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Evaluation of Residual Strength of RC Columns in Fire-Damaged
Buildings: Case Study
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Abstract: Prediction of residual strength of structural members in a RC fire-damaged building is an important step in
taking a decision about restoration or demolition of the building. In this paper a finite element model was developed to
evaluate the distribution of temperature within the cross-section of a RC column during a fire. Then the results were
used to estimate the residual strength of RC columns in a fire damaged building in Libya. The building was used as a
court yard for the public and the fire visibly damaged some of its columns. Material tests were conducted in situ and in
the laboratory in order to evaluate the material strength after fire. Finite element analysis results and Euro code
formulations were used in the prediction of material properties during fire .The predicted properties shows good
agreement with material test results. Furthermore analysis results shows that up to 60 min of fire duration the column do
not lose considerable amount of its strength, however at 120 min fire duration it will lose about 35 percent of its axial
load and moment carrying capacities.
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a central court building of Al-Baida city in Libya. The
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readily visible surface damage, as shown in Figure 1.
The residual strength evaluation process used in this
research involves calculating the distribution of
temperature within the concrete cross-section, then
calculating the axial load and the moment capacities of
the member using residual strength versus temperature
relationships suggested by FEuro code. Furthermore
material tests were conducted in situ and in the
laboratory in order to evaluate the material strength of
the RC members after fire and the results were compared
with the Euro code relationships. The following sections
show the details of building description, material tests,
and residual

heat transfer analysis, load carrying

capacities calculations.
L T

—

Figure 1; General view of the building after fire.

2.  Architectural
structural system

plans  and

The building consists of ground floor and upper 3
typical floors, built in the early1970s; each story is 3 m
clear height and 1460 m? plan area. The structural
framing made of conventional cast in- situ reinforced
concrete as it is shown in Figure 2. The framing system
consists of grid of columns mainly 0f40 cm square size,
as shown Figure (2). The columns are reinforced with
8 ¢18 longitudinal mild steel plain bars and ¢ 8 lateral
reinforcement spaced at 15 cm center to center. The
maximum spacing between columns is 6m center to
center in short direction and 4.5m spacing in long
slabs

hollow block type with total thickness 25 cm comprising

direction. The of the building floors are
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(approximately) 5 cm topping and 20 cm thickness
hollow block. The ribs are 15 cm thickness and spaced at
55 cm center to center with 2 ¢18 mm bars to resist
negative and positive bending moments. The ribs are
mainly constructed continuously in 3 spans 6m, 2m and
6m long respectively except at entrance lobbies where it
is 6m long single spans. The main beams supporting the
ribs are embedded beams with 25 cm thickness and 10
mild steel plain bars combination of ¢ 18 and ¢ 20 top
and bottom provided with ¢ 8 double stirrups spaced
atl5 cm center to center. Conventional local type

hollow block of 20 cm thickness is used for partitions.

58m
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Figure 2; Plan of the first floor.
3. Material tests

Tests were conducted in situ and in the laboratory in
order to determine concrete material properties. The non
destructive rebound hammer and pulse velocity tests
were conducted in situ according to the recommendation
given in ACI 228-R10 and ASTM C 805[!%. In the
rebound hammer test all affected structural members are
divided into grids with designation numbers and labels
then the hammer test is performed and the rebound
number is recorded. An average of at least ten rebound
readings are taken for one test, see Figure (3c). In the
pulse velocity test method the estimation of the
compressive strength of concrete is based on measuring
the time it takes for a pulse of vibration energy to travel
through a concrete member. The tests were performed
according to ASTM C 597 standard™"). Some test results
are shown in Table 1 and Figure 3. 20 core samples
have been extracted from the different structural
elements affected by fire. Locations of the concrete core
samples are established based on results of non
destructive tests and visual inspection of the structure.

Strength of concrete cores taken from the structural
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elements is determined in accordance with ASTM C of the column’s cross section is about 15.3MPa.
42121 For core length-to-diameter ratios different than
2.0, the appropriate strength correction factors given in
ASTM C 42 were applied'?. Two types of concrete
cores are extracted, full core length diameter 70 mm, and
smaller size of diameter 25 mm. The small size cores are
used to depict the concrete strength along the structural
member from the near surface to fire and the far surface
to estimate the extent of fire damage to thecross section.
The equivalent specified concrete strength is calculated
according to ACI 562-12[131, Typical results are shown in
Table 2. Test results shows that the average compressive
strength of fire unaffected concrete is about 17 MPa.
However the most fire affected structural element (i.e
Column CO007 of the ground floor) has an average
compressive strength of 9.6 MPa. Furthermore tests on

core samples taken from different depths of a fire Figure 3; Some photos during testing a) core sampling, b)
affected column indicate that the concrete strength near ultra sonic test, ¢) rebound hammer.
the column surface is about 11.8 MPa , and at the center
Ambient | Compressive
Element Element | Meas. | Velocity | Time Distance Amplitud | Frequenc
" Lt ” [o/s| [s] [m] Temp. Strength V] [KkHz]
o ocation e s s m e z
yp n °C] [MPa] y
S042 (8/9-A/G) | Direct | 3765 33.2 0.1250 11 10.8 500 200

= 10096
100 1.2%

- BERIEREENEE N A
TEIRVENTANETE" IR YR YN

a 10 20 =0 a0 s 60 o =0 E] 100 110 120 120 140 150 160 170 180 190 200

s

S005 (7/9-R/T) | Direct | 3979 423 0.1683 14 12.6 500 200

@ 1002

g Wl 0 TR Rl R b
HEEEINNET TR

o 10 20 =0 a0 S0 60 7o =0 20 100 1z0 1z0 140 150 150 170 1=0 190 z00
TirmesTus]

C030 2-P) Direct | 4094 97.7 0.4000 12 15.0 500.000 200.00

5 1002
o 0.6
10O 1 — 9F Fus

Impltude]]

o 10 za B a0 S0 sa o =0 E) 100 110 1zo0 150 140 1sa 150 170 1=0 150 zoo
Tirne [us]

Table 2. Typical result of compressive strength testing
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Element Height Dim. Volume | Wight Density R
i Ratio Strength velocity
mm mm cm’ grm grm/cm? Mpa
C192 169 67.8 2.49 610.4 1345.5 2.204 11.03 3773.00
S111 165 67.8 2.43 595.9 1407.4 2.362 13.25 4014.00
S142 121 67.8 1.78 437.0 979.7 2.242 16.51 4187.00
4. Transient thermal analysis 400 mm
All the columns in the case study building have the
same dimensions and steel reinforcement details as it is #f
shown in Figure 4 a. During fire some of these columns ¢
were exposed to fire from four sides and the rest were E g
exposed to fire from three or two sides. The finite ¥ §
element analysis program ANSYS was used to carry out =
a 3-D transient thermal analysis on one of the building’s 8¢ 18
columns!'¥. The concrete column was modeled using an |
8-node linear heat transfer brick elements as shown in $<LM

Figure. 4b. Modeling of reinforcement bars was
neglected and it is assumed that reinforcement bar
temperature is equal to the surrounding concrete
temperature. The developed FE model takes into account
the nonlinear temperature dependant of concrete material
properties such as specific heat, and thermal conductivity.
The variation of concrete thermal conductivity with
temperature specified by EN 1992-1-2:2004 code was
used in the model (see Figure 5)[*.. The concrete density
is assumed to be constant and equal to 2300kg/m>. As a
worst case the model was exposed to fire from four sides
using ISO834 standard fire curve. From analysis results
the distribution of temperature in the column section at
different time intervals was obtained and presented in
Figure 6. To illustrate the thermal predictions from the
model, the temperature variation is plotted as a function
of fire exposure time at various locations of the column
cross section in Figure 7. The temperature at various
depths of concrete, as well as in reinforcement bars
locations, increases with fire exposure time. As expected,
the predicted temperature decreases with increasing

distance from the fire exposed side.
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Figure 4; a) Column section details, b) FE model.
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Figure 5; Variation of concrete conductivity with

temperature (EN 1992 standard).
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Figure 6; Temperature distribution.
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Figure 7; Temperature as a function of time at different

locations of cross section.

5. Residual strength prediction

The cross sectional temperatures generated from
thermal analysis are used as input to the strength analysis
(i.e. generation of moment-curvature relationship and
axial force-moment interaction diagram). In the strength
analysis a finite element model was developed using
XTRACT software as shown in Figure 8al'l. In the
analysis it is assumed that plane sections before bending
remain  plane after bending and there is
no bond-slip between steel reinforcement and concrete.
The fire unaffected concrete compressive strength of 17
MPa which is obtained from material tests was used as
initial value. The initial value of reinforcement bars yield

strength was taken equal to 420 MPa. As the fire duration
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increase the temperature will increase inside the column
cross section causing reduction in the compressive
strength of each concrete layer of the XTRACT model
and also cause a reduction in the reinforcement bars
stress-strain  relationship. The reduction in material
properties of concrete and reinforcement steel due to
elevated temperatures was taken into account using
reduction factors proposed by the Eurocode ( see Figure
8b)“l. The proposed reduction factors are in good
agreement with the experimental material tests results.
This can be shown from the results in Figure 7 and
Figure 8b as follows: it is shown from Figure 7 that at
120 min fire duration and at a depth of 100 mm from the
face of the column, the concrete temperature was equal
to 300°C; and at this temperature according to Figure 8b
the reduction factor of concrete strength is about 0.8; that
is the concrete strength becomes ( 17 x 0.8 = 13.8 MPa )
and this value are in good agreement with the
experimental results given in Table 1 and Table 2. The
axial ~ force-moment  capacity  diagrams and
moment—curvature curves for the column at various time
durations were obtained and presented in Figure 9 and
Figure 10 respectively. From the Figureures it is clearly
that both moment and axial load carrying capacities of
the column decreases with increasing time of fire
exposure. This is due to the deterioration in the material
strength and stiffness as a result of increased
temperatures in concrete and steel. Furthermore analysis
results shows that up to 60 min of fire duration the
column do not lose considerable amount of its strength,
however at 120 min fire duration it will lose about 35

percent of its axial load and moment carrying capacities.
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Figure 9; Axial force -moment interaction diagrams at

various times for the RC column under fire exposure.
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Figure 10; Moment—curvature curves at various times for

the RC column under fire exposure ( The axial load = 800 ).

Conclusions

Based on the experimental and analytical results of

this study, the following conclusions can be drawn:

1.

From transient thermal analysis results shown in
Figure 7 it is clearly that the reinforcement bars at
the column corners are more affected by fire than
the central reinforcement bars. Furthermore at 60
min fire duration the average temperature of the
reinforcement bars is about 400°C and according to
Euro code this will reduce the elastic modulus of
steel by about 30%.

At 120 min fire duration the average temperature of

the reinforcement bars is about 550° C and
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according to Euro code this will reduce the strength
and elastic modulus of steel by about 32% and 40%
respectively.

At 120 min fire duration and at a depth of 100 mm
from the face of the column, the concrete
temperature was equal to 300°C; and according to
Euro code this will reduce the concrete strength by
about 20%;that is the concrete strength becomes
(17 x 0.8 = 13.8 MPa ) and this value is in good
agreement with the experimental test results given
in Table 1 and Table 2

Strength capacity analysis results shows that up to
60 min of fire duration the column do not lose
considerable amount of its strength, however at 120
min fire duration it will lose about 35 percent of its
axial load and moment carrying capacities.
Depending on material test results, thermal analysis
results and witnesses report it is clear that
the building was exposed to fire up to 2 or 2.5 hours.
And this will reduce the axial and moment
capacities of the columns by more than 35%. Hence
the building’s columns need to be strengthened in
order to be able to support future earthquake loads.
Steel cages or RC jackets can be used for

strengthening.
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