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Abstract

This study investigates the decoupled moment capacity and behaviour of precast masonry
lintel beam specimens. The review firstly explores the suitability of partial fire testing to obtain
the decoupled moment capacity of beam specimens. Secondly, a low-cost furnace is
developed and built that allows for the SANS 10177-2 ‘standard time temperature curve’ to be
achieved for 90 minutes. Lastly, fire tests are conducted on three full scale masonry composite
concrete lintel specimens by exposing 60% of the clear span about the centre of the element
to fire. The best linear regression error between the linearized furnace temperature test results
and the standard time temperature curve is calculated to be 3.18% between gradients. It is
concluded that the developed furnace can be used to yield the standard time temperature
curve and can allow for the testing of horizontal specimens. The results found that fire testing
caused delamination between concrete lintels and brickwork and that the specimens no longer
behave compositely.

Keywords: fire testing, composite concrete lintel, furnace, standard time temperature

curve




1. Introduction

Fires in buildings are catastrophic phenomena that can have severe detrimental effects. To
alleviate these effects, fire engineering and testing has become an integral part of the
construction industry by means of codes of practice. To ensure the safety of people and
property, codes of practice have been developed to reduce the spread and damage caused
by fire. Many forms of standardised fire testing methods have been developed according to a
wide range of codes of practice to design better structures and construction materials to
withstand the effect of fire.

In South Africa, it is a statutory requirement that structural elements be compliant with the
code of practice and that they satisfy the prescribed requirements to withstand exposure to
fire for a specific time. This is mainly to allow people time to evacuate and for emergency
services to combat the spread of fire. One method of verifying code compliance and building

code requirements can be achieved through fire testing.

Compliance can be achieved by adhering to SANS 10400 Part T which satisfies the
requirements of the National Building Regulations, issued in terms of the National Building
Regulations and Building Standards Act, Act No. 103 of 1977. Under SANS 10400 Part T, fire
testing is permitted, and the fire testing verification method is prescribed by SANS 10177:2005

series.

SANS 10177-2:2005 prescribes the method of testing needed to determine the fire resistance
of structural elements, based on the length of time within which a representative test specimen

of specified dimensions will satisfy the criteria in respect of stability, integrity, and insulation.

SANS 10177-2 clearly defines the requirements that structural elements must adhere to in
terms of stability, integrity, and insulation. These requirements are tested qualitatively,
predominantly through observation and address the response of an element subject to fire.
The prescribed methods make no allowance to further understand or investigate the effect
that fire has on internal forces, member capacities and resistances or why the element

behaves in a certain way.

This research explores a decoupled moment and shear partial fire testing method that
incorporates standard test method procedures for observation and recording. This allows for

a better understanding of the contribution that the moment capacity has on the overall fire
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rating by exposing the pure bending moment within a centre portion of the beam to the

temperatures set out by the standard time temperature curve.

Lintels are used, firstly, as an example to aid the development of the furnace with regards to
furnace temperatures, accommodating of structural elements and loading of elements,
secondly, to demonstrate and test the concept of partial fire testing. And finally, to investigate
the validity of the SANS 1504:2015 assumption of composite behaviour under fire loading.

After conducting a survey on 15 lintel manufacturers throughout South Africa, it transpired that
there is some confusion and a lack of clarity regarding South African Bureau of Standards
(SABS) approvals. The survey led to the conclusion that no lintel manufacturer has had a fire
test conducted on their lintels, thus, there is a high probability that lintels do not have a fire
rating because the behaviour of composite masonry lintels subject to fire has not been studied.
This indicates that some commercially available lintels might not meet the deemed to satisfy
requirements of the code, and subsequently do not adhere to the requirements of the law.

2. Decoupled moment and shear: Partial fire testing

The decoupling of moment from shear is a well-known concept in structural engineering and
is based on the mathematical relationship between moment and shear. In brief, for a simply
supported beam the relationship can be depicted in the arbitrary loading case (Figure 1(a)),
when the bending moment diagram, denoted M-Diagram, is at a maximum value the shear
force diagram, denoted SF-Diagram, has a minimum corresponding value at the same location
along the beam. When referring to the ideal loading case (Figure 1(b)), the relationship
between moment and shear can be manipulated in such a way as to achieve a pure, constant
bending moment over a portion of the beam element, where the contribution of shear has
been reduced to a value of zero and its influence completely removed from this portion of the
beam element. Over this portion of the beam where shear is zero and moment is at a constant
maximum, moment and shear have been decoupled. This manipulation can be very easily
achieved through a four-point load test, where the applied load illustrated in Figure 1(b) and
(c) is represented by p in kN. In the ideal loading case where there is only pure bending
moment, this is the portion that will be placed in the fire compartment to obtain the decouple
moment fire resistance rating for stability. The fire compartment is shown as a dashed line

rectangular box in Figure 1(b) and (c).
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Figure 1. Diagram illustrating (a) Arbitrary loading case (b) Ideal loading case and (c) Tested
loading case

The above concept is applied in this study allowing for greater insight into the response of an
element to fire loading by joining two forms of standardised testing. However, the loading of
the specimens proved challenging and the ideal loading case of a four-point load test has not
been achieved. The tested load case in Figure 1(c), of a single point load acting at the centre
of the beam is achieved, and a shear contribution remains, thus the moment and shear could

not be completely decoupled.

2.1 Partial fire testing

Decoupling the moment and shear forces can allow each aspect to be investigated
independently and the effects that fire could have on each aspect. Where the fire compartment
depicted in Figure 1(b) and (c) does not completely conceal the beam specimen, this is
considered a partial fire test. Partial fire testing is conducted on full scale composite masonry
lintels acting as beam specimens, where only a 60% portion about the centre of the specimen,
is subject to the standard time temperature fire curve and the behaviour of the complete
specimen is studied. To test the effects of fire on the moment resistance of the beam element

only the portion of the beam that is in pure bending is exposed to fire - not the entire element.

Partial fire testing as opposed to complete fire testing of full sale structural elements can be
criticised, however, there are some points listed below that support partial fire testing.
Insightful information, predominantly with regards to stability of structural elements, can be
gained by only subjecting a portion of the element to fire, which could allow for relationships
between partial and complete full-scale fire exposure tests to be determined. It can be

considered as a more cost-effective option from which valuable results and understanding can
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Firstly, fires in buildings are unpredictable and complicated to model due to the dependency
on many uncontrollable factors. This makes it difficult to predict whether the fire will act on a
portion of a structural element or on the whole element.

A great deal of fire engineering design for buildings focuses on disallowing the spread of fire
from one compartment to the next. In many cases, particularly in buildings, these
compartments are formed and separated by dry walling and partitions. This allows a single
structural element to pass through many compartments. This means that if a fire started in
one compartment, but is unable to spread to another compartment, the main beam passing
through multiple compartments would be partially exposed to fire, in this case, the partial fire

test could be related to a compartment fire.

Secondly, with reference to Figure 2 (a) of a simply supported beam where collapse of the
beam, induced by a load p in kN, is modelled as a mechanism with a plastic hinge forming at
the centre of the beam under the load p, indicating that the material has yielded at this position

due to the applied load p.
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hinge hinge
(a) Load induced plastic hinge (b) Temperature induced plastic hinge

Figure 2. Diagram illustrating (a) Load induced plastic hinge and (b) Temperature induced
plastic hinge

With some certainty the position of the plastic hinge can be calculated and predicted indicating
where an element or a structure is going to fail by the yielding of the material under normal
loading conditions. This yielding of the material happens over a small portion of the beam
modelled as a hinge. The yielding in this case is achieved by increasing the load, where the

yielding capacities of the material and element are kept constant.

This hinge and mechanism can be achieved in a different way, instead of the load being
increased and the material and element properties being kept constant, the loading can be
kept constant and high temperature exposure over a small portion of the beam element can
be used to reduce the yielding capacity of the material and element causing stability failure or
collapse. This would be a temperature induced plastic hinge as shown in Figure 2(b) where
the fire compartment is shown as a dashed line rectangular box and the applied load denoted
g kN.
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The small portion of the beam exposed to high temperature would be the portion of the
structure or the element that would cause collapse when subjected to fire loading. Partial fire
testing in this case is likely to yield identical results to complete fire testing for the fire rating
case of stability. One critical aspect that must be considered, when partial fire testing is
conducted where the portion being exposed to high temperatures becomes small (Figure
2(b)), is that there must be a slice of the cross section that experiences temperatures and
temperature gradients throughout the cross-section equivalent to what that slice would

experience if the entire beam were subjected to high temperatures.

Another important consideration of fire testing is that the test specimen ought to be tested with
identical physical parameters such as loading and boundary conditions as the element would
exist in real instances, this is generally referred to as a representative element. It is vital that
a representative element is achieved when conducting a fire test, regardless of a complete or

partial fire test.

There are also different types and forms of scaled fire testing with associated literature, each
with its own set of pros and cons, but literature on partial fire testing of structural elements as
it is defined in this study is scarce. Scaled fire testing varies between small-scale and large-
scale fire tests, small scale and large-scale elements, small scale in-situ fire tests and
laboratory fire tests (Bjorge et al., 2007, Izzuddin & Moore, 2002, Radzi et al., 2006 and
Samathipala et al., 2001). Each form of test has its own advantages, disadvantages, and

criticisms.

3. Furnace development

3.1 Objective

The first primary objective was to develop a furnace that could produce temperatures with a
plot as per the SANS 10177-2 standard time temperature curve (Figure 3) with upper and
lower temperature limits as illustrated. Temperatures on the curve were calculated with
Equation 1 as demonstrated below. The second primary objective was to modify the furnace
to allow for fire testing of precast masonry lintels with the option of additional load and no
additional load applied to the structural specimen. The secondary objective here was to
construct a cost-effective furnace with readily available, off-the-shelf materials, that would be

easily operable and scalable.




STANDARD TIME -TEMPERATURE CURVE

——Standard Time Temperature Curve Standard Time Temperature Curve - Upper Limit Standard Time Temperature Curve - Lower Limit

1400

1200

1000

TEMPERATURE (C°)
L =2} 0
g8 8 8

8

o

0 50 100 150 200 250 300 350
TIME (MINUTES)

Figure 3. Standard fire curve with upper and lower limits as per SANS 10177-2
Equation 1 below as provided by SANS10177-2 clause 2.2 Standard Heating Conditions:

T —Ty = 345log19(8t+1).ccennnnnnn. Equation 1

Where:
t is the time in minutes
T is the furnace temperature at time t in degrees Celsius

To is the initial furnace temperature in degrees Celsius

3.2 Preliminary testing for rationale of the furnace development

The process of furnace development involved a total of 11 fire tests. Tests 1 and 2 were highly
explosive and no test results were recorded. Tests 3 to 8 were predominantly to complete the
first primary objective as per section 3.1. Tests 9 to 11 were to study the behaviour of precast
masonry lintels with the option of additional load and no additional load applied to the structural
specimen. To achieve the temperature plot as per the SANS 10177-2 standard time
temperature curve, the development of the furnace was a continual improvement process.
The furnace dimensions, materials, construction method, the fuel, temperature monitoring and

regulation were all elements that needed to be refined to achieve acceptable results.

Figure 4 below represent the graphical temperature results for tests 3-8 assigned to the first
primary objective. Tests 9, 10 and 11 were precast masonry lintel fire tests. The furnace
temperature results from the last three tests are split and individually analysed for the
correlation between the test results and the standard fire curve and discussed in greater detail

in section 3.6.
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AVERAGE OF THERMOCOUPLE TEMPERATURES WITH RESPECT TO TIME - FIRE TESTS3 TO 8
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Figure 4. Graphical furnace temperature results for tests 3-8

3.3 Dimensions, materials, and construction method

The final dimensions of the furnace were selected considering three aspects; the first aspect
considered the scalability of the furnace with the initial internal dimensions chosen as 1m by
1m in plan - making it one by one reduces certain complexities. A 1m-by-1m furnace was used
for tests 1 to 8. The second aspect considered the length of the furnace where the width had
been finalised as 1m. The length had an upper limit of 2m established by the clear spacing of
a standard 2.4m precast concrete lintel, discussed in section 4, the lower limit of 1m as
discussed above. A scaling factor for the length of 1.2m was arbitrarily chosen which
demonstrated scalability by 20% and coincided with a 60% fire tested length of 1.2m. The
third aspect, the height, considered the space required by the height of the composite masonry
lintel, the height required by the fuel and the height required by the air system. From all the
aspects considered, the final furnace had overall internal dimensions of 1000mm width,

1200mm length and 1700mm in height as shown in Figure 5.
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Figure 5. lllustration of the basic dimensions of the furnace
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The main furnace enclosure was constructed with a double masonry skin approximately
210mm thick. The double masonry skin was constructed with standard, off-the-shelf 7MPa
cement stock bricks! that are 222mm in length, 106mm in width, and 73mm in height and with
mortar having a cement-building sand mix ratio of 1:3.2 PPC OPC CEM | 52.5N? to building
sand. Double skin brick-force with 2.5mm wire thickness and dimensions of 150mm by

290mm, was installed between each course of bricks.

The furnace was double leaf all round with no intentional focus on the air gap between the two
skins of brick work, however, if an air gap were maintained throughout it would increase the
insulation of the side walls of the furnace and the durability. The two skins were only tied
together by brick-force.

For insulation at the base of the furnace, the entire furnace was constructed on top of a 12mm
thick fire board?. On top of this fire board on the inside of the furnace a layer of ceramic fibre
board 50mm thick was installed, with an additional 12mm thick fire board placed on top of the
ceramic fibre board for protection.

At the bottom inside the furnace bricks were placed for two reasons. The first reason was to
create an air void to allow for free air movement within the void, and secondly, to allow for free
air movement from the void at the bottom of the furnace to the top of the furnace where the
exhausts were located. The bricks were oriented in such a way as to direct air to the cold spots
within the void of the furnace. The bricks allow the air holes for the air pipes from the blowers
to fit into the void, refer to section 3.5 for air regulation. The furnace had four exhausts at the
top level with two exhausts on either side, and on the same sides as the air hole inlets for the

air pipe from the blowers.

The bricks were additionally used to raise and carry the fuel, refer to section 3.4 for fuel used.
A steel mesh grid* with 3.75mm diameter strands and square spacing of 50mm was placed
between the bricks and the fuel to help balance the fuel on the bricks.

The lid was constructed using a steel frame to which fibre boards® (dimensions 500mm by
1000mm) were fastened with ordinary 6mm galvanised steel bolts. The steel frame was used
as the fixing structure, due to the susceptibility to damage of the ceramic fibre board, especially

after exposure to high furnace temperatures.

1 Purchased from Builders Warehouse Strubens Valley, manufacturer unknown.

2 PPC cement supplied by the Wits School of Civil and Environmental engineering.
3 Manufacturer unknow, supplied by Professor Alex Elvin.

4 Purchased from NJR Steel Westdene.

5 Purchased from RMS, Resistant Materials Services, Boksburg.
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A first layer of ceramic fibre blanket was placed between the steel frame and the ceramic fibre
board to further insulate and seal any gaps between the ceramic fibre boards and to increase
the insulation of the steel.

For thermal insulation and sealing between the top perimeter of the furnace and the underside
of the lid a second layer of ceramic fibre blanket® 50mm thick 200mm wide was placed. This
was to create a snug fit between the lid and the furnace.

3.4 Fuel

A choice of fuel for the furnace had to be made between liquified petroleum gas (LPG) and
timber. Timber was chosen on the merit of cost, but even though LPG might be more
expensive it is a far less limited than timber.

3.4.1 Fuel ignition rational

From tests 1 to 8 conducted, it was found that the initial portion of the fire curve associated
with the ignition and rapid heating was dependant on the liquid fuel type used and on surface
area of timber’, i.e., the greater the surface area that ignites and the rate at which the surface
area ignites, the faster the initial rise in temperature. The duration of the fire curve is dependent
on the cross-sectional area of the timber used i.e., the larger the cross section of timber the
longer the duration of the fire test. The aspects that control the initial portion of the curve and
the duration are dependent, and a compromise must be made. The effect of moisture content
of the timber was observed, influencing the duration of the fire testi.e., the greater the moisture
content the greater the duration of the fire test. The overall amount of fuel in the furnace would

affect both the initial temperature and duration of the fire.

Test 1 conducted with only thinners as the liquid fuel type for ignition and test 2 conducted
with a mixture of thinners and turpentine as the liquid fuel type for ignition, were highly
explosive due to the volatility of the thinners resulting in a build-up of vapour causing a rapid
reaction, creating pressure in the confined space of the furnace, which has only a few small

openings. This explosion caused the lid to blow off.

After the explosions, sunflower oil was used as the liquid fuel type for tests 3 to 5, however
sunflower oil does not allow for the rapid increase in temperature for the initial part of the

curve.

6 Purchased from RMS, Resistant Materials Services, Boksburg.
7 Sponsored by TimRite.
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After test 5 and for all the subsequent tests, diesel was used as the liquid fuel type for ignition,
even though the initial portion of the curve was not perfected.

Furnace ignition of all the fire tests was challenging. For this reason, it is suggested that a fuel
mixture of diesel and turpentine be attempted. Turpentine is miscible in diesel whereas
thinners is not, for this reason the mixture might not be explosive and might yield the desired
initial temperatures required. The turpentine would allow all the fuel within the furnace to ignite
at a faster rate. It is proposed that a mixture is developed such as a 2:8 turpentine to diesel.

Two methods of igniting the furnace were attempted. The first method was a string dipped in
thinners and pulled through the furnace, then lit externally. The most effective method of
igniting the furnace was with an extended Bunsen burner type flame connected to an LPG gas
bottle.

3.4.2 The final fuel used

The main bulk source of fuel used for the furnace was wood which was predominantly
responsible for the duration of a fire test. The timber used was square eucalyptus poles with
cross-sectional dimensions of 100mm by 100mm, and with lengths of 950mm and 1150mm
corresponding to 50mm less than the plan dimensions of the furnace as shown in Figure
6(a),(b) and (c). The 50mm shortening was to create tolerance for ease of placement of the
timber in the furnace. The timber was placed into the furnace in a configuration as shown in
Figure 6(a), (b) and (c).

(a) Plan view of timber .
stacked in the furnace (b) Section A-A (c) Section B-B

Figure 6. Showing (a) Plan view of timber stacked in the furnace, (b) Section A-A and (c)
Section B-B
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The furnace was designed in such a way that the fuel gets preloaded into the furnace, Figure
7, and that no additional fuel can be added to the furnace during a fire test. This design
produces a fixed duration of testing for approximately 90 minutes. The furnace is loaded with
a finite amount of fuel for each fire test, determined and limited by the availability of space
within the furnace making the furnace a “finite fuel furnace”. This is of course a limitation of
the furnace, that the amount of fuel is dependent on the overall height of the furnace, i.e., if
the duration of a test were to be increased, the height of the furnace would have to be

increased to allow for more fuel.

The total amount of timber loaded into the furnace for each test had an average mass of
280kg, an average density of 668 kg/m® and a calculated exposed surface area of
approximately 14.1m?2. A total of 40 poles are used for each test.

Prior to the timber being placed inside the furnace, the timber was completely submerged in
diesel® for approximately 10 minutes. This additional fluid form of fuel was to allow for rapid
ignition of the timber surface to simulate flashover and was responsible for the initial portion
of the standard fire curve.

Figure 7. Photograph taken of the timber arrangement inside the furnace

8 Diesel 50ppm, purchased from Campus Motors, Westdene
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3.5 Temperature Monitoring and Regulation

The furnace temperatures were monitored and recorded with a four channel Lutron TM947SD
data logger (Figure 8(a)). The furnace temperatures were measured using four type k
thermocouples probes® (Figure 8(b) denoted K1, K2, K3 and K4 in Figure 9 (a), (b) and (c)).
A thermocouple was placed in the centre of each quadrant of the lid at the top level of the
furnace as shown in Figure 9 and Figure 10. Each thermocouple was connected to the data
logger with a 3m long extension cable!® in a heat resistant sheath. Temperature values for
each of the four type k thermocouple probes were recorded every two seconds for the entire
duration of the fire test.

The temperature of the furnace was continuously and manually monitored and compared to
the theoretical value of the standard time temperature curve for every respective 1-minute
interval. Depending on whether the furnace temperature was above or below the theoretical
value as stipulated by the standard time temperature curve, the furnace temperature was
adjusted accordingly to either increase or decrease the temperature of the furnace

The temperature in the furnace was adjusted by regulating the amount of air pumped into the
furnace. To pump air and oxygen into the furnace two electrical STIHL BGE 71 blowers were
used, each with a capacity of 670m3/h as illustrated in Figure 9(a). Adjustment and control of
the furnace temperature was done manually by means of two gate valves!!, one connected to
each blower. The two gate valves were connected to each other so that that the blowers
worked together in unison, to not create an imbalance of air inflow into the furnace. To
decrease the temperature of the furnace, the gates of the valves were pushed down
simultaneously by the same amount to close and decrease the air flow. To increase the
temperature of the furnace, the gates were pulled up to open and increase the air flow. The
furnace temperatures are highly dependent to the size of the adjustments made to the gate

valves and the effects of opening and closing were meticulously observed.

The design intention is to maximize the distance that the air must travel from the inlets of the
furnace which are at the bottom of the furnace to the exhausts which are at the top of the
furnace. The two air inlets are placed directly opposite each other, to increase the turbulence

of air within the furnace and thus adding to the distance the air must travel to the exhaust.

The turbulence and traveling distance increase the contact area of the air which increases the

rate of the reaction which results in higher temperatures being produced.

9 Purchased from Thermocouple Products (Pty) Ltd, Edenvale
10 purcahsed from Swift Heat & Control, Aeroton.
11 purchased from APVF, African Pipes Valves & Fittings, Edenvale.
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Figure 8. Photograph of (a) Lutron TM947SD 4 channel data logger and (b) type K
thermocouple
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(a) Plan view of furnace with blowers and thermocouples
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Figure 9. lllustrating (a) Plan view of the furnace with blowers, (b) Cross section A-A and (c)
Cross section B-B
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Figure 10. Thermocouples placed in the centre of quadrants of the furnace lid

3.6 Loading

The additional externally applied loading of the specimen was done using a loading rig that is
similar in concept to a balancing scale with the balancing weights on either side being identical
in magnitude, see Figure 11 and Figure 12(a). The main difference in concept between the
balancing scale and the loading rig is the addition of sliders that prohibit rotation of the central
beam about the “central knife edge” or central pin in two directions, in plane and out of plane.
These sliders do however allow for vertical movement of the load rig and therefore the transfer
of a vertical load through the central pillar to the specimen being tested causing the specimen

to deflect vertically.

The central pillar responsible for transferring the vertical point load was constructed with
reinforced concrete with cross sectional dimensions of 220mm by 220mm and a height of
300mm. The concrete pillar was placed unfastened to the test specimen at the bottom. At the
top of the concrete pillar, the concrete pillar was bolted to a steel base plate with four threaded
10mm diameter anchor bolts. The anchor bolts were cast into the concrete pillar, with an
embedment length of approximately 250mm and with an anchor washer and two nuts on the

ends.

The steel base plate, 8mm thick with plan dimensions of 220 mm by 220mm was welded to

the centre of the horizontal central beam, forming a double cantilever.

=
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The central beam was made up of two square steel tubes!? welded together, each tube having
dimensions of 80mm by 80mm and a wall thickness of 6mm. The total length of the central
beam was 2200mm.

On either end of the central beam, 80mm in from the edge a 20mm I-nut'® was bolted to the
underside of the beam. A lever hoist** was hooked through the I-nut with the top hook (Figure
11 and Figure 12(a)). The bottom hook of the lever hoist was connected to a 16mm I-nut on

each corner of a steel frame with 10mm D shackles, 8mm mallions and an 8mm chain.

The steel frame acted as a pan to hold the weights that create the externally applied load,
Figure 12(b). The total weight in each pan, on either side of the central beam was 3.14kN,
creating a total externally applied point load of 6.28kN. The weight in each pan was created
using 16, 1.2m lintels®™ each with a weight of 0.2kN stacked in the rectangular steel frame.
The lintels were stacked in four layers consisting of four columns, between each layer a 5mm

rubber strip was placed to stabilise the stacked lintels.

The horizontal steel central beam was connected on either side to the two vertical sliders
which were bolted to the exterior of the furnace. The vertical sliders consisted of two
components; the sliding poles made of solid 20mm by 20mm steel bar spaced approximately
85mm apart and bolted to the furnace and the square hollow tubes that were welded to the
steel beam and had the poles passing through them.

The load was raised approximately 60mm off the ground by jacking the lever of the lever hoists
on either side simultaneously. This meant that the test specimen could deflect 60mm vertically

before the load no longer acted on the test specimen.

————=

12 purchased from King Steel, Wadeville.

13 purchased from President Bolt, Fordsburg.
14 Sponsored by Height Safety, Midrand.

15 Sponsored by CIK Concrete, Boksburg.
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Figure 11. The furnace with loading rig
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Figure 12. Photographs of (a) furnace loading rig and (b) loading rig weights

3.7 Results and Discussion

It was observed after tests 1 to 8 and tests 9 to 11, that the major deterioration of the furnaces
was cracking, most likely due to thermal expansion of the bricks of the inner leaf exerting a
force on to the outer leaf especially where mortar had filled the airgap between the two courses
of brick.




Referring to Figure 13, 14 and 15, corresponding to the recorded temperature results of tests
9, 10 and 11 and showing the recorded temperatures plotted against the standard temperature
curve with upper and lower limits. Temperatures in degrees Celsius are plotted on the y axis
and the corresponding time in minutes is plotted on the x axis. For the analysis and
comparison, the test results are shifted so that the start of the test is evaluated from time O.
This shift allows for the start of fire test and the standard fire curve to both be at 0. The zero-
value on the test results was determined by taking a best fit, where most of the data follows
the standard fire curve. A test is concluded once the recorded furnace temperature falls below
the lower limit, indicating that the required temperatures cannot be reached regardless of how

much air is being pumped in.

The plots can be broken up into three distinct stages, namely, the first stage indicating ignition
of the furnace, the initial stage, indicating rapid temperature increase where the blowers are

switched from on to off and the duration stage of the test where the blowers are regulated.

The ignition stage of the curve shown by the recorded furnace temperature values from the
actual start of the test to just before 0 with a corresponding temperature value of approximately
200 degrees Celsius. From this portion of the curve in each test indicating ignition was an
issue with the diesel not easily igniting. During the ignition stage the blowers are turned off
completely and only turned on once the diesel ignited, and the temperature has reached
approximately 200 degrees Celsius. The rise in temperature for the ignition stage is dependent
on the rate at which the diesel on the timber surface ignites which in turn is dependent on
many aspects. As it can be seen, the ignition temperatures do not rise fast enough. The
problem encountered during ignition can be resolved by dipping the timber in a faster igniting

fuel such as a mixture of diesel and turpentine.

The initial stage starting at approximately 200 degrees Celsius, where a steady increase in
temperature can be observed and where the blowers are still turned on and valves completely
open and ending at the first big dip in recorded furnace temperatures, indicate the start of the

temperature regulation as per standard time temperature curve.

There is a very turbulent overlap between the ignition stage and the initial stage. This transition
is intended to be smooth, but a clear jump can be seen where the blower is first turned on
showing a slight dip as cold air comes in and then an increase at around 200 degrees where

the fire is consuming fuel.




The duration stage of the curve corresponds to the first dip in the curves at approximately 700
degrees all the way through to the end of each test. This stage of smooth temperature
regulation can be clearly seen by the constant peaks and troughs indicating where the gate
valves of the blowers were gently opened and closed little by little. The durations of tests 9,
10 and 11 are approximately 113 minutes, 91 minutes, and 102 minutes, respectively with an

average of 102 minutes for all 3 tests.

From the figures, there was a slight difference in temperature on opposite sides of the furnace
with thermocouples 1 and 3 both higher in test 9 and then both lower than thermocouples 2
and 4 in tests 10 and 11, which is most likely due to a difference in the contribution of air from
each blower, possibly from a difference in adjustment of the gate valves.

Figure 13, 14 and 15 indicate that the general shape of the results fits the standard fire curve

and its limits rather well.

Referring to Figure 16, 17 and 18, showing the average temperature values of the four
thermocouples for the furnace against time. The average temperature seldom drops below

the lower limit or rises above the upper limit.

The moving average shown in green on Figure 16, 17 and 18 is conducted for the portion of
the plots where the temperature is regulated. The starting point for analysis of the moving
average is taken from the first peak, indicating that temperature regulation had begun, an
interval of 120 data points equating to 4 minutes, which roughly included two peaks and two

troughs was used for the moving average analysis.

Figure 19, 20 and 21 show the linearised values and plots of the average furnace temperature,
the linearised values and plots of the standard time temperature curve with its corresponding
upper and lower limits, and the linearised values and plots of the moving average. Equation
2 below is Equation 1 linearized and in the form y = mx + ¢, where the y value corresponds to
107(T-To/345), m the gradient with a value of 8, x corresponding to t which is time in minutes
and c the y intercept with a value of 1. Equation 2 as shown below was used to linearise the

average temperature plots, with all y intercepts being set equal to 1.

T—To)

10(W =8t+1..ccociiiin Equation 2

Where:
t is the time in minutes
T is the furnace temperature at time t in degrees Celsius

To is the initial furnace temperature in degrees Celsius
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From the linearised plots, a linear least square fit for the data was calculated to be 0.96, 0.90
and 0.97 for tests 9, 10 and 11, respectively. The fit is calculated from the raw data and the
best fit straight line drawn through the data. The gradient error between the best fit line and
the standard time temperature curve was calculated to be 4.68%, 12.41% and 3.18% for tests

9, 10 and 11, respectively.

To gain a complete understanding of how well the recorded temperatures of test 9 10 and 11
matched the standard time temperature curve, the portions where the recorded temperatures
fall beyond the limits, must be quantified in terms of duration and severity.
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THERMOCOUPLE TEMPERATURES WITH RESPECTTO TIME - TEST 9
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Figure 13. Test 9 thermocouple temperatures versus time plot

THERMOCOUPLE TEMPERATURES WITH RESPECT TO TIME - TEST 10
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Figure 14. Test 10 thermocouple temperatures versus time plot

THERMOCOUPLE TEMPERATURES WITH RESPECTTO TIME - TEST 11
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Figure 15. Test 11 thermocouple temperatures versus time plot
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AVERAGE OF THERMOCOUPLE TEMPERATURES WITH RESPECT TO TIME - TEST9
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Figure 16. Test 9 average thermocouple temperature versus time plot
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Figure 17. Test 10 average thermocouple temperature versus time plot
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Figure 18. Test 11 average thermocouple temperature versus time plot
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LINEARISED AVERAGE TEMPERATURE WITH RESPECT TO TIME - TEST 9
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Figure 19. Test 9 linearised average temperature versus time plot
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Figure 20. Test 10 linearised average temperature versus time plot
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Figure 21. Test 11 linearised average temperature versus time plot
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4. Lintel fire tests

4.1 Scope

This section studies and evaluates the behaviour and fire rating of compaosite concrete lintels
using the SANS10177-2 test protocol as a guide. A total of three composite lintel specimens
were fire tested with each specimen being installed in the previously developed furnace as a
simply supported composite beam with a clear span of two meters using SANS 10164 as a
construction and installation guide. Figure 22 illustrates the composite masonry lintel installed
in the furnace. All three of the composite lintel specimens were un-plastered. The first two test
specimens corresponding to test 9 and 10 from section 3 had no additional external load
applied to them other than their own weight, test specimen 3 corresponding to test 11 from
section 3 had an additional external point load of 6.28 kN applied at the centre of the specimen.
The test specimens were exposed to fire on 3 sides, left side, right side and bottom, the top of
the specimen was not exposed to fire. Only 60% of each specimen about the span centre was

exposed to fire.

F712m4-‘ ‘_B | ——|210 F— | i
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(b) Elevation B-B
(a) Plan View of Specimen in Furnace

200 L

(¢) Elevation A-A (d) Section C-C

Figure 22. Lintel-furnace installation schematic




4.2 Sample description

The lintels® used to form the precast masonry lintel fire test specimen were precast and pre-
stressed concrete lintels of 75mm height, 100mm width, and overall length of 2.4m not
manufactured in accordance with SANS 1504. Each lintel had five pre-tensioned 2.64mm

diameter high tensile carbon steel wire strands which were lightly crimped. Cover to the

tendons ranged from 15mm to 20mm. A cross section of the lintel is shown below in Figure
23(a) and (b).

Figure 23. Photograph of (a) precast lintel cross section with dimension and (b) without
dimensions.

The concrete bricks!’ forming the masonry portion of the precast masonry lintel were standard
concrete stock bricks with compressive strength of 7Mpa and dimensions of 222mm in length,
106mm in width and 73mm in height.

The mortar used for the masonry works of the specimen had a mass mix ratio 1:3.2, PPC OPC
CEM 1 52,5 N to building sand. The average mortar strengths for the precast masonry lintel
fire test specimens for tests 1, 2 and 3 were 149.06 kN, 124.8 kN and 92.3 kN, respectively.
The loading rate of the mortar cube test was 150kN per minute. The aim was to conduct a fire
test as soon as the mortar strength was equal to the 7MPa of the concrete bricks.

The composite lintels were built up and installed in the furnace using SANS10162 Part 1 as a
guide. Referring to Figure 24, each of the three composite concrete lintels specimens were
made up of two pre-stressed concrete lintels placed side by side with five courses of brick
work above the lintel with a layer of mortar approximately 10mm thick between each brick

16 purchased from Supreme Build It, Martindale.
17 Purchased from Builders Warehouse Strubens Valley, manufacturer unknown

25

A
L




course. The first course of brick placed on the lintel was a header course or English bond, this
was to tie the two lintels together so that they would act dependently as one and to tie the two
skins of brick together. Brick courses two, three, four and five, were ordinary staggered or
stretcher courses. Double leaf brick-force was placed in the mortar between the lintel and the
first course of bricks, as well as between the third and fourth courses of bricks.

The specimens were simply supported composite beam elements with a clear span of 2m and
had a bearing area of 200mm by 200mm on either side. During casting, the specimen was
propped on the centre of the span and mortar placed under the bearing positions on either
side to allow for levelling of the precast masonry test specimen (Figure 24). The specimen

was a composite double skin masonry beam.

e
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(a) Plan view of precast masonry lintel
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Figure 24. Precast composite masonry lintel fire test specimen schematic

4.3 Test procedure and monitoring

The specimens were exposed to fire on 3 sides: bottom, left and right. The top was not
exposed to fire. Tolerance was created between the furnace and the composite lintel to allow

for vertical displacement of the specimen and sealed with ceramic fibre blanket.

Test specimens 1 and 2 had no additional load applied during testing (Figure 25). Loading
only occurred on test specimen three with a total load of 6.28 kN applied as a point load on
the centre of the span of the specimen. The load was applied on a cross-sectional area of
220mm by 220mm (Figure 26 and Figure 27)

Temperatures were measured during the test with four type K thermocouples located on the

top level of the specimen and furnace as per section 3.5. Temperatures were continuously
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recorded every 2 seconds and regulated appropriately according to the standard time
temperature curve. Visual observations were made on the behaviour of the specimen during

and after each test.

Figure 25. Photograph of lintel test 1 with no load




Figure 26. Photograph of lintel test 3 with applied load before ignition

Figure 27. Photograph of lintel test with applied load during fire test
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4.4 Results

To analyse the composite masonry lintel fire test results, the inspection took place
approximately 24 hours after the fire tests, allowing enough time for the furnace to cool down
(Figure 28). The results of the effect that the fire had on the specimens, can be seen in Figure
29, 30 and 31 and are the results for composite masonry lintel fire tests 1, 2 and 3,

respectively. The deflections of the concrete lintel were measured during the inspection.

In test 1, Figure 29(a) to (f), only one lintel showed clear signs of delamination with a relative
deflection of approximately 17mm from the brickwork on centre span. The 5 courses of brick
work remained rigid, undeformed and undeflected in the vertical direction after exposure to
the fire. The lintels, mortar and bricks also became brittle with signs of spalling on the lintels.
The elasticity of the precast lintels had also greatly decreased. Many cracks were observed
on the surface of the lintel especially between cement paste and aggregate. Test 1 was
concluded after approximately 113 minutes of exposure to the standard time temperature

curve.

In test 2, Figure 30(a) to (d), both lintels showed clear signs of delamination with relative
deflections between the top of the lintel and the bottom of the brick of approximately 9mm and
6mm for either side. The 5 courses of brick work remained rigid and undeformed after
exposure to the fire. The lintels also became brittle with no clear signs of spalling, the elasticity
of the lintels had also greatly decreased. Many fine cracks were observed on the surface of
the lintel. Test 2 was concluded after approximately 91 minutes of exposure to the standard

time temperature curve.

In test 3, Figure 31(a) to (h), both lintels showed clear signs of delamination. The composite
concrete lintel system had failed in terms of stability showing signs of excessive deformation
of approximately 80mm in total. 60mm deflection is attributed to the additional load and self-
weight and approximately 20mm to self-weight only. The specimen had not completely
collapsed under its own self weight. The additional applied load only acted on the structure up
to a deflection of approximately 60mm. It was observed that the bottom layer of brick force
had snapped, but whether the strands in the precast lintel had also snapped is unclear. Many
cracks were observed on the surface of the lintel. Test 3 was concluded after approximately

102 minutes of exposure to the standard time temperature curve.

T 29



Figure 28. Lintel in furnace approximately 24 hours post test
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Figure 29. Lintel fire test 1 photographic results (a), (b), (c), (d), (e), and (f)
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Figure 30. Lintel fire test 2 photographic results (a), (b), (c), and (d)
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Figure 31. Lintel fire test 3 photographic results (a), (b), (c), (d), (e), (f), (g), and (h)

4.5 Discussion

In test specimens 1 and 2 the lintels delaminated from the brick work with the brickwork
remaining intact and rigid and showing no signs of deflection under its own weight after being
exposed to fire. Test specimen 3 collapsed under the applied load after being exposed to fire
loading. In test 1 and 2 delamination and deflections of the lintels are due to only the self-
weight of the concrete lintel acting in the vertical direction and the reduction of the material
strength and the weakening of the physical properties of the concrete as well as the loss of
tension in the steel strands due high temperatures. In the lintels, fine cracking can also be
seen in the concrete especially around cement paste and aggregate interface, indicating a
difference in the relative rates or degree in overall expansion of the aggregates and cement
paste.

In all three tests the precast lintel and the masonry brick work do not maintain a bond and
therefore do not act as a composite member after having been exposed to fire. The exposure
to fire has greatly affected the bond between the precast lintel and the masonry brick work
which is responsible for the shear transfer allowing the built-up specimen to act as a composite
masonry lintel. This bond is completely removed by the exposure to fire and after the exposure

to fire the composite masonry lintel can no longer be assessed as a composite member.

Figure 32 shows the moment of inertias for the individual cross sections of the components
that make up the precast masonry lintel as well as the non-composite and composite masonry
lintels. Assessing the composite masonry lintel as a composite member produces a moment
of inertia of 8522 x10° mm?*, assessing it as non-composite member produces a moment of
inertia of 3079 x10° mm*. This equates to a 63% reduction in capacity after exposure to fire. It

is for this reason that stirrups are an essential component for the transfer of shear.
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(a) Precast pre-stressed (b) Five courses double brick (c) Precast concrete masonty lintel (d) Precast concrete masonry composite lintel
concrete lintel cross section cross section cross section cross section

Figure 32. Cross sections analysed for second moment of inertia

5. Conclusion and recommendations for future studies

The thermocouple results obtained from tests 9, 10 and 11 demonstrate that the concept and
design of the finite fuel furnace, with some modifications to ignition of the furnace, can be used
for fire testing of horizontal load bearing structural and non-load bearing construction elements
such as slabs, beams, and ceiling boards up to a maximum duration of 90 minutes in
accordance with the standard time temperature curve defined by the SANS10177-2 Code of

Practice.

From the three precast masonry lintel fire test results, it can be deduced that fire greatly
reduces the bond between the lintel and brickwork responsible for horizontal shear transfer
allowing the concrete lintel system to act a composite member. In this case the effect of no
stirrups can easily be seen. This loss of bond reduces the moment capacity considerably and
great care should be taken when designing a lintel masonry system as a composite member
subject to fire. The testing also found that without any additional load the lintels act merely as
formwork in the event of a 90-minute fire whereas the brick work can resist collapse under its

own weight for a clear span of two meters.

It is recommended that future studies should move from a timber furnace to LPG furnace for
three main reasons. The first reason being that the duration of a test can be increased without
increasing the size of the furnace. Secondly, ignition, temperature control and regulation can
be fine-tuned more easily to obtain better correlation between furnace temperatures and the
standard time temperature curve. And finally, the smoke released from an LPG furnace would

be much less and environmentally more acceptable.




Future studies should strive to achieve the 4-point loading and for greater data collection and
adherence to codes of practice for certain aspects such as loading of specimens by means of
incorporating load cell measurements, deflections measurements with LVDT’s or by other

means.

Future studies should ensure that technical furnace requirements such as number of
thermocouples and thermocouple spacing are met. If additional investigation into lintels is
conducted, these should be more representative of real-life elements and should be plastered.

Future testing of specimens should introduce control sample tests whereby the entire element
is subject to fire loading and moment resistance capacities measured. Future studies should
continue to further investigate moment resistance and consider investigating shear resistance,
axial resistance and perhaps combinations of resistances. Eventually formulate a model
whereby the full element in fire resistances can be calculated from the partial tests or
equations or possibly tables could be compiled for beam element moment resistances in fire.
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