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Spray-applied fire-resistive material (SFRM) is one of the most 
commonly used fire protection materials for steel structures. The 
commonly observed delamination and detachment of SFRM, 
however, significantly reduces the overall effectiveness of fire 
protection. Engineered cementitious composites (ECCs) are a 
special family of high-performance, fiber-reinforced cementitious 
composites featuring very high ductility under tension, bending, and 
impact loads. This study investigates the feasibility of developing a 
new version of fire-resistive ECC that combines the fracture-resis-
tant property of the ECC family of materials and the excellent insu-
lation property of SFRM. The study shows that ECC with similar or 
even better insulation property compared with conventional SFRM 
can be developed, and the intrinsic high ductility of ECC improves 
the overall effectiveness and durability of fire protection.

Keywords: ductility; durability; engineered cementitious composite; 
impact; spray-applied fire-resistive material; thermal conductivity.

INTRODUCTION
Spray-applied fire-resistive materials (SFRMs) are 

commonly used for fireproofing structural steel. There are 
two major types of SFRM commercially available in the 
market: cementitious (wet-mix) and mineral-fiber-based 
(dry-mix). Cementitious SFRMs are lightweight gypsum or 
portland cement-based plasters containing a large volume 
of lightweight fillers that are premixed with water (hence 
called wet-mix) and sprayed on the steel substrate. SFRMs 
are also divided into three categories based on their dry 
density: standard density (208 to 288 kg/m3 [13 to 18 lb/ft3]), 
medium density (352 to 480 kg/m3 [22 to 30 lb/ft3]), and high 
density (over 640 kg/m3 [40 lb/ft3]) SFRM. Higher-density 
SFRMs typically possess better strength and durability than 
lower-density SFRMs. Most commercial SFRMs, particu-
larly medium- and high-density SFRMs, are cementitious 
materials that use portland cement as binder. Fire protection 
offered by SFRM is mainly due to its excellent insulation 
(low thermal conductivity), which substantially delays the 
temperature rise in the structural steel. The many advantages 
offered by SFRM, mainly low thermal conductivity, light 
self-weight, cost-efficiency, and ease of application, make 
it a widely-used fire protection material in the United States 
and Canada.1

The performance of SFRM coated on steel members, 
however, depends not only on its thermal properties, but also 
the durability properties of SFRM during the service life of 
a structure.2 The term “durability” in this paper refers to the 
ability of SFRM to stay intact on the steel substrate. SFRM 
durability is often called into question even under normal 
service loads due to its brittleness and poor bond with steel.3 

This problem is further exacerbated under accidental actions 
(such as impact caused by installation or construction work 
after SFRM has been applied), earthquakes, or man-made 
hazards.4,5 In such events, the spray-on fireproofing mate-
rial may detach or delaminate from the steel members. The 
loss of insulation significantly reduces the effectiveness of 
the fire protection under such extreme load/displacement/
thermal events.6-8 In spite of the satisfactory insulation prop-
erties of SFRM, their functional performance to protect steel 
structures is limited by inherent brittleness and poor bond 
with steel.

The integrity of SFRM protected steel member is limited 
by potential adhesive failure at the SFRM/steel inter-
face, cohesive failure of the SFRM within the material, or 
both. While adhesive failure reflects a deficiency in inter-
facial bonding property between steel and SFRM, cohe-
sive failure is intrinsically associated with the low material 
tensile strength and brittleness. The tensile strength of a 
common medium density (352 to 480 kg/m3 [22 to 30 lb/
ft3]) SFRM material is below 0.1 MPa (14.5 psi),3 and the 
fracture toughness of SFRM (not reported in literature) is 
expected to be substantially less than normal concrete, that 
is, less than 0.2 MPa√m (182.0 psi√in.). This makes SFRM 
prone to cracking even under service loads. Because SFRM 
is often loaded via imposed displacement (for example, due 
to differential thermal movement between SFRM and steel), 
another important tensile property of SFRM is the tensile 
strain capacity. Although there is no documented tensile 
strain capacity data on SFRM in the literature, it should be 
comparable to or less than that of normal concrete (approx-
imately 0.01%). For such material, the durability of the 
fire-protected steel member significantly relies on the inter-
face adhesive strength, which has been shown to be insuf-
ficient to prevent dislodgement of SFRM under impact or 
monotonic load.3 It is recognized that the lack of resistance 
to adhesive and cohesive failures is a major shortcoming of 
current SFRM.9

Engineered cementitious composites (ECCs), a special 
family of ultra-ductile, high-performance fiber-reinforced 
cementitious composites, is a plausible solution for the 
problem described previously. ECC has been developed 
based on micromechanics principles10-12 over the last decade 
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as a ductile construction material alternative to conventional 
concrete. Its tensile strain capacity under uniaxial tension 
reaches 3 to 5%, approximately 300 to 500 times that of 
normal concrete.13,14 Under tensile load, ECC develops 
multiple microcracks instead of one large crack, and the 
load-carrying capacity continues to increase after first crack, 
thus achieving pseudo strain-hardening behavior. This 
damage-tolerant feature and large deformation capacity of 
ECC can be beneficial for deformation compatibility with the 
steel substrate under mechanical loading, thermal loading, 
or both. An added benefit is that the micro-sized cracks in 
ECC (typically 30 to 50 μm [0.00118 to 0.00197 in.] wide), 
compared with millimeter size cracks in SFRM and other 
brittle cement-based materials, can potentially cause less 
heat transfer through radiation via crack openings under 
high temperature. Due to the desirable properties of tensile 
ductility, damage tolerance, and small crack widths, ECC 
can be potentially developed as safer insulation alternative 
to SFRM for protecting steel structures from heat-related 
failures, which is the motivation behind this study.

ECC can be designed to have different functions for 
various applications. For example, in previous studies, light-
weight ECC15 with density (wet-density) as low as 900 kg/m3 
(56.2 lb/ft3), and sprayable ECC16 designed to be applied 
by a pump and spray process were developed following 
the micromechanics-based design approach. In this study, 
an essential objective is to endow ductile ECC with good 
thermal insulating property.

Another aspect of ECC relevant to the present research 
for a new generation of fire insulation material is its ability 
to withstand impact loading. It was demonstrated that by 
micromechanics based tailoring of fiber, matrix, and partic-
ularly the fiber/matrix interface, tensile ductility of ECC can 
be maintained even under high rate loads.17 Impact resis-
tance of ECC is useful to preventing damage to the fire-re-
sistive material during a structure’s service life and extreme 
loading events.

In spite of the desirable characteristics of ECC discussed 
above, it has never been investigated as a fire-resistive mate-
rial. Past research on ECC behavior (for example, thermal 
shock18 and spall resistance19) suggests advantages of ECC 
under thermal loading. To the best of the authors’ knowl-
edge, no study has been conducted to characterize the 
thermal conductivity of ECC under elevated temperature. 
The effects of the mechanical performance (both ductility 
and impact resistance) of ECC on the durability of the fire-
proofing system should also be investigated for implemen-
tation in steel structural applications. This research aims to 
fill this gap of knowledge by demonstrating the feasibility 
of developing ECC as a fire-resistive material with desired 
thermal and mechanical properties.

In this feasibility study, a preliminary mixture proportion 
of fire-resistive ECC (FR-ECC) is presented. The thermal 
insulation property (thermal conductivity) of FR-ECC 
is characterized in accordance with the test procedures of 
ASTM E2584.20 The mechanical behavior of FR-ECC is 
characterized by direct uniaxial tension and compression 
tests. Low-velocity impact tests are carried out on FR-ECC 
coated steel panels to evaluate the durability of the material 

under impact load. In addition, because of the high cohe-
sive strength and damage tolerance of ECC, a new dura-
bility concept of wrapped-around durability is introduced. 
Wrapped-around durability refers to fully wrapping a highly 
ductile and strong insulation material around a steel member. 
The integrity of this fire-protection system relies solely on 
the cohesion property of the insulation material, with almost 
no dependence on the adhesion between the insulation mate-
rial and steel substrate. In this study, validity of this concept 
is demonstrated by low-velocity impact tests. Test results 
and findings are documented in this paper.

RESEARCH SIGNIFICANCE
A new material for thermal insulation of steel, FR-ECC, 

is proposed in this research to overcome the durability 
(ability of SFRM to stay on the steel substrate) bottleneck 
of currently used SFRMs. Although ECC has been exten-
sively studied for a variety of structural and durability appli-
cations, it has never been investigated as a fire-protection 
material before. This study demonstrates the feasibility of 
developing FR-ECC with desired thermal and mechanical 
properties (ductility and impact resistance) through a micro-
mechanics-based design approach. A novel idea of wrapped-
around durability of FR-ECC is also illustrated in this study. 
This research lays out the scientific foundation for continued 
development and investigation of FR-ECC, which has the 
potential to substantially reduce the risk of fire-related fail-
ures in steel structures.

EXPERIMENTAL INVESTIGATION

Material design considerations
In this feasibility study, the objectives of the material 

design of FR-ECC are to achieve good insulation property 
and ductile mechanical performance (strain capacity > 2%) 
simultaneously in one material for the targeted application. 
The desired thermal insulating property of FR-ECC is very 
low thermal conductivity of the material, similar to or less 
than that of conventional SFRM, so that it delays the tempera-
ture rise of steel under fire. Typical thermal conductivity of 
a conventional SFRM is 0.05 to 0.32 W/(m·K) (0.029 to 
0.185 BTU·h–1/[ft·F]) within the temperature range of 20 to 
650°C (68 to 1202°F) measured in the authors’ laboratory 
in accordance with ASTM E2584.20 Without any modifica-
tion, the thermal conductivity of a frequently studied ECC 
(M45) is 0.15 to 0.63 W/(m·K) (0.087 to 0.364 BTU·h–1/
[ft·F]) within the same temperature range. In addition to 
low thermal conductivity, ductile mechanical performance 
of FR-ECC is required, which is achieved by following the 
micromechanics-based design principles.10-12

Thermal conductivity is closely associated with the micro-
structure, particularly pore structure, of the material. It is 
known that the thermal conductivity decreases with increase 
in total porosity of the material21-26 due to the fact that air 
has significantly lower thermal conductivity compared 
with solid and liquid phases. As the total porosity is closely 
related to bulk density, the thermal conductivity of concrete 
often decreases with decrease in bulk density.27-29 In addi-
tion to porosity, pore size distribution is also important for 
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high temperature applications.25,26,30 Heat transfer theory 
predicts that the equivalent thermal conductivity of a pore 
due to radiation is proportional to pore size. The apparent 
thermal conductivity equals the sum of true conductivity due 
to conduction and equivalent conductivity due to radiation. 
Hence, to attain low thermal conductivity at high tempera-
ture, it is desirable to have high porosity and small pore size.

To reach the targeted low thermal conductivity in cemen-
titious insulation materials, a widely used technique is to 
add lightweight porous aggregates, such as expanded perlite 
and vermiculite, in the matrix. For choosing a suitable light-
weight aggregate for FR-ECC with desired composite prop-
erties, the following considerations are important: 1) air void 
size inside the aggregate is minimized to reduce the radiation 
heat transfer effect; and 2) aggregate size is preferably smaller 
than 1 mm (0.0394 in.), and with smooth shape to reduce 
adverse effects on the mechanical performance of ECC.

Strain-hardening behavior of ECC under tension is 
achieved by the formation of multiple microcracks after 
initial cracking of the matrix. For achieving multiple micro-
cracks, the ECC microstructure should be tailored to satisfy 
the following strength and energy criteria (Eq. (1) and 
(2)).10,11,31

 energy-based criterion: J d Jtip b≤ − ≡ ′∫σ δ σ δ δδ
0 0 0

0 ( )  (1)

      strength-based criterion: σ0 > σcs  (2)

where σ0 is the maximum bridging stress corresponding 
to the crack opening δ0; σcs is the cracking strength of 
the matrix; Jtip is the fracture energy of the matrix, which 
is approximately equal to K2

m/Em, where Km is the matrix 
fracture toughness and Em is the matrix Young’s modulus. 
Equation (1) describes the energy balance in the crack exten-
sion process. Failure to meet this criterion results in the Grif-
fith crack mode with unrestricted crack width as the crack 
extends.32 The composite ingredients should be tailored to 

achieve sufficient margin between complimentary energy 
of fiber bridging Jb′ and crack tip toughness Jtip to enable 
saturated multiple cracking and robust tensile ductility.14,33 
This requires limiting the matrix fracture toughness (that 
limits Jtip) and/or increasing Jb′ by adjusting fiber proper-
ties (volume fraction, length, diameter, tensile strength, and 
modulus) and fiber/matrix interfacial properties (fiber/matrix 
frictional and chemical bonds). Equation (2) describes the 
strength criterion of multiple cracking, which requires the 
fiber bridging strength to be higher than the matrix cracking 
strength that is a function of the matrix defect size. If either 
inequality (Eq. (1) or (2)) is not satisfied, the composite fails 
with a single localized fracture, instead of multiple cracking, 
and a typical tension-softening behavior of normal fiber- 
reinforced concrete is observed.

In a previous study,15 micron-sized hollow glass bubbles 
were successfully used to produce lightweight ECC mate-
rial with mechanical properties (compressive strength and 
tensile ductility) suitable for structural applications. The 
average size of these micro glass bubbles is 20 to 40 microns 
(0.00079 to 0.00157 in.). Unlike other angular lightweight 
aggregates, these tiny spherical glass bubbles have less resis-
tance to crack propagation that lowers the matrix fracture 
toughness in favor of satisfying the strain-hardening crite-
rion (Eq. (1)). In addition to the benefit of enhancing tensile 
ductility of ECC, hollow glass bubbles are thermally stable 
up to very high temperature (600°C [1112°F]). A thermal 
gravimetric analysis (TGA) (Fig. A1 in the Appendix*) of 
the glass bubbles conducted by the authors shows that the 
weight reduction is less than 1% over the temperature range 
of 20 to 800°C (68 to 1472°F). Therefore, the glass bubbles 
are expected to be stable at a high temperature, and the size 
of entrapped air voids in these bubbles will be maintained 
at micron size up to a very high temperature. As previously 
discussed, this is beneficial in maintaining low equivalent 
thermal conductivity (due to radiation) at a high tempera-
ture. Thus, lightweight ECC made with these glass bubbles 
as aggregates seems a suitable candidate for FR-ECC.

One version of lightweight ECC (Table 1) containing a 
large volume fraction of 3M S38 glass bubbles is selected 
as preliminary mixture proportion for FR-ECC in this study. 
The material properties of the glass bubbles and fibers used 
are listed in Tables 2 and 3, respectively. Micrographs from 
a scanning electron microscope (SEM) of the glass bubbles 
before and after mixing with the cementitious matrix are 
shown in Fig. 1. It can be seen in Fig. 1 that the micro glass 
bubbles are well dispersed within the matrix, and maintain 
their spherical shape with entrapped air inside. This indi-
cates that the glass bubbles survive the mixing procedure 
and maintain their original microstructure as desired.

Mechanical properties characterization
The mechanical properties characterization of FR-ECC 

involved experimental determination of uniaxial compres-
sive strength and direct tension behavior.

*The Appendix is available at www.concrete.org/publications in PDF format, 
appended to the online version of the published paper. It is also available in hard copy 
from ACI headquarters for a fee equal to the cost of reproduction plus handling at the 
time of the request. 

Table 1—Mixture proportion of FR-ECC

Cement (C), kg/m3 (lb/yd3) 419.6 (707.3)

Water (W), kg/m3 (lb/yd3) 314.7 (530.4)

S38 glass bubbles (GB), kg/m3 (lb/yd3) 209.8 (353.6)

Fiber,* kg/m3 (lb/yd3) 26 (43.8)

High-range water-reducing admixture (SP), kg/m3 (lb/yd3) 12.6 (21.2)

Viscosity-modifying admixture (VMA), kg/m3 (lb/yd3) 21.0 (35.4)

*Polyvinyl alcohol (PVA) fiber of 12 mm (0.5 in.) length and 0.3% oil coating used.

Table 2—Physical properties of 3M S38 glass 
bubbles

Density, kg/m3 (lb/yd3) 380 (640.5)

Composition Soda-lime-borosilicate glass

Average diameter, μm (in.) 40 (0.002)

Effective maximum diameter, μm (in.) 85 (0.003)

Isostatic crush strength, MPa (psi) 27.6 (4000)

Softening point, °C (°F) 600 (1112)
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The compressive strength of FR-ECC was measured using 
a set of three 50.8 mm (2 in.) cube specimens. The test was 
conducted using a compression test system at a loading 
rate of 1300 ± 300 N/s (292 ± 68 lb/s) in accordance with 
ASTM C109.34

The direct tension tests were conducted using the uniaxial 
tension test setup (Fig. A2 in the Appendix) on a set of three 
specimens. The test involves loading a thin plate specimen 
of 203.2 mm (8 in.) long, 76.2 mm (3 in.) wide, and 12.7 mm 
(0.5 in.) thick. In this preliminary study, material was cast 
into the desired specimen configuration (as mentioned previ-
ously) instead of spraying. Before testing, four aluminum 
plates (76.2 x 50.8 mm [3 x 2 in.]) were glued to the four 
ends of the plate specimen to facilitate gripping. Tests 
were conducted on a test system with 100 kN (22 kip) 
capacity, under a displacement control at the rate of 0.5 mm/
min (0.02 in./min) as recommended by Japan Society of 
Civil Engineers for direct tension testing of high-perfor-
mance fiber-reinforced cementitious composites.35 Two 
external linear variable differential transducers (LVDTs) 
were attached to the specimen edges, with a gauge length 

of approximately 101.6 mm (4 in.), to measure the tensile 
strain.

All specimens were tested at the age of 28 days after curing 
under laboratory room conditions (23 ± 3°C [73.4 ± 5.4°F]; 
30 ± 10% relative humidity). The compressive strength and 
tensile stress-strain curve of the FR-ECC specimen were 
obtained using the aforementioned test setups.

Thermal property characterization
To assess the insulation property of FR-ECC, apparent 

thermal conductivity of the material was measured using 
a thermal capacitance calorimeter in accordance with 
ASTM E2584.20 A high-density SFRM (with a density of 
704 to 768 kg/m3 [44 to 48 lb/ft3]) commonly used in the 
United States was adopted as control to evaluate the perfor-
mance of FR-ECC. The test configuration is shown in 
Fig. 2. The setup requires two plate specimens of insulation 
material (that is being tested) with dimensions of 152.4 x 
152.4 x 25.4 mm (6 x 6 x 1 in.) sandwiching a stainless steel 
slug. Additional insulation material with very low thermal 
conductivity was used to cover all four edges of the specimen 
to enforce a one-dimensional heat transfer within the spec-
imen. The assembled specimen was then placed in a small-
scale furnace with maximum heating capacity up to 1000°C 
(1832°F), and heated up from room temperature to a critical 
temperature where the corresponding steel slug temperature 
reaches 537°C (999°F) (the temperature at which steel expe-
riences substantial strength loss) at the rate of 5°C/min (9°F/
min). The temperature of the slug (Tslug) and outer surface 
of the specimen (Tsurface) were measured and recorded at a 
constant time interval of 1 minute using K-type thermocou-
ples. After reaching the critical point, the test was aborted by 
shutting down the furnace, and the specimen was allowed to 
naturally cool down to room temperature. Two heating and 
cooling cycles were adopted for more reliable data.

The apparent thermal conductivity is calculated based on 
one-dimensional heat transfer analysis as

 
λa

SSS
p
SSS SPEC

p
SPECFL M C M C

A T
=

+( )

2 ∆
 (3)

where λa is the apparent thermal conductivity; F is the 
measured heating rate within the slug (determined as the time 
derivative of Tslug); L is the thickness of the specimen; MSSS 
and MSPEC are the masses of steel slug and plate specimen 
of the insulation material being tested, respectively; CP

SSS 

Fig. 1—SEM images of glass bubbles: (a) before; and 
(b) after mixing procedure.

Table 3—Characteristics of PVA fiber

Nominal strength, MPa (ksi) 1620 (235)

Apparent strength, MPa (ksi) 1092 (158)

Diameter, μm (in.) 39 (0.002)

Length, mm (in.) 12 (0.5)

Young’s modulus, GPa (ksi) 42.8 (6200)

Elongation, % 6.0

Density, kg/m3 (lb/yd3) 1300 (2190)

Melting temperature, °C (°F) 230 (446)

Fig. 2—Apparent thermal conductivity test setup.18
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and CP
SPEC are their respective heat capacities—herein, heat 

capacity of the steel slug is determined using the expression 
CP

SSS = 6.683 + 0.04906 × T + 80.74 × ln(T) (T in Kelvin); 
A is the area of the specimen perpendicular to the heat flow; 
and ΔT is the temperature gradient between the two surfaces 
of a plate specimen (determined as the difference between 
Tsurface and Tslug). Specific heat capacity (CP

SPEC in Eq. (3)) 
of materials (FR-ECC and SFRM) was characterized using 
differential scanning calorimetry (DSC) in accordance with 
ASTM E1269.36

Cohesive property under impact load
Characterization of the cohesion of FR-ECC compared 

with conventional SFRM cover on steel substrate under 
impact load is evaluated in this part of the study. As pointed 
out previously, failure of the insulation cover can be due to 
lack of adhesion between insulation material and steel or 
lack of cohesion within the insulation material. This study 
focuses on comparing the cohesive behavior of FR-ECC and 
SFRM. The integrity of FR-ECC compared with conven-
tional SFRM under impact loads was evaluated using a drop 
weight test (Fig. A3 in the Appendix) in terms of number 
of drops needed to detach the insulation cover from a steel 
substrate. Thin square steel panels with dimensions of 304.8 x 
304.8 x 9.53 mm (12 x 12 x 0.375 in.) were used as steel 
substrates to emulate a real steel structural element. In this 
feasibility study, the FR-ECC was cast, instead of sprayed, 
on this steel substrate. A widely used type of commercial 
water-based bonding agent was applied on the substrates 
to enforce adequate bonding on the steel surface to deliber-
ately force the damage to form within the material, thereby 
eliminating the possibility of adhesive failure. A control 
specimen with the same type of conventional high-density 
SFRM was also prepared and tested. One specimen for each 
type of insulation material (FR-ECC or SFRM) was tested 
for behavior characterization.

During the test, the steel substrate was simply supported 
on its edges (Fig. A4 in the Appendix). An impact test was 
performed using a drop weight of 8.91 kg (19.6 lb) with an 
impact head of 50.8 mm (2 in.) in diameter freely falling 
from a height of 1.17 m (46 in.) on the panel specimen 
(FR-ECC/SFRM). After each impact, the conditions of the 
FR-ECC and SFRM material were examined and photo-
graphically documented to qualitatively assess the integrity 
of the insulation cover.

Wrapped-around durability study
The damage tolerance of FR-ECC gives rise to a poten-

tially new concept of wrapping a continuous layer of FR-ECC 
around the steel members, thereby eliminating the need for a 
strong adhesive strength at the steel-FR-ECC interface. The 
central idea is that if a structural steel member is continu-
ously covered by FR-ECC (fully wrapped-around; refer to 
Fig. 3) that can maintain its continuity and integrity under 
mechanical and thermal loads, the integrity of the steel-
FR-ECC system is ensured even when the bonding between 
steel and the FR-ECC (insulation) cover is lost. Thus, the 
wrapped-around durability concept provides an extra level 

of safeguard for steel members against fire, in addition to 
strong adhesive bonding between FR-ECC and steel.

To evaluate the wrapped-around durability concept, 
low-velocity impact testing of a steel I-beam section 
fully wrapped with FR-ECC (and SFRM as control) was 
performed using the drop-weight test with an impact head of 
50.8 mm (2 in.) in diameter. The wrapped-around durability 
is directly related to the impact resistance of the fire-proofing 
material (SFRM/FR-ECC). The beam specimens were 
prepared by applying an approximately 12.7 mm (0.5 in.) 
thick FR-ECC/SFRM layer on an S4 x 7.7 I-beam. The 
thickness of the fire-proofing materials was chosen based 
on common practice in the field. The beam was 609.6 mm 
(24 in.) long, and the fireproofing material was applied on 
the mid-406.4 mm (16 in.) length, leaving an approximately 
101.6 mm (4 in.) space at each end for the simple support. 
For the FR-ECC specimen, an oil release agent was applied 
on the steel surface to deliberately create a totally bond-free 
interface between steel and FR-ECC to evaluate the integrity 
of the fire-proofing material with no bond with steel under 
impact loadings. In the control specimen made with SFRM, 
no oil release agent was used, and SFRM was naturally 
bonded to the steel surface. Impact tests consisting of four 
series of impacts were applied to the wrapped-around beam 
specimens. The drop weight, drop height, and number of 
impacts in each impact series are listed in Table 4. The drop 
weight test was designed to fail the specimen by gradually 
increasing the impact energy applied to the specimens, and 
the drop weights and heights were chosen considering the 
capacity of the drop weight tower. Examinations and photo 
documentations of the specimens were conducted after each 
impact to qualitatively evaluate the damage condition of 
the specimen.

EXPERIMENTAL RESULTS AND DISCUSSION

Mechanical properties
Compressive strength of FR-ECC at 28 days is measured 

to be 22.3 ± 3.3 MPa (3234.3 ± 478.6 psi). The compres-
sive strength of FR-ECC surpasses the minimum strength 
specifications37,38 for fire-proofing materials by an order of 
magnitude. The dry density of FR-ECC measured according 
to ASTM E60539 is 857 kg/m3 (53.5 lb/ft3), which is compa-

Fig. 3—Wrapped-around specimen configuration.
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rable to conventional high-density SFRM typically within 
the range of 640 to 1280 kg/m3 (40 to 80 lb/ft3).

The direct tension stress-strain relationship of FR-ECC 
is shown in Fig. 4. Robust strain-hardening behavior with 
tensile strain capacity exceeding 2% and tensile strength of 
over 2 MPa (290 psi) is observed, which is approximately 
two orders of magnitude larger than SFRM. The substan-
tially higher tensile and compressive strengths of FR-ECC 
compared with SFRM improve the material’s ability to 
withstand service loads. The high tensile ductility enables 
FR-ECC to accommodate large deformation of the steel 
substrate without delamination or detachment under impacts 
and other unexpected loads. The average residual crack 
width after unloading is approximately 15 μm (5.9 × 10–4 
in.), measured using the procedure detailed in Li and Li.40 
The micro-sized cracks limit heat transfer associated with 
radiation compared with larger crack openings. Instead of 
one large crack and brittle failure in SFRM, multiple micro-
cracks are formed in FR-ECC, maintaining integrity under 
increasing tensile load, and thus improving the overall dura-
bility of the fire protection system.

Thermal properties
The thermal conductivities, which directly relate to fire-

proofing abilities, of the two materials (FR-ECC and SFRM) 
are compared using the expression for one-dimensional 
conductivity in Eq. (3). The specific heat capacities of both 
the materials and masses of the plate specimens needed in 
Eq. (3) were experimentally determined.

The specific heat capacities of FR-ECC and SFRM 
(CP

SPEC in Eq. (3)) were determined using DSC. Instead of 
treating the specific heat capacity as a temperature-depen-
dent variable, the specific heat capacity measured at 400°C 
(752°F) for both materials was assumed constant throughout 
the entire temperature range (approximately 40 to 670°C 
[104 to 1238°F]) under investigation. This assumption is 
justified by previous research.41 The measured specific heat 
capacities CP

SPEC are 930 J/(kg·K) (0.222 BTU/[lb·F]) and 
947 J/(kg·K) (0.226 BTU/[lb·F]) for FR-ECC and SFRM 
(control), respectively.

The mass of the specimen was considered as tempera-
ture-dependent in this study, as it varied considerably (for 
both FR-ECC and SFRM) before and after the thermal 
conductivity tests due to physical and chemical reactions 
(such as loss of moisture and decomposition of hydration 
product). During the thermal conductivity experiments, the 
mass loss is typically 15 to 30% after heating from room 
temperature (20°C [68°F]) up to approximately 700°C 

(1292°F). Based on this observation, the mass of the spec-
imen (MSPEC) was assumed to be a linear function, as shown 
in Eq. (4)

 
M M

M M

T T
T TSPEC f= +

−
−

−0

0

0
0

max

( )  (4)

where M0 and Mf are measured specimen mass before 
and after the test, respectively; and Tmax and T0 are the 
maximum specimen temperature during test and the initial 
room temperature before heating, respectively. The error 
caused by assuming that the mass loss is a linear function 
of temperature is expected to be insignificant because the 
MSSSCP

SSS term is much larger than MSPECCP
SPEC. The linear 

function of mass is used only in the heating phase of first 
heating and cooling cycle, and is assumed to be a constant 
during the cooling phase of the first cycle and entire second 
cycle. This assumption is reasonable because most of the 
physical and chemical changes associated with temperature 
are completed during the first heating phase.

The apparent thermal conductivity of FR-ECC and SFRM 
(control) specimens are subsequently determined by the 
temperature measurements on the outer surface of the spec-
imen Tsurface and in the stainless slug Tslug. The apparent 
thermal conductivity, as a function of average specimen 
temperature (determined as the average of Tsurface and Tslug) 
within the heating phase of the first heating and cooling 
cycle, are plotted in Fig. 5. These curves are based on the 
test results of sets of three specimens for both FR-ECC and 
SFRM. The drop in apparent thermal conductivity in the 
first cycle is caused by a variety of physical and chemical 
reactions, such as evaporation of moisture and loss of phys-
ical bonded water, which delays the temperature rise. This 
phenomenon was not observed in the heating phase of the 
second cycle.

In Fig. 5, it is observed that, apart from a slightly higher 
averaged thermal conductivity of FR-ECC compared with 
SFRM between 180 and 240°C (356 and 464°F), FR-ECC 
exhibits a lower thermal conductivity compared with the 
control (SFRM) specimen over much of the tempera-
ture range investigated in this paper. With similar specific 
heat capacity and density, the lower thermal conductivity 
of FR-ECC indicates that the overall insulation property 
(ability to delay temperature rise in steel) of FR-ECC is 
generally better than the conventional SFRM used in this 

Table 4—Impact details of durable wrap-around 
test

Impact series No. of impacts
Drop weight, 

kg (lb)
Drop height,

cm (in.)

1 3 5.05 (11.13) 86.36 (34)

2 3 7.31 (16.12) 86.36 (34)

3 3 7.31 (16.12) 111.76 (44)

4 6 8.91 (19.64) 111.76 (44)

Fig. 4—Tensile stress-strain curves of FR-ECC. (Note: 
1 MPa = 145 psi.)
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study over the major temperature range. The test results 
show that FR-ECC satisfies the thermal requirement as a 
fire-resistive material.

Figure 6 shows the apparent thermal conductivity of 
FR-ECC measured during two consecutive heating and 
cooling cycles. Other than the first heating cycle (reasons 
explained previously), the thermal conductivity shows a 
good consistency during both heating and cooling cycles. 
Because the thermal conductivity is mainly governed by the 
pore structure inside the material, this consistency may indi-
cate that the pore structure is stable under multiple heating 
and cooling cycles. This observation also justifies using glass 
bubbles as lightweight aggregates, as they are very stable 
under elevated temperature and are able to maintain the 
pore structure as desired. The thermal insulation ability of 
FR-ECC over the heating cycles is considered satisfactory.

Cohesive property under impact load
The cohesive strengths of both fire-proofing materials 

(FR-ECC and SFRM) were evaluated experimentally using 
drop-weight impact tests on steel panel substrates covered 
with a fire-proofing material layer of thickness 25.4 mm 
(1 in.), which is a typical thickness in field construction, as 
detailed in the previous section. Figure 7 shows the contrast 
of the failure pattern in SFRM (after six successive impacts) 
and microcrack pattern (without failure) in the FR-ECC 
specimen after 12 successive impacts.

The material integrity was not preserved in the SFRM 
specimen, even with the presence of strong interfacial adhe-
sion with steel substrate. After the first impact, no notice-
able damage was observed in SFRM specimen. The SFRM, 
however, began to detach from the substrate after the second 
impact. Finally, after the sixth impact, most of the SFRM 
had detached, as shown in Fig. 7(a). Delamination occurred 
within a few millimeters near the interface, and large milli-
meter-sized radial cracks formed due to the tensile stress 
in the circumferential direction caused by the impacts. The 
conventional SFRM, when strongly bonded with the steel, 
disintegrates through development of large millimeter-sized 
radial cracks and delamination within the SFRM parallel to 
the steel-SFRM interface.

FR-ECC specimen survived all 12 successive impacts 
without loss of material integrity. After the first impact, 

minor debonding of the ECC-steel interface at the edge was 
observed (Fig. A5 in the Appendix). After six impacts, micro-
cracks began to appear in the ECC specimen, and gradually 
increased in length thereafter. Figure 7(b) shows the final 
crack pattern after all 12 impacts. Although slight debonding 
at the steel-FR-ECC interface was observed at the edge and 
corners, the use of bonding agent kept most of the interface 
intact and bonded. In the FR-ECC specimen, the impact 
energy is mainly dissipated through the development of micro-
sized multiple cracks distributed over the volume of material. 
During the microcracking process, the fibers bridging the 
cracks partially debond and slip against the matrix, which 

Fig. 5 –Measured apparent thermal conductivity of FR-ECC 
and conventional SFRM during the heating phase of Cycle 1. 
(Note: °C = (°F – 32) × 5/9; 1 W/mK = 0.578 BTU∙h–1/
(ft∙F).)

Fig. 6—Measured apparent thermal conductivity of FR-ECC 
during two consecutive heating and cooling cycles. (Note: 
°C = (°F – 32) × 5/9;1 W/mK = 0.578 BTU∙h–1/(ft∙F).)

Fig. 7—Damage condition of FR-ECC and SFRM panel 
specimens after impacts. (Note: left image in (b) shows 
overall crack pattern. Right image shows enlarged microc-
racks in circle in left image; 1 mm = 0.0394 in.)
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dissipates the impact energy at the fiber-matrix interface, and 
prevents catastrophic failure of the FR-ECC insulation.

These impact test results show that even with the enforced 
strong bonding with the steel substrate, the cohesive strength 
is still a bottleneck for conventional SFRM, which prevents 
it from resisting the impact loads. In contrast, for FR-ECC, 
the high tensile strength and ductility ensure high cohe-
sive strength and deformation compatibility with the steel 
substrate, which allow the FR-ECC insulation to take 
repeated impacts without failure.

Wrapped-around durability
Very different behavior of the SFRM and FR-ECC 

protected beam were observed during the impact tests on 
wrapped-around specimens.

Significant loss of the insulation layer in the SFRM 
protected beam was observed after the second series of 
impacts, particularly around the disk-shape impact head. 
After four series of impacts, most of the insulation material 
was detached, leaving the steel beam almost bare, as shown 
in Fig. 8. The detachment of the insulation layer initiated 
in the flange region, and later extended to the web region 
of the steel beam. It was observed that the insulation mate-
rial detached piece by piece, which indicates that the mate-
rial remaining on the steel beam exerted no restraint on the 
adjacent falling piece, and the insulation was attached to the 
substrate mainly due to adhesion at the interface. For such a 
material system, adhesion is necessary, and adhesive failure 
could lead to ultimate failure. The wrapped-around concept 
is not valid in conventional SFRM due to the poor cohesion 
within the material.

In the beam wrapped around by FR-ECC, shown in Fig. 9, 
no major damage was observed in the first three series of 
impacts. Instead, the impact head left a disk-shape indent on 
the FR-ECC. Slight damage on the edge of the flange was 
observed after the fourth series of impacts. The damage was 
located at the edge of the beam flange, where the steel beam 
imposed shear force on the FR-ECC layer due to the vibra-
tion caused by impact. The integrity of the FR-ECC layer, 
however, was still maintained. These test results show that 
despite zero bonding deliberately introduced in this exper-
iment, the high cohesion and deformation capacity of the 
wrapped-around FR-ECC fireproofing system provides an 
additional mechanism (beyond the normal adhesion between 
FR-ECC and steel) to keep the insulation material in place, 
thereby improving impact resistance and durability of the 
insulation layer.

It is also observed that the FR-ECC protected steel beam 
can resist eccentric impact without catastrophic failure. In 
addition to the aforementioned impacts, an additional impact 
using 8.9 kg (19.6 lb) weight dropped from 112 cm (44 in.) 
height was applied at the edge of the beam where the insula-
tion is not fully supported by the beam. Cracks in FR-ECC 
formed at the edge of the flange along with multiple micro-
cracks in the middle of the upper flange due to bending 
effects, as shown in Fig. 10. In spite of this, local and overall 
material integrity was still maintained under such eccentric 
loading, which indicates that FR-ECC can potentially with-
stand various accidental impacts without major loss of insu-
lation functionality.

CONCLUSIONS
In this feasibility study, a preliminary FR-ECC material 

using a large volume fraction of micro-sized hollow glass 
bubbles was investigated for its thermal and mechanical 
performance. The cohesive performance of FR-ECC insu-
lation was characterized under impact load, and the concept 
of wrapped-around durability was also evaluated through 
impact tests. Based on the results of this experimental inves-
tigation, the following conclusions are drawn:

Fig. 8—Condition of SFRM-protected steel beam before and 
after impacts.
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1. The feasibility of developing an FR-ECC with good 
thermal insulation property and durability, facilitated by high 
tensile strength (relative to SFRM) and high tensile ductility, 
was demonstrated experimentally. The new FR-ECC has a 
thermal insulation property comparable to current SFRM, 
but with tensile ductility at least two orders of magnitude 
higher than SFRM.

2. High tensile strength and damage tolerance of FR-ECC 
greatly improves the cohesion of the FR-ECC insulation 
system over conventional SFRM, and helps to maintain 
material integrity, even under severe loadings. Microcrack 
formation helps to dissipate the energy induced by impact 
loading without catastrophic failure.

3. The wrapped-around concept is experimentally demon-
strated to be feasible. FR-ECC insulation systems can with-
stand impact load, even without the presence of adhesion 
at the steel-FR-ECC interface, which is impossible for the 
SFRM insulation system.

This study shows that FR-ECC with good mechanical 
performance and suitable thermal property has the poten-
tial to overcome the current durability issue of conventional 
SFRM and improve the overall fire resistance of a steel 
structure. This study only presents preliminary test results of 
the proposed FR-ECC material, and further development of 
this material, particularly in terms of spray-ability, is needed 
for field applications. In addition, large-scale structural fire 
tests and simulation analyses are necessary to fully evaluate 
the potential of FR-ECC.
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