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Summary

Recent tunnel fires and the increasing demand for the safety assessment of tunnels under
fire lead to the improvement of lining concrete with respect to its performance at high
temperatures. Hereby, special attention was paid to the phenomenon of explosive spalling

of near-surface concrete layers.

At high temperatures, the evaporation of physically and chemically bound water results
in an increase of vapor pressure in the pore system. When the vapor pressure in the
concrete is not sufficiently reduced by vapor transport towards the heated surface,

spalling may occur.

Several investigations claim that the allowance of polypropylene fibers (PP-fibers) to the
mix design of concrete improves the high-temperature performance of concrete. PP-fibers

melt at approximately 160 °C and leave channels for the water vapor to escape.

In this thesis, the permeability of concrete with and without PP-fibers subjected to high
temperatures is investigated. For this purpose, an experimental device recently developed
at the Institute for Mechanics of Materials and Structures at Vienna University of Tech-
nology was improved, allowing now conduction of two types of experiments: decreasing-
pressure and constant-pressure experiments. By employing a newly-developed search
algorithm, the intrinsic permeability and the parameter, accounting for the pressure de-

pendence of the apparent permeability, are determined.



Kurzfassung

In den vergangenen Jahren haben Tunnelbrande und das Bediirfnis nach mehr Sicherheit
in Tunnels zu einer Verbesserung des Innenschalenbetons in Hinblick auf sein Verhalten
im Brandfall gefiihrt. Ein besonderes Augenmerk wurde dabei auf das explosionsartige

Abplatzen von oberflichennahen Betonschichten gelegt.

Bei hohen Temperaturen kommt es infolge Verdampfens von chemisch und physikalisch
gebundenen Wassers in Beton zu einem Druckaufbau, welcher, wenn er nicht geniigend
rasch durch den Transport zur beflammten Betonoberfliche abgebaut werden kann, zu

den zuvor erwdhnten explosionsartigen Abplatzungen fithren kann.

Im Rahmen von Untersuchungen iiber die Temperaturbelastbarkeit von Beton wurde die
Zugabe von Polypropylenfasern (PP-Fasern) zum Beton als wirkungsvolles Mittel zur
Vermeidung von Abplatzungen festgestellt. PP-Fasern schmelzen bei einer Temperatur

von ungefahr 160 °C und hinterlassen Kanile, in denen der Wasserdampf entweichen kann.

In dieser Arbeit wird die Permeabilitit von Beton mit und ohne PP-Fasern, der einer Tem-
peraturbelastung ausgesetzt wurde, experimentell untersucht. Zu diesem Zweck wurde
eine auf dem Institut fiir Mechanik der Werkstoffe und Strukturen der Technischen Uni-
versitat Wien entwickelte Versuchseinrichtung im Hinblick auf die Durchfiihrung von Ver-
suchen bei konstantem Druck verbessert. Mit der neuen Versuchseinrichtung konnten Per-
meabilitdtsversuche mit konstantem und abfallendem Druck durchgefiihrt werden. Fiir
die Auswertung der im Rahmen der Durchléssigkeitsuntersuchungen erhaltenen Messwerte
kommt ein Suchalgorithmus zum Einsatz, der die sogenannte intrinsische Permeabilitit

und jenen Parameter, der die Druckabhingigkeit der Permeabilitit beriicksichtigt, liefert.
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Chapter 1
Motivation

Recent tunnel fires and the damage of the lining observed after tunnel fires lead to an
increasing concern regarding the safety of tunnel linings subjected to fire. Explosive
spalling of near-surface layers, resulting from evaporation of pore water, leads to
reduction of the cross-section of the lining which, in case of shallow tunnels, may result
in collapse of the tunnel. In several publications, the beneficial effect of polypropylene
fibers (PP-fibers) with respect to the spalling depth was reported. Hereby, melting
of PP-fibers at approximately 160 °C leaves channels in which the water vapor is
transported towards the heated surface. In this thesis, the increase of the permeability
of concrete subjected to high temperatures is investigated. The theoretical basis, i.e., the
underlying differential equation describing water-vapor transport and the two material
parameters defining the permeability of concrete, is provided in Chapter 2. In Chapter
3, the experimental setup used for determination of these parameters is presented.
This setup allows conduction of two types of tests, referred to as constant-pressure
experiments (CPEs) and decreasing-pressure experiments (DPEs). The mix design of the
concrete considered in this thesis, which was chosen similar to the one of the concrete
investigated in previous experimental studies performed at the Institute for Mechanics of
Materials and Structures at Vienna University of Technology, is described in Chapter 4.
In Chapter 5, the results obtained from permeability tests performed in this thesis and
results reported in (Leithner 2004) are presented. The discussion of these test results
with respect to the reliability of the underlying test equipment and the used mode of
determination of permeability parameters is given in Chapter 6. Finally, the temperature
dependence of the permeability of concrete and concluding remarks are given in Chapter 7.



Chapter 2
Introduction

The transport through porous media such as concrete is defined by the viscosity of the
fluid passing through the pore space and the pore space, i.e., the geometrical properties
of the material microstructure. The latter is described by the size, shape, orientation,
and distribution of pores. As regards the flow of gas through porous media, the water
saturation, leaving less space for the gas flow, influences the transport properties (Gallé
and Daian 2000; Jacobs 1994).

In case of the flow of water vapor towards the heated surface of concrete members sub-
jected to fire load, the water saturation is zero as the temperature exceeds 100°C (dried
conditions), whereas, both the pore space and the viscosity of the fluid change with in-
creasing temperature.’

The flow of water vapor in heated concrete is described by Darcy’s law, reading

1dp
—k-—" 2.1
a=k Ty (2.1)
where ¢ [m®/(m? s)] is the volumetric flux of water vapor, n [Ns/m?] is the dynamic
viscosity of water vapor, p [Pa] is the pressure, and k [m?] is the apparent permeability.

The latter is a function of the pressure, reading (Klinkenberg 1941)

b
k= ks, 1+—), 9.2
t(p (2.2)

where k;,; [m?] is referred to as intrinsic permeability, representing the geometrical prop-

erties of the pore space, and b [Pa] is a constant parameter (see Figure 2.1).

L According to Gawin et al. (2002), the viscosity of gas increases lineraly with temperature. The pore
space of concrete increases with temperature in consequence of dehydration of concrete and microcracking
(Leithner 2004).
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Figure 2.1: Dependence of the apparent permeability £ on the pressure accord-
ing to Klinkenberg (1941)

The determination of k;,; and b for concrete pre-heated to different temperatures is the
goal of this thesis, giving k;,;(T') and b(T") and, via Equation (2.2), (T, p). The employed
experimental setup and the mode of determining k;,; and b from experimental data are

presented in the following chapter.



Chapter 3

Methods

3.1 Experimental setup

In this work, the experimental setup described in (Leithner 2004) was improved, now
allowing — in addition to decreasing-pressure experiments (DPEs) — conduction of so-
called constant-pressure experiments (CPEs). The latter are essential in case of high
permeabilities as observed for concrete heated up to 400°C and above. In the course of
CPEs and DPEs, the air pressure p; at the top surface of the cylindrical specimen (see
Figure 3.1(a)) is increased, while the bottom surface is open to the atmospheric pressure,
with p, = py. The side surface of the specimen is sealed with wax. Thus, the difference
in the air pressure induces a one-dimensional gas flow from the top to the bottom of the
specimen. While the pressure p; is held constant during CPEs, it decreases with time in
the course of DPEs (see Figure 3.1(b)).

Constant-pressure experiments (CPEs)

In order to provide an (in-average) constant air pressure p; for CPEs, two air-supplying
pistons were considered (see Figures 3.2 and 3.3). The two pistons are powered by a
double-acting piston located in between them. During movement in one direction, one
piston is filled with air from the gas supply, while the air in the other piston is compressed
and, as the pressure in the piston exceeds the pressure p; of the test chamber, supplied to
the test chamber. The flow of air is controlled by four one-way valves, which guarantee
that the air flows only from the gas supply into the two pistons and, thereafter, towards
the test chamber. These valves work properly as long as the pressure of the gas supply

filling pressure) is lower than the pressure p; in the test chamber. The following quantities
g
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diameter = 150 mm
pt for CPE
*~..__p: for DPE
Pb = Po
for CPE and DPE
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Figure 3.1: (a) photo of test specimen and (b) illustration of pressure histories
for CPEs and DPEs (p;: pressure at the top surface of the specimen; py:
atmospheric pressure at the bottom surface of the specimen)

are recorded during CPEs:

e pressure in the test chamber, p;(t),
e pressure in the pistons, p,(t) and p,»(t), and

e movement of double-acting piston, u(t).

Decreasing pressure experiments (DPEs)

During DPEs, the pressure p, at the top surface of the cylindrical specimen decreases
with time (see Figure 3.1). For these experiments, the same experimental setup used
for the CPEs (Figures 3.2 and 3.3) was employed. However, the pressure pistons were
disconnected and a container (volume = 20.8 1) was connected to the test chamber (see
Figure 3.3). The decrease of pressure in the test-chamber — container system, resulting

from flow of air through the specimen, is recorded by p(t).
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Figure 3.2: Schematic plot of experimental setup used for CPEs
3.2 Determination of k;,; and b

In this subsection, the determination of the parameters k;,; and b, introduced in Chapter
2 to describe the permeability for compressible fluids, from DPEs and CPEs is described.
For this purpose, the molar flux through the specimen, which is given by p; Q);, where
Q; [m3/s] is the volume flux at the top surface of the specimen, is required. Taking
into account the decrease of p; during DPEs and slight variations of p; during CPEs
with time, p; (); is determined for selected time intervals t; < t < ¢y, giving — for one
experiment — several values for the molar flux as p, (; corresponding to different time
intervals t; <t < ty, where B, = [p(t2) +p(t1)]/2. In the following, determination of B, Q
for one selected time interval from DPEs and CPEs is outlined.

3.2.1 Determination of p, ); from DPE

During DPEs, the pressure in the test-chamber — container system is continuously de-
creasing in consequence of air flow through the specimen. The amount of moles of air in
the test-chamber — container system for the two time instants ¢; and ¢, is given by the

respective pressures p;; and p;o by the ideal-gas law as

6
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Figure 3.3: Photo of experimental device showing supplying pistons used for
CPE and the container used for DPE
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ny na

where Vi = Vo, = V [m?] is the constant volume of the test-chamber — container system,
R=8.3144 J/(Kmol) is the universal gas constant, and 7; = T, = T [K] is the constant
temperature (isothermal conditions). The difference between ny and n; is the amount of
moles that passed through the specimen within ¢; < ¢t < ¢,, given from Equations (3.1)
as

— V
ny —nNg = % (32)

On the other hand, the amount of moles passing through the specimen within the time
interval t; < ¢t < ¢, may be approximated by the incremental form of the ideal-gas law,

reading for the case of a constant pressure p:
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Figure 3.4: Illustration of history of quantities monitored during CPEs: pres-
sure in the test chamber p,(t) and pressure in the pistons p,(t); displace-
ment u(t) (filling pressure < test-chamber pressure)

An AV 1

— =P —. 3.3
At~ P°At RT (3:3)
Rewriting Equation (3.3) for the time interval ¢; < ¢ < t5 and replacing p = constant by

p; and AV/At by @, one gets

ny —ne
to — 1

1
~ D e 4
y2 Qy RT (3 )

Obviously, the quality of approximation (3.4) depends on the difference between p;; and
P2 and improves for p;; getting closer p,; o, i.e., for small time intervals ¢; < ¢t < 2.

Combining Equations (3.2) and (3.4), an estimate for the molar flux through the specimen
is obtained as

(n1 —ng) RT _ (pt,l - pt,2) V

PQu=——p by — 11

(3.5)

3.2.2 Determination of p, ); from CPE

During CPEs, two pistons supply air to the test chamber in an alternate manner. Thus,
when the air supply shifts from one piston to the other, no air is supplied until the pressure

8



in the supplying piston is increased from the filling pressure to the pressure in the test
chamber as a result of air compression and the respective one-way valves opens. Since no
air is supplied during this time, the pressure in the test chamber slightly decreases.

Each cycle of one of the two pistons is divided into three phases (see Figure 3.4):

e Filling phase (I): The piston is filled with air giving a pressure equal to the pressure of
the gas supply (filling pressure). The piston is in its backward movement. The one-

way valve to the test chamber is closed (piston pressure < test-chamber pressure).

e Air-compression phase (II): The pressure in the piston increases gradually during
movement. The one-way valve to the test chamber (piston pressure < test-chamber
pressure) and the one-way valve to the air supply (filling pressure < piston pressure)
are closed.

e Air-supply phase (III): The pressure in the piston exceeds the pressure in the test
chamber. The one way valve to the test chamber opens and air is supplied to the

test chamber.

In the following, two modes of determining p, (); from CPEs are presented.

Mode I - considering Phase IIT of piston movement only

The history of the test-chamber pressure p;(t) during Phase III of the piston movement
is accessible via the installed pressure gauge (see Figure 3.4). During Phase III, this
pressure is slightly increasing. Applying the ideal-gas law for two selected time instants
within Phase III, ¢; and 5, the moles of air are obtained as

_ Dbia Vi _ P2 Va

ny RT and no RT (3.6)
where V; [m?®] and V; [m?] are given by
1—u(t
V(t) = VChamber + VC’ontaz’ner + VPipe + VPz’ston ( ) (37)

L 3
with Viohamper,Veontainer,VPipe,; and Vpiston representing the volume of the test chamber, the
container, the connecting pipes, and the piston, respectively (see Table 3.1). In Equation
(3.7), L =132.7 mm is the total heave of the piston and u(t), with 0 < u(t) < L, is the
actual displacement monitored during CPEs. The volume flux through the specimen is

calculated by inserting Equation (3.6) into Equation (3.4), giving



DPia Vi — Di2 Va

D = 3.8
y2 Qy ty — 1, ( )
Test chamber 4.942 liter
Container 20.8 liter
Connecting pipes 0.295 liter
Piston 0.116 liter
Table 3.1: Volume of different parts of the CPE setup
L VP’LSton L Vpiston
v -
X - : (F~ f
By ?
. _ u(tl)
begin of Phase Il ¢ =t begin of Phase 111 ¢ — £,
pressure = Psupply pressure = p; 1
Volume = Vpjston + VI;’);;: Volume = Vpiston (1 — u(t1)/L) + Vg;:
(a) (b)

u(tz)
end of Phase III ¢ =ty

pressure = p; 2

Volume = V"
ipe

()

Figure 3.5: Positions of piston during one cycle (V3" represents the part of

ipe

the pipe volume from the piston to the two one-way valves only)

Mode II - considering the piston cycle

For this mode of determining p, ), the moles of air provided to the test chamber during
each piston movement cycle are considered. For this purpose, the amount of moles within
the piston and the pipes connecting the piston with the two one-way valves is determined

10



from

Pto (VPiston + Vp—)ﬂ)

Figure 3.5 (a): ng = BT Pipe 2 (3.9)
D [VPiston (1 - @) + Vlgz—p):]
Figure 3.5(b): n1 = ng = BT , (3.10)
vE Y
Figure 3.5 (¢): ny = pt’QR%, (3.11)

where ng = n(ty), n1 = n(t1), and ny = n(tz). Combining Equations (3.9) and (3.10)

gives access to the pipe volume from the piston to the one-way valves, Vﬁ;: , with

D0 VPiston — Pt (1 - @)
VESY = : (3.12)
bt — Pro

Finally, the amount of moles provided to the test chamber during one cycle of the pressure

piston is given by n; — ns, reading

1 u(t .
™ Ny =g {pm Vpiston (1 - %) + Viipe (1 — pt,Q)] : (3.13)

With Equation (3.13) at hand and considering that the second piston supplies air when
the considered piston is in its backward movement, P, ; is determined from Equation

(3.4), which becomes for the forward movement of the considered piston

(n1 - 712) RT

P Qi = to — b

: (3.14)

where t, — £y is the time span in which the considered pressure piston is in its forward
movement (Phase IT and Phase III).

3.2.3 Determination of k;;; and b from p, Q;

Based on the given values for p, (), the parameters k;,; and b are determined. For this
purpose, Equation (2.2) is inserted into Equation (2.1) and multiplied by p, giving a

differential equation for the pressure over the specimen height

11



p(z) Q(z) -

p(x) + 0], (3.15)

where ¢ = Q/A, with A as the cross-section of the cylindrical specimens, was considered.
Rewriting Equation (3.15) for the mean pressure p, between two time instants ¢; and
to and taking into account that p (), which is known at the top surface of the specimen
(see determination of p, @); in previous subsections), is constant over the specimen height,
the pressure p, at the bottom surface of the specimen is obtained from the repeated
approximation of the pressure distribution, following (see Figure 3.6)

B dp| h _ P Qi1 h
P(@i1) = p(w;) + dzlsn p(x:) [p(z;) + b] Akipy 0

(3.16)

where h is the specimen height, n represents the number of intervals considered over the
specimen height, and p(z1) = p; = p,.

p
h
ETrTOoT = Pp — PO
X o
Figure 3.6: Determination of p, by repeated application of Equation (3.16)
The pair of k;,; and b minimizing the error R, with
1 | &
R(kint,b) = - > {26 [(B, Qe P1)7; Kines b] — po} (3.17)
j=1

12



where n; represents the number of time intervals t; < ¢ < ¢, specified for each experiment,
is determined by a search algorithm. Hereby, the initial search interval is set according
to previous studies as 0.1 < k;; < 10000 nm? and 0.1 < b < 500 bar.

Alternatively, k;,; and b are determined using the procedure outlined in (Leithner 2004).
Hereby, based on a linear pressure distribution over the specimen height, the apparent

permeability & is determined for the time interval t; <t < t, as

@chn
A @} —pj)’

where p, (); is obtained from Subsections 3.2.1 and 3.2.2. Based on the values for &

k= (3.18)

computed for different time intervals and pressure levels p, = [pi(t1) + pe(t2)]/2, kint
and b are obtained from linear approximation of £ in the £ — 1/p diagram (see Figure
2.1). Hereby, k;,; is given by extrapolation of this linear approximation function towards
1/p =0, i.e., towards the theoretical case of infinite pressure.

The number n; and the size of the time intervals, At = t5 —t;, for each type of experiment
are specified as:

e In the course of DPEs, the pressure in the test-chamber — container system decreases
gradually. Depending on the duration of the DPE, which itself depends on the
permeability and, thus, on the pre-heating temperature, the size of the interval was
chosen either 100 or 1000 seconds. The number of time intervals, n;, is obtained
from the duration of the experiment, i.e., the time span for the pressure to decrease
from 8 to 2 bar, divided by either 100 or 1000.

e Accounting for sudden pressure changes in consequence of piston movement during
CPEs, a time interval of 0.1 < At <4 seconds was considered during determination
of ki and b. Accordingly, the number of time intervals, n;, depends on the duration
of the experiment (usually 20 minutes), the rate of the piston movement (depending
on the permeability), and the analysis mode employed (see Subsection 3.2.2).

13



Chapter 4

Materials

In this thesis, the transport properties of a concrete similar to the lining concrete used
at the Lainzer Tunnel (Kusterle et al. 2004) was investigated. The mix design of this
concrete is given in Table 4.1.

Lainz Block 1 Block 2

Cement (PZ 375 HS C3A frei) [kg/m?] 260 260 260
Fly ash (Flural - Draurecycling) [kg/m?]| 260 60 60
Liquifier (Readyplast P1) [kg/m3] 3.1 3.1 3.1
Superplasticiser (Readyplast SP - NA) [kg/m?] 3.5 3.5 3.5
Airtrainer (Readyair A1) [kg/m3] 0.9 0.9 0.9
Water content [kg/m?] 157 120 129
Polypropylene Fibers [kg/m?] 0.0 1.5
Aggregates [kg/m?] 1909 1942 1942
Aggregate fraction 0 - 4 mm [mass- %] 45 46 46
Aggregate fraction 4 - 16 mm [mass- %] 36 35 35
Aggregate fraction 16 - 324 mm [mass- %] 19 19 19
Water content! [kg/m?] 157 157 167
Water/cement-ratio [-] 0.60 0.60 0.60
Water /binder-ratio [-] 0.49 0.49 0.54

12 mass-% of the aggregate for Block 1 and 2 included (wet aggregate)

Table 4.1: Mix design of concrete considered in this thesis (two blocks of con-

crete were produced)

Two blocks (length x width x height = 0.75 x 0.3 x 0.3 m) were produced (see Figure

14



4.1). One block was made of concrete with no fibers, whereas 1.5 kg/m?® PP-fibers (di-
ameter of approximately 22 um and a length of 6 mm) were added to the concrete of the
second block. As the fibers reduced the workability, 9 kg water were added in order to
provide proper densification of the fresh concrete (see Table 4.1).

After concreting, the blocks were stored at room temperature for 28 days. Then, cores
with a diameter of 150 mm were obtained from drilling. These cores were cut into pieces
of 50 mm height, giving the test specimens (see Figure 4.1).

The specimens were stored at 80 °C in order to ensure equal saturation for all specimens.
Before the permeability test, the specimens were heated by a heating rate of 1 °C/min
to their respective target temperature. At this temperature, the specimens were stored
from 20 to 60 hours (depending on the target temperature). Thereafter, the temperature
was decreased by a cooling rate of 1 °C/min.

The final preparation of the specimen for the permeability test included filling of holes
at the top and bottom of the specimen with a size exceeding 5 mm in depth, sealing of
the side surface of the specimen, and connecting the specimen to the support ring with

silicone. Figure 4.2 shows a specimen right before testing.

15
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Figure 4.1: Location of specimen within the produced concrete blocks
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Figure 4.2: Specimen connected to support ring prepared for permeability test-

ing
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Chapter 5

Presentation of results

Table 5.1 gives an overview about the experiments performed in the course of this thesis.
Hereby, ”d” and ”¢” stand for DPE and CPE, respectively. In addition to the experiments
listed in Table 5.1, data reported in (Leithner 2004) was included in the presentation of
results (see Table 5.2).

Figures 5.1 to 5.6 show the intrinsic permeability k;,; and the parameter b for specimens
with and without PP-fibers. For both types of concrete, a clear trend of increasing intrinsic
permeability with temperature can be observed. The large scatter of test results for a pre-
heating temperature lower than 80°C (see, e.g., Figure 5.5) is explained by the presence
of capillary water. With increasing temperature, the capillary water is removed and the
obtained results show less scatter. Concrete specimens with no PP-fibers exhibit a steady
(almost linear) increase of the permeability with temperature. Experiments conducted in
the course of this thesis and the ones of Leithner (2004) show this trend. For concrete
specimens with PP-fibers, a strong increase of the permeability between 80°C and 170°C
can be observed. This increase, however, seems to be more pronounced for experiments
conducted in the course of this thesis.

The obtained values for the parameter b does not show a clear trend with increasing
temperature. At all pre-heating temperatures, the values of b show a significant scatter.
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specimen | 80°C 105°C 169°C 224°C 329°C 423°C
w0012 c/d c c/d

w0013 c/d c

w0022 c c/d

w0024 c/d c¢/d c/d

w0032 c c/d
w0033 c c/d

w0042 ¢ c

w0043 c/d c/d
w0044 c c ¢

w0052 ¢ c

w0054 c c/d

w1512 c c/d c

wlb14 ¢ ¢

w1522 ¢ ¢

w1523 c/d c/d
w1524 c c/d c/d

w1532 c c/d

w1533 c ¢
w1543 ¢ c

wlb44 c/d c

w1552 c c/d

w1553 c c c/d

w1554 c/d c

Table 5.1: Conducted permeability test ("c¢” and ”d” stand for CPE and DPE,

respectively)
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specimen | 20°C 80°C 105°C 140°C 200°C 300°C 400°C 600°C
of1/1 d d

of1/2 d d

of1/3 d d

of2/1 d d

of2/2 d d

of2/3 d

of3/1 d d
of3/2 d d

of3/3 d

ofd/1 d d

of4/2 d d

ofd/3 d

of5/1 d d

of5/2 d d

of5/3 d
mfl/1 d

mfl/2 d d

mfl/3 d d

mf2/1 d d

mf2/2 d d

mf2/3 d d
mf3/1 d d
mf3/2 d d
mf3/3 d d

mf3/4 d d

mf4/1 d d

mf4/2 d d

mf4/3 d

Table 5.2: Permeability tests conducted in (Leithner 2004) (”d” stands for
DPE)
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Figure 5.1: Intrinsic permeability k;,; for concrete with no PP-fibers (test re-

sults from this thesis)
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Chapter 6

Discussion

6.1 Stress analysis

In the course of the permeability experiments, specimens are loaded by gas pressures up
to 9 bar (9 x 10° Pa), which might initiate tensile failure at the bottom surface of the

specimens and, thus, increase the permeability.

Figure 6.1: Schematic plot of specimen under pressure

According to Mehlhorn (1996), the maximal moment for a circular plate under pressure

applied onto the top surface becomes

My = -2 (1 +v) K B, (6.1)

where v is the Poisson’s ratio, and K and B are given for the case of a sliding support by
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3 _ 2
k=Bl ap=_3tv—ma
201 =17 140 32K

(6.2)

The tensile stress at the bottom surface of the specimen is equal to the sum of M.,/ (h?/6)

and the stress resulting from the pressure at the side surface, giving

Omaz = 2 (1+v)

3+z/(p—po)a2£_ :<w_1) _M_ (6.3)

1+v 32 h? 8 h? 8 h?

Considering ¥=0.15, h=50 mm, and a=75 mm, Equation (6.3) gives 0,,,,=1.66 p — 2.66 p,
[MPa]. Taking into account the temperature dependence of the tensile strength of concrete
(see Figure 6.2(a)), 0ymap=1.66 p—2.66 py < f;(T) must hold (see Figure 6.2(b)). According
to Figure 6.2(b), the tensile strength corresponding to a pre-heating temperature of 423°C
is higher than the tensile stress resulting from an applied pressure of 9 bar. Thus, cracking
did not occur and the mechanical load did not — according to Figure 6.2(b) — influence the
permeability measurements. Moreover, the situation depicted in Figure 6.2(b) represents
the worst case. Taking into account the confining action of the support ring (departing

from the assumption of a sliding support) would result in a reduction of o,

ft [%]/f¢(20C)
100-+——

ft(T), omaz (p) [MPa]
3t

fe(423C) = 1.7
omaz(9 bar) = 1.3

20

0.6

70 700 Temperature [C] 0" 70 423 700 TIcl

(a) (b)

Figure 6.2: (a) Temperature dependence of tensile strength of concrete accord-
ing to (EC2 1992) and (b) admissible pressure as a function of temperature
for f;(20°C)= 3 MPa

6.2 Sensibility analysis

The intrinsic permeability k;,; and the parameter b were determined according to the

analysis scheme outlined in Subsection 3.2.3. Hereby, the error function R(kin,b) was
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minimized with the absolute minimum providing the final values for k;,; and b. In order
to study the characteristics of this error function (existance of local minima and sensibility
with respect to k;,; and b), the distribution of the error function R for four subsequent
search areas is given in Figure 6.3. The dots in Figure 6.3 indicate that the pressure p
became negative during repeated application of Equation (3.16) for the considered values
of kiny and b. The circle indicates the (k;nt,b)-pair giving the minimum value of the error
function for the respective search interval. Proper values for k;,; and b are obtained when
the location of the minimum of the error function is not found at the boundary to the area
where the values for k;,; and b resulted in a negative pressure in the specimen (dotted

area in Figure 6.3).

The distribution of the error function R given in Figure 6.3 was obtained from CPE-
mode II applied to the CPE results for the Specimen W0024. Figure 6.4 shows the error
distribution within 1211 < k;,; < 1243 nm? and 0.62 < b < 0.78 bar, providing insight

into the sensibility of the error function with respect to changes of k;,; and b, giving

Ak 3
= 2 —0.0024 4
Foe 1227 007 (6.4)
Ab 001
20 %8 o014 .
= o = 0.0143, (6.5)

where A k;,y and Ab (Figure 6.4) were scaled to the values of k;,; and b corresponding
to the minimum of the error function. Equations (6.4) and (6.5) show that an increase of
kint by 2.4 % has the same impact on the value of the error function as an increase of b
by 14.3 %g. Accordingly, the value of k;,; has a higher impact on the error function and,

thus, is expected to have a higher accuracy than the value of b.

6.3 Comparison of analysis methods

In contrast to the mode of determination of k;,; and b presented in this thesis, applica-
tion of Equation (3.18) (Leithner 2004) assumes a linear pressure distribution over the
specimen height (see Figure 6.5). Figure 6.6 shows a comparison of values for &;,; and b
obtained from both modes of analysis. According to Figure 6.6, application of Equation
(3.18) generally result in an overestimation of the intrinsic permeability k;,;. As regards

the values of the parameter b, no trend is observed.
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Figure 6.3: Distribution of error function R for four subsequent search areas

during determination of k;,; and b from CPE results of Specimen W0024

employing the analysis mode CPE-mode II (light grey: R, < R <

1.01 Rynin; black: B >1.1 Rypin)
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Figure 6.4: Distribution of error function R for 1211 < k;,; < 1243 nm? and
0.62 < b < 0.78 bar for Specimen W0024 employing the analysis mode
CPE-mode 1II (light grey: Ry < R <1.01 Rpn; black: R >1.1 Ryin)

6.4 DPE versus CPE

The experimental setup presented in this thesis allows conduction of DPEs and CPEs.
Whereas DPEs are easier to conduct and require less time, CPEs are required for spec-
imens characterized by a high permeability in order to provide (in average) stationary
conditions.

Figure 6.7 shows a comparison of results obtained from DPEs and CPEs. Both experi-
ments yield similar results. However, DPEs rely on a strong difference between the time
scale associated with the pressure decrease in the test-chamber — container system and
the time scale associated with air transport through the specimen. Only in case char-

acterized by a pressure decrease significantly slower than the time scale of air transport
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Figure 6.5: Pressure distribution over specimen height for Specimen W1514
(p, Q:=5.4E-06 m®/sbar, p,=9.45 bar)

through the specimen, the assumption of stationary conditions during determination of
P, Q¢ is valid. Thus, for specimens exhibiting a high permeability, the pressure decrease
occurs faster and the DPE might deliver erroneous results. However, in the present
study considering pre-heating temperatures up to 423°C with permeabilities £ up to
k=k;n: (1 4+ b/D)=20000(1+500/2)=>520000 nm? (5.2E-13 m?) this was not the case.
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Figure 6.6: Intrinsic permeability k;,,; and parameter b obtained from two modes

of analysis (test results from this thesis)
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Figure 6.7: Intrinsic permeability £;,; and parameter b for concrete without
PP-fibers obtained from different types of experiments
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Chapter 7
Concluding remarks

In the course of this thesis, the change of parameters, describing the permeability, with
temperature of two types of concrete (with and without PP-fibers) was investigated. In
contrast to the concrete investigated by Leithner (2004), the specimens were obtained
from concrete blocks produced in the laboratory.

The main difference between the considered laboratory concrete and the in-situ concrete
tested by Leithner (2004) results from concreting and compaction. In the laboratory, the
smaller quantities of concrete are easier to compact, resulting in smaller values for k;,;
at temperatures below 105°C (see Figure 7.3). With increasing pre-heating temperature,
laboratory concrete with PP-fibers gives similar values for k;,; as in-situ concrete, char-
acterized by a strong increase in consequence of melting of PP-fibers within 150 < 7" <

170°C. The effect of melting is smaller for the in-situ concrete.

Figure 7.4 shows the parameter b with increasing pre-heating temperature. No trend of
the value of b with increasing temperature is observed. As outlined in Subsection 6.2,
this can be explained by the lower impact of the value of b as compared to the impact
of k;n: on the pressure distribution and, thus, on the error function minimized during the
analysis scheme employed for determination of k;,; and b.

The permeability device employed in this thesis allows conduction of both DPEs and
CPEs. In contrast to the DPEs, CPEs require more time and future work should be
devoted to reducing the amount of time necessary to perform CPEs. This can be reached
by reducing the preparation time for the specimens to be tested, i.e., by using other
sealing material than wax and silicone. The pressure regulating valves may be replaced
by more accurate valves, helping to reach balance between the double-acting piston (see

Figure 3.2) and the supplying pistons more quickly. Moreover, the volume of the container
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Figure 7.1: Intrinsic permeability k;,; of laboratory concrete (a) with no and

(b) with PP-fibers for different pre-heating temperatures (test results from

this thesis)
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Figure 7.2: Intrinsic permeability k;,; of in-situ concrete (a) with no and (b)

with PP-fibers for different pre-heating temperatures (test results from
(Leithner 2004))
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Figure 7.4: Parameter b for two types of concrete as a function of temperature

connected to the permeability device may be increased, providing a better performance of
DPEs and, if also connected to the system for CPEs, less pressure variation during CPEs.
Finally, the quality of the one-way valves may be improved by using more sensitive valves.
All these changes in the test setup, which will be adressed in future work, may help to
speed up the testing procedure, on the one hand, and to further improve the quality of
the obtained results, on the other hand.
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Appendix A

k;n+ and b from CPEs and DPEs

Determination of k;,; and b according to

Temp. Leithner (2004) subsection 3.2.3
Specimen | [°C] | Method kint [m?] | b [Pa] king [m?] | b [Pa]
Wo0012 80 CPE-mode I | 1.06E-16 | 1.58E+04 | 3.00E-17 | 2.43E+06
80 CPE-mode IT | 1.03E-16 | 4.95E4-04 | 3.80E-17 | 4.23E+06
105 | CPE-mode I | 1.33E-16 | 5.85E+404 | 7.25E-17 | 4.07E+05
105 | CPE-mode II | 1.60E-16 | 3.76E+04 | 1.50E-16 | 1.28E+07
329 | CPE-mode I | 9.59E-16 | 1.04E+404 | 9.52E-16 | 9.15E+4-04
329 | CPE-mode II | 1.25E-15 | 5.41E+04 | 1.12E-15 | 6.96E4-04
329 | DPE 1.55E-15 | 6.01E4-04 | 1.40E-15 | 2.52E4-04
Wo0013 80 CPE-mode I | 5.18E-17 | 2.00E+05 | 4.26E-17 | 3.18E4-05
80 CPE-mode II | 5.23E-17 | 3.44E+05 | 4.97E-17 | 3.34E+05
80 DPE 9.63E-17 | 8.13E4-05 | 2.23E-17 | 1.84E4-06
224 | CPE-mode I | 2.79E-16 | 1.60E+05 | 1.01E-16 | 1.61E+4-06
224 | CPE-mode II | 3.12E-16 | 1.57TE+405 | 1.10E-16 | 1.23E4-07
W0024 80 CPE-mode I | 7.07E-17 | 1.17TE+05 | 2.20E-17 | 1.70E+406
80 CPE-mode IT | 6.77E-17 | 1.21E+05 | 5.94E-17 | 2.06E+05
80 DPE 9.70E-17 | 8.60E+04 | 6.83E-17 | 8.94E4-04
105 | CPE-mode I | 1.17E-16 | 1.31E+05 | 7.96E-17 | 3.86E+05
105 | CPE-mode IT | 1.24E-16 | 9.87E+04 | 1.16E-16 | 1.33E+05
105 | DPE 1.71E-16 | 6.95E+04 | 3.29E-17 | 1.60E+4-06
329 | CPE-mode I | 1.16E-15 | 8.86E+404 | 1.12E-15 | 1.12E4-05
329 | CPE-mode IT | 1.24E-15 | 6.92E+04 | 1.23E-15 | 6.98E+04
329 | DPE 1.76E-15 | 5.07TE4+04 | 1.65E-15 | 1.68E+404
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W0032 80 CPE-mode I | 9.07E-17 | 1.55E+05 | 2.53E-17 | 1.77TE+406
80 CPE-mode II | 8.30E-17 | 2.02E+05 | 1.60E-16 | 2.69E+4-07
423 | CPE-mode I | 7.78E-15 | 1.76E+405 | 3.58E-15 | 7.60E+405
423 | CPE-mode II | 6.85E-15 | 2.45E+405 | 4.25E-15 | 5.60E+05
423 | DPE 9.07E-15 | 2.02E4-05 | 6.76E-15 | 1.78E+05
W0033 80 CPE-mode I | 1.02E-16 | 4.18E+05 | 3.00E-17 | 3.45E4-06
80 CPE-mode II | 1.03E-16 | 4.39E+05 | 1.10E-16 | 1.11E4-07
224 | CPE-mode 1 | 4.12E-16 | 7.25E+04 | 1.28E-16 | 1.21E+4-06
224 | CPE-mode II | 3.05E-16 | 1.59E+05 | 1.00E-16 | 1.91E4-06
224 | DPE 5.27E-16 | 9.31E4-04 | 4.44E-16 | 1.01E4-05
W0042 80 CPE-mode I | 9.20E-17 | 9.16E+04 | 2.20E-17 | 2.27E+06
80 CPE-mode II | 9.34E-17 | 7.33E4+04 | 5.82E-17 | 4.45E4-05
W0043 80 CPE-mode I | 1.05E-16 | 1.26E+405 | 6.19E-17 | 5.48E4-05
80 CPE-mode II | 8.41E-17 | 2.93E+05 | 1.50E-16 | 1.65E4-07
80 DPE 1.50E-16 | 1.07E+05 | 1.04E-16 | 1.17TE+05
423 | CPE-mode I | 7.19E-15 | 1.37TE+05 | 3.34E-15 | 7.50E+05
423 | CPE-mode II | 6.53E-15 | 1.84E+405 | 3.99E-15 | 5.54E+05
423 | DPE 9.16E-15 | 1.44E+05 | 9.46E-15 | 2.87TE+04
W0044 80 CPE-mode I | 1.06E-16 | 5.13E+04 | 2.20E-17 | 1.87E+406
80 CPE-mode IT | 1.12E-16 | 5.99E404 | 8.83E-17 | 1.64E+05
329 | CPE-mode I | 1.89E-15 | 6.36E+04 | 1.36E-15 | 2.22E+05
329 | CPE-mode II | 1.96E-15 | 8.53E+04 | 1.71E-15 | 1.20E+05
W0052 80 CPE-mode I | 1.13E-16 | 3.77TE404 | 4.35E-17 | 7.65E4-05
80 CPE-mode II | 9.46E-17 | 9.80E+04 | 2.20E-17 | 2.13E4-06
224 | CPE-mode I | 4.13E-16 | 3.62E+04 | 3.09E-16 | 1.85E+05
224 | CPE-mode II | 4.04E-16 | 3.92E4-04 | 2.94E-16 | 2.28E+05
224 | DPE 4.99E-16 | 6.89E4-04 | 3.79E-16 | 4.92E+404
W0054 80 CPE-mode I | 8.87E-17 | 7.81E+04 | 5.67E-17 | 3.09E+05
80 CPE-mode IT | 8.37E-17 | 1.23E+405 | 7.70E-17 | 1.30E+405
169 | CPE-mode I | 1.83E-16 | 9.34E+04 | 6.24E-17 | 1.28E+06
169 | CPE-mode II | 1.99E-16 | 6.42E+04 | 1.02E-16 | 4.98E+05
169 | DPE 2.48E-16 | 7.23E4-04 | 1.01E-16 | 1.00E4-06

Table A.1: Intrinsic permeability & and parameter b for

experiments conducted in this thesis (concrete with no
PP-fibers)

41




Determination of k;,; and b according to

Temp. Leithner (2004) subsection 3.2.3
Specimen | [°C] | Method kint [m?] | b [Pa] king [m?] | b [Pa]
W1512 80 CPE-mode I | 8.72E-17 | 6.49E+04 | 2.21E-17 | 1.56 E+06
80 CPE-mode IT | 1.02E-16 | 5.33E+04 | 8.78E-17 | 9.57E+04
105 | CPE-mode I | 1.13E-16 | 1.59E+05 | 2.20E-17 | 1.92E+06
105 | CPE-mode II | 1.08E-16 | 1.75E+05 | 1.10E-16 | 8.99E+06
105 | DPE 1.82E-16 | 6.33E405 | 4.84E-17 | 1.23E4-06
329 | CPE-mode I | 5.43E-15 | 4.93E+404 | 2.12E-15 | 6.99E+405
329 | CPE-mode II | 5.49E-15 | 3.59E+04 | 3.42E-15 | 2.61E+4-06
Wi1514 80 CPE-mode I | 1.06E-16 | 7.54E+04 | 2.20E-17 | 2.39E+06
80 CPE-mode IT | 1.19E-16 | 4.30E+04 | 1.05E-16 | 7.66E-+04
169 | CPE-mode I | 2.05E-15 | 2.07TE+04 | 1.84E-15 | 5.24E+04
169 | CPE-mode II | 1.90E-15 | 3.98E+04 | 1.56E-15 | 1.20E4-05
W1522 80 CPE-mode I | 1.11E-16 | 1.30E+05 | 5.00E-17 | 8.74E+05
80 CPE-mode IT | 9.78E-17 | 1.85E+05 | 8.43E-17 | 2.40E+05
224 | CPE-mode I | 2.65E-15 | 1.27E+04 | 1.24E-15 | 4.30E+05
224 | CPE-mode II | 2.49E-15 | 1.64E+404 | 1.21E-15 | 4.35E+405
W1523 80 CPE-mode I | 1.40E-16 | 2.29E+05 | 3.04E-17 | 3.86E-+06
80 CPE-mode II | 1.11E-16 | 3.73E+05 | 1.10E-16 | 1.22E+07
80 DPE 1.80E-16 | 2.41E405 | 1.34E-16 | 2.11E4-05
423 | CPE-mode I | 9.87E-15 | 3.10E+05 | 6.78E-15 | 1.02E+05
423 | CPE-mode II | 1.26E-14 | 2.04E+05 | 6.61E-15 | 7.61E+05
423 | DPE 2.30E-14 | 6.94E+404 | 6.64E-15 | 8.02E+405
W1524 80 CPE-mode I | 9.91E-17 | 4.59E+04 | 5.61E-17 | 3.81E+05
80 CPE-mode 1T | 9.79E-17 | 1.48E+04 | 1.50E-16 | 1.73E+07
105 | CPE-mode I | 1.24E-16 | 2.24E+05 | 4.07E-17 | 1.77E+06
105 | CPE-mode II | 1.15E-16 | 2.28E4-05 | 1.10E-16 | 1.03E+4-07
105 | DPE 2.03E-16 | 9.95E+404 | 3.01E-17 | 3.10E4+06
329 | CPE-mode I | 5.61E-15 | 2.93E+404 | 2.03E-15 | 8.70E+4+05
329 | CPE-mode II | 5.40E-15 | 5.40E+4+04 | 2.72E-15 | 5.17E4+05
329 | DPE 7.82E-15 | 2.42E+04 | 5.98E-15 | 2.01E+404
W1532 80 CPE-mode I | 4.86E-17 | 6.44E+05 | 2.20E-17 | 1.86E+06
80 CPE-mode IT | 5.67E-17 | 6.73E+05 | 5.32E-17 | 7.15E+05
224 | CPE-mode I | 2.28E-15 | 3.63E+4-04 | 1.10E-15 | 7.04E+05
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224 | CPE-mode II | 2.28E-15 | 2.63E+04 | 1.10E-15 | 1.20E+4-04
224 | DPE 2.96E-15 | 3.85E4-04 | 2.47TE-15 | 1.01E4-05
W1533 423 | CPE-mode I | 1.24E-14 | 9.11E+404 | 5.20E-15 | 7.57TE+405
423 | CPE-mode II | 1.24E-14 | 6.64E+404 | 4.93E-15 | 7.54E+405
W1543 80 CPE-mode I | 6.12E-17 | 1.59E+405 | 5.60E-17 | 2.61E4-05
80 CPE-mode II | 7.29E-17 | 1.03E405 | 6.64E-17 | 1.59E4-05
169 | CPE-mode I | 1.53E-15 | 4.06E+04 | 1.15E-15 | 1.90E+05
169 | CPE-mode II | 1.43E-15 | 5.39E404 | 1.30E-15 | 1.10E+405
W1544 80 CPE-mode I | 9.34E-17 | 1.31E+04 | 2.44E-17 | 2.03E+06
80 CPE-mode II | 9.81E-17 | 1.44E+04 | 6.73E-17 | 4.14E+405
80 DPE 1.27E-16 | 1.44E405 | 3.16E-17 | 2.42E4-06
224 | CPE-mode I | 2.63E-15 | 2.71E404 | 1.96E-15 | 1.76E+05
224 | CPE-mode II | 2.88E-15 | 5.51E+04 | 1.04E-15 | 6.0TE+05
W1552 80 CPE-mode I | 8.23E-17 | 1.79E405 | 7.98E-17 | 1.97TE4-05
80 CPE-mode II | 8.26E-17 | 1.62E405 | 7.96E-17 | 1.84E4-05
169 | CPE-mode I | 1.71E-15 | 2.00E+04 | 1.02E-15 | 3.58E+05
169 | CPE-mode II | 1.57E-15 | 2.94E+404 | 1.01E-15 | 4.65E+05
169 | DPE 1.94E-15 | 5.99E+04 | 1.23E-15 | 1.09E+05
W1553 80 CPE-mode I | 8.22E-17 | 2.07TE+405 | 8.73E-17 | 1.71E405
80 CPE-mode II | 8.80E-17 | 1.64E405 | 8.69E-17 | 1.73E4-05
105 | CPE-mode 1l | 8.30E-17 | 3.85E4-05 | 2.24E-17 | 2.54E4-06
105 | CPE-mode II | 8.11E-17 | 3.91E4-05 | 1.50E-16 | 1.49E+4-07
329 | CPE-mode I | 5.06E-15 | 8.86E+04 | 2.73E-15 | 5.12E+05
329 | CPE-mode II | 5.40E-15 | 3.82E+04 | 5.73E-15 | 1.13E404
329 | DPE 7.45E-15 | 2.28E+04 | 5.94E-15 | 1.10E406
W1554 80 CPE-mode I | 7.70E-17 | 2.60E+405 | 3.01E-17 | 2.65E+06
80 CPE-mode IT | 3.99E-18 | 1.24E+05 | 1.98E-16 | 2.78E+07
80 DPE 9.78E-17 | 3.33E405 | 6.04E-17 | 5.97E+05
423 | CPE-mode I | 1.24E-14 | 9.30E+04 | 5.92E-15 | 7.60E+05
423 | CPE-mode II | 1.25E-14 | 1.27E405 | 5.9TE-15 | 7.60E+05

Table A.2: Intrinsic permeability & and parameter b for

experiments conducted in this thesis (concrete with PP-

fibers)
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Determination of k;,; and b according to

Temp. Leithner (2004) subsection 3.2.3
Specimen | [°C] | Method | ki, [m2%] | b [Pa] | ki [m?] | b [Pa]
ofl1 20 DPE 4.13E-16 | 3.08E+05 | 3.21E-16 | 4.12E4-05
140 | DPE 8.01E-16 | 9.47TE+404 | 5.65E-16 | 1.89E+05
of12 20 DPE 1.21E-16 | 1.50E+4-05 | 1.06E-16 | 2.11E+05
200 | DPE 1.26E-15 | 3.51E+04 | 8.58E-16 | 1.34E+405
of13 30 DPE 1.37E-17 | 4.94E4-06 | 3.15E-17 | 1.79E+06
400 | DPE 7.61E-15 | 1.29E4-05 | 3.25E-15 | 7.20E+05
of21 20 DPE 3.26E-17 | 5.55E4-05 | 1.41E-17 | 1.74E4-06
300 | DPE 1.22E-15 | 6.02E+04 | 1.18E-15 | 7.00E4-04
of22 20 DPE 1.37E-16 | 4.65E+06 | 3.11E-16 | 1.89E+4-06
105 | DPE 1.00E-15 | 6.48E4-05 | 7.39E-16 | 8.52E+05
of31 20 DPE 2.20E-17 | 5.99E4-04 | 8.00E-18 | 8.81E+05
600 | DPE 3.53E-14 | 2.49E+05 | 9.79E-15 | 1.76E+4-06
of32 20 DPE 4.60E-17 | 7.88E+404 | 3.01E-17 | 3.21E405
400 | DPE 3.50E-15 | 5.44E4-04 | 3.75E-15 | 1.7T4E+4-04
of33 300 | DPE 1.25E-15 | 4.73E+04 | 1.31E-15 | 3.17TE+4-04
ofd1 80 DPE 6.87E-16 | 2.21E4-06 | 4.09E-16 | 3.50E+4-06
of42 80 DPE 7.42E-16 | 1.35E4-06 | 8.71E-16 | 9.73E+05
140 | DPE 1.58E-16 | 9.45E+06 | 6.47E-16 | 1.87TE+4-06
ofd1 80 DPE 5.22E-16 | 3.83E+05 | 2.95E-16 | 7.81E405
105 | DPE 1.79E-15 | 1.37E+4-05 | 7.14E-16 | 6.47E+05
ofb2 80 DPE 7.54E-16 | 2.45E4-06 | 9.44E-16 | 1.67TE+406

Table A.3: Intrinsic permeability £ and parameter b for

experiments reported in (Leithner 2004) (concrete with
no PP-fibers)
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Determination of k;,; and b according to
Temp. Leithner (2004) subsection 3.2.3
Specimen | [°C] | Method | ki, [m2%] | b [Pa] | ki [m?] | b [Pa]
mfll 20 DPE 3.60E-16 | 3.73E+06 | 6.26E-16 | 1.82E4-06
mf12 20 DPE 1.07E-15 | 4.53E+05 | 1.02E-15 | 4.86E4-05
200 | DPE 4.36E-15 | 1.04E+05 | 2.40E-15 | 3.51E+05
mf13 80 DPE 1.15E-15 | 3.07E+05 | 7.08E-16 | 5.89E4-05
400 | DPE 8.10E-15 | 2.62E+05 | 4.44E-15 | 7.60E+05
mf21 20 DPE 1.45E-15 | 4.64E4-05 | 7.93E-16 | 9.42E+05
300 | DPE 3.80E-15 | 7.18E+05 | 3.45E-15 | 7.51E405
mf22 20 DPE 1.33E-15 | 1.68E4-05 | 1.10E-15 | 2.62E+05
105 | DPE 1.81E-15 | 1.89E4-05 | 1.17E-15 | 3.67E+05
mf23 80 DPE 7.45E-16 | 1.13E+05 | 4.99E-16 | 2.43E+05
600 | DPE 1.55E-14 | 1.47TE406 | 9.49E-15 | 2.72E4-06
mf31 20 DPE 3.94E-16 | 2.09E+06 | 6.60E-16 | 1.01E4-06
mf32 20 DPE 5.63E-16 | 7.75E+05 | 6.03E-16 | 7.01E+05
400 | DPE 5.23E-15 | 6.82E+405 | 4.96E-15 | 7.60E+05
mf33 80 DPE 1.44E-15 | 2.10E4-05 | 4.66E-16 | 1.07TE4-06
105 | DPE 1.24E-15 | 1.77E405 | 9.22E-16 | 2.75E+05
mf34 80 DPE 7.72E-16 | 2.36E+05 | 4.84E-16 | 4.77E405
140 | DPE 1.71E-15 | 1.97TE405 | 1.26E-15 | 2.92E+05
mf41 80 DPE 7.61E-16 | 1.76E+05 | 5.22E-16 | 3.15E+05
200 | DPE 4.39E-15 | 5.50E+04 | 2.20E-15 | 3.60E+405
mf42 80 DPE 6.66E-16 | 2.06E+05 | 5.39E-16 | 2.64E+05
300 | DPE 5.22E-15 | 3.20E+05 | 3.67E-15 | 5.60E405
mf43 140 | DPE 5.59E-16 | 1.99E+05 | 4.14E-16 | 2.97E+05

Table A.4: Intrinsic permeability & and parameter b for

experiments reported in (Leithner 2004) (concrete with

PP-fibers)
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