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Abstract

Sprayed fire resistive material (SFRM) is intended to thermally protect structural steel

elements during a fire. The integrity of the SFRM may become compromised during an

earthquake due to yielding and damage in the underlying steel structure to which the

SFRM is bonded. This in turn can influence the post-earthquake fire performance of the

SFRM. Tests were performed to evaluate the bond performance of SFRM on steel plates

subjected to tensile yielding. The test results show rapid degradation of the bond

strength of SFRM to steel plates with increasing tensile yielding. Test results also

show marked differences in bond behavior between wet mix and dry mix SFRM and

between coatings on steel with a mill finish as opposed to a sand blasted finish.

Keywords

Sprayed fire resistive material, SFRM bond strength, steel tensile yielding

Introduction

Past events have demonstrated that earthquakes can cause fires in buildings,
damage active fire protection systems such as sprinklers, and reduce the effective-
ness of fire-fighting capabilities. In such an event where the active fire protection
systems are compromised by an earthquake, passive systems such as sprayed fire
resistive material (SFRM) may be the only available means to mitigate the effects
of the fire on the structural system in a building.
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During an earthquake, the integrity of the SFRM may become compromised
because of damage to the underlying steel structure to which the SFRM is bonded.
For example, for traditional strong-column weak-beam steel moment frame build-
ings, large deformation demands are placed on the beams in the vicinity of the
columns and yielding of the steel beams is expected. The magnitude of yielding
could be on the order of 20 times the yield strain of the steel in this region. In turn,
the damage to the steel places large demands on the ability of the SFRM to remain
attached to the beams. Lesser demands from the earthquake are placed on the
column; thus the column SFRM may remain intact during the earthquake.
Damage to the SFRM in the plastic hinge region in the beam adjacent to the
column provides a means to conduct heat directly into the column in the event
of a post-earthquake fire. The additional heat transferred into the column leads to
elevated temperatures and thus a reduction in strength and stiffness of the steel
during the fire. Thus, damaged SFRM may reduce the structural performance of
the building columns at elevated temperature during a post-earthquake fire.

To simulate the preceding damage scenario, tests were performed to determine
the bond performance of SFRM on steel plates subjected to tensile yielding. SFRM
was applied to a series of steel plates. The plates were then loaded in tension to
various levels of strain above the yield strain. After loading, bond tests were per-
formed on the SFRM to determine the adhesive and cohesive strengths of the
SFRM. The tests results were interpreted to understand the degradation of bond
strength as a function of strain level in the steel substrate.

Three variables were treated in the tests: (1) type of SFRM (dry-mix or wet-mix);
(2) plate surface condition (mill scale or sandblasted); and (3) peak tension
strain level in the plates. Results are discussed in terms of SFRM bond
strength degradation as a function of increasing steel strain and steel surface prep-
aration. Complete details of this study are given in Braxtan [1] and Braxtan
and Pessiki [2].

Experimental program

Two different commonly used commercial types of SFRM were studied: a dry-mix
material (DM) and a wet-mix material (WM). Figure 1 shows WM on the left and
DM on the right.

The DM consists of a Portland cement and mineral wool fiber mixture.
The product is conveyed in the dry state under low air pressure and water is
added at the spray nozzle as the product is being applied.

The WM consists of a mixture of vermiculite and gypsum. It is combined with
water in a large mixer before being pumped in a wet-slurry state to a spray nozzle
where compressed air creates a spray pattern as the product is applied. It is pre-
dominantly sprayed but can be applied using a trowel.

Both materials were applied to steel plates by technicians at the manufacturers’
laboratory. The plates were then left to cure for 6 weeks before they were carefully
moved back to facilities at the Lehigh University for the tension and bond testing.
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Tension tests of steel plates

Test matrix. Table 1 shows the target test matrix for the tensile plate testing. A
total of 28 plates were included in the test matrix and 24 plates were subject to
tensile loading. Fourteen plates were sprayed with DM and 14 plates were sprayed
with WM. Seven of the plates for each material were sandblasted prior to SFRM
application to remove the mill scale and the other seven were cleaned to remove
dirt and oil with an all-purpose household cleaner, leaving the mill scale intact.

Plates are identified as either ‘M’ or ‘SB’ for plates with mill scale (not sand-
blasted) and plates sandblasted to remove mill scale, respectively. The letter fol-
lowing this indicates the individual plate being tested. For example, DM-SB-A
indicates Plate A of the DM, sandblasted plates.

Four additional 1.5m long plates (not shown in the table), one for each repre-
sentative plate group, were not subjected to tension tests but used to determine the
bond strength of unloaded plates as well as to track any changes in bond strength
due to environmental changes over the duration of testing.

All plates were A36 steel. Tension tests confirmed that the yield stress of the
plates was approximately 329MPa, approximately equal to the 325MPa yield
stress reported in the Mill Certification.

Figure 1. Photograph of WM and DM.
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Plate geometry and instrumentation. Figure 2 shows the test plate geometry and
instrumentation. Each test specimen is comprised of a steel plate that measures
approximately 1.1m long� 152mm wide� 6mm thick. The side of the plate with
the SFRM is referred to as the ‘front’ face and the other side is referred to as the
‘back’ face. The central 457mm of the front face of the plate had SFRM applied,
leaving 305mm on each end bare to allow for gripping during the tension tests. Six
12.7mm gage length strain gages were used for each test specimen. One gage was

152mm

1.1m

63.5mm

Gage 2 on
back face

Gage 4 on
back face

Gage 1 on front face,
Gage 6 on back face

Gage 5 on
back face

Gage 3 on
back face

152mm

152mm

63.5mm

63.5mm 63.5mm

Bare
steel

Bare
steel

457mm
SFRM

Figure 2. Test plate geometry: (a) overall geometry of test plate and (b) geometry of

test area.

Table 1. Tensile plate target test matrix.

SFRM material DM WM

Surface condition Mill scale Sandblasted Mill scale Sandblasted

Target peak

tension strain

(multiple of "y)

0 DM-M-0 DM-SB-0 WM-M-0 WM-SB-0

1 DM-M-A DM-SB-A WM-M-A WM-SB-A

2 DM-M-B DM-SB-B WM-M-B WM-SB-B

4 DM-M-C DM-SB-C WM-M-C WM-SB-C

6 DM-M-D DM-SB-D WM-M-D WM-SB-D

8 DM-M-E DM-SB-E WM-M-E WM-SB-E

10 DM-M-F DM-SB-F WM-M-F WM-SB-F
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centered on each face, at the center of the plate, and one gage was centered at each
of the four test locations on the back face. The gages were consistently numbered
on the test plates as follows. Gage 1 was centered on the front face of the plate, and
Gage 6 was centered on the back face. Gages 2–6 were located on the back face of
the plate with Gage 2 in the upper left corner, Gage 3 in the upper right corner,
Gage 4 in the lower left corner, and Gage 5 in the lower right corner. The two
centered gages (Gages 1 and 6) were applied to record an average overall strain,
and to track any bending in the plate. Gage 1 on the front face of the plate was
protected during SFRM application with silicone rubber, Teflon, and
waterproofing.

Gages 1 and 6 were intended to control the loading to meet the target strain
levels presented in the test matrix. Preliminary test plates had only these two gages,
but the appearance of the yield lines indicated that the local variation in strain over
the testing area was great. Therefore, four additional gages (Gages 2–5) were
included to track the local strains at each test location. Light grinding was applied
at the sides of each plate along the 152mm central testing area to ensure yielding
initiated in this region, eliminating the need to use a reduced section similar to a
standard coupon test. Local variations in strain over the testing area were expected
in the steel as yielding and strain hardening progressed. The actual strain levels
achieved at each test location (Gages 2–5) during testing were different from the
target strain levels previously discussed due to this local variation in yielding.

Tension test procedure. Tensile testing was performed using a 2669 kN (600 kip)
capacity universal testing machine. All plates were loaded in displacement control
at a loading rate of 1.27mm/min. Strain gages were wired to a signal conditioner
and strain data recorded along with the load and head travel data from the test
machine.

For each test, each plate was loaded past yield until the gages were near the
target strain values and then unloaded back to zero load. After tensile testing of the
plates was complete, the plates were carefully removed from the test machine for
bond testing.

Bond tests

The bond tests were performed as in the test fixture shown in Figure 3. The test
fixture was comprised of a self-reacting test frame, hand-operated mechanical actu-
ator, load cell, and data acquisition system. The plate specimen under test was
clamped to the lower beam of the test frame as shown in Figure 3. The test fixture
had a mechanical actuator suspended from the upper beam. The actuator was
attached to a load cell used to read the applied force.

Square blocks of 19mm thick plywood were glued to each of the test locations
using a two-component polyurethane glue. The blocks were pre-drilled with holes
at the center that were used to insert screw hooks. These hooks were then used to
attach the testing block to the load cell and actuator mounted to the test frame.

Braxtan and Pessiki 41



Each steel plate with test blocks glued on was clamped to the lower beam of
the test frame to prevent upward flexing of the plate during testing (Figure 4).
To perform the actual bond test, the hand crank on the actuator was turned,
inducing a small upward motion on the block, as shown in Figure 4. ASTM
E736 [3] recommends a minimum loading rate of 0.8N/s, but does not specify

Figure 3. Test frame used for bond testing.

Figure 4. Load applied to test block and enlarged view of adhesive failure.
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a maximum loading rate. As a practical matter, for the actuator used, the actual
rate of loading was approximately 2.2N/s. The force that the material resisted
against this upward pull was recorded using a load cell and data acquisition system.

The applied force divided by the area of SFRM gave the adhesive bond strength.
The actual strain under the block was measured from the strain gage mounted at
each location on the back face of the plate and the resulting bond strength of the
material at that particular strain was recorded.

Six different modes of failure were observed during the bond testing as shown in
Figure 5. Part (a) of the figure shows adhesive failure between the steel plate and
the SFRM. This was the desired type of failure during testing. Part (b) shows
cohesive failure within the SFRM. Part (c) shows a combination of both cohesive
failure within the SFRM and adhesive failure between the steel and the SFRM.
Part (d) shows cohesive failure of the glue when the glue broke and part (e) shows
adhesive failure at the interface of the glue and wood block. These two types of glue
failure may have been due to proportioning error when mixing the two-component
glue. Part (f) shows failure of the wooden block itself when the layers of the ply-
wood pulled apart.

If cohesive failure occurred, a new block was glued to the newly exposed SFRM
surface and tested again until adhesive failure occurred. If the failure was a com-
bination of adhesive and cohesive failure, retesting could not be performed since
there was now a portion of exposed, bare steel. If failure occurred in the wood or
the glue, appropriate measures were taken to retest the material including replacing
the wooden block with a new block.

Density and thickness testing

Density and thickness testing was performed on each plate in accordance with
ASTM E605 [4]. Thickness measurements were taken at 12 locations on each
plate and an average thickness was found based on these results. The thickness
was found by inserting a pin through the SFRM until it reached the steel substrate.
The pin included a scale that measured the depth of penetration from the surface of

(a) (b) (c) (d) (e) (f)

Screw hook Wood block

Glue

SFRM

Saw cut
Steel plate

Figure 5. Observed modes of failure during bond tests: (a) adhesion failure; (b) cohesion fail-

ure; (c) combined adhesion and cohesion failure; (d) glue failure; (e) adhesion failure between

the glue and the block; and (f) wood block failure.
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the SFRM to the steel substrate. To determine density of the SFRM, a 5800mm2

sample of SFRM was cut from each plate and the mass was determined using an
electric scale. The volume of the SFRM was then found using the displacement
method described in the standard.

Environmental testing

Temperature and relative humidity were recorded throughout the duration of test-
ing to track environmental changes. The recorder was placed in the lab near the
bond testing fixture and continually recorded during the months of testing. When
the relative humidity was very high, testing was not performed due to curing prob-
lems with the glue. The effect of temperature was not apparent in the bond test
results and discussion of the potential effect of relative humidity is presented in the
following section.

Results and discussion

Tension loading results

Stress–strain data from the loading of a typical plate are shown in Figure 6. Data are
shown for Gages 2, 3, 4, and 5 (centered on the test block locations) to illustrate the
variation in strain between each test location. This variation is an expected result of
local yielding. The x-axis shows strain in the steel plate at the test locations. Each
increment on the graph is equal to one multiple of the expected yield strain ("y) of
the steel plate for easier comparison. Only every other increment is labeled such that
the first labeled increment of 0.0032 is 2 times the yield strain (2�"y).
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Figure 6. Typical stress vs strain data from a single plate test.
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It is common to use strain gages over small areas to effectively determine strain
at a point. Results are discussed with respect to the individual strain gage readings,
as well as the average strain over the testing region. Table 2 summarizes the average
strain recorded in each plate. The average strain value given in the table is com-
puted as the sum of the strains at Gages 2, 3, 4, and 5 divided by 4.

Tension loading discussion

Two important characteristics were found after the plates were loaded in tension:
(1) detachment of the SFRM from the steel plates; and (2) cracking of the SFRM.
Table 2 summarizes the occurrences of cracking and detachment in the plates.

Table 2. Post-loading observations of detachment and cracking.

Plate ID Average strain Detachment Cracking

DM-M-A 3.6"y Yes No

DM-M-B 1.4"y No No

DM-M-C 1.2"y No No

DM-M-D 2.0"y No No

DM-M-E 0.5"y No No

DM-M-F 1.0"y No No

DM-SB-A 4.9"y No No

DM-SB-B 1.4"y No No

DM-SB-C 4.3"y Yes No

DM-SB-D 0.5"y No No

DM-SB-E 7.2"y Yes No

DM-SB-F 2.1"y No No

WM-M-A 3.1"y Yes Yes

WM-M-B 2.7"y Yes Yes

WM-M-C 4.5"y No Yes

WM-M-D 3.7"y No Yes

WM-M-E 3.5"y No Yes

WM-M-F 4.1"y No Yes

WM-SB-A 2.4"y No Yes

WM-SB-B 3.0"y No Yes

WM-SB-C 3.6"y No Yes

WM-SB-D 5.9"y No Yes

WM-SB-E 7.2"y No Yes

WM-SB-F 11.5"y No Yes

Average strain¼ (Gage 2 strain + Gage 3 strain + Gage 4 strain + Gage 5 strain)/4.
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Large portions of SFRM became detached from the steel plate before any cut-
ting was performed for the bond tests in some of the DM plates. This detachment
occurred at the top or bottom edges of the SFRM. Figure 7 shows this occurrence
on one of the DM-M plates, DM-M-A. Part (a) shows the bottom 127mm of
SFRM that became detached during loading and part (b) shows that once the
first cut was made into the material, the DM came off in one large piece. Plate
DM-M-A had the highest average strain on the plate and was the only DM-M
plate that had detachment at the ends. Two of the DM-SB plates also had detach-
ment at the ends, DM-SB-C and DM-SB-E. These two plates had higher average
strains over each plate. Two of the WM-M plates had detachment at the ends, but
none of the WM-SB plates exhibited detachment.

Cracking of the SFRM perpendicular to the direction of loading occurred in all
of the plates sprayed with WM, both sandblasted and not sandblasted. Examples
of cracking are shown in Figure 8 where the cracks have been highlighted with
marker for easier identification. Part (a) shows a typical WM-M plate that exhib-
ited horizontal cracking at mid-height of the SFRM. Each WM-M plate had one
full width horizontal crack approximately at mid-length of the SFRM and a partial
width crack between 38 and 63mm away from the main crack. The WM-SB plates
also exhibited this approximate mid-height full width crack. However, some of the
WM-SB plates had additional cracking. Part (b) shows plate WM-SB-C with addi-
tional minor cracking. Part (c) shows plate WM-SB-F that exhibited extensive
cracking. This plate was the only plate that was loaded into the early stages of
strain hardening and had the highest average strains of all the plates. Cracking was
not observed in any of the DM plates, sandblasted or not sandblasted.

Cracking and detachment together help to illustrate the effect of strain compat-
ibility between two materials. If the SFRM remains fully attached to the steel plate,
then the SFRM and the steel must both have the same strain at the interface
between the two. As strains become large, this strain compatibility can no longer

Figure 7. DM behavior due to post-yield strain loading: (a) detachment of DM at one end;

and (b) lack of adhesion after first cut is made into the DM.
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be met. Either the SFRM cracks to accommodate the large strains, or the SFRM
becomes detached from the steel plate.

The DM plates did not exhibit visually observable cracking. This is due to both
the fibrous nature of the material itself and the weaker bond between the DM and
the steel. It is possible that the fibrous nature of the DM better distributed the
cracking making it harder to observe visually.

The DM-SB plates seemed to maintain the bond between the SFRM and the
steel at higher strains than the DM-M plates. Plate DM-SB-A did not exhibit
detachment and was loaded to an average strain nearly 5 times yield strain whereas
plate DM-M-A showed detachment and had an average strain of only 3.6 times the
yield strain.

As mentioned previously, all of the WM plates exhibited cracking. This is due to
the greater bond strength of the WM to the steel. In order to accommodate the
large deformations and allow for the continued bond to the steel the WM cracked.
More extensive cracking was observed in plates with higher average strains and the
most extensive cracking was observed in the plate with the maximum average
strain. Plates WM-M-A and WM-M-B also both showed detachment, but had
the lowest average strains of the WM-M plates.

Bond test results

Graphical results for the bond tests are shown in Figure 9 and Figure 10. Final
adhesive strength, or combined adhesive and cohesive strength if failure occurred in

Figure 8. Cracking in WM plates: (a) typical WM-M plate with one major and one minor

crack; (b) plate WM-SB-C with minor additional cracking; and (c) plate WM-SB-F with exten-

sive additional cracking.
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that manner, is plotted on the y-axis. Any prior cohesive, glue, or wood failures are
not shown here for brevity since the desired result was adhesive strength.

The strain of the underlying steel at each test location is plotted on the x-axis.
Each increment is equal to one multiple of the expected yield strain ("y) of the steel
plate for easier comparison. Only every other increment is labeled such that the first
labeled increment of 0.0032 is 2 times the yield strain (2"y).
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Figure 9. Adhesion strength vs steel strain for DM plates: (a) DM-M plates; and (b) DM-SB

plates.
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Each graph shows the minimum acceptable bond strength of 7.2 kPa as reported
in the Manufacturer’s guide specifications in accordance with General Services
Administration AIA/SC/GSA/07811. Each graph also shows the value obtained
from laboratory tests performed by the manufacturer per ASTM E736. For DM
the reported test value is 17.2 kPa, and for WM the reported test value is 18.8 kPa.
It is noted that the ASTM E736 does not distinguish between cohesive and
adhesive failures.
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Figure 10. Adhesion strength vs steel strain for WM plates: (a) WM-M plates; and

(b) WM-SB plates.
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Figure 9 shows the variation of adhesive strength with strain of the underlying
steel of the DM plates. The unloaded plate bond strengths are similar for both the
DM-M and the DM-SB. The DM-M plates show a rapid reduction in adhesive
strength as the steel strain increases. By the point in each figure where the steel
strain is at yield strain, the adhesive strengths fall below the minimum accepted
value. For the samples just beyond yield strain there was a complete loss of adhe-
sive strength. These test blocks were completely detached from the steel after the
test blocks were cut from the surrounding areas. This was the case for five different
test blocks at steel strains of 1.5 times the yield strain and beyond.

The DM-SB plates were able to maintain adhesive strength for higher strain
values, although these values fell well below the accepted strength of 7.2 kPa. Tests
performed for locations that were at strain levels approaching 2 times yield were
greater than the minimum acceptable strength. For bond tests performed at loca-
tions with steel strain between 2 and 10 times the yield strain, there was very little
adhesive strength. However, the only bond test that showed zero adhesive strength
after cutting was at a strain level about 11.5 times the yield strain.

Figure 10 shows the adhesive strength of WM as the strain in the underlying
steel is increased. Both the WM-M and the WM-SB unloaded plates had much
higher bond strength values than the DM plates and also much higher than the
manufacturer’s reported test values. Adhesion for the WM plates is maintained at
higher strains than the DM plates as the strain in the steel increases. In fact the
WM-M plates still met the minimum acceptable bond strength value at about 5.5
times the yield strain and the WM-SB plates were still acceptable at 12 times the
yield strain. This finding is in agreement with findings from visual inspection after
loading of the plates when it was found that the WM bond was well maintained
and cracking occurred in lieu of detachment of the SFRM from the steel.

Bond test discussion

Figure 9 shows that the DM-SB plates maintained higher adhesive strength than
the DM-M plates. Figure 10 shows that the WM-SB plates maintained adhesive
strength at higher strains than the WM-M plates. The WM-M plates had dimin-
ished adhesive strength at around 8–10 times the yield strain with zero adhesive
strength at approximately 10 time yield strain. Whereas the WM-SB plates had
acceptable adhesive strength at strains nearly 12 times the yield strain.

Figure 10 shows that the WM-SB plates had higher adhesive strength in the
unloaded plates than the WM-M plates. This is contrasted by the DM-M and
DM-SB plates, shown in Figure 9, which started at about the same unloaded plate
adhesive strength, where only the rate of adhesive strength lost differed. The sand-
blasting in the WM plates had a greater effect than sandblasting in the DM plate.

When considering the average values on each plate the trends become clearer.
Figure 11 shows the average adhesive strength on each plate plotted against the
average steel strain in each plate. Unloaded plate data is weighted for groups of
four data points to allow for proper comparison with the four test blocks averaged

50 Bond performance of SFRM on steel plates subjected to tensile yielding



on each loaded plate. Again the strain axis is incremented for multiples of yield
strain. Linear trend lines have been added for each data set and the trend lines for
WM-M and WM-SB have been extrapolated to zero adhesive strength as shown
with the dashed line.

Sandblasting of the plates increases the ability to maintain adhesive strength in
the plates. The plates that were not sandblasted still had a layer of mill scale on
them. As the steel plates yield, the mill scale falls off effectively eliminating the bond
between the steel and the SFRM. Figure 12 shows some examples of plates that
were not sandblasted and the resulting yield lines and loss of mill scale. Part (a)
shows plate WM-M-A that exhibited detachment of the SFRM at the top, yielding
progressing from the top of the plate downward, and a resulting diagonal band of
yielding where mill scale had fallen off. Note that there is mill scale attached to the
SFRM that has fallen off. Part (b) and (c) show plates WM-M-C and DM-M-D
with diagonal yield lines and loss of mill scale in the central region of the plates
where yielding progressed from and compares this effect between both materials.
For the DM plates sandblasting approximately doubled the amount of strain that
could be experienced before loss of adhesive strength. For the WM plates, if the
trend lines were extrapolated to zero adhesive strength, there could be an increase
of more than 2.5 times the amount of strain that could be experienced before loss of
adhesive strength.

The WM plates showed an increase in the unloaded plate adhesive strength of
about 25% when the plates were sandblasted whereas the DM plates were about
the same.
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The WM plates had approximately 3 times the initial unloaded bond strength of
the DM plates. The fibrous, portland cement-based DM does not bond as well to
the steel plates as the vermiculite and gypsum based WM.

Density and thickness results and discussion

Figure 13 shows the density of the SFRM on each plate plotted against the average
thickness of the SFRM. In general, the thinner the SFRM, the denser it was.
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Figure 12. Progression of yielding and loss of mill scale: (a) plate WM-M-A with detached

SFRM at top, mill scale attached to SFRM, and diagonal yield lines; (b) plate WM-M-C with

diagonal yield lines and loss of mill scale, but no detachment at edges of SFRM; and (c) plate

DM-M-D showing yield lines and loss of mill scale.
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The SFRM was applied in many passes, and it is likely that the material became
more compacted as additional layers were applied.

The WM samples had a higher density than the DM samples and both materials
had higher densities than what was reported in the manufacturer’s literature.
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Figure 14. Cohesion strength vs relative humidity for WM plates: (a) mill scale and

(b) sandblasted.
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The results of density testing provided an average density of DM of 290 kg/m3

compared to a minimum accepted density of 240 kg/m3 per UL standards and
256 kg/m3 tested by the manufacturer. The average density for the WM in this
testing was 407 kg/m3, whereas the literature reported a minimum acceptable den-
sity of 240 kg/m3 and a manufacturer-tested value of 280 kg/m3. There was a
larger difference between the reported ‘tested’ density and the experimental density
in the WM than that for the DM. The experimental density of the WM was about
45% higher than the tested density for WM while the experimental density of
the DM was only about 13% higher than the tested density for DM. This differ-
ence could be attributed to a more deliberate and careful application process for the
latter set.

Environmental results and discussion

Three factors were tracked on the unloaded plates to investigate any changes in
material due to time, relative humidity, and temperature.

Test results did not appear to be influenced by temperature. However, there
seems to be a decrease in bond strength with increasing relative humidity in the
WM plates. The trend is more visible in the cohesive strength tests, shown in
Figure 14, due to the larger number of tests. The DM plates showed no change
in adhesive or cohesive strength with increasing relative humidity.

Curing of the material was tracked by recording the adhesive and cohesive
strengths of the unloaded plates over time. No significant trends were seen in
either the DM or WM plates, which indicates that the materials had essentially
fully cured when testing began. The earliest tests performed on the DM plates
occurred 2 months after application of the SFRM. The earliest tests of the WM
plates were done about 3.5 months after application of the SFRM.

Conclusions

1. When the SFRM materials discussed in this article are applied to steel that has
mill scale, the adhesive strength of the SFRM degrades rapidly once the steel
yields. The rapid degradation of the adhesive strength is attributed to the
de-bonding of the mill scale from the steel as the steel yields, coupled with the
fact that the SFRM is bonded to the mill scale and not the underlying steel.

2. WM has higher adhesive strength to steel than DM. Adhesive strength of WM
on unloaded plates was about 3 times as great as the adhesive strength of DM on
unloaded plates.

3. WMmaintains a bond to the steel at higher strain levels than DM. As was found
in the visual inspections after the tension loading, the DM tend to de-bond from
the steel surfaces while WM cracked but maintained the bond. This effect was
first seen at the edges of the SFRM after loading, but the concept holds true for
the central portion of the plate where bond tests were performed.
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4. Sandblasting of the steel plates helps maintain adhesive strength to the steel at
higher strain levels. Plates that were not sandblasted still had mill scale on the
surface and once yielding progressed over the plate, the mill scale fell off effec-
tively eliminating the bond between the steel and the SFRM.

5. Sandblasting of the steel plate increases unloaded adhesive strength in WM but
does not offer this same advantage in DM.

6. SFRM may become detached from the steel plate after loading beyond yield.
Detachment of the SFRM was more prevalent in the plates sprayed with DM
than in the plates sprayed with WM. The fibrous DM tends to remain as one
integral unit. When strains become large and strain compatibility at the interface
of the DM and the steel is lost, the DM de-bonds from the surface of the steel.

7. SFRM may crack after loading beyond yield. Cracking occurred in WM but not
in the DM. When strains become large and strain compatibility at the interface
of the steel becomes difficult to maintain, the cementitous WM tends to crack to
accommodate large deformations. The bond between the WM and the steel is
strong and WM tends to detach from the steel to a lesser extent than DM does.

Acknowledgments

This research was supported by the Pennsylvania Infrastructure Technology Alliance and

the Center for Advanced Technology for Large Structural Systems. Findings and conclu-
sions are those of the authors and not of the sponsors.

References

1. Braxtan NL. Post-earthquake fire performance of steel moment frame building columns.

Doctoral Dissertation of the Department of Civil and Environmental Engineering,
Bethlehem, PA, Lehigh University, 2009.

2. Braxtan NL and Pessiki S. Bond performance of sprayed fire resistive material (SFRM)
to steel plates subjected to tensile loading. ATLSS Report No. 10-01 of the Center for

Advanced Technology for Large Structural Systems, Bethlehem, PA, Lehigh University,
2010.

3. ASTM E736-00. Standard test method for cohesion/adhesion of sprayed fire-resistive mate-

rial (SFRM) applied to structural members. West Conshohocken, PA: ASTM
International, 2000.

4. ASTM E605-93. Standard test method for thickness and density of sprayed fire-resistive

material (SFRM) applied to structural members. West Conshohocken, PA: ASTM
International, 2000.

Braxtan and Pessiki 55




