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Abstract: Ultra-high performance concrete (UHPC) is a novel material with ultra-high strengths (over
150 MPa in compression and 10 MPa in tension) and outstanding durability. In recent decades, it has
been widely applied in large-span constructions and mega-tall buildings. Nowadays, the fire
performance of UHPC beams has not yet been fully explored. Due to the unique thermo-mechanical
properties and smaller cross-sectional size, UHPC beams are more vulnerable to fire. This paper
presents a simplified finite element model of fire resistance prediction for UHPC beams. Based on this,
the effects of stirrup ratio, load ratio and shear span to effective depth ratio on the fire resistance of
UHPC beams were further evaluated through parametric studies. Additionally, an assessment of the
applicability of current fire design specifications, including ACI 216.1, AS3600, EN1992, DB/J15-81 to
UHPC beams was conducted. The results showed that the current design codes are either
overestimated or over-conservative for the fire resistance design of UHPC beams. Furthermore, the
effects of extensive parameters should be further studied and incorporated in the fire safety design of
UHPC beams.

Keywords: Ultra-high performance concrete (UHPC); fire resistance; failure mode; finite element
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1. Introduction

Ultra-high performance concrete (UHPC) is a novel concrete that consists of fine pozzolanic powders,
cement, quartz sand, steel fibre and superplasticizers (1). Due to the addition of steel fibres, UHPC
possesses high tensile strength (over 10 MPa) and better ductility (1,2). Additionally, the dense micro-
structure improves its compressive strength, which can exceed 120 MPa, and provides superior
durability, such as good wearing resistance, lower chloride penetration and higher fracture energy,
explaining the name ultra-high-performance (3,4). Therefore, UHPC can be used to manufacture
slender structural members and can be used in special environments (5). Nowadays, UHPC is regarded
as a promising concrete material and has been intensively utilised in meta-high, large span and coastal
infrastructures (6).

The tensile strength of UHPC can be ten times higher than that of normal strength concrete (NSC) (7).
For UHPC beams, the contribution from tensile strength to bearing capacities (bending and shear) is
greater than that for NSC beams (8). However, the degradation in compressive and tensile strengths
of UHPC under fire exposure is similar to that of NSC (9). Therefore, UHPC beams are vulnerable to
elevated temperatures.

It was found that, in comparison with NSC and high strength concrete, UHPC possesses a substantially
higher thermal conductivity (1.5-3 W/(mK)), which is two times that of NSC (0.5-2.5 W/(mK)) (10).
Whereas, it possesses a much lower specific heat of 0.56-0.75 J/(gK), which is only half of NSC (11).
These could result in a more rapid increase in temperatures and a more severe reduction in mechanical
properties, which is detrimental to the fire resistance of UHPC beams.

The current codes are only specified for ordinary concrete, and its applicability to UHPC beams is
unknown. In this paper, the fire resistance of UHPC beams is investigated by experiments and finite
element models, and a parametric analysis is carried out. A comparative study of current standards for
fire resistance of UHPC beams was then conducted.

2. Experimental investigation



Four full-scale UHPC beams configured with the same reinforcement ratio (ps%), varying shear span
to effective depth ratios (A) and load ratios were cast for fire tests. The experimental parameters and
the cross-sectional details of beams are shown in Table 1 and Figure 1. All the tested beams were
tested in a large-scale fire furnace, as shown in Figure 2. To simulate the real fire disaster situation,
the beams were exposed to fire on three surfaces. The designed loads were first exerted on the tested
beams by hydraulic jacks before ignition. Then the beams were exposed to fire in accordance with ISO
834 standard curve (12) under the constant loads until the limited states. The two limited states adopted
from BS EN 1363-1 (13) are: (1) the beam coulzd no longer resist the applied load, and (2) the

L
displacement rate had reached the limitation of 55055 , where L is the net span of beams and d is the

effective depth. During the fire tests, the displacements at loading points, mid-span, and the supports
of the tested beams were measured by LVDTs. The sectional temperatures of UHPC and
reinforcements were gathered via embedded thermocouples. Additionally, the failure process was
observed through the temperature-proofed furnace camera.

The fire resistance results and the failure mode are listed in Table 1, and crack patterns of the beams
are shown in Figure 3. As shown in Figure 3, the beams with the same shear span to effective depth
ratio presented a similar failure mode. For beams configured with A= 2.5, the displayed failure mode is
shear compression failure with diagonal tension failure characteristics (SCF + DTF). This could be
identified by the partial crushing of the concrete near loading points and the obvious flexural-shear
cracks. For beams configured with A= 3.5, the displayed failure mode is ductile diagonal tension failure
(Ductile DTF), with the feature of a relatively moderate displacement change rate shown in Figure 7.

Table 1. Specimens for experimental study

Specimens A Ps% Load ratio Fire Resistance  Failure Mode
UHPCB1 2.5 71 0.25 225 SCF+DTF
UHPCB2 3.5 71 0.25 214 Ductile DTF
UHPCB3 2.5 71 0.45 181 SCF+DTF
UHPCB4 3.5 71 0.45 163 Ductile DTF
P
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Figure 1. Beam layout and cross-section.



- Hydraulic 'ac
)
Load cell per g | l. '
I oad block B Fi eproof fibreml il s

E Y

=
_\t.-&?-‘

Data acquisition

A-

Figure 2. Large-scale fire furnace.
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Figure 3. Failure modes and Crack patterns of beams after fire test

3. Numerical analysis

Due to the limited available experimental data gathered from the experimental study, a nonlinear three-
dimensional finite element model was proposed using ABAQUS to further investigate the fire resistance
of shear-dominant UHPC beams. This coupled thermo-mechanical model consists of two procedures,
i.e., heat transfer analysis and stress analysis. The model was first validated with the test results and
then utilised for parametric studies. The detailed information is illustrated as follows:

3.1 Heat Transfer analysis

UHPC is regarded as isotropic material, and its thermal properties can be defined by thermal
conductivity, specific heat and thermal expansion, which were all adopted from Zheng et al. (14). The
thermal properties of reinforcement were referred to in EC3 (15), which include thermal conductivity,
specific heat and thermal expansion. Transient heat transfer was applied, and the fire exposure time
was defined by step time. The three thermal boundary conditions consist of thermal convection, thermal
radiation and thermal conduction. The temperature increased following ISO 834 fire curve (12), as well
as the resultant emissivity and heat transfer coefficient being 0.55 and 25W/m-K respectively. The



absolute zero temperature is -273K, and Stefan-Boltzmann constant is 5.67E-008. The initial
temperature was set at 15 °C according to the real measurement. The 3D 8-node linear heat transfer
brick element type was applied for UHPC and two-node truss element type was used for reinforcement.

3.2 Stress analysis

In this analysis, the loads were subjected to the beams first, and then the results from the heat transfer
analysis were coupled to the beams. The concrete damage plasticity model was applied, and the
temperature-dependent material properties were utilised to simulate the structural response under fire.
The applied compressive stress-strain models for UHPC with varying temperatures were adopted from
Zheng et al. (16), as shown in Figure 4 (a). The temperature dependent tensile stress-strain curve was
adopted from Baneriji et al. (17), as shown in Figure 4 (b). The time-dependent institutive curves for
steel were in accordance with EC3 (15), as shown in Figure 4 (c). Moreover, steel plates were applied
at the supports and loading points to avoid stress concentration. The optimum mesh size of 25mm was
applied for convergence. The 3D 8-node linear brick element and 3D 2-node linear truss element were
used as element types for UHPC beams and steel reinforcement respectively. The model is shown in
Figure 5.
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Figure 5. Thermomechanical model

3.3 Model validation

The nonlinear finite element model was validated against the results obtained from the fire tests. The
measured and simulated displacement-time curves of the tested beams are displayed in Figure 6, and
the comparison of sectional thermal distribution is illustrated in Figure 7. As can be seen, both the fire



resistance and the temperature simulation results agree well with the test results, validating the
accuracy of the proposed model.
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3.4 Parametric study

The validated finite element model was employed in an extensive parametric study. The effects of load
ratio, shear span to effective depth ratio and stirrup ratio were assessed in the parametric analysis. The
designated specimens (B1-B9) are listed in Table 2.

Figure 8 presents the test results and the results from parametric studies with varying parameters. It is
obvious that load ratio is the most vital factor governing fire resistance of UHPC beams, and shear span
to effective depth ratio shows moderate influence as well. However, the configuration of stirrups shows
limited improvement in fire resistance. As shown in Figure 8(a), the fire resistance of UHPC beams
shows a linear decrease as load ratio increases. When the load ratio increased from 0.25 to 0.65, the
fire resistance significantly decreased from 225 min to 116 min, showing a 48% decline. In addition, it
can be seen in Figure 8(b) that the fire resistance of UHPC beams is inversely proportional to shear
span to depth ratio. When the stirrup ratio increases from 0% to 0.27%, the fire resistance shows a 26%
improvement of 46 min, shown in Figure 8(c).

Table 2. Parametric Design

Specimens Ps% Load Ratio A Psv% Fire resistance/min
B1 71 0.65 2.5 0 116
B2 71 0.35 2.5 0 207
B3 71 0.55 2.5 0 140
B4 71 0.25 15 0 233
B5 71 0.25 2.0 0 230
B6 71 0.25 3.0 0 215
B7 71 0.45 2.5 0.27 224
B8 71 0.45 25 0.23 220

B9 71 0.45 25 0.20 190
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Figure. 8 Effect of varying parameters on fire resistance

4 Comparison with current standards

The test findings for fire resistance were compared with estimations (t) by current codes: AS 3600 (18),

)
0.30

EN 1992-1-2 (19), ACI 216.1 (20) and DB/J 15-81 (21) to assess the validity of the current design criteria.
As indicated in Table 3, the current codes either overestimate or underestimate the fire resistance of

UHPC beams, and they do not accurately reflect the fire resistance of UHPC beams. This might be
because current standards are prescriptive and only require the average axial distance of longitudinal
reinforcement, concrete cover thickness, cross-sectional width and load ratio. Nevertheless, in real fire
scenarios, the shear span to effective depth ratio, stirrup ratio and restraint condition may alter the fire
resistance of UHPC beams. Moreover, a modification to the value of fire ratings should be implemented,

considering the specific thermo-mechanical properties of UHPC. It is necessary to conduct further

studies with extensive parameters to obtain more data.

Table 3. Comparison of fire resistance values obtained from current codes and the proposed

method
Tested beam resizltraence ACI 216.1 E\g;ggg DB/J15-81
(20) (18,19) (21)
min t/min Ratio t/min Ratio t/min Ratio
UHPCB1 225 240 1.067 121 0.537 90 0.400
UHPCB2 214 240 1.121 121 0.565 90 0.420
UHPCB3 181 230 1.270 121 0.669 90 0.497
UHPCB4 163 230 1.411 121 0.742 90 0.552
B1 116 180 1.552 121 1.403 90 0.776
B2 207 240 1.159 121 0.584 90 0.434
B3 140 200 1.428 121 0.864 90 0.642
B4 233 240 1.030 121 0.519 90 0.386
B5 230 240 1.043 121 0.526 90 0.391
B6 215 240 1.116 121 0.562 90 0.418
B7 224 240 1.067 121 0.540 90 0.401
B8 220 240 1.091 121 0.550 90 0.409
B9 190 240 1.263 121 0.637 90 0.474
S.D 0.169 0.242 0.117
Average 1.201 0.669 0.477

5 Conclusions

Based on the results presented in this paper, the following conclusions can be drawn on the fire

resistance of UHPC beams:



The proposed simplified numerical model is capable of predicting the fire resistance of UHPC
beams.

Lower load ratios can significantly improve the fire resistance of UHPC beams. Fire resistance is
decreased as shear span to effective depth ratio increases. The presence of stirrups can effectively
enhance fire resistance.

The current fire design codes are not applicable for UHPC beams, and it is advised that further
study be conducted to explore the effect of extensive parameters, such as cross-sectional
dimension, load ratio, shear span to effective depth ratio and restraint condition, for a more rational
fire safety design for UHPC beams.
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