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ABSTRACT

In the design phase of structures for which explosive spalling is a critical issue, preliminary screening
of concrete mixes plays a key role in pursuing the optimal compromise between costs and efficacy.
Generally, the best way to limit or even prevent concrete spalling in structures exposed to fire is to
properly define the mix design, especially in terms of fibre type and content. Within this context, in
the experimental assessment of spalling sensitivity, it should be kept in mind that there are many
influencing aspects, such as specimen geometry, heating curve and possible loading level. All these
factors should be accurately defined in order to obtain results representative of the actual service
conditions. In the present study, three different test setups have been adopted for the evaluation of
spalling sensitivity of two concrete mixes (fon = 45 and 50 MPa) containing different amounts of
polypropylene fibre. The testing procedures include: (I) 1m side cubes directly exposed to a localized
jet flame (hot spot test), (I11) 0.8x0.8x0.1 m slabs heated at the intrados under a constant membrane
compression (biaxial loading test), and (I11) a loaded tunnel lining segment exposed to RWS fire
curve (full-scale test). These methods entail an increasing experimental burden and different levels of
detail in the monitored parameters. In the paper, the different typologies of tests are discussed by
comparing experimental and numerical results in order to highlight the main influencing factors.
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INTRODUCTION

Fire and high temperature represent very severe loading conditions for strategic infrastructures such
as tunnels, this making of primary importance the proper evaluation of their fire performance. High
temperature, in fact, is detrimental for the structural behaviour due to both the decay of mechanical
properties and the introduction of indirect actions. In particular, very high maximum temperatures
can be reached in tunnels, even higher than 1000°C for the most severe scenarios [1].

Thanks to incombustibility and thermal insulation capability, concrete members can guarantee satis-
factory mechanical behaviour even at such high temperature, provided that spalling phenomenon is
limited. The violent detachment of shards from the exposed face typical of concrete during rapid
heating, in fact, can lead to the direct exposure of the reinforcing bars to the flames, this dramatically
speeding up the loss of bearing capacity.

As is well known, spalling strongly depends on two main triggering factors: (1) stress caused by ex-
ternal loads and thermal gradients, and (2) pore pressure due to water vaporization. Fracture tests
carried out on heated concrete cubes (L = 100 mm) under sustained pore pressure clearly showed that
the combination of pressure and stress is necessary for spalling occurrence [2].



Due to fast heating and low thermal diffusivity of concrete, significant temperature gradients arise, this
leading to thermal stress profiles characterized by compression next to the exposed face and tension in
the colder core (both parallel to the isothermal surfaces). In particular, compressive stress fosters crack-
ing, locally reducing the mechanical stability. On the other hand, pore pressure rises due to water vapori-
zation and contributes to a violent propagation of cracks, typical of spalling phenomenon. Pressure gra-
dients push moisture toward the inner core, where moisture content can increase and even lead to satura-
tion (the so-called moisture clog). High-Performance Concretes (HPC) are prone to moisture clog for-
mation due to their very low permeability, and pore pressure up to 4 MPa can be achieved [3,4]. This
makes HPC rather sensitive to spalling [3,5].

As it is well known, the most efficient way to strongly reduce the probability of spalling is to proper-
ly design the concrete mix, especially with the addition of polypropylene (or hybrid) fibre [3,6]. Ce-
ment paste microcracking during polypropylene fibre melting [6-8] leads to smoother moisture gradi-
ents [9], lower values of pressure in the pores and, possibly, to an increase of transient thermal strain
favouring stress relaxation [7,10].

Even though numerical models dealing with the thermo-hygro-mechanical problem are available in
the literature, no direct control is possible on most of the involved material parameters. Hence, exper-
imental investigation is generally preferred for spalling sensitivity assessment, via small-, medium-
or full-scale tests, on loaded or unloaded specimens [11].

Many experimental studies in the literature can be classified as small-scale investigations. As exam-
ples, in Kalifa (2000) [3], Mindeguia et al. (2010) [12], Toropovs et al. (2015) [9] and Felicetti et al.
(2017) [2] both temperature and pressure have been measured in samples experiencing a substantially
monodimensional thermo-hygral transient. In Lo Monte and Gambarova (2015) [13] the focus was on
corner spalling, where thermal dilation along two converging planes is the dominant fracture mecha-
nism. All tests were performed on unloaded prismatic specimens and relevant spalling never oc-
curred. On the contrary sizeable spalling was observed in small-scale tests carried out in loaded sam-
ples (Hertz and Sgrensen, 2005 [14]; Tanibe et al., 2011 [15]; Connolly, 1995 [16]).

Medium-scale tests generally consist in slabs or prismatic specimens heated on one side, either in loaded
or unloaded conditions. External loading can be applied (1) in just one direction, via pre-/post-tensioning
systems (as in Heel and Kusterle, 2004 [17]; Sjostrém et al., 2012 [18]; Bostrom et al., 2007 [19]; Jans-
son and Bostrom, 2008 [20]) or active actuators (Carreé et al., 2013 [21]; Rickard et al., 2016 [22]), or (2)
in two directions via a restraining frame (as in Connolly, 1995 [16]; Heel and Kusterle, 2004 [17]) or by
means of hydraulic jacks (Lo Monte and Felicetti, 2017 [10]). The common evidence is that spalling
sensitivity increases from unloaded to loaded specimens, and from uniaxial to biaxial loading conditions
(Miah at al., 2016 [13]).

Finally, full-scale investigations consist in testing structural members or substructures under restrain-
ing and loading conditions representative of the real ones.

In the design phase of spalling-sensitivity structures, preliminary screening of concrete mixes is an
important issue in order to obtain the optimal compromise between costs and efficacy, and, to this
aim, the choice of the proper scale of testing is very important. Full-scale test, for example, is the
most representative for the real conditions, but is costly and time demanding, hence unsuitable for a
first categorization of several concrete mixes. On the opposite, small-scale tests on unloaded samples
can be too far from the service conditions of the structural member at issue, hence not representative
of the effective behaviour in fire. This comes from the fact that experimental assessment is directly
influenced by many aspects such as specimen geometry, heating curve and possible loading level, all
factors which govern thermal gradients and stress, concrete permeability evolution and pore pressure
development. In this context, three different test setups have been compared for the evaluation of
spalling sensitivity and the results are discussed in order to highlight the main influencing factors.



TEST METHODS AND MIX DESIGN

The three different testing procedures compared in the present study include:

o hot spot test: 1m side cubes directly exposed to a localized jet flame,

o biaxial loading test: 0.8x0.8x0.1 m slabs heated at the intrados under a constant membrane
compression,

o full-scale test: testing on a tunnel lining segment subjected to external loads.

The three setups imply an increasing experimental demand in terms of costs and time, while provid-
ing information with different levels of detail accordingly to the monitored parameters.

Hot spot test

Testing procedure is based on a hot spot (about 250 mm in diameter) applied to one face of a 1m side
concrete cube via a 86 kW propane torch (Figure 1). The temperature, monitored by means of a small
plate thermometer, reaches instantly the target value (defined as 800°C in the present case) and then
is kept constant for the whole test duration. Only spalling depth at the end of heating is measured. No
external load is applied, hence stress is caused by thermal gradients only.

This testing procedure is very cheap, rapid and of easy implementation. The uncommon geometry of
the sample is dictated by the fact that very often 1m side mountable formworks are available at pre-
casting plants for collecting spare concrete. Considering that concrete volume is not an issue in tun-
nel segments production, casting 1m?® specimens is affordable and allows several test faces. On the
other hand, having larger samples than the hot spot diameter is an advantage in spalling sensitivity
testing, since the restraint exerted by cold concrete against the thermal dilation of the heated region is
very effective. This leads to relevant thermal stress, as required for highlighting possible spalling
susceptibility.

Biaxial loading test

An experimental setup has been recently developed at Politecnico di Milano to investigate concrete
sensitivity to explosive spalling. The setup allows to perform hot tests on biaxial loaded slabs under
strictly controlled boundary conditions [10]. Specimens consist in slabs (800x800x100 mm, Figure 2)
exposed to standard fire curve at the intrados via a horizontal furnace powered by an actively con-
trolled propane burner. During heating, a constant biaxial compression can be applied in the range
omean = 0-15 MPa thanks to eight hydraulic jacks. Biaxial membrane loading is implemented in order
to emphasize the effect of compression and hydraulic jacks are preferred to passive techniques based
on restrained thermal strain, since in the latter case compression varies during heating due to the ef-
fect of thermal dilation on both the slab and the restraining system.

@ ' (b)
Figure 1. Hot spot test: (a) concrete cube exposed to a jet flame, and (b) detail of the heating system.
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(a)
Figure 2. Biaxial loading test: (a) section of the concrete slab within the loading system placed over the
horizontal furnace, and (b) picture of a spalled slab after the test.

Slab vertical deflection is monitored via 6 displacement transducers. Even though not measured in
the present case, also temperature and pore pressure can be monitored within the specimen if sensors
are fitted during casting. The described setup allows to control the main parameters involved such as
heating curve and external load, thus leading to a clearer understanding of the results.

Full-scale test

In full-scale tests, the real structural member is tested under restraining and loading conditions very
close to the actual service ones. In the present case, one test has been performed at the Leipzig Insti-
tute for Materials Research and Testing — MFPA (Work Group 3.2 - Fire Behaviour of Building
Components and Special Constructions). A tunnel lining segment (length = 3.43 m, width = 1.80 m
and thickness = 0.55 m) is loaded vertically in three points and horizontally in one direction by
means of hydraulic jacks, according to the scheme reported in Figure 3. Load is applied before heat-
ing and then kept constant. Fire load is applied at the bottom face only according to the RWS (Rijks-
waterstaat) fire curve. During heating horizontal and vertical displacements at the actuators are moni-
tored, together with the temperature within the thickness.

Due to high time and costs required, such experimental procedure cannot be used for screening dif-
ferent concrete mixes, but just for the final validation of the designed concrete in restraining, loading
and heating conditions very close to the real ones.

Mix design and experimental program

The above-described tests have been carried out for spalling sensitivity assessment of two concrete
mixes (fem = 45 and 50 MPa) containing different amounts of polypropylene (L =6 mm, @ = 18 um
and melting point T = 165°C) and steel (hook end, L =60 mm and @ = 750 um) fibres, for a total
number of 8 mixes. Hot spot test was performed on all concretes, while mixes with 2.0 kg/m? of pol-
ypropylene fibre were excluded for biaxial loading tests, since the results on 1m side cubes showed
that 1.5 kg/m?® of polypropylene fibre was enough to prevent spalling. Finally, full scale test was
performed on one mix only, for final validation. In Table 1 the main features of concrete mixes and
the tests carried out on each of them are schematically reported.
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Figure 3. Full-scale test:scheme of loading and heating of a tunnel lining segment.



Table 1. Concrete mixes and tests plan.

mix fem[MPa] F[)ng/'r?]';; St[(i(eg: /fr:g; € hottess[got blaxm;IeIsc;adlng Full-scale test

45 Plain - - X X X

45 15 45 15 - X X

45 2.0 2.0 - X

45 1.5 4D 15 40 X X

50 Plain - - X X

50 1.5 50 15 - X X

50 2.0 2.0 - X

50 15 4D 15 40 X X

EXPERIMENTAL RESULTS

Hot spot test

In Figure 4a all specimens ready for hot spot test in the construction site are shown. In Figure 4b the
experimental temperature measured at the small plate thermometer during heating is reported for
each test, together with standard and RWS fire curves. Due to the working conditions, temperature
sizably fluctuated, even though the average value is very close to the target value of 800°C. Test du-
ration was set to 15 min, since it was sufficient for highlighting spalling sensitivity. Spalling was
observed only in the two plain mixes, 45 Plain (Figure 5a) and 50_Plain, starting at 45 and 60 s, with
final maximum spalling depth of 100 and 120 mm, respectively.

experimental |
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Figure 4. (a) Specimens for hot spot tests in the construction site, and (b) comparison among experimental
temperature measured at the small plate thermometer, target temperature, standard fire curve and RWS.

_Plain and (b) mix 45_1.5.

Flgure 5. Specimens at the end of the hot spot test: (a) mix



In the mixes with 1.5 kg/m? of polypropylene fibre (45_1.5 and 50 _1.5) test duration was 30 min so
to check possible late spalling. In Figure 5a the typical spalling surface after testing is shown
(mix 45_Plain), while in Figure 5b mix 45 1.5 after testing is depicted, where no spalling or even
scaling was observed. All test results are summarized in Table 2.

Biaxial loading test

In Figure 6a the comparison between standard fire curve and temperature measured at the plate ther-
mometer inside the furnace is reported for all tests. As it can be noted, the prescribed temperature is
strictly followed thanks to the active control system of the propane burner. Tests have been performed
under an external biaxial compression of 10 MPa, so to simulate the working condition in the 100 mm
close to the surface of the tunnel lining.

Spalling occurred only in plain mixes, 45 _Plain and 50_Plain, after 17 and 15 min, respectively. As
shown in Figure 7a, spalling progression involves all the heated area with a final average/maximum
depth of 55/60 and 62/69 mm for 45_Plain and 50_Plain, respectively. On the other hand, no spalling
was observed in concretes with polypropylene fibre.

In Figure 6b the vertical displacement at the mid-span point is plotted as a function of time. No remarka-
ble difference can be noted between plain concretes, while if polypropylene fibre is added, sagging de-
flection is sizably reduced. This can be ascribed to the larger increase of concrete deformability with
temperature in the latter case, probably due to diffuse damage and higher transient thermal strain occur-
ring when polypropylene fibre is added [7,10].
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Figure 6. (a) Temperature measured at the plate thermometer inside the oven and standard fire curve, and
(b) vertical mid-span displacements (positive upwards).
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Figure 7. Specimens at the end of the biaxial loading test: (a) mix 45_Plain and (b) mix 45 1 5.



Full-scale test

Full-scale test is performed on one loaded tunnel lining segment (I x w x t = 3.43 x 1.80 x 0.55 m)
made in concrete without fibre (mix 45_Plain), heated at the bottom face according to RWS fire
curve. Load is applied according to the scheme of Figure 3, with P; =593 kN, P, =297 kN and
H = 5300 kN, with the aim of simulating the service life conditions. Load was applied before heating
and then kept constant during the test. In Figure 8a the comparison between RWS fire curve and tem-
perature measured inside the furnace is shown, proving a rather good agreement. Spalling started after
3 min of heating with a final average/maximum depth of 154/474 mm, involving the whole exposed
face, as evident in Figure 9. Local peaks may have been fostered by some grouted holes for thermo-
couple installation. It is worth noting that the temperature reached during the test are so high that con-
crete and reinforcing bars start melting after about 45 min of heating. In Figure 8b the horizontal and
vertical displacements at the actuators are plotted as functions of time.

NUMERICAL ANALYSES AND DISCUSSION

For the sake of comparison, the main features and results of all tests are collected in Table 2, clearly
showing that the three setups lead to different outcomes in terms of spalling onset time and final depth.
In order to try to explain such differences, numerical analyses have been performed aimed at computing
the stress state in the specimens in a significant time range including the onset of spalling, so to under-
stand if there are common triggering conditions. It is worth noting that the qualitative results of the test
setups (especially hot spot and biaxial loading tests) provide consistent information about the efficacy of
the introduction of polypropylene fibre (even in combination with steel fibre) in preventing spalling.

Numerical simulations have been performed by using the finite element code Abaqus. Thermal prop-
erties according to EC2 [24] are adopted: lower curve for the thermal conductivity, specific heat for
negligible moisture content and initial density of 2300 kg/m?.
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Figure 8. (a) Temperature measured at the plate thermometer inside the oven and RWS fire curve, and
(b) vertical/horizontal displacement at the actuators.
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Figure 9. Heated (bottom) face of the tunnel lining 'segment after testing.



Concrete Damaged Plasticity model is used for concrete mechanical behaviour. The variation with
temperature of compressive and tensile strengths is defined as suggested in EC2 [24], while fracture
energy in virgin conditions G is evaluated according to Model Code *90 [25] and then kept constant
with temperature (Gf" = G#° = 0.117 N/mm), since this last parameter is far less heat-sensitive com-
pared to the other concrete mechanical properties [26]. Stiffness and thermal expansion are calibrated
in order to obtain results representative of the experimental tests in terms of initial rate and maximum
value of mid-span deflection (see Figure 6b). In Figure 10, normalized decay of compressive and ten-
sile strengths, stiffness and fracture energy are reported together with thermal expansion variation
(f: = 45 MPa, f?° = 3.3 MPa, E. = 34 GPa). Concerning stress-strain relationships, a bilinear be-
haviour is implemented in tension, while in compression the curve suggested by EC2 [24] is used (as
in [27]), where peak strain is defined as 1" = 1.5/ E." so as to match the initial material stiffness
(see also [2,10]).

As regards steel reinforcement, which was present only in the tunnel lining segment for the full-scale
test, thermo-physical and mechanical properties have been implemented according to EC2 [24] (as in
[27]). The Plasticity model of Abaqus has been used.

In Figure 11 the numerical thermal profiles along the central axis are shown for each specimen geom-
etry, in the 150 mm next to the exposed face (ref. line in the inserts of Figure 11). It is evident as the
temperature evolution is rather different among the test setups because of the adoption of distinct heat-
ing curves. On the contrary, it is interesting to observe as in the three tests, spalling (if any) occurs
when temperature in the hot face is in between 300 and 350°C. It is also worth noting that temperature
gradients in hot spot and full-scale tests are very similar at spalling onset (namely, about 1 and 3 min
of heating, respectively).

Table 2. Summary of test results.

hot spot test biaxial loading test full-scale test
Fire Spalling max Fire Spalling an’”.‘aX Fire Spalling an’”_‘aX
. N L spalling I L spalling N spalling
Mix duration | initiation duration |initiation duration |initiation
. - depth - . depth - . depth
[min] [min] [mm] [min] [min] [mm] [min] [min] [mm]
45 Plain 15 1.00 100 30 17 55/60 120 3 154/474
45 15 30 - - 60 - -
452.0 15 - - -
45 1.5 4D 15 - - 60 - -
50_Plain 15 0.75 120 30 15 62/69
50 1.5 30 - - 60 - -
50 2.0 15 - - -
50_1.5 4D 15 - - 60 - -
Eth
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Figure 10. Normalized decay of compressive and tensile strengths, stiffness and fracture energy to-
gether with thermal expansion used in numerical analyses. ow is the thermal stress in perfectly re-
strained conditions (on = Ec' " em).
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Figure 11. (a-c) Thermal profiles at mid-span section of the specimen for the three tests.
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Figure 12. (a-d) Stress profiles at mid-span section of the specimen in the three tests, and (e) crack
patterns in a concrete member exposed to fire. Stresses ox and oy are parallel to the exposed face.

Numerical stress profiles in the same segment (ref. line in the inserts of Figure 11) and for the same
time steps shown for temperature profiles are reported in Figure 12a-d. Stresses ox and oy are parallel



to the exposed face and, obviously, ox = oy for both hot spot and biaxial loading tests due to the dou-
ble symmetry of both heating and loading. On the other hand, in full-scale test, ox comes from the
interaction between thermal gradients and external loads, while oy is caused by thermal gradients only
(hence, ox # oy). Finally the stress normal to the exposed face, o, is almost negligible in biaxial load-
ing and full-scale tests, since heating flux is essentially unidimensional, while tension — even ap-
proaching concrete tensile strength — arise in the hot spot test, as sketched in the insert of Figure 12a.

In Figure 12e the possible crack patterns in a concrete member exposed to fire at the bottom face are
depicted. Horizontal thermal stress develops because of the steep thermal gradients, leading to com-
pression next to the exposed face and tension in the colder core. Compressive stress in the hot layers
fosters cracking parallel to the isothermal surfaces (crack pattern (3) in Figure 12e), locally reducing
the mechanical stability, while tension can trigger orthogonal cracking (crack pattern (1) in Fig-
ure 12e). Stress normal to the exposed face becomes sizable when isotherms are significantly curved,
as occurs at the edges of the hot spot, leading to the formation of a fracture surface as sketched in the
insert of Figure 12a (crack pattern (2) in Figure 12e).

Looking at Figure 12a it can be expected that, in hot spot test, cracking occurs deeper than the hygral-
ly-active region (namely where pore pressure develops, according to Figure 12e), this latter resulting
within the compression region. This fosters pressure build-up in the pores. Very similar situation oc-
curs in the full-scale test along the generatrix (y axis), while in the circumferential direction (x axis)
compression is even higher due to the external loads. Finally, in biaxial loading test, no tension at all
takes place due to the external membrane compression.

Even though the stress profiles are quite different for biaxial loading test, the order of magnitude of the
maximum compression is close to the other testing setups. The different stress state comes from
(1) the lower specimen thickness and (2) the slower heating curve. Because of the reduced flexural
stiffness, in fact, slab bends due to thermal bowing and compression in the hot layers is mildly reduced
(with respect to hot spot and full-scale tests, in which specimen is stiffer). Nevertheless, compressive
stress higher than 20 MPa is evaluated in the hot layer of the slab in the first minutes of heating. Even
higher values could be reached also adopting more severe heating curves, such as RWS.

The critical point, now, is to understand if compressive stress in the range 20-25 MPa is enough to
trigger spalling. Assuming that pore pressure can reach a value close to 1 MPa (at about 250°C, aver-
age temperature in the hottest layers), the equivalent tensile hydrostatic stress acting on the solid skele-
ton for a Normal-Strength Concrete is of the same order of magnitude of the pressure itself [2]. Such
tension should be added to that induced by thermal gradients and by meso-scale effects (such as kine-
matic incompatibility between aggregate and cement paste, and the deviation of the compression iso-
lines due to aggregates). It is enough that all these effects lead to an equivalent tension of about
1.5 MPa, that about 50% of the hot tensile strength is attained. According to the commonly used triax-
ial failure criteria for concrete, this implies that uniaxial compressive strength is reduced by almost
50%, namely f. = 0.5-f:3%°C = 20 MPa. Biaxial compressive strength can be assumed as the uniaxial
one increased by 20%, so obtaining f.p = 1.2-f. = 24 MPa. Hence, it can be concluded that compres-
sive stress approaching 20-25 MPa could be enough to trigger spalling, if moderate pressure rises in
the pores (in the order of 1 MPa), such result being consistent with the outcome of the three different
tests.

CONCLUDING REMARKS
In the present paper the results of three different test setups for the assessment of concrete sensitivity to
explosive spalling are discussed. Tests have been carried out within an experimental campaign aimed at

screening different concrete mixes for the final application to tunnel lining segments.

In the first phase, spalling behaviour of all mixes have been investigated via a very easy test setup based
on 1m side cubes heated on a 25 cm-diameter hot spot on one face. This test proved to be effective in



highlighting spalling sensitivity even though stress is caused by thermal gradients only. Afterwards only
6 of the 8 concrete mixes were selected for the second phase, based on heating unreinforced concrete
slabs at the bottom face under biaxial membrane compression, so to investigate the effect of external
loading. Finally, the full-scale test on a concrete tunnel lining segment (made with the designed mix) was
performed under restraining and loading conditions very close to the real ones. For all the test setups,
spalling occurred only in plain mixes (without polypropylene fibre), with rather different values of
spalling time onset and final depth. In order to explain such differences and to understand possible
common triggering conditions, thermo-mechanical numerical analyses have been performed.

In all cases, first spalling event occurred when the temperature in the hottest 5 mm was between 100
and 350°C (300-350°C at the heated face), thermal range for which sizable pore pressure can be
reached. The tensile stress induced by pore pressure, together with tension caused by thermal gradients
and meso-scale effects, is expected to lead to an apparent decrease of compressive strength sufficient
to instate the conditions for spalling initiation.

It is worth noting that stress profiles along the mid axis of a 1m side cube and of a tunnel lining seg-
ment are rather similar, since they are mainly driven by thermal gradients developing in thick mem-
bers. On the other hand, in biaxial loading test, the lower flexural stiffness allows for thermal bowing
this slightly smoothing down the thermal stresses; nevertheless, compression higher than 20 MPa is
attained thanks to the application of the external biaxial membrane load and even higher values could
be obtained for sharper heating curves.
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