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ABSTRACT

This paper presents research results regarding the distribéisteebfibers in concrete
used to build precast tunnel segments for Line 9 of the Barcéleti@. The fiber
distribution was studied using the actual fiber contents obtaineddans of crushed
cores drilled from different points of three full-scale tunn@hly segments. A statistical
analysis determined that the fiber content in the endsgrhents tend to be greater than
in the central zone. In addition, cores with a diameter of 150anara found to have a
lower scatter in the fiber content than smaller diametecisgens. Finally, based on
probabilistic approaches, a minimum of 11 cores is proposed to cdrrabér content

in FRC segments.
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1. INTRODUCTION

Fiber-reinforced concretes (FRCs) are increasingly apptiestructural engineering
because fibers enable the reduction or replacement of @nfent bars. In general,
FRCs are used mainly for pavements and shotcrete that aredajgpsilopes and tunnel
supports. However, currently, FRCs are particularly used inptleeast industry
(Ferreira and Branco 2007; Walraven 2009; De la Fuentd, 2012a) and in tunnel
building projects (Gettiet al, 2004; Kaspeket al, 2008; Chiaiaet al, 2007, 2009;
Caratelli et al, 2001; De la Fuentet al, 2012b), as reflected in various papers
presented in international workshops and conferences in recent y&aEdM(R004,
2008, 2012).

Replacing traditional reinforced concrete by FRC has many adyemntagarding both
structural performance and costs. These advantages are ftigthlig the use of precast

elements in industrialized processes (Ferrara and Meda, 2006).

The absorption of energy during cracking is one of the most immigotaperties of
FRC; however, the reinforcement efficiency provided by fibeygedds on (1) the fiber
properties: strength, stiffness, and bonding; (2) the fiber disoinutelative fraction,
contents, and orientation (Zollo, 1997). Currently, fibers are raadgferent materials,
shapes, and sizes. Choosing the correct fibers depends on the pperiyproved.
Regarding the influence of the spatial distribution in the conenetgs, many research
studies indicate how the variability in FRC properties depends(Dnthe fiber
orientation with respect to the stress lines and (2) the bitityaof the fiber spatial

distribution.

To determine the actual reinforcement available in edicbction of the concrete
volume, due to the relevance of the distribution and orientatiothe fibers in the
development of suitable and reliable material properties tfoctaral design, many
researchers have studied the distribution of fibers theotgtaadl/or at the laboratory
level, for example, Akkayat al (2000), Chermaret al (2001), Chung (2001), Lawler

et al (2003), Dupont and Vandewalle (2005), Ozyurt (2007), Lattsté (2008), Lee

and Kim (2010), and the comprehensive RILEM TC 162 (2003), among others.
Nevertheless, such studies have generally been conducted withspawamens, and

only in a very few occasions was the distribution of fibers eal-size structures



measured (Ferrara and Meda, 2006; Kooiman 1997, 2000).In the presanthgshe

actual distribution of the fibers in precast segmentsdessrmined.

According to the above background, in this paper, the resultsnoéxperimental
campaign performed to determine the volumetric fiber distobuth precast tunnel
lining segments that were solely reinforced with fibers foexgerimental section of L9
of the Barcelona metro are presented. Based on the resubistimation of the number
of samples required for assessing the fiber content of a tlinhey segments is

presented.

2. FIBER DISTRIBUTION IN THE FRC

Factors related to fiber dispersion in the concrete mass amicsal point to be
addressed to promote the reliable use of steel-fiber reinfawecrete (SFRC) as a
structural material (Boulekbactet al, 2010). Therefore, controlling and characterizing
the fiber dispersion are important topics for developing strucip@alications of FRC to
maximize their mechanical properties and material perfocmdliVooet al, 2005;
Pujadat al, 2012).

The fiber spatial distribution in the concrete volume is astatiavith the casting
process, i.e., the manner in which concrete is poured into th and the vibrating
time (Ozyurt, 2007), which depends on the rheological prasedf the concrete and
the boundary conditions (wall effects) imposed by the mold. In #nses using self-
compacting concrete (SCC) can help to ensure a uniform fibperdion due to their
self-compacting rheological stability; as a result, compactby vibration is not

required (Ferrarat al, 2008).

Different destructive and nondestructive techniques have been uskdréaterize the
dispersion and orientation of fiber in a laboratory setting. Tier filistribution may be
evaluated through video recording during casting. However, ttosnattion is limited

to the mass surface (Latasteal, 2008). Image analysis has been used to determine the
distribution inside the concrete mass (Akkagtaal, 2000; Chermanet al, 2001;
Lawler et al, 2003). However, this process can be slow and expensive. Chung (2001)
investigated the FRC properties during exposure to DC currents taititad the
variations in resistance to microstructural change, sucliibas slip, changes in
alignment and/or fiber spacing, when subjected to static or dgrlaads. The electrical
characterization method called alternating current - impedancércgumpy (AC-IS)



has proven to be effective in monitoring the fiber dispersion, dk asethe fiber
orientation, segregation and grouping (Mansstnal, 2002; Wooet al, 2003).
Measuring the electrical resistivity was also found to be ableelp to determine the
fiber distribution (Latasteet al, 2008). Such electromagnetic methods can be used
either for laboratory specimens or small elements (Toretras, 2012) or for real size

structures

The fiber distribution in precast elements, in an industritinge was studied using
drilled cores from the FRC, with the fiber orientation deiaed using X-ray analysis
and the fiber content determined by crushing the cores. Usintettisique, Kooiman
(2000) studied the fiber orientation and distribution in precast tunmaglsegments
reinforced with 60 kg/fof steel fibers and concluded that the fibers were not ralydom
oriented spatially and that bleeding was observed during vibratioheoségment,
which causes differences in the concrete quality over the thgkifiesggment, resulting

in variations in the FRC properties.

Grunewaldet al (2003), using X-ray images from the cores of precast tunnel lining
segments, observed that specimens that were cut perpendictilardoncrete pouring
direction exhibited a preferred orientation and that the fiber conmgveater than the
content obtained in the cores cut along the concrete pouring direbti addition, the

fibers were observed to be distributed homogeneously along tjte béthe cores.

Ferrara and Meda (2006) studied the relationship among the wakairigchanical
properties and fiber distribution of precast elements for roof shestbuilt with
ordinary SFRC and self-compacting steel-fiber reinforced can¢8ESFRC), with the
fiber distribution determined by crushing the drilled cores. Basetheir results, the
dispersion in the fiber distribution is good for specimens latgar 43 mm. Comparing
the fiber content through the element thickness, the scattee ifibégr distribution is
higher in the cast surface of the SFRC, but with the addifianwscosity enhancing
admixture, the dispersion of the fiber content is lowee @hsolute difference between
the bottom and top fiber contents reaches 45 kfgmordinary SFRC and 18 kghrfor
SCSFRC. They also used X-ray images of the cores to studyibiredistribution
through the cross section of cores and found good homogeneity in mostteteud
cores. However, the decrease of viscosity due to environmeffeats could influence

the segregation of fibers.



A more recent approach is the use of numerical models basédidmynamics to
predict the fiber orientation, especially in self-compactngcrete, taking in account

the type of structural element and the concrete casting miethoatks (Orbe, 2013).

3. CONSTRUCTION OF THE TUNNEL LINING SEGMENTS AND THE
EXPERIMENTAL DETAILS

This research is part of a series of studies aimed to optithez use of a steel-fiber
based reinforcement in the precast segments used for thedinihg Line 9 tunnel of
the Barcelona subway. These studies were performed by the tieparof
Construction Engineering at théniversitat Politecnica de Catalunya the request of

Gestié d'Infraestructures S.Ahe public company managing the project.

In 2004,an experimental section was built, composed of thedynents for the tunnel
lining, which were reinforced solely with 60 kgirof steel fibers, that is, the maximum
amount that allowed the use of the available resourcesin@xggerience in this type of
work, as concluded in earlier studies (Gettal, 2005). The instruments for measuring
and loading were placed in one of the rings to perform testseo(Mutins and Arnau,
2013). Similarly, other segments reinforced with fibers weudt to obtain more

information on their actual behavior (Magtal, 2009).

The tunnel section under this investigation is lined with fremdard segments (A) and
2 skewed segments (B and C) to allocate the key segmentE@th segment
encompasses a sector a 48°, except the key one, which covems2hown in Figure

1. The ring is a universal type ring, with an averagetwadt1.80 m.

3.1. Tunnel lining segments

The 350-mm thick tunnel lining segments were precast in theryjawith concrete of a
characteristic compressive strengfh)(of 50 MPa at 28 days and a deformation
modulus of approximately 38.0 GPa at the same age. Concreteemwbmsced with
60kg/ntof hooked-end steel fibers of a 1-mm diameter and 50-mm lengtided in
bags and bulk. The steel yielding strength was 1000 MPa, whichedrtbait failure did
not occur by fiber tension, but by pulling them out. The steelspasified to have a
flexural strength equivalent to a 3-mm deflectifakéqzo) Of 3.2 MPa, as determined
according to the Belgian flexural test (NBN 15-238, 1992). The etacmix

proportions are presented in Table 1.



In the study, each segment has a volume of approximately3.anu the casting is
performed by taking concrete from the mixer to the mold in a £.6apacity mobile
hopper, as shown in Figure 2. Compaction is performed during casinugete by four
vibrators placed at the bottom of the mold. The compaction energy beukgulated if
necessary by decreasing the power of some vibrators or tuh@ngdff. This way, a
great homogeneity of concrete is achieved, avoiding the segnregéttoarse aggregate

and/or fibers by excessive vibration.

Once casting is completed, the top surface of the tunnel linisghoothed manually.
Next, the segments are moved to a fog room at a temperatweebet0° to 45° C for 5
hours. The segments are demolded after curing, and then, gaskie{sackers are
placed. Next, the segments are moved to the stockyard, wieeres used for this

research were drilled.

3.2. Resaultsof Quality Control of the SFRC

The concrete used in the segments was controlled through theessaprstrengthfd
and the flexural strengthi.{ according to the UNE 83507 (AENOR, 2004a) and UNE
83509 (AENOR, 2004b) standards, respectively. The results obtaoradte control
test are presented in Table2. As found in the table, the casnmedrengths vary from

a minimum of 47.6 MPa to a maximum of 60.2 MPa; in the flexesibt the first crack
strength varies between 5.5 MPa and 7.3 MPa and the equivalesile tstrengths
(fet,eqaoo) Vary between a minimum of 4.8 MPa and a maximum of 7.4 MRay@iog

to standard NBN B 15-238 (1992).

Table 2 also indicates that the compressive strength hagfizieae of variation (CoV)
significantly lower than the flexural strengths and that the ColMe®quivalent tensile

strength is higher than the CoV of the resistance to thecfask.

3.3. Drilling and testing of the cores

The fiber content at different locations of the segments wasumned from cores drilled
from 3 different segments, corresponding to different rings dadiffarent ages. The
fiber distribution along the segments was analyzed by dividing thehree zones: (1)
center, (2) corners, and (3) intermediate zone of the segmeguite B shows all of the

cores drilled in each segment, using 3 different diametersl60mm,d = 100mm and



d = 75mm) in the central zone and only one diameter (50mm) in the other two

other zones (corners and intermediate).

Figure 4 shows the drilling process, which is straight and perpendioutze surface of
tunnel lining segment. The drill was continuously watered throughoupriteess to
reduce the temperature, thus preventing the cores from being dhimapeat, and to

reduce dust.

All of the cores had an average length of 350 mm and threeeditffdiameters (150
mm, 100 mm and 75 mm), as aforementioned; each of the coresuiv&s obtain
cylinders that were slender and that had a height/diambtdy iatio of 1. This
geometry is required to perform the Barcelona (BCN) &&stprding to the UNE 83515
(AENOR, 2010) standard. In this manner, 2, 3 and 4 specimaesob&ined from the
cores of 150 mm, 100 mm, and 75-mm diameters, respectivelyWaliesffect in the
volume of the studied concrete was minimized by discarding the eods. After
cutting, the samples were weighed. The height and circuntieref each sample were

measured, and then the average volume was calculated.

3.4. Barcelonatest

The Barcelona (BCN) test was developed by Moéhal (2006, 2009) based on the
Double Punch Test (DPT) proposed by Chen (1970), with the aim ofchawsuitable
test for the characterization of the properties and the sgitequality control of FRC
in works. This test was standardized in Spain by AENOR (2010).

The BCN test has many advantages with respect to the flégsts, among which, the
following are highlighted: (1) the use of relatively smallimdrical specimens affl = h
=150 mm, i.e.h/d = 1, which can be molded or cut from standardized cylindeds=of
150 mm xh = 300 mm or from cores drilled from existing structures; (2)raventional
compression testing machine is required; and (3) the specpresent a high fracture
surface so that the properties of the FRC may be quantifiedgihrvarious fracture

planes.

As seen in Figure 5a, in this test, the specimen is debjéo compressive stress by
means of two wedges with a diameteract d/4. The test is conducted under actuator
displacement control at a rate of 0.5 mm/min. During the tiestapplied load and the

circumferential deformation measured at half the height ofsffeximen should be



constantly recorded to obtain tRe— TCODresponse of the FRC, as shown in Figure
5b.

According to the standard UNE 83 515 (AENOR, 2010), the peak Bats used to

calculate the first peak strength, using equation (1):

_ APy
fet = pp— (1)

wherea is the diameter of the loading wedge dnd the specimen height. The residual
strengths of the FRCrx defined as the unitary loads corresponding to a given

circumferential deformation, Rx, may be calculated using sspe (2):

4 PRy

fetrx = 2

9mah

where Pry is the load corresponding to circumferential deformatnas shown in

Figure 2.

When the cracks open as a result of the stress state oonitrete, the circumferential
deformation corresponds to the Total Crack Opening Displacem@® and the
energy dissipated by the FRC during the cracking process nefdugated as:

E(TCOD) = [[“°

P(TCOD)d(TCOD) (3)

where E(TCOD) is the energy dissipated by the FRC at a given valueC®D, as
shown in the curve of Figure 5b, which is directly proportional to ttheghness
determined using the bending test specified in the Belgian sthhdX B 15 — 238
(Molins et al 2009).

In this research, all of the drilled cores were tested bgnsef the BCN test to
determine the indirect tensile strength and the toughness. Tdstsewere performed
using a hydraulic testing system IBERTEST MEH 3000 W withNMNBcapacity and
under stroke displacement control at a rate of 0.25 mm/min. Teeb minches with a
diameter equal to one-fourth of the specimen diameter were osddafling each
specimen. The total crack opening displacem&@D) was measured using a chain
extensometer MTS 632.12F - 20 of 10-mm range, which was plates fzlf height of

the specimen. For this study, the test was stopped wherCB® reached an opening



of 6 mm. The tests results are presented in Table 3, wheceaitieng load Py, the
residual strength, and the energy dissipated by the FRTZCIOD values equal to 2 mm
and 6 mm are given along with the coefficient of variation andmiemum and

maximum values.

3.5. Measurement of thefiber content

After the BCN tests, all specimens were crushed usingvecijasher. The fibers and
smaller particles of steel were collected from the memasing a magnet. Next, all of
the collected fibers were weighted to calculate the atibheal content of each specimen.
The results obtained from this procedure are presented in Tabhel dhearesults are

analyzed in the next section.

4. ANALYSISOF THE RESULTS

The results are presented both globally, i.e., considering #ilechvailable data, and
individually, i.e., for each diameter of the specimens. Titadyais of the results include
the determination of the fiber distribution in the volume of tbgngent, the fiber
distribution across the segment thickness, the effect ofailgéscsize on the amount of

fiber, and the minimum number of samples required to contrdilibecontent.

Before performing each analysis, all data were subjecteldet®ixon test to remove
aberrant data. Using the procedure proposed by Verma and Quiroz 2@06y, (it was
concluded that there is no need to remove any data for confideaoeals of 95% and

higher.

The criterion of Kolmogorov — Smirnov was used in each case rify wbe data
normality, which is applicable to small or medium sample si@&GSHE, 2003).
According to this model, the more the data fit to the referencee, the more normal
the distribution, as shown in Figure 6a. This result is analijgiconfirmed when the

parametep > 0.05.

4.1. Global analysis

This analysis was performed using all of the values of fibatents presented in Table
4, by using the three core diameters sampled. The globalgavetdained was 60.4
kg/m®, with a standard deviation= 12.1 kg/mi and a coefficient of variation of 20.1%.

This mean value exactly matches the dose of fibers used fdruiimgy the segments.



However, this variable ranges between 28.5 Rgtimat is, the value obtained from a
100-mm diameter specimen, and 96.1 Kifex is, the value obtained from a 150-mm
diameter core. Lower amounts of fibers were found to be obtaine icentral zone of

segments and the highest concentration of fibers was found ¢orthers.

4.2. Fiber distribution in the segments

The analysis of the fiber distribution in the segment voluvas performed by using
data obtained from the cores witlx 150mm. The fiber content at each sampling point
where cores were drilled was evaluated using the avemagent of both parts of each
core, that is, the extrados and the intrados, as presentatlen5.

These data also fit the normality test wjgh= 0.132, as shown in Figure 7a. The
absolute frequency histogram shown in Figure 7b corresponds to this g®uped
into five classes of a 10 kgfnamplitude from 40 kg/fh Figure 7b also includes the
curve with a normal cumulative distribution for the mean value ted standard

deviation of the sample.

The average fiber content was 64.7 kyj/mith a standard deviation= 8.52 kg/ni and

a CoV = 13.2%. Figure 8a shows the mean content of each samplirtgand the
corresponding coefficient of variation. These results indidadé farger amounts of
fibers are found at the ends of the segments and the losedsiuad in the central zone,
which corresponds to the area where concrete was poured into the mwlg dur
segments casting, as shown in Figure 2. This trend is carisisith the results

presented by Kooiman (2000).

Discarding the results obtained from segment 3, which arefisantly lower than
those obtained from the other segments, produces an average obb@Btkg/m, s =
2.91 kg/ni, and CoV of 4.3%. As shown in Figure 8b, the fiber distribution dsem
homogeneous throughout the segment volume. In this analysis, the hilgieeofviber
content is obtained in the central zone, where the condreps from the hopper and

the concrete of the last layer does not flow.

4.3. Distribution of fibersalong the thickness of the segments

The fiber distribution across the segment thickness was esdladier analyzing the
fiber contents determined in the extrados and intrados parts dbthenm diameter

cores. The data corresponding to the intrados side fit the nalistebution, with a



parameter valug of 0.261, as shown in Figure 9a. Meanwhile, the results from the

extrados fit a log-normal distribution (Figure 9b).

The intrados samples exhibit a higher amount of fibers tharxtredes samples, while
the scatter is slightly lower in the extrados samples, esepted in Table 6. This trend

could be an effect of the vibrating process, as describgeciion 3.1.

4.4.Specimen size effect on the fiber content control

The size effect of the specimen on the fiber content wal/zed by using the results
from cores drilled from the central zone of the segments. &r get of data, the fitting
to the normal distribution is presented in Figure 10a, while thednams prepared with

10 kg/n? amplitude classes are shown in Figure 10b.

Statistical analysis of the results of the fiber contedgtermined for each tested
diameter indicate that the highest average amount was obteanedhie specimens of

= 150 mm (Table 7). The variation coefficient of data fromttivee tested diameters
was found to remain virtually constant. The minimum fiber costebtained from the
cores ofd = 100 mm andl = 75 mm were approximately 50% of the nominal amount
used to build the segments. Regarding the maximum values obtained,atkeno
significant differences among the different tested volumes, aydwiere, on average,

33% higher than the nominal amount used during construction.

4.5. Minimum number of samplesfor the control of the fiber content

To establish a minimum number of samples for controlling the &betent in the FRC,

a lower tolerance limit of the fiber contemt, was defined as:

PL= Ps— S1 Xl_qap (4)

wherep; is the fiber content specified in the projegt;is the likely standard deviation
of the FRC to be controlled, which is a function of the concra$éing conditions, the
control in the works, and the sampling planning; &ng ,, is the value of thé-student

distribution for a confidence level withv =n— 1 degrees of freedom.

By dividing both sides of equation (4) by the specified fiber aaptg a relative lower
tolerance limitp,, for the specified fiber content can be calculated with following

equation:



Po = Z_i =1- CVI X tl—a,v (5)

whereCV; is the expected coefficient of variation, CoV, for fiber cahie concrete.
Using values of the CoV of 5, 10, 15, and 20%, the diagrams shofigure 11 were
produced by taking data from between 3 and 21 samples and of tidenogeflevels of
90 and 95%.

Diagrams of Figure 11 show that if few samples are &dailghen a tolerance limit
must be established that is quite low with respect to the figakediber content.
Furthermore, this limit is significantly lower when both theeleof confidence and the

expected coefficient of variation are increased.

The diagrams show that for sample sizes smaller than 7 anadiingps, for levels of
confidence of 90% and 95%, respectively, the relative lowat bf tolerance is highly

sensitive and varies sharply when the number of specimersades.

To apply this criterion to the available data, the resulth®f2tl cores with a150-mm

diameter given in Table 5 were used to produce 1000 confidenc@iBt€1;oo(1—q)%,

with confidence levelsg,of 90% and 95% and random samples of sii@m 3 to 21
data. The lower limit of each confidence interval was deteed by using the mean and

standard deviation of each random sample, defined as (D&G12):
> s
Clioo(1-a)% = [X - b a,vﬁ; 00[ (6)

whereX is the mean ansls the standard deviation of each random sample.

Taking the minimum value of the lower limits among the 1000 confelértervals, for
each sample size and confidence interval, the diagrafigume 12 were obtained for
both confidence levels: 90% and 95%. These minimum values ared@itey with the
lower limits of tolerance for the fiber content obtainethgsquation (6) fop; = 60

kg/m® and the coefficients of variation given in Figure 11.

According to the diagrams shown in Figure 12, it is proposed thamihanum
number of samples required to control the fiber content should be bkattthe
minimum value of the lower limits of the confidence intdsvare above the lower limit

of tolerance defined by the following equation:



PL = (1 - CVltl—a,v) X Ps (7)

In this case, it can be established that, to expect a ceeffiof variation of the fiber
content of less than 10%, it will require at least 11 sampliéis,both confidence levels
of 90% as 95%; in this manner, none of the minimum values oftffedence intervals
will be less than the lower limit of tolerance of theefibcontent calculated using

equation (7).

5. CONCLUSIONS

It can be concluded from the study that the global averagedigent in the analyzed
segments is 60.4 kgfnwith a standard deviatia= 12.1 kg/mi (CoV of 20.1%). This
measured average content fits the nominal content of 60 ¢dyfimers prescribed in the

design of the segments.

Analyzing the fiber content in different sized specimens was feuptoduce different
results. An average fiber content of 64.7 kijimas obtained using 150 — mm diameter
cores. Although this value is greater than the dose of fibsed, it can be justified
because of the high concentration of fibers in the corners, whiche®#®7.4 kg/fh
while throughout the central zone, the concentration is 61.23k(jmiuding the
intermediate zone). At the same time, the concentratiaheoffiber results obtained
with smaller diameter specimens, all of which were cubéndentral zone of segments,
are slightly lower, averaging 55.8 kg/rior specimens ofl = 100 mm and 60.2 kgfin

for specimens ofl = 75 mm.

The available results for the 150-mm diameter cores dritad tifferent points of the
segments indicate a greater fiber content at the cornedingeto be higher in the
intrados than in the extrados. This trend is consistent wathrdbults available in the

literature.

The results of segments 1 and 2 exhibit a more homogeneous distributibersf In
this analysis, higher value of fiber content was reached inahterczone, where the

concrete drops from the hopper and the last layer does not flow.

As expected, comparing the fiber contents obtained in speciwghs different
diameters, the lowest variation coefficient is obtained fersirecimens af = 150 mm.

As a result, the use of 150-mm cores is recommended fenndatng the fiber content.



Finally, a criterion to establish a lower limit of tolerantor the fiber content is
proposed as a function of the design fiber content, the expemtétcient of variation,
and the confidence level. In the case of the studied SFR@jimum of 11 samples are
required to obtain a CoV lower than 10% for both confidence leys&dsl (90% and
95%).
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Figure 1. Sketch with the cross section of rings used in construction of the

experimental section of Line 9 of the Barcelona underground.



Figure 2. Construction of the tunnel lining segments.
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Figure 3. Sampling locations where cores were drilled in each of the three tunnel lining

segments.

Figure 4. Drilling cores from tunnel lining segments
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Figure 5. (a) BCN test setup; (b) Typical Load — TCOD and Energy — TCOD diagrams

obtained by the BCN test.
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Figure 6. Global analysis results: (a) normality test, (b) histogram.
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Figure 7 (a) Checking data normality, (b) Cumulative frequency histogram and cumulative
normal distribution.
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Figure 8. Fiber content (p) at each sampling point: (a) Average of all studied segments
and (b) Average of only Segments 1 and 2.
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Intrados side.
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Figure 10. Fibers contents of each tested diameter: (a) tests of normality, (b) histograms and

normal distribution curve.
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Figure 11. Relative lower tolerance limits for the fibers content of the FRC, with levels
of confidence (CL) of 90% and 95%, and different values of the expected coefficients

of variation.
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as function of expected coefficient of variation



Table

Table 1- Concrete mix proportions used to build the tunnel lining segments.

Component Prig;)rrntlson

Cement CEM 152,5R 410
Sand, 0-5 mm 580
Granitic sand, 0-5 mm 333
Granitic gravel, 5-12 mm 410
Granitic gravel, 12-20 mm 595
Water 115
Super plasticizer admixture 3

Steel fibers Wirand FF1 60

Table 2. Control tests results of SFRC used in the tunnel lining segments.

Compressive | First crack Equivalent
strength strength tensile strength
f fot fet keg300

Number of tests 36 10 12

Mean strength (MPa) 54.13 6.67 5.62
Minimum strength (MPa) 47.57 5.51 4.80
Maximum strength (MPa) 60.20 7.30 7.35
CoV (%) 5.37 9.3 11.9

Table 3. Characterization of the properties of concrete by means of BCN test.

Prmax P, T, Pe Te

KN KN Nm KN Nm
Mean value 117.8 59.0 182.8 22.9 322.2
CoV (%) 9.3 395 231 46.4 202
Minimum 116.4 17.2 87.2 55 160.2
Maximum 202.5 110.6 263.4 55.5 514.5




Table 4. Fiber contents (kg/m®) determined from specimens with different diameter.

Fiber content kg/m®

Intermediate Corner
Central zone
zone Z0ne
d=75mm d =100 mm d = 150 mm
In [ It | It [Ex| In | It | Ex| Ex | In | Ex In Ex In
- |70.9(59.9/63.5(73.2|55.9|65.5|52.4 610 | 781 56.9 | 89.8
S 169.6(80.1(86.9|61.4|57.1/61.1|52.9| ' 62.8 | 75.6
& 73.2 | 59.3
> |64.8(71.8/72.3/65.1/60.9|68.7|67.7 61.2 | 71.3
g 67.8 | 71.5
65.6|69.973.8|75.4|60.8|62.6 |59.1 65.2 | 70.6
66.7|48.6|59.4 |67.4|66.7 | 64.0 | 75.2 52.6 | 76.3
N 80.1 | 65.2
2  |465(84.7|77.2|47.6|57.4|73.1|55.6 63.3 | 73.5
@ 58.3 | 63.1
£ |49.0(60.4|49.0|53.8|74.6 |58.5|50.6 691 | 58.1 58.5 | 75.8
@ |575/70.7]63.7]546]61.9|705/623| ' 58.6 | 63.7
52.4|54.1(41.6|51.5|50.3|/51.3(37.6 96.1 | 66.4
™ 456 | 46.3
£ |51.7|57.0|315| - |46.0|50.4|28.5 60.3 | 60.6
& 52.9 | 59.4
£ 1455(38.0(60.4|54.5(40.7|39.7 | 37.4 206 | 468 66.9 | 60.6
@ |67.0/430(456|524]462(422]227] ' 66.4 | 64.0
In: Intrados  It; Intermediate Ex: Extrados




Table 5. Fibers contents at each sampling point with specimens of d = 150 mm.

Fiber contents kg/m®
Zone Segment | Sample Individual, o Average
1 1 71.5 70.6
2 69.7 8.1)
3 72.7 68.1
CENTRAL 2 4 63.6 (13.5)
3 5 46.0 449
6 43.7 (6.4)
7 73.4
1 8 69.2 69.2
9 66.3 (14.9)
10 67.9
11 64.5
12 68.4 65.3
CORNER 2 13 67.2 (13.7)
14 61.2
15 81.3
3 16 60.5 67.7
17 63.8 (17.5)
18 65.2
1 19 66.3 66.3
INTERMEDIATE 2 20 60.7 60.7
3 21 56.2 56.2

(): Coefficient of variation, %

Table 6. Statistical parameters of the samples used to evaluate the fiber content across the

segments thickness.

Extrados Intrados
Parameter . .

side side
Average, kg/m® 62.9 66.5
Standard deviation, kg/m® 11.6 10.3
CoV, % 18.5 155
Minimum, kg/m?® 40.6 46.3
Maximum, kg/m? 96.1 89.8




Table 7. Statistical parameters of each analyzed samples.

Parameter Diameter (mm)

75 100 150
Data number 47 36 12
Mean , kg/m® 60.2 55.8 61.2
Standard deviation, kg/m® 12.4 115 135
CoV, % 20.6 20.6 22.0
Minimum, kg/m?® 315 28.5 40.6
Maximum, kg/m? 86.9 75.2 80.1







