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Abstract

The pore space of porous materials strongly affects both mechanical and transport properties. As regards building materials such as concrete
which may be exposed to severe environmental conditions, these properties determine the service life of concrete and concrete structures.
Recently, the gas permeability of concrete was identified as the key parameter controlling explosive spalling and, thus, the integrity of concrete
structures under fire loading. In this paper, an experimental setup for determination of the residual permeability of concrete subjected to high
temperatures is presented. Two different experimental procedures, characterized by either a constant or a decreasing pressure history at the
pressurized side of the specimen, are considered. Transport properties are identified on specimens made of in-situ as well as laboratory-cast
concrete with or without additional polypropylene (PP) fibers after cooling from high temperature, covering a range of permeability over four
orders of magnitude. The obtained results highlight the effect of additives and the production process on transport properties and, thus, on the
performance of concrete under fire attack.
© 2008 Elsevier Ltd. All rights reserved.
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1. Introduction

The durability of concrete is strongly affected by its pore
structure, the latter allowing the transport of various substances
(e.g., water, vapor, aggressive agents) and therefore determining
the life span of structures especially when subjected to aggres-
sive environments (e.g., fire loading, freeze/thaw, sea water,
acid attack etc.). When concrete is subjected to fire loading,
the transport of water and vapor strongly affects the risk of
explosive spalling, caused by the pore-pressure build-up in
consequence of evaporation of capillary water [1,2]. Hereby, the
permeability of concrete can be identified as the key parameter
influencing the magnitude of this pore-pressure within the
concrete structure.
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The permeability of cement-based materials (cement mortar
or concrete) can be determined by using incompressible (liquids)
and/or compressible media (gases). A wide range of experi-
mental techniques, employed either on site (in-situ tests) or in the
laboratory (laboratory tests) were proposed in the literature:

(1) Using liquids as measurement medium:
® n-situ tests, such as the Initial Surface Absorption Test
(ISAT) [3,4] or the Covercrete Absorption Test (CAT) [5];
® [aboratory tests, such as constant-head or falling-head
experiments [6,7], the beam-bending method [8,9], or
tests employing dynamic pressurization [10,11];
(2) Using gases as measurement medium:
® in-situ tests, such as the Figg’s test [3,12] or the Air
Permeability of Near Surface (APNS) test [4,13];
® [aboratory tests, such as the CEM-Bureau method
[14—16], the Hassler method [15,17], or tests under
changing thermal conditions [18].
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Fig. 1. Intrinsic permeability of high-performance concrete as a function of pre-heating temperature [15].

So far, the application of these test methods for determination
of the influence of temperature loading on the permeability of
cement-based materials was restricted to laboratory-cast speci-
mens, e.g., the influence of the amount of polypropylene fibers
(PP-fibers) on the intrinsic permeability” k. [m?] for certain pre-
heating temperatures was investigated in [15] (see Fig. 1).
Whereas k;,; of concrete without fibers varied two orders of
magnitude (caused by dehydration of the cement paste, micro-
cracking due to temperature-induced stresses, etc.), a variation of
ki, of four orders of magnitude was observed for concrete with
fibers within a temperature range from 80 to 400 °C. In [15], the
more pronounced increase of the intrinsic permeability for
concrete with PP-fibers was explained by melting of the fibers.
Whereas the experiments presented in [15] were performed on
pre-heated concrete specimens which were cooled down and
tested at room temperature, the permeability experiments
presented in [18] were conducted under changing thermal
conditions (see Fig. 2). Hereby, the temperature was increased
to the target temperature and the permeability test was conducted
at that temperature after the temperature was kept constant for
10 h. Subsequently, the temperature was increased to the next
temperature level and the same procedure was applied. The results
exhibit a dent between temperatures of 100 and 200 °C. When the
time span the temperature was kept constant at every temperature
level was increased to 50 h, the observed dent vanished (see
Fig. 2). This indicates that the increased holding time is sufficient
to assure that vapor transport, which was considered to cause the
aforementioned dent [18], does not disturb the permeability
experiments. In [17,20], the influence of the degree of saturation

! ki is an intrinsic parameter, describing the pore space of the material. It is
independent of the medium flowing through the material. For compressible
media (e.g., air or water vapor), the intrinsic permeability is defined as the
permeability at infinite pressure, with 1/p=0 [19,20].

on the effective permeability ks (defined as Ay, for partially-
saturated concrete) of cement paste and concrete was studied
using the Hassler [17] and CEM-Bureau method [20]. Hereby, k.¢¢
decreased by two orders of magnitude for an increase of the
degree of saturation from 0 to 80% (see Fig. 3). The same effect
was reported in [21], where the permeability was related to the
mass loss of capillary water during air drying. As reported in [20],
the permeability of concrete is higher than the permeability of
cement mortar. Moreover, the permeability increases with
increasing water/cement-ratio, which is explained by the
increased pore space that develops during curing [20].

In this paper, permeability results of in-situ as well as
laboratory-cast concrete specimens with or without polypropy-
lene (PP) fibers subjected to different pre-heating temperatu-
res are presented, focusing on the difference in the gas-transport
properties of in-situ and laboratory-cast concrete. For deter-
mination of the permeability, an experimental setup applicable
to a wide range of permeability (as found in case of concrete
with and without PP-fibers subjected to high temperatures) was
developed. This employed setup is described in detail in the
following section. Characteristics of the investigated types of
concrete are given in Section 3. In Section 4, the obtained
experimental results are presented. The identification of gas
transport properties on the basis of the obtained results is dis-
cussed in Section 5. Finally, concluding remarks are given in
Section 6.

2. Permeability experiments
2.1. Experimental setup
The experimental device used for identification of the gas-

transport properties of concrete is shown in Figs. 4 and 5.
Hereby, the pressure is applied via two pressure pistons with
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Fig. 2. Permeability of concrete (water/cement-ratio: 0.5) tested at elevated temperatures [18].

given volume. As the displacement of the pressure pistons is
monitored, the amount of pressurized air provided is known. In
order to cover the wide range of the permeability of concrete
subjected to temperature loading, an additional air reservoir was
employed, which was added to the pressurized volume in case
of concrete specimens characterized by a high permeability.

With the experimental setup shown in Figs. 4 and 5, two
different types of experiment may be conducted:

(1) Decreasing-pressure experiment (DPE): Hereby, the
pressure pistons are used to increase the pressure in the
system. Then, the pumping speed of the pressure pistons
(controlled by u(?)) is adjusted in order to provide
stationary air flow through the specimen at the target
pressure of 8 bar (=0.8 MPa). As stationary flow is
established, the air supply is closed and the decrease of
pressure by air flow through the specimen is recorded as a
function of time, p,(?).

(2) Constant-pressure experiment (CPE): Hereby, the pres-
sure pistons (see Fig. 5) are used to maintain an almost-
constant pressure at certain target pressures (ranging from
5 to 8 bar). The air flow through the specimen is deter-
mined on basis of the monitored displacement history of
the pressure pistons, u(z).
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2.2. Evaluation methods

Pressure-driven flow (i.e., advection) through porous media
is described by Darcy’s law, giving the flux O [m?®/s] for the
one-dimensional case as

: (1)

where k [m?] is the permeability of the porous medium, 4 [m?*] is
the cross-sectional area, # [Pa s] is the dynamic viscosity of the
transported fluid, and dp/dx [Pa/m] is the pressure gradient. In
case an incompressible fluid is advected through the porous
structure, the permeability & in Eq. (1) is equal to the intrinsic
permeability, with k=/k;,. In case of advection of compressible
fluids, the so-called slip-flow phenomenon [19] is considered by

Ad b\ Ad

- __p:_kint I+~ __pa (2)
n dx p) ndx

where the pressure-dependent permeability k is given by
b
k:kint<1 +_)7
p

with b [Pa] as the so-called slip-flow constant.

0=
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O O ©» > O«
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Fig. 3. Effective permeability of two-year-old normal-weight concrete (water/cement-ratio: 0.45) as a function of the water saturation [20].
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Fig. 4. Experimental setup used for permeability tests.

2.2.1. Determination of permeability parameters k;,, and b by
means of stationary analysis

For the case of one-dimensional flow as given in the experi-
mental setup, Eq. (2) is multiplied by pressure p and, there-
after, integrated over the specimen height H. Accounting for
Op=constant ? in case of stationary conditions yields

H A [P
op /0 s = —hin [ o+ b, (5)

Pi

and (after evaluation of the integrals)

22
OpH =~k {p 2Lt bipy —pt)} , (6)
where p,=po~1 bar (atmospheric pressure) represents the
pressure at the bottom of the specimen. During the experiments,
O and p at the top of the specimen (denoted as O, and p,), which
are accessible through the monitored pressure history p/f) and
the history of the piston displacement u(), are determined for
selected time intervals ¢, <¢<t,. Within each time interval, an
averaged pressure at the top of the specimen is introduced as
p:=[p{t))+pAt>)]/2. Considering the given values for Op at the
top surface of the specimen and considering k=k,(1+5b/p) in
Eq. (6), where p is set equal to (p,+po)/2, one gets

2Hn _
k=————< 0D, (7)
A(pr—p3)

where p;, is replaced by p,. Eq. (7) is solved for different time
intervals ¢; <¢<t, and the obtained values for the permeability
k are plotted as a function of 1/p, where p is again set equal to
(P, +po)/2. The permeability parameters ki, and b are obtained
from linear regression as illustrated in Fig. 6. The parameters
used for determination of & from the experimental data are

2 In contrast to the volumetric flux Q [m’/s], which is not constant along the
direction of flow in case of compressible (stationary) flow through porous
media, the molar flux dn/dt [mol/s] is constant. Hence, under isothermal
conditions (7=constant), Clapeyron’s law for ideal gases yields

dv

d
nRT =V} H7rthT:Ep:Qp:constant. (4)

summarized in Table 1 (additionally, =18 x 10~ Pa s). In the
following, the determination of Q,p;, required in Eq. (7) will be
described for both DPE and CPE (see Appendix B for an
alternative determination of k;,, and b).

Determination of Q,p, for DPE

During a DPE, the pressure at the top of the specimen
continuously decreases in consequence of air flow through the
specimen (see Fig. 7). Considering a time interval ¢; <t<t,,
the amount of moles present within the pressurized volume at
time #; is

_ )V ()

n(t) RT(1)

(8)

where V(t;)=V [m’] is the constant pressurized volume (see
Fig. 8 and Tables 1 and 2) and 7(#,)=T [K] is the constant
temperature (considering isothermal conditions). The amount
of moles that pass through the specimen within time interval
ty <t<t,, given by n(t;)—n(t,), yields the molar flux within
the considered time interval as

I’l([l) o n(lz) _ [pt(tl) ];;?t(tZ)]VH% _ Ag}V’

©)

where An=n(t))—n(ty), At=t,—t;, and Ap,=pdt))—pdt).
Rewriting Clapeyron’s law for ideal gases (Eq. (4)) for the time
interval #; <t <t, and replacing Q by O, and p by p,, one gets

An _
E thpt

1
RT (10)
Obviously, the quality of approximation (10) depends on the
difference between p/t;) and p(t,) and improves for smaller
differences, i.e., for small time intervals #; <¢t<t,. Combining
Egs. (9) and (10) gives access to Q,p, for the considered time
interval:

AptV
At

Op; = (11)

Determination of Q,p; for CPE

Within a CPE, the pumping mechanism (consisting of two
pressure pistons and one driving piston) supplies air to the
pressurized system (with the corresponding volume V given in

Table 2) in an alternate manner (see Fig. 9). One cycle of a
piston consists of three phases:

(1) Phase I (backwards movement): Air flows from the gas
supply to the considered pressure piston whereas the other
piston supplies air to the pressurized system.

(2) Phase II (first part of piston stroke): The shift mechanism
changes the pumping direction and the considered
pressure piston becomes active. Since the filling pressure
is chosen to be lower than the pressure in the pressurized
system, the air must be compressed in Phase II before the
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Fig. 5. Schematic illustration of experimental device used for permeability tests.

one-way valve opens and the piston supplies air to the
pressurized system.

(3) Phase III (second part of piston stroke): The pressure in
the piston exceeds the pressure in the pressurized system
(the pressure difference needs to overcome the resistance
of the one-way valve) and the piston supplies air to the
pressurized system.

To determine the molar and, hence, the volumetric flux
through the specimen, a mass balance is conducted over the
piston stroke (Phases II and III). At the beginning of Phase II
(corresponding to time instant #; in Fig. 9), the piston is filled
with air at filling pressure p,,(,) and the pressurized volume V'is
at pressure p(t;), with p(t;)>p,(t;). Hence, the total amount of
moles within the system (see Fig. 8 and Table 2) at beginning of

k [m?]

k according
to Equation (7)

approximation

kmt:]:

Fig. 6. Illustration of identification of permeability parameters ki, and b from
regression analysis (p was set equal to (p,+po)/2 for the respective time interval).

1/p [Pa™!]

Phase II can be determined as

t=1=t: n(ll) = % [pp(tl)(r/jn + Vrem) "’-pt(tl)V]a (12)

where V,=A4,L, with 4, [m?] as the cross-sectional area of the
piston and L [m] as the length that the piston moves within one
stroke (see Fig. 9). In Eq. (12), Viem [1] is the volume of the part
of the piston that remains filled with air at the end of Phase III.
Thus, V,em 1s not provided to the pressurized system. In Eq. (12),
V' [1] corresponds to the pressurized volume given in Table 2
(see Fig. 8). At the end of Phase III, when the pumping direction

Table 1
Specimen dimensions and pressurized volume in experimental setup

Parameter In-situ concrete Laboratory-cast concrete
Specimen diameter ¢ [m] 0.143 0.150
Specimen area A [m?] 1.606x 1072 1.767x1072
Specimen height A [m] 0.05 0.05

L [m] - 0.132

Ap [m?] 5.027x103 5.027x107°
Vehamber [1] 4.953 4.942

Voipe.t 1] 0.0176 0.0176
Voipe,2 [ 0.0251 0.0144
Vreservuir [1] 20.8 20.8

Voipe,s [ 0.2637 0.2637
Viem,r [11 0.1392 0.1392
Vrem,l[ [1] 01078 01078
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Fig. 7. Decrease of pressure p;, at top of specimen recorded during DPE.

is reversed (corresponding to time instant #, in Fig. 9), the
pressures in the piston and the pressurized volume are almost
equal, with p,(t,) = p(,). Therefore, the amount of moles within
the system at the end of the piston stroke is

(=t n(t2) = oz [y (1) Ve + i (0)V]. (13)

Egs. (12) and (13) yield the molar flux provided to the pressurized
system within #; <t <#¢, as

An _ n(t) —n(tz) _ 1 pp(t)Vy + AppViem + APV
At At RT At

where Ap,=p[t;)—p. (t)#0 even in case of CPE, caused by
slight variations of the pressure in the pressurized volume. In

Table 2
Pressurized volume } during permeability experiments

Experiment type Pressurized volume V' [1]

DPE — in-situ — 497 (V=Vepamber+ Voiper])
no reservoir
DPE — in-situ — 25.80 (V= Vchamher+ Vpipe,] + Vpipe,2+ Vreservoir)

incl. reservoir

DPE - lab-cast — 25.77 (V: Vchamber+ Vpipe,l + Vpipe,2+ Vreser\'nir)
incl. reservoir
CPE - lab-cast — 26.04 (V: Vchamber+ Vpipe,l + Vpipe,2+ Vreservoir+ Vpipe,3)

incl. reservoir

Eq. (14), Ap,=p,(t;)—p,(t2) and At=t,—t,. Considering again
Clapeyron’s law for ideal gases (Eq. (4)) gives Qp; for the
considered time interval #, <t<t, as

_ 0V, + AppyViem + ApV
0.p, = T e TR

(15)

with p,=[pAt)) +pA12)]/2.

2.2.2. Determination of permeability parameters k;,, and b
from DPE by means of transient analysis

Within the identification procedure presented in the pre-
vious subsection, stationary conditions were assumed within the
considered time interval ¢ty <¢<t,. During the DPE, the pressure
in the pressurized volume decreases, approaching the atmo-
spheric pressure as asymptotic limit. The characteristic time

L L L
1 N 1
I : / I /
\ /
V, =A)L Vi, =AL
Vrem,I / Vpi,ue, 3 Vrem,H
V:uipe,2 ~
Vreservvir
V:pipt’,!
® @
VL‘Iramber L
SOOI N

Fig. 8. Pressurized volume in experimental setup.
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Fig. 10. (a) 74 from history of pressure p, and (b) (stationary) pressure distribution for two time instants characterized by different values of p,.

associated with this pressure decrease, 4o [s], is defined by
(see Fig. 10(a))

— pilt
Tdec(t) ::podpj)ctlg ) ) (16)
where dp,/d, [Pa/s] is determined from the experimentally-
obtained history of pressure p,.

The characteristic time associated with pressure-driven flow
(advection) through the specimen, on the other hand, is given by
(see, e.g., [22])

/ H
Tadv([) —;—ﬂ, (17)
n dx

with /=H [m] as the characteristic length of advection (which
is set equal to the specimen height in case of one-dimensional
flow in the permeability experiments) and v=—£k/1 - dp/dx [m/s]
as the velocity of Darcian flow (compare to Eq. (1)). Since the
permeability & and the pressure gradient dp/dx vary over the
specimen height, 7,4, is determined (considering a stationary
pressure distribution as approximation of the real transient
pressure distribution) at the upper and lower surface of the
specimen (with x=0 and x=H, respectively, see Fig. 10(b)),
giving the upper and lower bound of 7,4, for a certain time
instant.

Fig. 11 illustrates the evolution of the characteristic times
Tdee and T,q, for a selected DPE. For the calculation of 7,4, the
permeability & was determined from Eq. (3) using intrinsic
permeability k;,, and slip-flow constant b determined from the
stationary analysis presented in Section 2.2.1. As the pressure
in the pressurized system decreases in the course of the DPE
(see Fig. 10(a)), both 74, and 7,4, increase. The ratio of the two
time scales, Tgec/ Tagy, Obtained for experiments on specimens
heated to different temperatures is given in Fig. 12, ranging
from 1 to 5 in case the additional reservoir is not included in the
pressurized volume. When the additional reservoir is included
in the experiment, the time scale of pressure decrease at the

Taee>Taar [D]

Tdec

1.0+ T
max{Taa ..o

051 o cmmmmT _7__,,--"’\:‘:}{'1};1{7_5511'}

—pmpp ==

0+ D - - - ; : + -
0 05 1.0 15 20 25 3.0 35 40 45 50 t[h]

Fig. 11. Characteristic times Tq4e. and T,q, for a selected DPE (parameters used:
H=0.0495 m; kine=1.22x 107" m?; h=1.34 bar; n=18x10 ¢ Pa s).
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Fig. 12. T4ec/ Tagy Obtained from testing of concrete heated to different temperature
levels.

pressurized side of the specimen, 74.., increases by one order
of magnitude, resulting in an increase of the ratio Tgee/Tady
(see Fig. 12). Based on the obtained results, Tqe./ Taqy Was found
to mainly depend on the amount of pressurized gas rather than
the permeability of the tested material (controlled by tempera-
ture loading of the investigated concrete).

For Tgec/Taqy>>1, the transport through the specimen is
significantly faster than the pressure decrease in the pressurized
volume. Thus, for any pressure in the pressurized volume, a
stationary pressure distribution is present within the specimen.
For 4./ Tagv 1, On the other hand, the pressure decrease in the
pressurized volume affects the pressure distribution over the
specimen height, thus, making a transient analysis necessary. For
this analysis, the one-dimensional mass-balance equation (see
Appendix A), reading

dp  kine 0 dp
&£ ot 7 b —| =0 18
"ot n Jdx {(ij )8x (18)

is solved numerically for the unknown pressure p(x,¢). In Eq. (18),
n [—] represents the porosity of concrete. In the analysis, the
pressurized volume is included in the numerical model (see Fig.
13), with the permeability of this part of the model as
k=1x10"° m?. The initial pressure distribution at =0 is set
equal to the stationary solution, with p=p(t=0) at x=x; and
P=po at x=x, 4 (see Table 3). For a given set of permeability
parameters k;,, and b, the transient analysis gives access to the
history of the pressure decrease at the top surface of the specimen,
pi™™ (¢). This numerically-obtained history is compared with the
experimental history of p; (i.e. p;*?(¢)) for various pairs of k;,; and
b. The pair of k&, and b that minimizes the error between the

pressurized
volume V

1 2 ... FE nodes ...

Table 3
Initial and boundary conditions used within transient analysis
Location Value
Initial conditions: X=X p=p{t=0)
X=Xn,+1 P=Po
Boundary conditions: X=x; 0=0
X=X +1 P=Po

numerically and experimentally-obtained pressure history repre-
sents the set of parameters identified from the transient analysis.

3. Materials and specimen preparation

In this paper, permeability results obtained from specimens
made of concrete C25/30 (which is commonly used for tunnel
linings in Austria) with/without addition of 1.5 kg/m> PP-fibers
are presented. Large-scale concrete blocks of the same concrete
were tested within the fire experiments described in [1]. The
mix design consists of cement CEM [42.5 R (C5;A-free) and fly
ash as binder, various other additives, and siliceous aggregates
(see Table 4).

In order to assure workability, the water/binder-ratio was
varied during preparation of the laboratory-cast concrete (see
Table 5). In case of in-situ concrete, the same water/binder-ratio
was used for concrete with and without PP-fibers, resulting in a
reduction of the slump by 2 cm. The air content of in-situ
concrete with 1.5 kg/m> PP-fibers was back-calculated from the
measurements of in-situ concrete without PP-fibers (see Table 5
and Appendix C).

The used PP-fibers were monofilament fibers with a diameter
of approximately 18 pm and 6 mm length (see Fig. 14).
Monofilament PP-fibers are extruded from the molten mass and
drawn/elongated to reach the final diameter. Subsequently, they
are cut to their final length [24]. The parameters of the fibers are
listed in Table 6. The density of 100%-crystalline polypropylene
is p.=950 kg/m3, whereas 100%-amorphous polypropylene has
a density of p,=850 kg/m> [24]. Considering the density of the
used PP-fibers as p=910 kg/m’ yields a crystallinity of 60%.

The in-situ specimens were obtained from the large-scale
concrete blocks (1.80 mx1.40 mx0.50 m) used within the fire
experiments described in [1], which were cast under on-site
conditions. After casting, the large-scale specimens were dried at
50 °C using a heating mat placed at the center of the concrete
block. Due to the rather short storage time of 15 weeks, however,
the moisture content still ranged from 4.3 to 7.0 mass-% with an

0=0"12 .. finite elements...
X

| L equ
!

top bottom
surface permeability surface
specimen
M, |n.+1

e O,

P: i, Pbr = Po
x"‘_ﬂ_
\ H |

Fig. 13. Finite element (FE) model used within transient analysis (Lequ: length of part of model representing pressurized volume; n.: number of finite elements).
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Table 4
Mix design of concrete B30/300(56)/SA/WU/LST/FB/PB/WDI* [equivalent to
C25/30(56)/WDI] [1,2]

Cement CEM 142.5 R (C5A-free) [kg/m’] 260
Additive (fly ash) [kg/m’] 60
Liquefier P1 [kg/m®] 3.10
Superplasticizer SP [kg/m’] 3.49
Air-entrainer Ready air [kg/m’] 0.90
Aggregates® [kg/m’] 1909
Aggregate fraction 0—4 mm [mass-%)] 45
Aggregate fraction 4—16 mm [mass-%)] 36
Aggregate fraction 16—32 mm [mass-%)] 19
Aggregate mineralogy:
Quartz [mass-%] 90
Feldspar [mass-%)] 5
Carbonate [mass-%)] 5

 Definitions according to [23]: SA: Sichtbeton, aufien [exposed concrete,
exterior]; WU: wasserundurchldssig [water-proof]; LST: stark 16sender Angriff
[severe leaching attack]; FB: frostbestindig [frost resistant]; PB: Pumpbeton
[pumpable concrete]; WDI: wasserdichte Innenschale [water-proof tunnel lining]

® Aggregate content of concrete without PP-fibers, see Table 5 for details on
concrete with PP-fibers.

average value of 5.5 mass-%. After the fire experiments (see
Fig. 15(a)), cores 143 mm in diameter were taken from parts of
the concrete blocks not affected by the fire load (see Fig. 15(b)).
Thereafter, the cores were cut into discs of 50 mm height, giving
the in-situ permeability specimens (see Fig. 15(c)).

The laboratory-cast specimens were produced in a similar
manner. Hereby, concrete blocks with the dimensions 0.75 m x
0.30 m % 0.30 m were cast and stored under water for four weeks,
together with cubes used to determine the compressive strength.
The moisture content after storage ranged between 5.6 mass-%
for concrete without PP-fibers and 6.4 mass-% for concrete with
fibers. After curing, cores 150 mm in diameter were taken from
the concrete blocks, which were then cut into 50 mm thick discs.

In-situ as well as laboratory-cast specimens were stored at
similar pre-heating temperatures. In case of in-situ concrete,
each specimen was subjected to two permeability tests: one
without heat treatment (referred to as 7=20 °C in the following)
or after heating to 80 °C and another test after heating to 105,
140, 200, 300, 400, or 600 °C. In case of laboratory-cast

Table 5
Parameters at mixing and 28-day strength of in-situ and laboratory-cast concrete
with/without PP-fibers

In-situ Laboratory-cast

concrete [1] concrete
PP-fiber content [kg/m’] 0 1.5 0 1.5
Aggregates [kg/m’] 1909 1874* 1909 1776
Water [kg/m’] 157 157° 1521 165.7
Water/cement-ratio [—] 0.60 0.60 0.59 0.64
Water/binder-ratio [—] 049 049 0.48 0.52
Air content [%)] 35 4.6° 4.0 6.5
Slump [cm] 450 43.0 44.8 455
Initial density [kg/m’] 2386 2352 2381 2263
28d-concrete density p,. [kg/m?] 2362 2355.6 22438
28d-cube compressive strength [MPa] 52.2 42.0 30.0
28d-bending strength [MPa] 6.41 6.25

* Back-calculated from initial density (see Eq. (C.3) in Appendix C).
® Presumably same water content for both in-situ concretes.
¢ Calculated value (see Eq. (C.4) in Appendix C).
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Fig. 14. Scanning-electron-microscope image showing PP-fibers (a) before
casting and (b) in broken-off piece of mature concrete.

specimens, up to three experiments were performed on one
specimen: one after heating to 80 °C and one or two more after
heating to 105, 169, 224,329, or 423 °C. The target temperature
was reached with a heating rate of 1 °C/min. The rather slow
temperature increase was chosen to avoid large temperature
gradients in the specimen and, hence, severe microcracking,
which would have altered the experimental results. In order to
ensure that the pre-heating temperature was reached everywhere
within the specimen, the samples were stored at the respective

Table 6

Parameters of PP-fibers used within the concrete mix [24,25]

Parameter Value
Diameter [m] 18x107¢
Length [m] 6x10°
Density (solid) [kg/m’] 910
Density (liquid) [kg/m?] 850
Crystallinity [%] 60
Melting temperature [°C] 165
Vaporization temperature [°C] 350
Tensile strength [MPa] 400
Young’s modulus [MPa] 3500-3900
Poisson’s ratio [—] 0.40
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Fig. 15. Extraction of specimens for permeability testing from large-scale concrete blocks: (a) fire experiments [1]; (b) extraction of cores [1]; (c) cutting of cores into

discs of 50 mm height.

target temperature for time spans up to 90 h. Thereafter, the
temperature was reduced with a cooling rate of 1 °C/min.

After heat treatment, the lateral surfaces of the cylindrical
specimen were sealed with wax in order to assure one-dimensional
air flow through the specimen (see Fig. 16(a)). Then the specimen
was placed in a steel ring (Fig. 16(b)) and the gap between
specimen and ring was sealed with acrylic (see Fig. 16(c)). The
specimen together with the steel ring (Fig. 16(d)) was fixed in the
pressure chamber (see Figs. 4 and 16(e)) and the permeability
experiment was conducted at room temperature.

4. Results
4.1. ki, and b for in-situ concrete

Figs. 17 and 18 show the permeability parameters &, and b
as a function of temperature for in-situ concrete with 0 and
1.5 kg/m® PP-fibers, respectively. The trend for the intrinsic
permeability is the same for concrete with and without PP-
fibers, namely an increase of k;,; for increasing temperature.
The slip-flow constant b, on the other hand, decreases until

specimen

wax

acrylic

steel ring

temperatures of 200—-300 °C, and increases thereafter. In case of
concrete without fibers, the results for pre-heating temperatures
of 20 and 80 °C show large variations irrespective of the chosen
evaluation method, which could be explained by evaporable
water still present at these temperatures. This trend is also
observed in case of concrete with PP-fibers, although the scatter
is significantly smaller and the permeability values are higher.
The obtained permeability parameters for both types of con-
crete show larger scatter in case the parameters were identified
assuming stationary conditions.

4.2. ke and b for laboratory-cast concrete

Figs. 19 to 22 show the permeability parameters k;,. and b as
a function of temperature for laboratory-cast concrete with 0
and 1.5 kg/m® PP-fibers. Hereby, parameters identified from
DPE and CPE are depicted separately. The same general trend
as found for in-situ concrete, namely an increasing intrinsic
permeability k;, with increasing temperature, is observed for
laboratory-cast concrete. As regards the slip-flow constant b,
again a similar trend as for in-situ concrete is observed. Up to

pressure chamber

Fig. 16. Specimen preparation: (a) sealing of lateral surface, (b) placement of specimen in steel ring, (c) sealing of gap, (d) specimen plus steel ring before placement in

pressure chamber, (e) pressure chamber containing permeability specimen.
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Fig. 17. kine and b obtained from DPE as a function of temperature for in-situ concrete with 0 kg/m® PP-fibers and different modes of parameter identification:
(a) stationary and (b) transient analysis (each symbol refers to one specimen which was tested at different temperatures).

temperatures of 200-300 °C, b decreases for increasing pre-
heating temperature. Thereafter it shows an increasing behavior.
Comparing the different modes of parameter identification
using results from DPE, the earlier (for in-situ concrete)
observed deviation introduced by the assumption of stationary
conditions is less pronounced. For this test series, the scatter of
the identified parameters is larger when using experimental data
from CPE (see Figs. 20 and 22), which is explained by the larger
number of CPE performed.

5. Discussion

5.1. Stationary versus transient analysis for parameter
identification

The stationary analysis provides several permeability values
k for different time intervals of the pressure history, giving
access to ki, and b by linear approximation of the obtained
permeability values and extrapolation towards 1/p=0 (see Fig.
23). Since both DPE and CPE are conducted at pressures
p<10 bar, the variation of the permeability values k gives

different possibilities for k&, and b, as illustrated in Fig. 23.
Therefore, the parameters identified from stationary analysis
provide the correct permeability & (with k=Fky,(1+b/p)) in the
pressure range considered in the experiment. Nevertheless, the
identified values for &, and b might show considerable scatter,
especially in case of DPE (see, e.g., Figs. 17(a) and 18(a)). The
scatter of the experimental results may be reduced by increasing
the pressure range considered in the experiments, which would
result in k-values closer to 1/p=0. In this case, however, the
pressurized volume must be increased in order to avoid transient
effects at higher pressures as indicated in Fig. 23. On the other
hand, the increase of the pressurized volume results in an
increased scatter at low pressures when the pressure decrease
approaches the accuracy range of the pressure gauge. Figs. 20
(a) and 22(a) show that the scatter of the identified parameters
from the stationary analysis is considerably smaller for CPE
compared to the parameters obtained from the DPE. This is
explained by the almost constant pressure in the pressurized
volume (see Fig. 9). Thus, no pressure deviations alter the
experimental results of the CPE and stationary conditions are
guaranteed.
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Fig. 18. ki and b obtained from DPE as a function of temperature for in-situ concrete with 1.5 kg/m*> PP-fibers and different modes of parameter identification:
(a) stationary and (b) transient analysis (each symbol refers to one specimen which was tested at different temperatures).
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Fig. 19. ki and b obtained from DPE as a function of temperature for laboratory-cast concrete with 0 kg/m® PP-fibers and different modes of parameter identification:
(a) stationary and (b) transient analysis (each symbol refers to one specimen which was tested at different temperatures).

Compared to the stationary analysis, the transient analysis
leads to less scatter for the permeability parameters identified
from DPE (see, e.g., Figs. 17(b) and 18(b)), which is explained by
capturing transient effects when solving the one-dimensional
mass-balance equation for the gas phase (see Eq. (18)). Fig. 24(a)
shows the error between the numerically and experimentally-
obtained pressure decrease for different values of k;,, and b.
Whereas the result identified from stationary analysis is located in
the “valley” characterized by a lower error, the result of the
transient analysis coincides with the global minimum of R (see
Fig. 24). The error between the numerically and experimentally-
obtained pressure history is illustrated in Fig. 25, showing p,(?)
obtained from the transient analysis (i.e., p/*"(?)) related to the
respective experimental pressure history (i.e., py P(£)). As already
indicated in Fig. 24, the permeability parameters from the
transient analysis give better agreement between the computed
and measured pressure history obtained during DPE.

5.2. Are both k;,, and b required to define gas-transport
properties of concrete?

Figs. 23 and 24 highlight the fact that different (k;n,b)-pairs
give similar permeability values & measured during both DPE
and CPE. In case of the stationary analysis, the same range of
permeability values may be obtained in the pressure range the
permeability experiment was performed using significantly
different values for the intrinsic permeability 4;,, and the slip-
flow constant b (see Fig. 23). As indicated in Fig. 24, k;, might

vary over several orders of magnitude. Hereby, an increase of
ke 1s accompanied by a decrease of b until a certain value of
kin 1s reached. Thereafter, the “valley” observed in Fig. 24 turns
and k;,, becomes independent of b, indicating pressure-
independence for the permeability. As a consequence, the
identification of k;,, from gas-permeability tests is not unique.
In fact, an infinite number of (k;,;,b)-pairs would give proper
permeability values in the pressure range considered in the
experiment. Thus, both k;, and b must be provided in order to
properly define the gas-transport properties of concrete. Among
the different possibilities, the (ki,,b)-pair representing the
measured k-values best corresponds to the global minimum of
the error encountered in the aforementioned “valley”.

5.3. Influence of PP-fibers and the production process on the
permeability

In this subsection, differences (i) between concrete with and
without PP-fibers and (ii) between in-situ and laboratory-cast
concrete are highlighted. Comparing the results for in-situ concrete
with and without PP-fibers (see Figs. 26 and 27), the following
differences within certain temperature ranges are observed:

(1) At room temperature (20 °C), a big difference in k, is
observed (see Fig. 26(a)), whereas b is practically the same
for concrete with and without PP-fibers (see Fig. 26(b)).
Thus, the permeability & (with k=k;,(1+b/p), see Eq. (3))
has the same difference as k;, (see Fig. 27).
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Fig. 20. ki and b obtained from CPE as a function of temperature for laboratory-cast concrete with 0 kg/m® PP-fibers (stationary analysis, each symbol refers to one

specimen which was tested at different temperatures).
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Fig. 21. ki and b obtained from DPE as a function of temperature for laboratory-cast concrete with 1.5 kg/m® PP-fibers and different modes of parameter
identification: (a) stationary and (b) transient analysis (each symbol refers to one specimen which was tested at different temperatures).

(2) For a pre-heating temperature of 80 °C, the difference of &y,

mainly affected by the construction process of the concrete
members.

between concrete with and without PP-fibers decreases,
whereas the opposite is the case for b (b increases
considerably for concrete without PP-fibers and it decreases
for concrete with fibers, causing an increase of the difference
in b). Consequently, the permeability & increases in case of
concrete without PP-fibers, whereas a decrease in case of
concrete with fibers is observed (see Fig. 27). The observed
behavior of the permeability £ illustrates the importance of
considering both permeability parameters (ki and b) to
represent the gas permeability of concrete.

(3) For temperatures between 80 and 140 °C, an oscillating

behavior of the permeability parameters is observed with
opposite trends for k;,; and b (see Fig. 26), giving almost
constant values for £ within this temperature range.

(4) For pre-heating temperatures between 140 and 200 °C, the

difference in k;,; between in-situ concrete with and without
PP-fibers increases considerably, reaching the same magni-
tude as observed for the low-temperature permeabilities (for
T7=20 °C). The difference in b decreases, yielding an
increase of the difference in & (see Fig. 27). This increase is
explained by melting of the PP-fibers. In contrast to the
results obtained for laboratory-cast concrete [15], showing
the maximum difference at a pre-heating temperature of
200 °C, this “fiber effect” was at the most of equal
importance as the aforementioned difference in low-
temperature permeability, with the latter considered to be

(5) Above 200 °C, the difference in kj,  decreases again

whereas the difference in b between concrete with and
without PP-fibers remains almost constant. This leads to a
decreasing difference of the permeability & (see Fig. 27),
indicating that temperature-induced damage overshadows
the effect of melting of the PP-fibers on the permeability.

Comparing laboratory-cast concrete with and without PP-
fibers (Figs. 28 and 29), the following observations are made:

(1) In contrast to in-situ concrete, laboratory-cast concrete

shows no distinct difference in low-temperature perme-
abilities between concrete with and without fibers. Up to
a pre-heating temperature of 105 °C, the intrinsic
permeability k;, is practically the same (see Fig. 28(a)).
As regards the value of b, only small differences are
observed, yielding almost equal values for the perme-
ability k for concrete with and without PP-fibers (see Fig.
29). This is in agreement with experimental results
obtained for laboratory-cast concrete presented in [15].

(2) The observed “fiber effect” is also found in laboratory-

cast concrete with 1.5 kg/m3 PP-fibers. Whereas ki,
increases continuously in case of concrete without PP-
fibers between pre-heating temperatures of 105 and
170 °C, a jump of almost one order of magnitude is
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Fig. 22. ki and b obtained from CPE as a function of temperature for laboratory-cast concrete with 1.5 kg/m® PP-fibers (stationary analysis, each symbol refers to one
specimen which was tested at different temperatures).
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Fig. 23. Parameter identification for selected DPE using stationary analysis (comparison with result from respective transient analysis).

observed for ki, of concrete with fibers. The slip-flow
constant b, on the other hand, shows no jump. In case of
concrete with PP-fibers, b decreases and becomes lower
than the value of b of concrete without fibers. The
observed changes in k;,; and b lead to a sudden increase
of the difference of the permeability & (see Fig. 29) which

is considered to be caused by melting of the fibers, as in
case of in-situ concrete.

(3) For pre-heating temperatures above 170 °C, the difference
in ki between concrete with and without PP-fibers
decreases as observed in case of in-situ concrete. The
difference in b remains almost constant, yielding a
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continuous decrease of the difference in k. This indicates
again that temperature-induced damage overshadows the
effect of melting of the PP-fibers.

The differences between concrete with and without PP-fibers
may be explained by:

® For low temperatures, this difference was only observed in
case of in-situ concrete, whereas similar permeability para-
meters were observed for laboratory-cast concrete. Based on
mercury-intrusion-porosimetry (MIP) test results, the obser-
ved difference was assigned to the considerably higher pore
volume for in-situ concrete containing PP-fibers. This higher
amount of pore volume was encountered in the pore-size
range corresponding to the thickness of the interfacial tran-
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Fig. 26. Permeability parameters ki, and b for in-situ concrete with 0 and 1.5 kg/m®
PP-fibers (values taken from DPE/transient analysis, see Figs. 17(b) and 18(b);
squares represent average values, lines mark minimum and maximum value).
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Fig. 27. Permeability k at p=5 bar (with k=Fk;,, (1+b/p)) for in-situ concrete
with 0 and 1.5 kg/m3 PP-fibers (ki and b identified from DPE/transient
analysis, see Figs. 17(b) and 18(b); squares represent average values, lines mark
minimum and maximum value).

sition zones (ITZ) [2], which is in agreement with theories
presented in [1,26,27], stating that the PP-fibers introduce
additional ITZ at casting. As found by means of numerical
simulations of the formation of the concrete microstructure
[26], the introduction of additional ITZ by PP-fibers connects
locally-percolated ITZ clusters, leading to percolation of the
overall pore structure. The effect of PP-fibers on the low-
temperature permeability, which was found only for in-situ
concrete, is explained by the reduced on-site workability
and the lower effect of densification of concrete containing
PP-fibers [1], eventually influencing the pore structure of
the in-situ concrete and/or the characteristics of the ITZ [2].
Moreover, internal bleeding in consequence of a higher
amount of liquefier influences the formation of ITZ [1].
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Fig. 28. Permeability parameters k;,, and b for laboratory-cast concrete with 0
and 1.5 kg/m® PP-fibers (values taken from CPE/stationary analysis, see Figs. 20
and 22; squares represent average values, lines mark minimum and maximum
value).
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Fig. 29. Permeability k at p=5 bar (with k=k,(1+b/p)) for laboratory-cast
concrete with 0 and 1.5 kg/m® PP-fibers (ki,, and b identified from CPE/
stationary analysis, see Figs. 20 and 22; squares represent average values, lines
mark minimum and maximum value).

® The sharp increase of the permeability of concrete with PP-
fibers at a temperature of 7~ 170 °C was observed for in-situ as
well as laboratory-cast concrete. According to [15], this
permeability jump is caused by melting of the polypropylene
fibers followed by the partial or complete absorption of the
molten polypropylene by the cement matrix [15], leaving
additional pathways for gas to flow through the porous matrix.
In addition, the different microcracking behavior could have an
influence on the considerably different permeability. Experi-
ments [15] revealed a much higher crack density in case fiber-
reinforced concrete was heated to temperatures above 170 °C
compared to concrete without fibers, whereas larger crack
widths were observed for the latter. This difference in cracking
behavior might be caused by (i) the fibers acting as
discontinuities within the cement matrix and therefore favoring
nucleation of local cracks [15] and (ii) the expansion of
polypropylene during melting [15,28]. As regards the latter, the
crystalline part of polypropylene (amounting to 60 vol.-% of the
employed polypropylene) is transformed into amorphous
polypropylene, with the overall density dropping from
910 kg/m® to 850 kg/m® [24], giving an increase in volume of
approximately 7%. In any case, the better-developed network in
case of fiber-reinforced concrete increases the permeability via a
higher number of pathways for the vapor to move towards the
heated surface.

6. Conclusions and outlook

In this paper, different modes for identification of the
permeability parameters of porous media, i.e., the intrinsic
permeability k;,, and the so-called slip-flow constant b, were
proposed, employing (i) constant pressure experiments (CPE,
stationary conditions) and (ii) decreasing pressure experiments
(DPE, transient conditions). As regards the latter, transient effects,
reflected by similar time scales for changes of gas pressure applied
onto the specimen and the gas flow through the specimen, were
well captured, leading to a reduction of the scatter of the identified
permeability parameters Ay, and b. Even though stationary as well
as transient analyses have shown that different (kjn.b)-pairs
represent the experimentally-obtained permeability values with
similar accuracy, the presented transient analysis gave the (kin,b)-

pair corresponding to the global minimum of the error between
numerically and experimentally-obtained decrease of the applied
pressure in DPE. In case of CPE, the almost-constant pressure in the
pressurized volume justified application of the stationary analysis.

The proposed tool was used for identification of residual gas-
transport properties of in-situ as well as laboratory-cast concrete
with/without polypropylene (PP) fibers subjected to elevated
temperatures, revealing the following:

® For low temperatures, a difference between concrete with
and without PP-fibers was observed in case of in-situ
concrete, whereas similar permeability parameters were
observed for laboratory-cast concrete. This difference may
be attributed to the introduction of additional interfacial
transition zones (ITZ) at casting. Since this difference in low-
temperature permeabilities was only observed for in-situ
concrete, on-site effects such as the reduced workability and
the lower effect of densification of concrete containing PP-
fibers might influence the pore structure of the in-situ
concrete and/or the characteristics of the ITZ.

® The permeability jump in case of concrete including PP-
fibers was observed at the melting temperature of poly-
propylene for in-situ as well as laboratory-cast concrete. This
permeability increase may be explained by (i) melting of
polypropylene followed by its partial absorption by the
surrounding cement matrix providing additional pore space
and (ii) a different microcracking behavior of concrete with
PP-fibers with the fibers acting as discontinuities and/or
introducing additional microcracks in consequence of
expansion of polypropylene during melting.

The observed differences in permeability are considered to
originate from temperature-dependent changes of specific
characteristics of the material microstructure, with the latter
requiring further experimental investigation in order to verify the
underlying mechanisms (e.g., introduction of additional ITZ by
PP-fibers and the corresponding percolation threshold, different
microcracking behavior of concrete containing fibers). In addition
to that, future work is devoted to linking changes in the material
microstructure to changes of macroscopic material parameters by
means of multiscale models (considering, e.g., the structural scale,
the aggregate scale, and the cement-paste scale). This link is
established by appropriate upscaling/homogenization techniques,
which are validated by experiments at the different scales.
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Appendix A. Numerical analysis of one-dimensional
transient gas flow through the concrete specimen

According to [29], the macroscopic mass balance equation of
the gas phase in porous media reads for the one-dimensional case®

95 Dp® 9™\ 9 [ kkEope
—np8 =¥ 1—3S, LA I - piukiii i sy )}
npt =l )< T 8t) Bx('o N ox ’

(A.1)

where p& and p& [kg/m’] are the densities of dry air and water
vapor, respectively, and p& [kg/m’] is the gas (mixture of dry air
and water vapor) density with p€=p**+ p&¥. In Equation (A.1),
n [—] is the porosity of concrete, S,, [—] is the water saturation,
k'€ [] is the relative permeability of concrete to gas flow, and
p® [Pa] is the gas pressure. Assuming that no water is present
within the concrete specimen gives Sy, =0 and £®=1. There-
fore, Equation (A.1) reduces to

dp®  p™\ 9 [ Jkapt\
”( o o ) ax<p p ax> =0

Note that the third term in Eq. (A.2) contains Darcy’s law for
pressure-driven flow, reading v=—k/# - 0p®/Ox, with v [m/s] as the
velocity of the advected gas (compare to Eq. (1) in Section 2.2, with
O=Av). Since the permeability experiments were performed at
room temperature at which vapor transport may be neglected,
pEY¥=0 yields p®=p** and p®=p* =p. Inserting Eq. (3) into Eq.
(A.2) and considering Clapeyron’s law for ideal gases, giving p-
E=M,/(RT)"p, with M,=0.029 kg/mol as the molar mass of air,
R=8.31 J/(mol K) as the gas constant, and 7 [K] as the constant
temperature, leads to (after division by M,/ (RT))

(A2)

Ip _ Kine 9. [(p+b)a_p} =0. (A3)

" at  n dx dx

3 In contrast to [29], neither movement of the solid phase nor mass sources/
sinks are considered. Moreover, the temperature is assumed to be constant
(therefore, the respective time derivative vanishes).

B. Alternative determination of k;,; and b by iterative
analysis

Alternatively to the determination of k;,, and » by linear
regression as illustrated in Fig. 6, an iterative numerical scheme
(as described in [30] and used in [2]) may be employed. For this
purpose, Eq. (2) is rearranged, giving

Ad,
O(p(x) =~k o

Within the iterative analysis, the (experimentally-obtained)
pressure history is prescribed at the top surface of the specimen
and the error in the pressure history at the bottom surface is
minimized, assuming stationary flow through the specimen for
the different time intervals t; <t<t,. Because of the use of
different definitions for the error (least-square error in
regression analysis and error in pressure history at the bottom
surface of the specimen in iterative numerical scheme), the
iterative scheme proofed to be more stable in case of DPE (for
CPE, no distinct differences were observed). However, as
shown in Section 2.2.2, the assumption of stationary flow
within the different time intervals is questionable in case of
DPE. For determination of the permeability parameters from
CPE, the more simple regression analysis is used.

(x) + b. (B.1)

C. Back-calculation of material parameters for
in-situ concrete

Considering the recorded mixing parameters of in-situ con-
crete without PP-fibers and f;=m;/p;, with i< {agg... aggre-
gates, cem... cement, fa.... fly ash, w... water, a... air}, where f;
[~] and m; [kg/m’] are the specific volume fraction and the mass
of the respective constituent per m> of fresh concrete and p; [kg/
m’] is the respective specific density, yields the volume fraction
of aggregates as

ﬁlgg =1 *fa *fw *ffa *fcem

157 60 260 (C.1)
=1-0.035 - - - =0.70
1000 2300 3150
This leads to the specific aggregate density as
1909
= Toes _ 2 9730 ke/m’. (C2)

Pae = 0 070

In case of in-situ concrete with 1.5 kg/m® PP-fibers, the
aggregate mass can be determined from the concrete density as

P = Magg + Mcem + Mgy + My, + Mpp
= 2352kg/m’ —
Magg = P — Mpp — My — My — Mcem
=2352 — 1.5 — 157 — 60 — 260 = 1873.5kg/m’,
(C.3)

where mpp=1.5 kg/m3 is the mass of the PP-fibers. With all
specific densities at hand, the air content of in-situ concrete with
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1.5 kg/m® PP-fibers can be determined from

fa =1 _fPP _fw _ffa _fcem _fagg

1.5 157 60 260 1873.5
=150 1000 2300 3150 2730 0.046.

(C4)
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