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Abstract: Problem statement: Rate dependence of the newly developed Very-Higbrgth-
Concrete (VHSC) composites has received littlematiention so farApproach: In this research, the
bond-slip mechanisms of four types of steel fibensbedded in VHSC matrices were investigated
through single-fiber pullout tests with the loadireges and matrix strengths are the primary vaggmbl
This study presented the experimental resultsa#l stber-matrix bond characteristics and discussed
the influence of loading rates on the pullout beéba\Results: The results were measured in terms of
peak loads and total fiber pullout work or dissgghbond energy. Results indicated that the increase
pullout rate increases both peak load and totdbptvork for all deformed fibers but had no effect
smooth, unreformed fibergConclusion/Recommendations:De formed and smooth fibers exhibit
different rate sensitivities. The variation in respe was attributed to the fiber end conditionss It
recommended that (1) additional experimental telstaild be performed at other loading rates and (2)
an analytical model should also be developed tdyaeahe rate effect on the interfacial deboning
process of VHSC composites.

Key words: VHSC, fibers, rate sensitivity, pullout rate, matrstrength, interface, mechanical
properties

INTRODUCTION material’s toughness. However, the vast majority of
theses and other studies have dealt with statidiiga
Fiber-reinforced Very High Strength Concrete conditions. Very few studies have investigatedfiber
(VHSC) composites are promising materials for mse i pullout behavior under various loading rates. Kinal.
wide variety of civil and structural engineering (2009) investigated the correlation between rate
applications. As compared to conventional concttbe, sensitivity in single fiber pullout behavior andtea
primary improvements of VHSC include packing sensitivity at the corresponding High PerformaniteF
through gradation of particle sizes, porosity ahd t Reinforced Cementations Composites (HPFRCC).
similar modulus of elasticity of its constituentBhe  Their results included the effect of loading ratetbe
compressive strength of VHSC could reach 200 MPa odfirst cracking strength, post cracking strength atndin
greater, approximately 7 times that of conventionalcapacity as a function of fiber type, fiber volume
concrete (O'Neilet al., 1999). This breakthrough in fraction and matrix strength. Zhouhwa al. (2002)
concrete technology is generally achieved by usieg Performed dynamic fiber push-out experiments on
particle-packing method, elimination of the coarsemodel single fiber composite systems. They stuttied
aggregates, lowering of w/c ratio, lowering of carb effect of loading rate, fiber length and surface
silica fume ratio and applying heat during curingroughness on the push-out behavior and concludsd th
(O’Neil et al., 1999; Olivieret al., 2000). the maximum push-out force increases with increpsin
Studies on fibers’ interaction with the cements#tou loading rate. Khanna and Shukla (1994) performed
matrix (Naaman and Najm, 1991; Chan and Chu, 2004jber pull-out test on copper/polyester model cosif@
Kim et al., 2009; Zhouhuat al., 2002) have shown that and observed that the maximum pull-out load inerdas
good interfacial bond provides high resistanceilberf by about 25% when the pull-out rate was increased
pullout during tensile-cracking and greatly incesathe  from 4.210 to 0.42 cm se¢. Gokoz and Naaman
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(1981) performed fiber pullout tests on three typés
fibers (smooth steel, glass and polypropylene)esibfl
to quasi-static rate (420> cm sec") and very high
loading rates (300 cm seék They observed that while
polypropylene fibers were very sensitive to thediog
velocity, smooth steel fibers were insensitivetto i

It is expected that the response of fiber reirddrc
VHSC composites is rate dependent. However, tle rat
dependent response of this newly developed mateagl
received little or no attention so far. The primary
objective of this study is to provide experimentzbt
data of the effect of loading rate on the pulloehévior
of steel fiber reinforced VHSC composites. To aehie
this goal, the present study uses single-fiberispats to
perform a series of pullout tests. The main vaeabh
the experimental program were the loading ratesSE&H

. 3(2): 454-463, 2010

study the effect of pullout rates on the pullout
mechanism of steel fibers/VHSC matrices: (1) quasi-
static rate at 0.021 mm séand (2) seismic rate at 25.4

mm sec’.

Specimen preparation: The components of the VHSC
mixture Table 2 were dry-mixed at a low rate forrih

and then the water/HRWRA was slowly added and
observed for several minutes. Each batch was
guantified to produce two pullout specimens andefi

in. cubes for compression testing. After castingl an
adequately vibrating, the specimens were covered fo
36 h before the 7 days curing at room temperatuie i
lime saturated water tank. After the 7 days curihg,
VHSC specimens and cubes were placed in a water
filled tank which was placed in an oven set at 9€5C

mixtures and fiber types and geometries (smoothfour days (oven-wet curing). After four days, thegre

hooked, flat end and helical). The pullout loadssus
slips, peak loads and the pullout work (or dissigdiond
energy) were evaluated and reported. The resultisiof
experimental investigation are
understand the effects of fiber
properties and loading have on bond-slip charatiesi
as well as the effectiveness of steel fibers orrawvipg
tensile properties and toughness of VHSC.

MATERIALS AND METHODS

Four types of steel fibers (Table 1) were embedd
in six different concrete matrices, leading toyfiftne
basic series of pullout specimens. Each specime
consisted of six fibers, producing six single-fiber
pullout tests. The steel fibers, namely Dramix 80/3

removed from the filled tank and returned to theroat
90°C for an additional 2 days (oven-dry curing). tbe
other hand, the normal concrete specimens werel cure

important to betterin the lime saturated water tank for 7 days.
geometry, matrix

Test setup and testing proceduresMTS 858 Bionix

Il testing machine Fig. 1 was used to carry out the
fiber pullout tests for both the quasi-static teatsl
seismic loading tests. The pullout load speed ler t
quasi-static test was 0.021 mm Seavhile loading
rate of 25.4 mm sét was used for seismic rate. The

e?atio of the high rate to low rate is 1200, or tre

8rders of magnitude. The testing procedures involve
securing the pullout specimen to the platen and

carefully center each fiber between the grip faces.

ZP305, Fibercon and Polytorx were embedded a&@ch fiber was griped by extending the hydraulic
deformed, hooked, or smooth. The smooth fibers wer@Ctuator to the maximum extension possible without

prepared by clipping off the end of both the hookad
the flattened end fibers. The matrices consistetivof
normal concretes (42.5 and 54 MPa) and four vegi-hi
strength concretes ranging from 133-196 MPa. Table
provides the mixture proportions for the VHSC uged
this investigation. Two loading rates were applied

Table 1: Types and properties of the steel fibers

touching the pullout specimen. The values of tredlo
and the corresponding movement of the actuator
(displacement) were recorded using MTS Test works
4.0 software. The recorded data were then adjusted
subtracting the elastic elongation of the fibemirthe
corresponding displacement.

Mechanical Length Cross section Tensile strength

Fiber profile Fiber type deformation (mm) area (fhm Coating (MPa)
TN— Dramix ZP 305 Hooked-end 30 0.250 None 1109
B < Flat end Flattened-end 50 1.080 None 1110
B Polytorx Helix 25 0.190 zZinc 1728
T e Dramix 80/30 Hooked-end 30 0.116 Brass 2094
Table 2: VHSC Mix proportions

Cement Sand Silica flour Silica fume HRWRA Water
Proportion 1.00 0.97 0.28 0.39 0.0206 0.22
Specific gravity 3.15 2.65 2.65 2.22 1.3000 1.00
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Load VS displacement pullout rate
smooth dramix in VHSC
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Fig. 1: Specimen and test setup ’ i e
& 90 4ol “High rate
RESULTS - i — Low rate
= i S Low rate
. . = 45 IJJ V\\-\ a
Effects of loading rate on pullout behavior ofefte T S =
fibers/VHSC matrices are tabulated in Table 3 and 0 =
illustrated in Fig. 2-11. Specimens designated lyhH 0 2.5 5.0 7.5
Rate or “HR” were pulled out at a seismic rafe D‘Spla“‘l;‘““ (thm)
25.4 mm se¢; all other fibers were pulled out of the ®)
matrix at a static rate of 0.021 mm SedResults of Load VS displacement pullout rate
peak load, displacement at peak, pullout work akpe comparison: Smooth dramix/VHSC
and total work (or total pullout energy) were agea 135
from six tests and reported here. Pullout mechasisin
i i : Z 90 " —
different types of steel fibers are as follows: % “’*‘V\,»-f I}.Ié%.}'lrate
Dramix 80/30 high carbon fibers: Results of smooth = B ‘nﬁ"’f‘""--’.ﬁ-‘-.w“- WM g Ay
Dramix 80/30 (DS) fibers pulled from VHSC and from ol A
the standard grout matrices are illustrated in Rig. 0 25 50 75 100 127
Results indicated that for fibers embedded in VHSC Displacement (mm)
with embedment lengths of 6.35 and 12.7 mm, th& pea (c)
loads and pullout works are higher for the higher
pullout rate. Comparing low pullout rate to higlesa Load -displacement pullout rate
the percent difference in peak load is 69 and 2886 f comparison: Smooth dramix/grout
embedment lengths of 6.35 and 12.7 mm, respectively 90
The corresponding increase in the total pulloutknisr PPN AYA —High rate
108 and 44% respectively. Also, the test resultsash A P s i Rowaaie
that both the pullout energy at peak and displace e T Mv b i PO Y
peak load are also higher for the fibers pulledaiuhe = \\«\
high rate. Further, as shown in Fig. 2a the HigheRa ol ks
(HR) fibers’ initial slope is linear, while the lovate 0 25 50 15 1.0 125
fibers’ entire pullout curve is oscillatory. Howeydor Displacement (mm)
the 12.7 mm embedment length Fig. 2c, the init@pes (d)

of both high rate and low rate curves are very lsimi
Moreover, in contrast to VHSC, pullout from the Fig. 2: Effect of pullout rate on Smooth Dramix (DS

standard grout indicated that the peak load is%9ebs fibers at different embedment lengths. (1 in =
and the pullout work is 33.2% less when the sm@pth 25.4 mm; 1 N = 0.225 Ib) (a) 6.35 mm/VHSC
fibers pulled out from standard grout at high rate (b) 9.5 mm/VHSC (c) 12.7 mm/VHSC (d) 12.7
comparing to the lower rate Fig. 2d. mm/standard grout
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Pullout behavior of Hooked Dramix (DH) fibers is From Fig. 2 and 3, it can be seen that the maximum
shown in Fig. 3. Both the peak load and total pullo pullout load values (for the smooth and hooked Dxam
work increase with the pullout rate. For an embeutme fibers pulled from VHSC) increased with pullouteat

length of 6.35 mm, the peak load difference betweerrhis suggests that the pullout resistance of thieses
the HR and low rate is 12.7% and the pullout workig rate dependent.

difference is 38%. The corresponding differencetifar Further. as shown in Fi

; . . , g. 4a, pullout curve of
1.2'7 mm fibers is 28.2 and 49.4% respectively. Th%iberNHSC exhibits linear behavior until the pealad
displacement and pullout work at peak load are alscl)S reached. The post peak behavior of the hooked D
higher at higher rate. As illustrated in Fig. 3a anthe :

pullout behaviors of the High Rate (HR) and lowerat fiber does not appear to be influenced by matrix

fibers are very similar. However, the post peakavédr

strength. On the other hand, the initial inclineté

of fibers with the 9.5 mm embedment length Fig. 3psmooth D fibers pulled from VHSC medium Fig. 4b is

causes the total pullout work at low rate to beatge

very steep and terminates at the peak load. After t

than high rate fibers. Behavior of deformed Dramixpeak, the load drops sharply and then oscillatéibthe

fibers embedded in standard grout is shown in Jdg

Load-displacement pullout rate

final sharp descent.

Load VS displacement pullout rate
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Fig. 3: Effect of pullout rate on Deformed DramRH) fibers at different embedment lengths. (a) 61%8/VHSC

(b) 9.5 mm/VHSC (c) 12.7 mm/VHSC (d) 12.7

Effect of matrix’s strength

mm/staddgrout

Effect of matrix’s strength

hooked dramix fiber smooth dramix
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Fig. 4: Hooked and smooth Damix fibers embeddedifferent matrixes’ strengths with 12.5 mm embedimen
length. (a) Hokked Dramix (D) Fiber (b) Smooth DrarfD) Fiber
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Table 3: Effect of pullout rate

Pullout Embed.
rate length fC Ppeak Apealk Wpeak Wtotal
Fiber (mm se@) (mm) (MPa) (N) (mm) (N-m) (N-m)
25.400 6.35 196.0 112.40 0.280 0.025 0.3180
0.021 6.35 196.0 66.50 1.450 0.065 0.1530
25.400 9.50 196.0 76.90 0.760 0.040 0.3290
0.021 9.50 196.0 81.10 1.300 0.063 0.3770
Smooth dramix 80/30 25.400 9.50 157.6 107.90 0.170 0.011 0.4970
0.021 9.50 157.6 112.10 2.480 0.223 0.5050
25.400 12.70 159.0 119.90 0.430 0.024 0.6520
0.021 12.70 159.0 94.00 0.170 0.009 0.4530
25.400 12.70 54.0 53.80 2.060 0.073 0.4110
0.021 12.70 54.0 80.40 7.680 0.457 0.5480
25.400 6.35 178.0 211.90 0.580 0.084 0.5900
0.021 6.35 178.0 188.10 0.460 0.060 0.4270
25.400 9.50 172.0 240.70 0.640 0.105 0.8270
Hooked dramix 80/30 0.021 9.50 172.0 247.80 0.560 .09® 1.0780
25.400 12.70 172.0 69.77 0.680 0.146 1.6610
0.021 12.70 172.0 310.40 0.660 0.107 1.1120
25.400 12.70 54.0 175.00 1.000 0.124 0.5140
0.021 12.70 54.0 150.90 1.030 0.104 0.6220
25.400 9.50 147.0 152.90 0.630 0.070 0.7160
0.021 9.50 173.0 135.30 0.440 0.045 0.6400
25.400 12.70 156.6 168.60 1.610 0.191 1.1320
Smooth ZP 305 0.021 12.70 156.6 272.90 2.230 0.237 0.9650
25.400 15.90 134.5 183.40 5.590 0.375 1.3040
0.021 15.90 134.5 189.40 1.930 0.279 1.7180
25.400 12.70 42.5 70.40 0.254 0.009 0.2640
0.021 12.70 42.5 66.20 0.254 0.010 0.3310
25.400 6.35 157.3 117.30 0.614 0.054 0.5160
0.021 6.35 157.3 119.20 0.236 0.021 0.4040
Hooked ZP 305 25.400 12.70 164.7 273.80 0.996 0.177 1.4610
0.021 12.70 178.1 272.30 0.460 0.088 1.2760
25.400 12.70 42.5 232.10 0.830 0.155 1.2580
0.021 12.70 42.5 172.40 1.280 0.173 0.7850
25.400 6.35 191.0 298.80 1.030 0.517 0.9900
0.021 6.35 191.0 242.60 0.470 0.090 0.7280
25.400 9.50 191.0 409.70 2.220 0.716 2.1420
Smooth fibercon 0.021 9.50 191.0 271.50 1.280 0.205 1.2750
25.400 12.70 168.3 575.60 1.250 0.528 3.8060
0.021 12.70 168.3 603.20 2.370 1.084 4.4830
25.400 25.40 133.0 721.90 3.310 1.937 11.034
0.021 25.40 133.0 871.00 6.890 4.863 14.405
25.400 6.35 152.6 1061.00 2.950 2.224 3.7120
0.021 6.35 152.6 775.30 1.620 1.050 3.3400
25.400 12.70 152.6 1375.00 1.710 1.778 2.1700
Flattened end fibercon 0.021 12.70 152.6 1189.00 21@. 2.096 2.8110
25.400 25.40 157.3 1181.00 1.840 1.469 3.6850
0.021 25.40 157.3 1135.00 2.060 1.791 8.6750
25.400 25.40 54.0 389.60 0.180 0.035 8.7270
0.021 25.40 54.0 256.60 0.220 0.026 2.4810
0.021 12.50 154.0 350.40 0.680 0.180 0.2300
Polytorx 0.021 12.50 147.0 330.40 0.640 0.170 0220
0.021 12.50 42.5 280.40 1.050 0.230 1.5600

(1in=25.4mm; 1 N =0.225 Ib; 1 MPa = 145 psiN-in = 8.85 Ib-in)

ZP 305 low carbon fibers:Similarly, the pullout test incline in contrast to the low rate fibers. Furthtre
results of the smooth ZP 305 fibers pulled out frompullout behavior of ZP 305 embedded in standarditgro
VHSC matrix Fig. 5 indicated that both the peakdloa Fig. 5d show that the post peak behaviors are thfigh
and total pullout energy increases with pullouterat different which contributes to the higher total waf
Figure 5a shows that the pre peak pullout behawabrs the fibers pulled at the low rate.

the HR and low rate fibers are somewhat similar.  Pullout test results of the deformed ZP 305
However, the difference in post peak behaviorsembedded in VHSC Fig. 6a and b indicated that the
suggested varying tunnel damage. Figure 5b illts¢ra loading rate has no effect on the peak load. Howeve
the erratic behavior of the fiber at high pulloate. the displacement at peak load and the post peak
Fibers, at both rates, exhibit a load drop afteritiitial ~ behaviors contribute to the higher total work c thigh
incline, but the HR fiber exhibits a significantcead rate fibers. On the other hand, when the deformed Z
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305 is pulled out from standard grout Fig. 6c, tigh
loading rate resulted in 34.6 and 60% increaseeskp
load and total pullout work, respectively. As shoiun
Fig. 6¢, the high rate fibers’ initial slope isdar up to
the peak load. In contrast, the low raterinitial

Load-displacement pullout rate

slope changes from linear to nonlinear well befine
peak load. Moreover, the post peak decline of the H
curve is gradual and consistent in contrast to the
oscillatory behavior of the low rate curve.

Load-displacement pullout rate

180 comparison: Smooth ZP305/VHSC comparison: Smooth ZP305/VHSC
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Fig. 5: Effect of pullout rate on smooth ZP 305 YZiBers embedded at different lengths. (a) 9.5 W8C (b) 15.9
mm/VHSC (c) 12.7 mm/VHSC (d) 12.7 mm/standard grout

Load-displacement pullout rate
comparison: Hooked ZP305/VHSC
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Fig. 6: Effect of pullout rate on hooked ZP 305 jZitbers embedded at different lengths. (a) 6.35/%SC (b)

12.7 mm/VHSC (c) 12.7 mm/standard grout
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Fig. 7: Hooked and smooth ZP 305 fibers embeddetifierent VHSC matrixes with 12.5 mm embedmengtén
(a) Deformed ZP 305 fiber (b) Smooth ZP 305 fiber
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Fig. 8: Effect of pullout rate on Smooth Flat e} fibers embedded at different lengths. (a) &@&/VHSC (b)
9.5 mm/VHSC (c) 12.7 mm/VHSC (d) 25.4 mm/VHSC
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Load-displacement pullout rate
comparison: Flat end/VHSC

Load-displacement pullout rate
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Fig. 9:

Effect of pullout rate on flattened end (Fiibers embedded at different lengths. (a) 6.35/W#h$SC (b)

12.7 mm/VHSC (c) 25.4 mm/VHSC (d) 25.4/standardugro
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Fig. 10: Load-displacement curve averages forl@dehed end and (b) Smooth F-fibers embedded in
varying strength matrixes

The pullout behavior of hooked and smooth ZPvast majority of the fibers with embedment lengtiis
305 (2) fibers pulled from matrixes of varying stgghs  12.5 and 25.4 mm ruptured inside the matrix when
is illustrated in Fig. 7. It can be seen that bibih peak  pulled out at both high rate and low rate. Howeeay,
load and total pullout work increases with matrix’s indicated in Fig. 9b and c, the responses to tpéura
strength. are significantly different. While the HR fiber efed

no additional pullout resistance once the rupture
Fibercon “flattened-end” fibers: Pullout behavior of occurred, the low rate fiber behaves like smodblerfi
the Smooth Fibercon (FS) fibers is tabulated inld@& The pullout behavior of the flattened end fiber
and illustrated in Fig. 8. Pulling 6.35 mm at higlte = embedded in standard grout Fig. 9d indicated tb#t b
causes the peak load to increase by 23% and thke tothe peak load and total work at the high rate aeater
pullout work by 36% in comparison with the low than the corresponding values at the low rate.heuart
pullout rate. The increase at an embedment lenfith @fter deboning, the flattened end is pulled throthgh
9.5 mm is 51 and 68% respectively. In contrast, amatrix wearing down the end deformation of the ffibe
embedment lengths of 12.7 and 25.4 mm the pullouvhich results in behavior similar to a smooth fiber
parameters are greater for the Ilow qutll rate. The effect of matrix’'s strength on the behavior of
On the other hand, behavior of the Flattened emt) (F the flattened end F-fibers embedded in VHSC is
fibers embedded in VHSC Fig. 9 indicated that thé e shown in Fig. 10. As shown, when the matrix strangt
condition of these fibers improves their pulloutincreases from 54-153 MPa, the peak load and total
resistance. This increase in the resistance mayullout work increases by 248 and 156% respectively
however, cause fiber ruptures and thus reduce thEor the smooth F-fibers, the corresponding
energy absorption capacity. It should be notetitthe  percent increases were 262 and 425% respéctive
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Effect of matrix’s strength the tunnel and did not significantly rip or teae timatrix
555 polytorx fiber while bending around the curves of the tunnel.
1‘ ( ZP 305 low carbon fibers:Pullout test results of the
27041 1/ - 'f"{‘\I_P‘“ deformed ZP 305 embedded in VHSC indicated that the
z 2254 Ressaaa loading rate has no effect on the peak load. Howeve
T 180 the post peak behavior contributes to the highergn
— 135 _ of the high rate fibers. Additionally, comparingettwo
90 - ZP 305 fibers embedded in VHSC, the hooked fibers’
45 ' peak load is 1.9 times that of the smooth fiberstbhe
0 — ; pullout work of the hooked fibers is only 32% gezat
0 2.5 5.0 7.5 10.0 than the smooth fibers. Both the smooth and hoaked
Displacement {mm) fibers pulled out without damaging the tunnel.

However, some of the fibers ruptured internallythet
Fig. 11: Load-displacement curve averages for potyt base of the hook, the others ruptured at the
fibers embedded in VHSC and standard grout fiber/concrete interface.

Further, the behavior of the flattened end fibaurbepl ~ Fibercon “flattened-end” fibers: behavior of the
from VHSC was very consistent Fig. 10a. The initial Flattened end (FH) fibers embedded in VHSC inditate
incline is linear up to the R point then increases that the end condition of these fibers improvesrthe
nonlinearly to the point of rupture (the embeddedpullout resistance. This increase in resistance , may
flattened end shears off). Once the fiber ruptutesre  however, cause fiber ruptures and thus reduce the
is a significant load drop, then a gradual descenti energy absorption capacity. That is, the high lbgdi
total pullout. On the other hand, the pullout bebes rate ruptures these fibers causing sudden drofo\at
of the smooth F-fibers Fig. 10b are significantly displacement) in the pullout curve, which in turn
different depending on which matrix they are pulledresulted in lower pullout energy or area under the
from. The initial incline of both are similar wilinear  pullout curve. However, the peak loads remain higtte
branches followed by nonlinear branches endindnat t high loading rate. The mode of fiber failure chasmge
peak load. from a complete pullout under quasi-static loading
fiber rupture under seismic loading rate.
Polytorx fibers: The Polytorx P-fibers pulled out from Also, it was observed that the F fibers pulled @iut
VHSC ruptured at all embedment lengths. Howeverthe grout were significantly worn down, almost
when the compressive strength of VHSC is 263%matching the diameter of the body of the fiber.tRerr,
greater than the compressive strength of the gthat, it was noticed that when the deformed flat end rfibe
peak loads increase only 25%, but, due to fibetungp  pullout from the grout, it held its peak load fon a
the pullout work is significantly lower. Fig. 11 extended displacement. This appears to be thet refsul
illustrates the pullout behavior of the P-fiber edtled the flattened end cutting through the grout urttié t

in VHSC and standard grout. flattened end was worn smooth. While being pulled
from the VHSC matrix, the internal flattened endks,
DISCUSSION hence the sharp drop in load.

Dramix 80/30 high carbon fibers: Effects of loading Polytorx fibers: The Polytorx (P) fibers embedded in
rates on pullout mechanism of smooth and hooked/HSC ruptured at all embedment lengths. However, th
Dramix fibers show that pullout rate has greatéeatf peak loads for the fibers pulled from the VHSC are
on total work than the peak load. In case of smoothiigher than those pulled from the standard grout bu
Dramix 80/30 (DS) fibers, the loading rate effect o due to fiber rupture, the pullout work is signifithy
pullout energy is greater than in the peak loadstie  lower.

displacement at peak load is significantly lowehigth

pullout rate. The hook end of the Dramix 80/30 (D) CONCLUSION
fiber substantially increases the peak load andl tot
pullout work in both VHSC and grout matrixes. The effect of pullout rates, using single fiber

Further, the pullout curve line of the hooked Defitis  pullout test, is helpful for understanding the rate
fairly smooth indicating that the fiber traveleddhgh  sensitivity of interfacial bond behavior of VHSC
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composites. This experimental study investigatesl thKhanna, S.K. and A. Shukla, 1994. Influence of ffibe

effect of loading rate on the pullout behavior tded
fibers embedded in very high strength concrete
mediums. Quasi-static and seismic loading rates,
different types of steel fibers and different mezgs of
VHSC were used. The following conclusions can be
drawn from the findings of this research:

inclination and interfacial conditions on fractune
composite materials. Exp. Mech. J., 34: 171-180.
DOI: 10.1007/BF02325714

Kim, D.J., S. El-Tawil and A.E. Naaman, 2009. Rate-

dependent tensile behavior of high performance
fiber reinforced cementations composites. Mat.
Str., 42: 399-414DOI: 10.1617/s11527-008-9390-x

« Increasing loading rate was seen to producéNaaman, A. and H. Najm, 1991. Bond-slip mechanisms

increasing peak load and pullout energy for the
deformed fibers

» For a given fiber's type, the deformed and smooth
fibers exhibit different rate sensitivities. The

of steel fibers in concrete.
88: 135-145.
http://www.concrete.org/PUBS/JOURNALS/OLJD

etails.asp?Home=MJ&ID=1896

ACI Matér,

variation in response is attributed to the fibed en O'Neil, E.F., B.D. Neeley and J.D. Cargile, 1999.

conditions

« The flattened end steel fiber ruptured at all
embedment lengths when pulled out at high rate;
however, the peak loads were the highest among all
other fibers. The mode of fiber failure changes

Tensile properties of very-high-strength concrete
for penetration-resistant structures. Shock Vibrat.
6: 237-245.
http://iospress.metapress.com/content/yqqaxaxegdO
pcfag/?p=6f8d205dd0194fh285c6c3b8f733f6fe

from a complete pullout under quasi-static loading®livier, B., C. Vernet, M. Moranville and P.C. Aitg

to fiber rupture under seismic loading

» Results show that both pullout work and peak load
increase as matrix strength increases for all
deformed fibers that did not rupture. Moreover,

2000. Characterization of the granular packing and
percolation threshold of reactive powder concrete.
Cem. Conc. Res.,, 30: 1861-1867. DOI:
10.1016/S0008-8846(00)00300-8

while the smooth Fibercon and the smooth zP 30%houhua, L., X. Bi, J. Lambros and P.H. Geubelle,

fibers’ pullout work and peak loads increase as
matrix strength increases, the smooth Dramix
fibers do not appear to be affected by matrix
strength
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