacity), in
which the effect of axial load on column behavior is quite
limited. Therefore, fire tests in this study were conducted
without axial load, which has been done by other researchers
as well.'s-"7
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Conclusions

Based on the experimental and analytical findings of the
present study that investigated the postfire seismic behavior
of four full-scale reinforced precast concrete columns, the
following conclusions are drawn.

e All specimens reached their theoretical flexural yield
capacity, and none of the specimens experienced shear
failure or noticeable shear damage. The analytical model
was in reasonable agreement with the experimental
results in terms of predicting the lateral load-displace-
ment envelope and the failure mode. This indicates that
basic principles of structural mechanics are applicable to
postfire seismic performance assessment when the effect
of fire on material characteristics is carefully considered.

*  Postfire lateral load capacities were not considerably af-
fected by an increase in fire duration up to 60 minutes. For
90 minutes of fire exposure, a reduction in lateral load ca-
pacity of the column of approximately 10% was observed.
The reduction in lateral load capacity appeared to be
caused by concrete residual properties following fire expo-
sure. Typical low axial loads in reinforced precast concrete
columns were observed to limit the effects of concrete
compressive strength loss on postfire seismic behavior
of the columns. The reduction in lateral load capacity for
the column subjected to 90 minutes of fire exposure also
caused a slight reduction in the energy dissipation capacity.

*  Ductility factors and lateral drift capacities of the col-
umns were not significantly affected by fire exposure of
up to 60 minutes. For the specimen subjected to 90 min-
utes of fire exposure, ductility reduction was about 13%
with respect to the unfired column. This reduction is at-
tributed to the nonproportional increases in the yield and
ultimate displacements during the postfire seismic tests
due to reduced stiffness after fire. This slight reduction in
ductility can be expected for the tested reinforced precast
concrete columns with a typically low compressive axial
force (as in practice), symmetric reinforcement, and con-
siderable lateral confinement.

e  The plastic deformations were distributed within a height
measured from the column-footing interface equal to half
the depth of the column cross section for the reference
specimen and the specimen with 30 minutes of fire ex-
posure. In contrast, plastic deformations were distributed
within a height approximately equal to the full depth of
the column cross section during postfire seismic tests of
columns heated for 60 and 90 minutes.

e  The initial stiffness of the fire-damaged specimens was
reduced up to approximately 33% due to the existing
cracks caused by fire exposure. Initial stiffness reductions
were almost proportional to the duration of the fire expo-
sure. The reductions in stiffness values were observed to
be higher than the reductions in the lateral load capac-



ities. Fire exposure had a greater effect on the residual
stiffness up to yielding because the structural response is
governed by concrete residual properties up to yielding,
whereas after yielding, reinforcement characteristics that
have been restored after cooling are more dominant.

These conclusions are based on the results from the specific
tests presented in this paper. More experiments are needed to
fully understand the behavior of precast concrete structures
after fire exposure.
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Notation

A, = area of concrete core section

Ag = gross cross-sectional area

A, = area of lateral reinforcement

A = area of longitudinal steel reinforcement

c = specific heat

d = concrete core dimension to center line of the

perimeter tie

-fc' = compressive strength of concrete at ambient
temperature

fLT = residual compressive strength of concrete after fire
exposure

S = maximum tensile stress

I = ultimate tensile stress

fv = yield stress

h = depth of the cross section

h, = convective heat flux between gas and solid

h, = coefficient of convection

h, = radiative heat flux emitted by a solid

i = cycle number

k = thermal conductivity

K = secant stiffness

K, = secant stiffness at cycle i

[ = shear span

A = plastic hinge length

M = moment

n = axial load ratio

N = applied axial load

N, = axial load capacity

p = lateral load

P, = lateral load at cycle i

max

goT

= maximum lateral load

= constant for internal generation of heat
= residual plastic displacement ratio

= spacing of the lateral reinforcement
= time

= temperature

= temperature of the gas

= temperature at the surface of the solid
= vector of Cartesian coordinates

= vector of Cartesian coordinates

= vector of Cartesian coordinates

= lateral displacement

= lateral displacement at cycle i

= lateral plastic displacement

= residual lateral plastic displacement when the later-
al load is zero

= lateral ultimate displacement

= specified peak displacement for each drift ratio
= lateral yield displacement

= emissivity of the solid

= compressive strain of unconfined concrete

= compressive strain of confined concrete

= maximum tensile strain

= peak compressive strain of concrete at ambient
temperature

= residual peak compressive strain of concrete after
fire exposure

= tensile strain of longitudinal steel reinforcement
= yield strain
= ultimate tensile strain

= plastic rotation
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P,

= ductility factor
= specific mass
= ratio of longitudinal steel reinforcement

= ratio of lateral reinforcement

= Stefan-Boltzmann constant
= curvature
= plastic curvature

= yield curvature
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Abstract

Quantifying the seismic resistance of reinforced con-
crete buildings after fire is difficult because of the lack
of information regarding their strength and ductility
under earthquake loads. In this study, four full-scale
flexure-controlled reinforced precast concrete columns
were subjected to quasi-static reversed cyclic lateral
loading under constant axial load to examine the seis-
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mic response of reinforced precast concrete columns
damaged by 30, 60, and 90 minutes of fire. For the first
time, the impact of fire damage on force-displacement
behavior, moment-curvature relationship, stiffness,
energy dissipation capacity, and residual displacements
was investigated through postfire seismic tests. Test
results clearly indicated that the fire exposure did not
significantly affect the lateral-load-bearing capacity,
failure modes, and ductility of the columns, with the
exception of the specimen subjected to 90 minutes of
fire exposure. The analytical study consisting of ther-
mal and fiber-based structural analysis demonstrated
that conventional principles of structural mechanics are
valid for estimation of the postfire seismic behavior of
reinforced precast concrete columns when the deterio-
rations in materials are realistically taken into account
and the given algorithm is followed.
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Column, ductility, fire, lateral load capacity, reinforced
concrete, seismic.
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