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ABSTRACT

The main objective of this study is to investigate the mechanical behaviour of
cementitious based composites subjected dynamic tensile loading, with effects of strain
rate, temperature, addition of short fibres etc. Fabric pullout model and tension stiffening
model based on finite difference model, previously developed at Arizona State University
were used to help study the bonding mechanism between fibre and matrix, and the
phenomenon of tension stiffening due to the addition of fibres and textiles. Uniaxial tension
tests were conducted on strain-hardening cement-based composites (SHCC), textile
reinforced concrete (TRC) with and without addition of short fibres, at the strain rates
ranging from 25 s to 100 s™*. Historical data on quasi-static tests of same materials were
used to demonstrate the effects including increases in average tensile strength, strain
capacity, work-to-fracture due to high strain rate. Polyvinyl alcohol (PVA), glass,
polypropylene were employed as reinforcements of concrete. A state-of-the-art phantom
V7 high speed camera was setup to record the video at frame rate of 10,000 fps. Random
speckle pattern of texture style was made on the surface of specimens for image analysis.
An optical non-contacting deformation measurement technique referred to as digital image
correlation (DIC) method was used to conduct the image analysis by means of tracking the
displacement field through comparison between the reference image and deformed images.
DIC successfully obtained full-filed strain distribution, strain versus time responses,
demonstrated the bonding mechanism from perspective of strain field, and corrected the

stress-strain responses.
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1. INTRODUCTION TO HIGH SPEED TENSILE TEST
METHODOLOGY AND DIGITAL IMAGE CORRELATION (DIC)
METHOD

1.1 High Speed Tensile Test Methodology

1.1.1 INTRODUCTION

This part discusses the various components of a high speed testing system,
uniaxial tensile response cementitious composites at high strain rates and image
analysis of the tests. The components of the test set up in addition to test procedures,
data reduction approaches, and material property calculations are described. The
high strain rate testing system includes MTS 5 kip servo-hydraulic tensile testing
machine, MTS FlexTest SE control panels, laser extensometer, force measurement

and data acquisition system.

112 APPARATUS

The high strain rate testing system, shown as Figure 1.1, includes MTS 5
kip servo-hydraulic tensile testing machine, MTS Flex SE control panels, laser
extensometer, and data acquisition system. Each of the components will be
described in the following subsections. Schematic diagram of this testing system

is shown in Figure 1.2.



Figue 1.1 High Strain Rate Testing Systm

1.1.3 MTS TEST MACHINE

MTS 5 kip servo-hydraulic test frame (Figure 1.3 (a)) operating in an open
loop mode was used to perform high strain rate testing. The velocity of the
stroke/actuator is controlled by the servo-valve (Figure 1.3(b)). Different velocities
are manually obtained by opening the servo-valve to different levels. The more
open the servo valve, the higher the velocity of the actuator. A slack adaptor
(Figure 1.3(c)) is used to facilitate the specimen setup and allows the stroke to
accelerate to the needed test speed before the specimen is loaded. The current

system is capable of developing cross head velocity up to 550 inch/second.
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Figure 1.3 (a) MTS Testing Machine (b) Servo-Valve (c) Slack Adaptor



1.1.4 SIGNAL CONDITIONERS AND CONTROL PANELS

1.1.4.1 FlexTest SE Controllers
A state-of-the-art new MTS FlexTest SE control panels (Figure 1.4 (a)) and
HP computer (Figure 1.4 (b)) for controlling the testing machine have been installed

and calibrated.

(a) (b)
Figure 1.4 (a) MTS FlexTest SE Controller (b) HP Computer

1.1.4.2 Dual Charge Amplifier

A Kistler 5010B dual charge amplifier (Figure 1-5) is used for conditioning
the signal from the piezoelectric force transducer. Details are presented in the force
measurement section.

The charge amplifier type 5002 is a DC amplifier with very high input
impedance and capacitive negative feedback, intended to convert the electric charge
from a piezoelectric transducer into a proportional voltage on the low impedance
amplifier output. The calibration factor setting (adjustment of transducer

sensitivity of the amplifier) makes it possible to standardize the amplifier



sensitivities. The overall measuring ranges of the charge amplifier are given in pC
for each 10V output voltage. However, the range in practice is given differently —
as mechanical units per volt of output voltage making allowance for the sensitivity

of the connected transducer (calibration factor, expressed in pC per M.U.).

Figure 1.5 Dual Charge Amplifier

There are three different options for time constants (long, medium and short)
on the charge amplifier. The time constants are determined by the bleeder
resistance and the range capacitor, and so are dependent on the measuring range.
The time constant in the negative feedback circuit causes an exponential discharge
of the range capacitor. The calibration factor calculated at long time constant is
used in this study. It starts with the fact that all charge amplifiers have some drift
on the output voltage. This drift is re-zeroed every time the reset/operate function
on the amplifier is used. However, there are instances when it is not possible to use

reset the control drift. If the time period is long enough, amplifier drift may



accumulate to produce an unacceptable offset in the signal. Enabling a time
constant constrains the drift rate. This is because a time constant is effectively a
high-pass filter and a linear drift has zero frequency and is thus blocked by the
filtering action. The pulses, being high frequency, transmit right through the filter

without distortion.

1.1.4.3 High Rate Control Panel

To obtain the high speed function of the MTS machine, a high rate control
panel is needed (Figure 1.6). The switch with the key on the left side is used to
select the closed loop option or the high rate option. For the current high strain rate
testing, the switch is also set at high rate option. The blue button is the actuator
reset button which resets the actuator/stroke to original position after test. The
yellow button is the arm button that indicates the system is ready for high rate test
when it is lit. When the arm button is pushed down, the red button on the right side

of the panel is lit. The red fire button triggers the high rate test when pushed down.

% W 15

Figure 1.6 High Rate Control Panel
1.1.5 GRIPPING SETS
To ensure low inertial forces in the high strain rate testing, it is important to
maintain the weight of the grips as low as possible while ensuring a rigid attachment

of the specimens to the grips. A new gripping system for dynamic tests was



designed using internal wedges that were held inside the female portion of screw
connectors. The grip wedges and gripping arrangement are shown in Figure 1.7 and
Figure 1.8. The total weight of the grip system is 6.8 1b. Four steel wedges (1.0”
wide, 2” long) are used to grip the specimen at both ends. The entire length of the
wedge grip faces was serrated in order to improve the contact with the test specimen.
These wedges are housed inside hollow connecting rods. The grip was tightened
by turning the screw assembly that pushes the grip against two slanted surfaces
inside the wedge. Furthermore, care must be exercised to ensure that there is no
relative sliding of the two faces of the grip as the wedge components slide and

tighten.

(b)

Figure 1.7 Stainless steel parts used for gripping a) thin specimen such as pure

fabrics and aluminum sheet and b) thick composites



Figure 1.8 Schematic of Grip Set

1.1.6 FORCE MEASUREMENT
Strain gage based load cells are too soft and compliant at high strain rates.
The frequency response of a standard load cell may not be sufficient to detect and

measure the events which occur in a short duration.

Figure 1.9 Piezoelectric Force Transducer

A piezoelectric force transducer that is significantly stiffer than the conventional
load cells will be used for high strain rate testing. In the current testing, the force
was measured by a Kistler 9041A piezoelectric force transducer (Figure 1.9) with

a capacity of 90 kN and rigidity of 7.5 kN/um and frequency response of 33 kHz.



The piezoelectric force transducer is connected to the charge amplifier as discussed
in previous section to generate the force measurement in terms of analog voltage

output for the data acquisition purposes.

1.1.7 DATA ACQUISITION

A 4-channel data acquisition card has been installed on another computer
that is used only for data acquisition purpose. Using this new PCI.X (66 MHz / 32
bit PCI card) data acquisition card, data can be continuously transferred to the PC
host at 200 MBytes/s with four data channels. The card has 64 MBytes (32 M
Samples) memory as standard and can operate at the maximum sampling rate of 10
M/s. All the four channels on the data acquisition card (Figure 1.10) are used to
acquire the electrical signals. Two of the channels provide sinusoidal wave signals
from laser extensometer, one is analog output from piezoelectric force transducer

and one is analog output from LVVDT/stroke.

Figure 1.10 Four-Channel Data Acquisition Card
The two connections on the left side are for external triggers that are not

used in the current test. The internal trigger function of the card is used for
triggering the test event. Using SBench 5.3 software system, the signals from four

9



channels stored in the onboard memory can be displayed on the computer screen
and digitized and exported as ASCII files.

As the trigger is pushed, the actuator accelerates to reach and maintain the
preset speed. During this range of travel, the conical portion of the slack adaptor
contacts the actuator and transfers the force to the specimen. The slack adaptor
consists of a sliding bar with a conical end that travels within a hollow tube with a
matching conical fitting. The hollow tube travels freely with the actuator at the
specified velocity before making contact with the sliding bar. This eliminates the
inertial effect of the actuator and the lower grip during the acceleration stage.
However, the sudden engagement with the upper portion of the setup generates a
high amplitude stress wave, causing oscillations at the system’s natural frequency
[46]. To reduce the inertia effect, lightweight grips are recommended in dynamic
tensile tests [59]. The stainless steel grips are shown in Figure 1.7 and weigh
approximately 1500 grams (for gripping textiles) and about 2500 grams (for
gripping TRC samples). Specimens are installed between two steel wedges with
serrated faces. Piezoelectric load washers are recommended for dynamic tests

because conventional load cell has a much lower response frequency.

1.1.8 Data Processing

The signals from the piezoelectric force-link and the LVDT of actuator were
recorded at a sampling rate of 250 kHz and contained high frequency noise which
was filtered using a low-pass filter with cut-off frequency of 3 kHz to obtain the

specimen response. An example of the recorded responses of textile-reinforced

10



cement composite generated by the high speed testing setup after applying the low-
pass filter is given in Figure 1.11. The figure presents the recorded force (in volts)
versus time (in seconds) of the entire test. Due to the resistance provided by the
test specimen, the test duration took less than 3 milliseconds at an average velocity

of 2500 mm/s.
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Figure 1.11 Tensile force is plotted vs. time: a) entire test period and b) actual test
period
Figure 1.11b shows a closer observation of the force response and the

corresponding displacement history of the same sample during the actual test. The
starting point of loading was used as the zero time (t=0). The strain rate is defined
as the slope of displacement -time curve divided by the gauge length of test
specimen. Using the cross sectional area and gage length of the specimen, the
nominal stress versus strain curve can be calculated. Toughness is evaluated using
the total area under the stress—strain curve. The stress—strain curves were calculated

for all specimens and the Young’s modulus, tensile strength (peak stress),
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maximum strain and toughness. The reported results reflect the average and
standard deviation values of each set.

1.2 Digital Image Correlation (DIC) method

1.2.1 Introduction and applications

In the past decades, contacting deformation measurement techniques and
devices including linear variable differential transformer (LVDT) and electrical-
resistance strain gage were widely used in the field of experimental mechanics.
However, both LVDT and strain gage only measure the displacement or strain at
isolate locations that the deformation behavior of materials are not fully
investigated. Additionally, the experiments are limited by disadvantages of these
methods including the effective working range, which results in varieties types of
LVDT and strain gages; environments such as the effect of temperature on strain
gages; extra effort in experiment preparation like soldering, wiring and mounting;
extra cost due to the disposable devices. Thus there is a demand on newer
measurement techniques. Optical techniques such as moiré interferometry [1],
holography [2] and speckle inteferometry [3] have been proven to be matured
techniques to analyze macroscopic parameters and are being applied successfully
in many different applications. However, all the interferometric techniques have
stringent requirements for system’s stability. Moreover, the processing of fringe
patterns is laborious and time-consuming [4]. This technical difficulty has raised
many researchers’ attention and computerized procedures [5] have been developed

to automate the processing of the data from the fringe patterns.
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In the thirty years, a non-contacting optical technique, digital image correlation, has
been developed by Sutton et al. [6, 7, 8, 9] and Bruck, et al. [10]. As of recent years,
DIC was widely applied to measurement of displacements and strains in many
fields such as material science, mechanical engineering, biomechanics and
structural engineering. The applications include strain measurements for
anisotropic plastic deformation during tension testing [11], strain measurements in
a CuAlBe shape memory alloy [12], analysis of glassy polymer networks under
uniaxial compression test [13], determination of displacement distributions in
bolted steel tension elements [14], deformation measurement of fiber composite
pressure vessel [ 15]. Besides the applications on full-field deformation
measurement, DIC has also been used for many other further purposes including
the investigation of the bond between FRP and masonry [16], evaluation of kissing
bond in composite adhesive lap joints [17], tracking fatigue damage evolution of
fiber reinforced composites [18], calibrating the constitutive models of steel beams
subjected to local buckling [19], etc.

On the other hand, DIC technique can also be used together with other
measurement method. For example, Rouchier et. al [20] conducted the damage
monitoring in fibre reinforced mortar by combined DIC and acoustic emission;
damage in CFRP composites was conducted by Goidescu et. al [21] using DIC,
infrared thermography and X-ray tomography. He et. al [22] characterized the
nonlinear shear properties for composite materials based on a combination of finite
element method for stress calculation and DIC for measurement of deformation.

The combination not only improved the accuracy of material properties but also
13



provided an opportunity to extract material properties from experiments where the
stress and strain fields are non-uniform and simple stress approximation is not
feasible, reported by authors.

However, the deformation measurements of cement based composites
tested under dynamic loads using DIC method is very limited. Koerber et. Al [23]
characterized the unidirectional carbon-epoxy IM7-8552 in transverse compression
and in-plane shear, both under quasi-static and dynamic tests at strain rates up to
350 s. Full-field strain measurement was conducted using DIC method, the
process of in-plain shear and off axis compression failure modes was monitored
and the fracture angle was measured. Silva et. al determined the displacement field
and calculated spacing for sisal fiber cement composites under direct tension tests
at strain rates ranging from 5.5 x 10 to 24.6® [24]. Different displacement levels
were also observed after the first crack formation. The DIC process was conducted
using a MATLAB code developed by Mobasher et. al [25], while the analysis was

performed again using a more advanced tool in present paper.

1.2.2 DIC discipline

Digital image correlation is no exception, and algorithms are employed that
take the physics of the underlying deformation processes into account [26]. Due to
the miniscule motions that are often of interest in engineering applications, the
resolution requirements are much higher than for most other applications. To
accurately measure the stress-strain curve for many engineering materials, length

changes on the order of 10° m/m have to be resolved. The algorithm developed by
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Sutton et al. [6, 7, 8, 9] targeted towards providing high resolution with minimal

systematic errors. At the same time, a state-of-the-art phantom high camera

mounted with high quality lens manufactured by Nikon was employed in the

research.
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Figure 1.14 Preferred speckle pattern; (b) Grey level distribution of the selected

subset.

As shown in Figure 1.13, a reference image is taken before applying load
and then a set of images are taken at sampling rate of 10,000 fps till the end of test.
Deformation developed as the load increasing can be observed from the images
taken after it starts, which is referred to as deformed images. As a result, the
speckles at the surface of sample displace from their initial locations. These
differences between speckle patterns can be calculated by correlating the pixels of
the reference image and any deformed image. However, it is not possible to
establish the correspondence of a single pixel in terms of grey scale level from one
image to another. In order to address the correspondence problem uniquely, the
object surface texture should be isotropic and non-periodic, i.e., it should not have
a preferred orientation or repeating textures. These requirements naturally led to
the use of random textures, such as the speckle patterns shown in Figure 1.15a. The
pattern used in DIC adheres to the surface and deforms with it and therefore no loss

of correlation occurs even under large deformations. One of the key features of
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good speckle patterns is their high information content. Since the entire surface is
textured, information for pattern matching is available everywhere on the surface,
and not only on a relatively sparse grid. This permits the use of a comparatively
small aperture for pattern matching, referred to as a subset, see Figure 1.15a. The
principle to measuring the displacement of subset is to match the subset in reference
image with that in deformed image by means of a mapping function (Figure 1.14),
based on the detection of grey level distribution. Figure 1.14b shows an example of
a gray level distribution for an artificial texture. Its histogram corresponds to a non-
uniform distribution of gray levels. No significant saturation is observed and most
of the dynamic range of the 8-bit camera is used. The grey level as a function of x
and y of reference image F(x,y) and that of a deformed image G(x’,y’) are related
by
G(x",y") =F(x,y +ulxy))

Measurement of complex displacement fields is often an interest to
engineering community; the specimen might experience elongation, compression,
shear or rotation. An initially square reference subset might assume a distorted
shape in a later image after deformation. This reduces the similarity between two
subsets, which is often referred to as decorrelation. One of the significant
advantages of DIC algorithm is that it is not only limited to determining pure
translations but also can be easily extended to account for complex deformations.
This is accomplished by introducing a subset shape function g(x,p) that transforms

pixel coordinates in the reference subset in to coordinates in the image after
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deformation. The squared sum of differences (SSD) cost function [26] can be

written as

Cw) = ) (5 p) ~ F)Y:

Even under near ideal experimental conditions, there will be differences
between the intensity of images recorded at different times, for reasons such as
changes in lighting, specimen reflectivity due to the strain or changes in the
orientation of the specimen. Thus it is significant to develop matching algorithms
that can accurately measure the correct correspondence between subsets even if the
intensity values undergo significant changes. The way to conduct template
matching is to minimize the squared gray value differences between the reference
subset and the subset after motion. The squared sum of differences (SSD) (Eg. (2))
is one of many optimization criteria that can be used for template matching, and
indeed, gives the name of digital image correlation method.

5 YFG
ANCC = S 2o 2
X F2Y.G?

The normalized cross-correlation criterion is bounded in the interval [0,1],
and attains its maximum for perfectly matching patterns. Besides the basic principle
discussed in this part, the solution to issues like changes in lightening was also
addressed and integrated. Furthermore, optimization in computational efficiency of

the algorithm and reduction of errors were conducted [26].
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1.2.3 Testing setup and data flow
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Figure 1.15 Schematic drawing and setup of the camera

A state-of-the-art phantom high speed camera was used to record the video
at frame rate 10,000 fps, the setup is shown in Figure 1.11. The videos were
converted to images using ImageJ with tagged image file format (TIFF). The
images were analyzed using DIC method to obtain the results including full-field
strain field, strain distribution over the length of specimen, strain versus time
histories and stress-strain responses combining with the mechanical parameters.

Figure 1.13 represents the flow chart of the procedure of testing and data processing.
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2. STRAIN RATE EFFECT ON THE TENSILE BEHAVIOR OF STRAIN-

HARDENING CEMENT-BASED COMPOSITES (SHCC) UNDER

DYNAMIC LOADING AND DEFORMATION MEASUREMENT BY
DIGITAL IMAGE CORRELATION
2.1  Introduction

Strain-hardening cement-based composites (SHCC) reinforced by short
PVA fibres constitute a relatively new class of building material, which exhibits
pseudo-strain hardening behaviour with multiple cracking formation when tested
under tension loads at quasi-static strain rates [27,28]. The high ductility and strain
capacity of SHCC (also referred to as engineered cementitious composites (ECC)
[29] are exceptional for cement-based materials. They give this material a marked
potential for use in applications in which high non-elastic deformability is needed.
Some examples of very promising applications are link-slabs for jointless bridge
decks [30], structural repairs [31], and connecting beams for high-rise buildings in
earthquake areas [32]. Specifically, RC beams repaired with SHCC showed no
concrete crushing or spalling until final failure; improve moment strength and delay
the time for reinforcement yielding; controlled the crack opening size [33].

Due to the ductility of SHCC, it might be expected that such material
perform well when subjected to dynamic loading. On the other hand, the material’s
behaviour under high strain rates might be very different from that under quasi-
static loading. Thus, the validity of stress-strain relations obtained in the quasi-static
tests could be limited to low rate loading only. The use of such data in the analysis

and design of dynamically loaded structures can lead either to overly cautious,
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weighty designs or to premature structural failure. Examples of common dynamic
loading in concrete structures are fast moving traffic (¢ of 10° to 5-:10%s), gas
explosions (5-10° to 5-10*s™?), earthquakes (5-10° to 5-:10"'sY), pile driving (107 to
1s1) and aircraft landing (5-10 to 2s!) [34]. Blast loading, aircraft impact or
impact by hard projectiles can produce strain rates much higher than the instances
cited above. A proper understanding of the response of concrete-based materials to
such loading is important to the correct design of structures against which industrial
explosions, terrorist bombings, or military attacks may occur.

While there is still a lack of knowledge about the material behaviour of
SHCC under strain rates above 1s*, a few works have been published on its tensile
behaviour at rates of up to 0.2s. Maalej et al. [35] tested hybrid-fibre SHCC
containing a combination of high-modulus steel fibres and relatively low-modulus
polyethylene fibres under tensile loading at strain rates ranging from 2:10° to 0.2s°
1 With increasing strain rate, the tensile strength increased almost by two times but
no obvious changes in the strain at failure were observed. According to Yang and
Li [36], similarly, with strain rate increasing from 10 to 10-'s%, the tensile strength
of SHCC also increases by two times whereas the strain capacity decreased from
3% to 0.5%. Furthermore, Douglas and Billington [37] reported a 53% decrease in
the strain capacity and a 12% increase in tensile strength of a SHCC tested at a
strain rate of 0.2s when compared to the results of quasi-static tests (2x107°s™2).
To explain these phenomena, discussion centred on a strengthening of the bond at
the interface with increasing strain rate, which resulted in premature fibre failure.

This suggests that no complete fibre delaminating from the matrix and subsequently
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no fibre pullout occurred at high loading rates. Boshoff et al. [38] found additionally
that the probability of fibre failure increased with increased loading rate.
Furthermore, they showed by means of fibre pullout tests that an increase in the
pullout rate could change the failure mechanism from gradual pullout to
predominant fibre rupture.

There is limited publications with regard to very high loading rates Maalej
et al. [35] studied the impact resistance of SHCC to projectiles. According to these
results SHCC showed clearly beneficial behaviour in comparison to ordinary or
high-strength concrete: increased shatter resistance with a nearly complete lack of
scabbing, spalling, or fragmentation and much better energy absorption through
distributed micro-cracking. Characterisation of the mechanical properties of SHCC
was not the subject of that study. Due to the lack of studies, Mechtcherine et. al [39]
investigated the tensile behaviour of SHCC both under static and dynamic loads, at
strain rates ranging from 10°s? to 50s™. An increase in tensile strength and a
decrease in strain capacity was observed for tensile test performed at strain rates up
to 10252, In addition, the number of cracks at the composite failure decreased as
the strain rate increased, and a predominance of fibre failure was observed at higher
strain rates. When loaded at high strain rates ranging from 10 to 50s™ in this study,
SHCC showed an increase in both tensile strength and strain capacity with
increasing loading rate. No pronounced multiple cracking was observed. However,
the failure of the composite was accompanied by the pullout of most of the fibres
crossing the macro-crack. In addition, the coupled strain rate and temperature

effects on the tensile behavior of strain-hardening cement-based composites
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(SHCC) with PVA fibers Mechtcherine et. al [40] after their previous work. It is
observed that SHCC shows an increase in tensile strength and reduction in strain
capacity as the strain rate is augmented from 10 s* to 1072 s'%, both at room
temperature and 60 °C. However, the values of strain capacity at elevated
temperature were much higher than those of room temperature.

The objective of the current work is to obtain more detailed knowledge of
mechanical behaviour of SHCC under conditions of high-speed loading. With that
in mind, uniaxial tensile tests on plate specimens were carried out at different strain
rates 257, 50, and 1001, The full-field strain distribution was investigated by
means of digital image correlation (DIC) method.

2.2 The experiment

2.2.1 Materials

The SHCC composition used in the present investigation is based on
previous work by Mechtcherine et. al [28,40]. A combination of Portland cement
42.5 R and fly ash was utilized as binder. The aggregate was uniformly graded
quartz sand with particle sizes ranging from 0.06mm to 0.20mm. PVA fibres in a
volume fraction of 2.2%, measuring 12mm in length and 0.04mm in diameter
(Kuraray Co., Ltd., Kuralon K-l REC15) were used as reinforcement. A super
plasticizer on a polycarboxilate-ether basis (SP) and a viscosity agent (VA) were
added to the mix in order to adjust its rheological properties.

Table 2-1 Mix proportions of SHCC under investigation.
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Material (kg/m”)

Cement 42.5 R-HS (Heidelberger) 505.00

Fly Ash 613.54
Quiartz sand (0.06-0.20 mm) 534.22
Viscosity Agent 3.20

Superplasticizer (Glenium ACE 30) 16.58

Water 324.01
SAP 2.02
PVA — 12 mm (2.2 %) 29.30

Table 2-1 gives the mix proportions of the material developed. In
comparison to the reference mix presented in Mechtcherine and Schulze [28], the
proportion of cement and fly ash was altered. Furthermore, a superabsorbent
polymer (SAP) was used as a multi-tasking agent: (1) to reduce autogenous
shrinkage, (2) to improve the frost resistance, and (3) above all, to introduce micro-
defects, which are favourable with regard to inducing the formation of multiple
cracks (see also Brudern and Mechtcherine 2010).

The matrix was produced using a bench-mounted mixer of 20 litres capacity.
The fines and sand were homogenized by dry mixing for 30s. Water mixed with
one half of the super plasticizer was poured into the dry mix during 30s and mixed
for an additional 60s. PV A fibres were added over a period of 30s and mixed for an

additional 180s. The second half of the super plasticizer was added at this stage for
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30s and mixed for another 180s. The mix was cast horizontally in steel moulds. The
moulds were stored for 2 days in a room with controlled temperature (T = 25°C)
and humidity (RH = 65%). After demoulding the specimens were sealed in plastic

foil and stored at room temperature until testing.

2.2.2 Dynamic tensile testing of SHCC at different strain rates

The high-speed tensile tests were performed in a high-rate MTS testing
machine. The setup and procedure of the dynamic tensile testing were addressed in
Chapter 1[1.1]. The tension tests were performed at strain rates of 10, 25 and 50s™.
Six specimens were tested for each strain rate.
Material parameters derived from the experimental data included tensile strength
(peak stress), strain capacity (strain on reaching tensile strength) and work to
fracture. Work to fracture was calculated using the total area under the stress-strain
curve. Average value and standard deviation are given for each strain rate.
Furthermore, tensile stress-strain curves of the specimens tested under static and
dynamic conditions are compared.

2.3 Results and discussion

2.3.1 Strain rate effect on the tensile behaviour of SHCC

Figure 2.1 shows typical stress-strain curves obtained for the high strain
rates (25s, 50 s%, and 100 s) on SHCC specimens. The strain-hardening effect
was found to be very pronounced. The material parameters derived from the
measured data are given in Table 2-2. An increase in both tensile strength and strain

capacity (Figure 2.2b and c) was measured as the strain rate increased from 25 to
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100s? (see Table 2-2.). The tensile strength increases from 8.13MPa to 9.94MPa,
while the strain capacity rises from 0.86% to 1.82%. As a result, work-to-fracture
also shows an improvement with the increasing strain rate, from 1.15J to 4.12]
(Figure 2.2d). This observation agrees with the results reported by Mechtcherine et.
al [40], who investigated the tensile behaviour of dumbbell-shaped SHCC
specimens under dynamic loads at strain rates ranging from 10 to 50s™ and strain
rate effect on pullout behaviour of PVA fibre. It is found that the increase in strain
rate lead only to a moderate increase in fibre strength but at the same time to a
considerable increase of the pullout resistance. What is more, fibre pullout
dominates the failure mode at very high strain rates. These two phenomenon may
together contribute to the increase in tensile strength as the strain rate increases. It
is also reported that both pullout length and plastic deformation of PVA fibre
increased at strain rats over 10s, which might result in the improvement in strain

capacity and work-to-fracture of SHCC specimens tested at high strain rates.
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Figure 2.2 Effect of strain rate on the tensile behaviour of SHCC at high strain
rates: (a) tensile stress-strain responses of SHCC, (b) effect of strain rate on the
average tensile strength and tensile stress at initiation of non-linearity, (c) effect

of strain rate on strain at peak load (strain capacity) and strain at complete fail

(5% of maximum load in post peak), and (d) effect of strain rate on work-to-

fracture up to complete and up to peak.
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Table 2-2 Summary of high-speed tension test results; average results (standard

deviations are given in parentheses).

Tensile . Strain at Work-to-
. Strain 5% of
. Tensile  Stress at . fracture up Work-to-
Strain S at maximum
NO. Strength initiation . to fracture up
Rate peak stressin .
(MPa) of non- completion  to peak (J)
linearit (%) post peak (J)
Y (%)
2 9.4907 9.2667 0.9010 1.7321 1.1901 0.5928
3 8.4880 7.4907 0.8780 1.6475 1.0608 0.6235
75 5 6.4160 6.2293  0.8090 1.6249 1.1909 0.3652
AVG. 8.1316 7.6622  0.8627 1.6682 1.1473 0.5272
;TE% 1.2803 1.2459 0.0391  0.0461 0.0611 0.1152
2 8.4747 5.6027 1.0510 2.2247 1.4571 0.8139
5 10.0453 7.7120 1.3800  2.6808 1.9765 1.0142
50 6 8.1093 7.3333 2.1200 2.6945 2.1122 1.3326
AVG. 8.8764 6.8827 1.5170  2.5333 1.8486 1.0536
;TE% 0.8399 0.9182 0.4470 0.2183 0.2823 0.2136
7 11.4693  9.5547 1.997 5.7884 4.6613 1.9858
9 8.912 8.328 2.257 5.1694 3.8659 1.0581
100 10 9.424 8.072 1.202 4.6774 3.836 1.0788
AVG. 9.9351 8.6516  1.8187 5.2117 41211 1.3742
TJTEE\’; 1.1048 0.6471 0.4488  0.4546 0.3822 0.4325

32




" A—A—A 0.00001 s ! i
G—e—6 0.0001 s 12
O—B-00001st

M, 00152

| L
Lo 1
N oo
Work to Fracture [J]

T 4

a

= _ - ]

" S 0

o > 16

n 2K S 12k 3
% 1.2 I .
O 08 -
C B -
T 0.4 N y

Oﬁ | , I . B olrumd v v v v 4
0 1 2 3 1x10° 0.0001 0.01 1
Strain [%)] Strain rate [s7]

Figure 2.3 Effect of strain rate on the tensile behaviour of SHCC at low strain
rates (< 0.01s™): () tensile stress-strain responses of SHCC, (b) effect of strain
rate on the strain capacity and work to fracture of SHCC [40].

To compare the high speed testing results with those of static tests,
experiments conducted on dumbbell-shaped specimens at strain rates ranging from
10°to 1025t [40] is referred, as shown in Figure 2.3. It can be seen that the shapes
of the curves are significantly different from those obtained for high strain rates.
However, the same trend of increasing in tensile strength was confirmed by each
other. However, the strain capacity and work-to-fracture were found to be
decreasing as the strain rates increased for static test. While the behaviour of SHCC
under quasi-static tensile loading at the very low rate of ¢ = 10°s! was
characterised by a rather pronounced strain-hardening response accompanied by
multiple cracking, the SHCC response on higher, but still quasi-static rates (up to
10%sY), revealed measurably less ductile behaviour and less multiple cracking.
Similar rate dependence behaviour was also observed by Yang and Li [36] and

Douglas and Billington [37]. Within this range of strain rates the increase in
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strength and decrease in strain capacity is due to an increase in the bond strength
between fibre and matrix according to reported pullout experiments performed at
different strain rates [38]. As a result of the higher bond strength, fibre failure

becomes more frequent, with a decrease in the frequency of fibre pullout, leading

to a more brittle failure of the composite as a whole.

(@) (b) __ (©)

Figure 2.4 Fracture surface of three samples tested at: (a) 25s%, (b) 50s?, and (c)
100s, images taken by the high speed camera.

Figure 2.6 Illustrates the fracture surfaces of samples tested at high strain
rates. One visible macro crack formed leading to the failure of the specimen.
According to the microscopic investigation of the fracture surfaces using ESEM
conducted by Mechtcherine et. al[40], the samples tested with strain rates of 10s™
and higher showed a much more pronounced pullout length than with samples
tested at strain rates of 1025 or lower. The fibre pullout length measures several
millimetres in specimens tested at the higher rate whereas the corresponding lengths

observed for the specimens tested at 103s were considerably lower, less than
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0.5mm in most cases. This can easily be traced back to the occurrence of

pronounced fibre failure during the fast quasi-static tests.
2.3.2 Image Analysis

2.3.2.1 Strain field obtained from DIC
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Figure 2.5 Strain field obtained from DIC method for SHCC specimens tested at (a)
s, (b) 50s%, and (c) 100s™.

The strain field of SHCC specimens generated by the digital image
correlation method is presented in Figure 2.7. It can be observed that a macro crack
was formed either close to middle part (Figure 2.5a and c) or near the ends (Figure
2.5b), which leads to the failure of sample. The formation of macro crack is
attributed to highly stress concentration, which is required to store enough energy
to create new surfaces, from the perspective of fracture mechanics. And this
phenomenon of concentration was detected by DIC method, see Figure 2.5.
According to the legend of the contour map, red color stands for maximum strain
value while purple is the minimum, in this case, given the value of 0. Two bands in
red can be seen on the deformed images on each side of the crack, followed by a
gradually changed color path from yellow to blue. While the deformation over rest

area of the specimen appears to be extremely small that cannot be detected
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effectively. Another phenomenon observed from these images is the initiation of
cracks always start from one side of the specimen and propagates across the
specimen all the way to the other end, with a small angle with the transvers direction.
The location where crack starts initiating and propagating could be a “weak point”
or “weak section” of the specimen where the internal or external flaws that are
obvious might exist. For example, a big pore on the specimen tested under 100s-1
can be seen by eyes, which leads to the formation of a macro crack and failure of
this sample, see Figure 2.5c. The difficulty in perfectly aligning specimen with
testing machine could be another reason causing the crack initiation, which is
attributed to the moment generated between the two ends. On the other hand, from
the perspective of Hooke’s Law, the strain distribution is directly related to stress
distribution, with two material properties elastic modulus E and Poisson’s ratio v.
However, it is difficult to generate the stress field from perspective of quantification,
due to several reasons including the non-homogeneity of material, changing in
material properties with formation of cracks, etc., which make it very complicated
to determine the local E and v. Even so, the overall strain field was clearly observed

and from which the stress distribution can be roughly represented.

2.3.2.2 Shear lag based fiber/matrix bonding mechanism

The strain field obtained from DIC can be explained by the interfacial
bonding mechanism between fiber and matrix. A fabric pullout model was
developed based on earlier work by Naaman [41,42] with changes to account for

the boundary effects, and then modified by Sueki et al. [43], to simulate the pullout
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behavior for cement composites reinforced by four types of fabrics including alkali-
resistant glass, polypropylene, polyethylene and polyvinyl alcohol. The model had
demonstrated the ability to fit various representative curves of different fabrics,
matrices, embedded length, and processing methods. A modified shear lag
approach is used to simulate the response of a fabric pullout from the matrix. The
criterion for growth of the debonded fiber/matrix interface is expressed in terms of
the interfacial stress, and three conditions of debonding, failure, and frictional
pullout are modeled as a stress based approach. Static equilibrium requires that,
along the embedded length of yarn in matrix, the tensile forces in the yarn (F) be
transferred to the matrix (M) through the interface and reacted against the restraint
plate by normal compressive matrix stresses. This relationship expressed in the
differential form is:

dF dMm
—_—_— —— = 1
dx dx ve @)

where s the equivalent circumference of the yarn and zis the shear stress at yarn-
matrix interface. For small loads, the local shear stress behaves linear elastic as a
function of slip with slope x defined from the shear strength diagram (the inset in
Figure 2.6) and the slip S defined by the difference of the elongation of the yarn oy

and shortening of the matrix om:

r=xS=x(5, —5m)=,<f[gy(x)—gm(x)]dx (2)
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whereg, = LE g = _LE , A'is cross section area, E is Young modulus and

m
y m

subscripts v’ and ‘m’ refer to yarn and matrix respectively. Substituting (2) in (1)
and take the derivative with respect to x yields the differential equation for the yarn

pullout force:

d’F

v ©

where > =yxQ and Q = L + L . The general solution of the second
AE, AE,

differential equation has the following form.
F(x) =Ce™ +C,e ™ 4)
The axial force distribution is obtained by applying the force boundary

conditions F(0) = 0 and F(L) = P in (4) and by taking a derivative with respect to

X, shear stress distribution is obtained.

_ o Sinh(Bx)
FO)=P sinh(BL) ®)

(%) = P cosh(Bx)

w sinh(pL) ©)
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Figure 2.6 Shear Stress Distribution along the Yarn: Shear Stress and Force
Distribution along the Yarn: (a) Stage | (Elastic Response); (b) Stage Il
(Nonlinear Response); (c) Stage 111 (Dynamic Response); (c.1) The first dynamic
responses (no sliding, Aq =0); (c.2) Subsequent dynamic responses (when sliding
occurs, Ag>0).

Elastic Stage (I):

As long as the shear stress at interface is less than the maximum shear
strength zmax, yarn and matrix are fully bonded as shown by dashed line in Figure
2.6a and the applied load is less than the maximum bonded load (P1 < P1b,max).
When the shear stress at some location (where crack is about to initiate) reaches the
maximum strength Tmax, the elastic reponse is terminated.

Nonlinear Stage (11)
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Loading beyond the elastic limit is initiated when the shear stress exceeds the
maximum shear strength mmax. This leads to debonding for a length of d on the right
of Figure 2.6b while the two materials are still perfectly bonded on the left portion
(L-d). The shear stress distribution is governed by a constant frictional stress zc
along the debonded zone in addition to a shear lag model terminating with the
maximum bond strength value zmax at the debonding junction.

Dynamic Stage (I11)

Stage Il is defined as dynamic response (Figure 2.6c¢), which consists of
two sub stages: initial and rigid body motion. It is assumed that at the time the yarn
is completely debonded (A4 = 0), the shear resistance still remains a uniform value
arc throughout the yarn length. Sliding (4q¢ > 0) begins right after the completion
of debonding. The resisting shear stress is assumed to drop to dynamic shear
strength zayn leading to a simplified rigid body motion. It can be shown that during
the rigid body motion stage (Aq> 0), the shear resistance drops to zyn, the embedded
length reduces to (L-Aq).

The fabric pullout model based on shear lag theory confirmed well with the
development of the strain field as shown in Figure 2.5. Generally for each set of
time lapsed images, the first one or two frame is corresponding to the Elastic Stage
(). Shear stress reached its maximum zmax in the zone of strain concentration where
a macro crack formed, followed by the debonding between fiber and matrix.
Nonlinear Stage (I1) was observed as the color within this zone turned into green or

orange (second or third frame), when the crack initiated. At the same time, a
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gradient of strain, represented by the changing in color from orange/yellow to blue,
was detected, which is traced back to the shear lag effect. The decreasing in shear
stresss from crack to far field leads to a decrease in axial deformation of matrix
along the same direction. The third or third and fourth frame of each image set is
associated with the crack propagation and the sliding of yarn from matrix occurred,

which took place during Dynamic Stage (111).

Figure 2.7 Selected line across the entire specimen for study of strain distribution

To digitize the distribution of strain, a line across the entire specimen tested
under different strain rate was selected (see Figure 2.7) and the strain value at each
point out of the line was extracted and plotted, as shown in Figure 2.8. The curves
show a similar trend with the distribution of shear stress between fiber and matrix
based on the fabric pull out model. When the shear stress between fiber and matrix
exceeded shear strength Tmax, the peaks corresponding to strain concentration were
observed (at 0.1 ms). As load kept increasing, peak value rose dramatically up to
about 6% (25 s?), 9% (50 s?), and 7% (100 s*) while the failure occurred,

respectively. On the contrary, uniform regions where the strain values were close
42



to zero can be seen, which are the regions in purple of time lapsed images (see

Figure 2.5).
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Figure 2.8 Distribution of longitudinal strain over the length of specimen tested at
(@) 25 s, (b) 50 s%, and (c) 100 s?
The fiber and matrix were perfectly bonded within this region and the shear

stress is very small. As a transition from concentration to uniform, the strain

decreased from peak towards both two directions of the top and bottom ends. This
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gradient not only confirms with the gradually changing in color of strain field
images, but also demonstrates the effect of shear lag perfectly. The discontinuous
part of the curves can be traced back to the formation of crack which broke the

speck pattern into segments.

Uniform

Shear lag Shear lag

Localizatior

(b)

Figure 2.9 Dividing of three zones

and point selection for the sample
tested at (a) 25 s, (b) 50 s%, and (c)

100 s™.
Shear lag

Uniform

(©)

Based on the pullout model and observations from DIC, three zones were

defined as Localization, Shear lag and Uniform as Figure 2.9 shows. To investigate
the strain versus time histories within different zones, 9 or 12 locations for each
specimen were selected shown as the small white points. Strain versus time
responses at these points of interest zone were extracted and plotted, see Figure
2.10 and summarized in Table 2-3, value in parenthesis refers to standard deviation.

The difference of axial strain among different zones can be easily observed. For
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example, Figure 2.10a shows the 12 strain-time curves for the specimen tested at
25sL, The axial strain in zone of localization reached 5.5% as its peak value, while
within the zone of shear lag, peak strain was found to be 2.3%, less than half of that
in localized strain. The curve of strain within uniform zone is subjected to very
slight oscillations around 0 with maximum value of 0.6%, which is not obvious in
the coordinate system with ordinate ranging from 1% to 8%. Similar trends can be
found on the sample tested under 50s™ and 100s™.

For the overall strain versus time responses, three distinct stages are
identified using Arabic numerals, with two stages prior to and one after peak. Stage
1 corresponds to a comprehensive process including the acceleration, some level of
slippage existing in the gripping system to strengthen the frictional connection
between specimen and fixture. More importantly, this stage may also be associated
with the Elastic Stage as defined in the fabric pullout model from perspective of
fiber and matrix bonding mechanism. That is, the shear stress is increasing up to
the maximum shear strength tmax during this time, when the fiber and matrix are
perfectly bonded. When it turns into stage 2, a steeply inclined and linear portion
can be observed, and the axial strain quickly rose from 1% to peaks (5% to 7%) in
0.1 to 0.4 ms, as the curves identified. This stage can be related to the Nonlinear
and Dynamic stages, when the fiber and matrix were completed debonded followed
by a rapid slippage or simplified rigid body motion as modeled, with shear stress
dropping to a dynamic shear strength tayn. This explanation is also supported by the
study of Mechtcherine et al. [40], who pointed out the mode of failure for SHCC

reinforced by PVA fiber subjected to tensile loads at strain rates above 1s? is
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characterized by fiber-matrix pullout failure. As a result of debonding and fiber
pullout, the concentration of strain was initiated and well developed, confirming
with time elapsing images, see Figure 2.5. Stage 2 is terminated by the failure of
the specimen, when strain reaches the peak. Thus, the slope in stage 1 is generally
much smaller than that of stage 2. With the fracture of matrix and the rupture or
completely pullout of fibers, a recovery of deformation in matrix was observed in
stage 3, where the axial strain drops dramatically back to 0, sometimes followed by
vibrations. This is attributed to the closing of invisible micro cracks bridging by
fibers and elastic recovery of matrix itself. On the other hand, the whole strain
response can also be divided as “pre-crack”, “crack” and “post-crack” behavior
according to the effect on strain by the formation of crack. However, compared to
the DIC, the post-crack behavior cannot be detected by traditional data analysis
approach, where the nominal strain is defined as the displacement of actuator
divided by the gage length of specimen. The traditional approach is based on two
assumptions: (1) Elongation of the sample is equal to the movement of actuator; (2)
strain distribution is uniform over the entire specimen. However, in fact, the
existing of slippage in the gripping system makes the displacement in a way larger
than the real elongation; and the actuator travels all the way down to a designated
end level since the experiment was conducted using a servo-hydraulic machine
under open loop. Thus the nominal strain will always increase with the moving
actuator so that the recovery of deformation cannot be observed. Moreover, on the

contrary with assumption (2), the distribution of strain is quite non-uniform with
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concentration near the crack and uniform zone at far field as identified by the time

elapsed images.
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Figure 2.10 Strain versus time histories obtained from DIC method selected from

three defined regions for the sample tested at different strain rates: (a) 25s2, (b)
50s?, and (c) 100s™.
Table 2-3 Summary of peak strains within different zones; average results (standard

deviations are given in parentheses).

Peak Strain (%) 255 50s™ 100 s?
Localization 5.5078 (0.0887) 6.9030 (0.2819) 5.9705 (0.2162)
Shear lag 2.3117 (0.0748) 2.3000 (0.0654) 2.3130 (0.0794)
Uniform 0.0588 (0.0254) 0.0644 (0.0069) 0.0557 (0.0278)

2.3.2.3 Stress-strain

The correlation between stress responses and strain responses obtained from
DIC was also done for four individual speckled samples tested at different strain
rate, as shown in Figure 2.11 and summarized in Table 2-4. Due to the non-uniform

distribution of strain, the average value of strain along the selected lines (see Figure
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2.9) was calculated and plotted with the stress. Since the images (source of strains)
and loads (source of stress) were collected using two different systems, high speed
camera and data acquisition system connected to testing machine, time was used to
link the two sets of signals as the sampling rate of each system is known. Figure
2.11a shows the DIC based stress-strain curves of the four speckled samples and
Figure 2.11b compares the stress-strain responses obtained from DIC with the
original ones. It can be seen both from the plots and table that the initial slope of
the four original curves, 1.15 GPa, 1.27 GPa, 7.70 GPa and 0.67 GPa, are quite low
and showing large variation. While the initial linear portion is associated with the
pre-crack stage of the test, when the fibre and matrix are perfectly bonded. During
this stage, the tensile load is mostly taken by the matrix rather than the fibre. Thus
the initial slope should be close to the elastic modulus of matrix. However, at the
very beginning of test, slippage in the gripping system, demonstrated by the high
speed video, takes place which leads to the error in measurement of deformation.
In addition, testing condition like the frictional gripping force for each specimen
differs from one to another, resulting in different amount of slippage. This effect of
slippage enlarges the measured deformation in varying degrees thereby the low and
varying initial slopes were observed. Nevertheless, strain measurement using DIC
method can resolve this issue as it directly addresses the changing from reference
and deformed images, which exclude the effect of gripping system. The initial slope
were corrected to 29.40 GPa, 32.80 GPa, 29.80 GPa and 29.72 GPa, respectively
as shown in Table 2-4, which are much closer to the general elastic modulus of

concrete which ranges from 23 to 26 GPa. The variation was decreased as well that
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can be easily observed in Figure 2.11a, initial linear portions following the same
path on top of each other. Another apparent difference detected is the evident
decrease in strain at peak, which can be traced back to the slippage between fibre
and matrix. The slippage is an internal displacement that cannot be tracked by DIC,
as it is addressing the deformation on the surface. While the total elongation
measured by means of acquiring the displacement of stroke is able to record this
internal slippage. In that both the traditional and DIC methods should be employed
for a better understanding of the mechanical behaviour of SHCC specimens under
dynamic tensile testing.

Table 2-4 Summary of strains at peak and initial slope of stress-strain curves

Specimen Strain Rate Strain at Peak (%) Stiffness (Gpa)
ID (s?)
Original ‘ DIC Original ‘ DIC
m68_w33_2 25 0.92 0.07 1.15 29.40
m68_w33_3 25 0.87 0.11 1.27 32.80
m68_w32_3 50 0.70 0.27 7.70 29.80
m68_w34_9 100 2.25 0.10 0.67 29.72
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Figure 2.11 (a) Stress-strain responses based on DIC method and (b) comparison

between original and DIC analysis results.
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2.4  Conclusions
The following conclusions can be drawn from the present work on the
behaviour of SHCC under high tensile strain rate loading:

- For tensile tests performed at rates 25s?, 50s?, and 100s? in this study,
SHCC showed an increase in tensile strength, strain capacity and work-to-
fracture with increasing loading rate. No pronounced multiple cracking was
observed. And the failure of the composite was accompanied by the pullout
of most of the fibres crossing the macro-crack. The increase in tensile
strength is attributed to the considerable increase in bond strength between
PVA fibre and matrix and the moderate increase in fiber strength at high
strain rates. The observation of increase in the strain capacity of SHCC at
high strain rates can be explained by the increase in fibre pullout length and
the plastic deformation of the fibres.

- DIC was a powerful tool to determine the non-uniform full-field strain field
and pre-crack, crack, and post-crack behaviour for cement composites that
cannot be obtained using the traditional deformation measurement and data
processing approach. Three zones were observed and defined as localization,
shear lag and uniform based on the strain fields. These observations are well
associated with the fabric pullout model proposed by Sueki et al. [43],
which explained the development of strain field obtained by DIC from
perspective of fiber/matrix bonding mechanism. DIC method also
successfully corrected the elastic modulus to a reasonable range as

identified by the stress-strain responses based on DIC. However, due to the
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basic theory, DIC method cannot detect the internal slippage between fiber
and matrix, as it addresses the surface deformation. Thus, for the cement
composite materials, the combination of traditional processing and DIC
approach gives rise to a better and more comprehensive understanding of

the mechanical behaviour.
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3. EFFECT OF TEMPERATURE ON THE HIGH STRAIN TENSILE
RESPONSE OF TEXTILE-REINFORCED CEMENT COMPOSITES
3.1 Introduction

Cement-based materials may be subjected to dynamic loading due to
explosions, projectiles, earthquakes, wind gusts, or moving objects. Due to the
inherent brittleness and low tensile strength of most cement-based elements,
dynamic loading can cause severe cracking and damage [44, 45]. In order to
properly analyze and design structures that are subjected to dynamic loading, it is
necessary to utilize the mechanical properties associated with the strain rates the
structural components are subjected to.

Characterization of dynamic tensile properties of materials is challenging
as the failure process is affected by the mode and method of testing. Problems may
appear at high-rate loading due to inertial effect, non-uniform loading, and
difficulties in measuring reliable mechanical characteristics of the materials. There
is a lack of general agreement about the standards and methodology used to conduct
dynamic tensile tests [46]. This creates a challenge as correlation of the dynamic
properties with published literature depends on several factors including the loading
rate, method of testing, and the geometry of the tested element [47, 48, 49]. A
number of experimental techniques exist to investigate high-strain rate material
properties: split Hopkinson pressure bar (SHPB), falling weight devices, flywheel
facilities and hydraulic machine [50, 51, 52, 53]. The use of servo-hydraulic
machines in medium-strain rate for tensile testing has been reported for steel

[54,55], plastics [46,56] and composite materials [57], however, test results for
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cement-based composites are limited. The importance of specimen geometry and
size in dynamic material testing has been recognized by the Society of Automotive
Engineers (SAE) which coordinated the standardization of “High Strain Rate
Tensile Test Techniques for Automotive Plastics” in order to develop guidelines
for dynamic tensile testing at medium strain rates [58, 59]. The International Iron
and Steel Institute (11SI) also formed a consortium to develop a high strain rate
tensile test standard for sheet steel [60], while European researchers have been
working on an ISO standard [61].

Textile reinforcement for cement-based materials has become popular as an
effective way of enhancing the tensile capacity and energy absorption of the brittle
material [ 62, 63 ]. Textile-reinforced composites demonstrate a significant
improvement in the energy absorption capacity under static loading as compared to
plain concrete materials and other fibrous cement composites [64, 65, 66]. Recent
work on impact behavior, has shown the potential of such components under high
speed loading [67, 68, 69]. Research on dynamic tensile strength under high-strain
rates of fibers and fabrics such as Aramid, Twaron, and Zylon has been reported by
several authors [70, 71, 72, 73, 74]. Strain-rate effects on the mechanical
properties of the Kevlar® 49 fibers was studied by Xia and Wang [73] who
addressed rate dependence of Young's modulus, failure stress, and failure strain
over a strain rate range of 10-4 s-1 to 1350 s-1 [75]. Differences in the behavior of
fabrics under high speed loading directly affect the behavior of composites made

with the fabrics.
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This paper presents the results of high-speed tensile testing for laminated
cement composites reinforced with various types of textiles. Three types of textiles
were used: laminated Alkali Resistant (AR) glass, warp-knitted Alkali Resistant
(AR) glass, and warp-knitted polypropylene. The two warp-knitted textiles
produced by Institut fir Textiltechnik (ITA). The cement-based composites
reinforced with these textiles were made and also tested to obtain the dynamic
material properties, including tensile strength, toughness, and maximum strain.
Mechanical response of textiles and composites were obtained at temperatures of -
30 °C, 25 °C, and 80 °C.

3.2 High Speed Tensile Test Methodology

3.2.1 Dynamic Tensile Test Procedure

The high-speed tensile tests were performed in a high-rate MTS testing
machine. The setup and procedure of the dynamic tensile testing were addressed in
Chapter 1[1.1]. The tension tests were performed at strain rate of 100s?. An
environmental chamber (see figure 3.1) was used for controlling the temperature
for each test. The chamber uses heating elements for elevated and liquid nitrogen
for low temperatures. The temperature data were recorded using a recording signal
conditioner. Once the desired temperature was reached, the specimen was
conditioned for 5 minutes before the high-speed test.

Material parameters derived from the experimental data included tensile
strength (peak stress), strain capacity (strain on reaching tensile strength) and work

to fracture. Work to fracture was calculated using the total area under the stress-
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strain curve. Average value and standard deviation are given for each strain rate.
Furthermore, tensile stress-strain curves of the specimens tested under static and

dynamic conditions are compared.

Figure 3.1 High speed testing machine with environmental chamber at Arizona

State University

3.2.2 Data Processing
The approach of data processing for dynamic response was discussed in

Chapter 1 [1.1.8].

3.2.3 Image analysis — digital image correlation (DIC) method
High speed videos were taken using a phantom camera, to be analyzed using
DIC method. The setup of high speed camera, testing procedure, and discipline of

DIC method were discussed in the first chapter [1.2].
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3.3 Experimental Program

3.3.1 Textiles

Three types of textiles were used in this study: 1) laminated alkali-resistant
(AR) glass referred to as AR in this paper, 2) warp-knitted AR-glass referred to as
GL in this paper, and 3) warp-knitted polypropylene-glass hybrid referred to as PP
in this paper. Sample pictures are shown in Figure 3.2. It is noted that for the warp-
knitted textiles, weft is in the horizontal direction and warp is in the vertical
direction. The GL and PP textiles have identical geometries and Table 3-1 includes
the properties and dimensions for the various textiles used in this study. The knitted
textiles were made with glass and polypropylene yarns, produced using a
commingling setup at Institut fir Textiltechnik der RWTH Aachen. More details

about the textile production can be found elsewhere [76].
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Figure 3.2 Close up pictures of a) AR-glass textile (laminated), b) AR-glass

textile (warp-knitted), and c) polypropylene textile (warp-knitted). Note: weft:
horizontal and warp: vertical.
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Table 3-1 Geometrical characteristics of textiles
Material Weft (90 | Warp (0 Knitting Yarn Density

deg) deg) Yarn Count
(Weft or
Warp)
[tex] [g/cm”3]
AR-Glass AR- AR- Laminated
(AR) Glass Glass
AR-Glass AR- AR- PES (167 1200 2.68
(GL) Glass Glass tex)
Polypropylene AR- PP PES (167 400 0.9
(PP) Glass tex)

3.3.2 Composite Materials

Textile-reinforced cement composites were prepared with 4 layers of
textiles using the pultrusion process as shown in Figure 3.4. The mixture
proportions used for the cement paste are presented in Table 3-1. The textile passes
through a slurry infiltration chamber to get coated, and then pulled through a set of
rollers to squeeze the paste in between the fabric openings while removing
excessive paste. The textile cement composites were then formed on a plate shaped
mandrel resulting in layered sheets with 250 x 300 mm. After forming the samples,
constant pressure was applied on the surface of the composite sheets to improve

penetration of the matrix in between the yarn and fabric openings.
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Figure 3.3 Pultrusion process for making TRC: a) schematics and b) actual system

Composite
Laminate board

Pressure
Cylinders

Fabric roll

Cement
paste bath

Table 3-2 Mixture proportions for the cementitious matrix

Cement | Fly Ash | Water/CM | Water | Superplasticizer | Superplasticizer
[ar] [% of [mi] [% of CM] [ml]
Cement]
800 160 0.3 290 0.25 2.5

Panels were demolded after 12 hours and cured under water at room
temperature for 28 days.
prepared. A typical composite is shown in Figure 3.4. The average thickness of the
composites was 11 mm. Three replicate specimens were used for each composite
type. Additionally, plain textile samples with dimensions of 25 mm in width and
150 mm in length were cut and used for high-speed testing. Aluminum plates were

glued onto the gripping edges of the specimen to minimize localized damage and
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provide load transfer to the grips during the high speed tensile test. The gauge
length of all specimens was 50 mm. Typical textiles samples are shown in Figure

3.5.

Figure 3.4 Typical textile reinforced cement composite sample with 4 payers of
textiles

(©)

Figure 3.5 Typical textile samples prepared for testing: a) laminated AR-glass

textile, b) knitted AR-glass textile, and c) knitted polypropylene textile

3.4 Results and Discussion
High-strain tensile tests were performed on the prepared textile and TRC

specimens under three different temperatures: -30 oC, +25 oC, and +80 oC. state
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the conditioning duration. The test results for laminated AR-glass textile and TRC
are shown in Figure 3.6. The force applied to individually-tested textiles was scaled
by 4 for comparison purposes. A V.7 Phantom high-speed camera was used for
capturing high-speed videos during the test (under room temperature only). These
images are shown in Figure 3.7 for laminated AR-glass textiles with time difference
(At) between images of about 10-4 sec. Figure 3.8 shows the time-lapse images for
AR composites with time difference (At) of about 3x10-4 sec. Multiple cracking
and textile pull-out mechanism can be observed for this type of composite. Table
3-3 and Table 3-4 summarize the experimental parameters calculated for each test.
These include the force and strain at the first peak (the end of linear region),
maximum force, maximum strain, toughness at peak and maximum toughness. The
stress values for composites were calculated based on their cross-sectional
dimensions; however stress calculation is not applicable for textile samples. In most
cases, the maximum force is observed at the peak point, however, in some cases for
composites the maximum force is obtained after the linear region in the strain
hardening or strain softening regions.

The maximum load for AR textiles tested under room temperature was 3367+704
N. These values were 3044+828 N and 2561+425 N under low and high
temperatures, respectively. The nominal cross-section of one roving of knitted
textiles has approximately 0.445 mm2 area and since four roving were used in each
sample, the nominal cross-sectional area is approximately 1.78 mm2. This value is
used for calculating the nominal maximum stress values for textile samples. The

average maximum strain values for all temperatures was in the range of 0.04 and
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0.052 mm/mm and the average maximum toughness was in the range of 2.6 and 4.2
N.mm. The maximum force almost doubled in AR composites (up to 5995 N).
Much lower standard deviation in the composites implying an enhanced bond
between textile and cement matrix as compared to other systems. The maximum
toughness values for AR composites was in the range of 12.7 and 27.3 N.mm which
is approximately 6 times higher than textiles. The effect of temperature was not
significant for AR textiles or AR composites.

The test results for knitted AR-glass textile and TRC are shown in Figure
3.9. The high-speed images are shown in Figure 3.10 for GL textiles with At of
about 10-4 sec and in Figure 3.11 for GL composites with time difference of about
3x10-4 sec. Multiple cracking and textile pull-out mechanism can be also observed
for this type of composite. Table 3-5 and Table 3-6 summarize the experimental
parameters calculated for each test. The maximum load for GL textiles tested under
room temperature was 1541+215 N. These values were 2767+213 N and 2425+118
N under low and high temperatures, respectively. The average maximum strain
values for all temperatures was in the range of 0.097 and 0.125 mm/mm and the
average maximum toughness was in the range of 5.2 and 7.5 N.mm. The maximum
force almost tripled in GL composites (up to 7615 N) due to the bond between
textile and cement matrix. The maximum toughness values for AR composites was
in the range of 27.6 and 32.3 N.mm which is approximately 6 times higher than
textiles. The effect of temperature was not significant for GL textiles either,

however, lower temperatures resulted in higher force values in GL composites.
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The test results for knitted polypropylene textile and TRC are shown in
Figure 3.12. The time-lapse images are shown in Figure 3.13 for PP textiles with
At of about 10-4 sec and in Figure 3.14 for PP composites with time difference of
about 3x10-4 sec. Unlike the AR-glass composites, multiple cracking and textile
pull-out mechanism is non-existing for this type of composite. Table 3-7 and Table
3-8 summarize the experimental parameters calculated for each test. Typical failed
composite samples are shown in Figure 3.15. The maximum load for PP textiles
tested under room temperature was 2578+220 N. These values were 2360+203 N
and 2350+380 N under low and high temperatures, respectively. The average
maximum strain values for all temperatures was in the range of 0.110 and 0.127
mm/mm and the average maximum toughness was in the range of 7.7 and 9.3 N.mm.
The maximum force remained almost the same in PP composites (up to 2856 N)
due to the weak bond between textile and cement matrix. The maximum toughness
values for PP composites was in the range of 10.5 and 16.8 N.mm which is
approximately 1.5 times higher than textiles. The effect of temperature was not

significant for PP textiles or PP composites.
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Figure 3.6 High-strain test results for laminated AR-glass textile and TRC
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Figure 3.7 Time lapse images for laminated AR-glass textile (At between images
~ 10-4 sec)

Figure 3.8 Time lapse images for laminated AR-glass TRC (At between images ~
3x10-4 sec)
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Table 3-3 Experimental parameters for high-strain test for laminated AR-glass

textiles
Nomi Tou
Peak nal Strain | ghn Max Nominal Max Max.
Tem | Code | Force | Peak (@t | ess | oo o Max. Strain | 1oughn
* *x
p. Stress | Peak) | (at Stress ess
x* Pea
Units | N | mPa | mm/ | N. N MPa | MM/m | Nm
No.l | 3108 | 437 | 0.025 | 2.3 | 3108 437 0.059 4.2
No.2 | 2186 307 | 0.035 | 2.0 2186 307 0.046 2.9
LT | No.3 | 3838 | 539 | 0.034 | 3.0 | 3838 539 0.051 5.5
AVG | 3044 428 | 0.031 | 24 | 3044 428 0.052 4.2
SD 828 | 116 | 0.006 | 0.5 | 828 116 0.007 1.3
No.l | 3413 | 479 | 0.031 | 25 | 3413 479 0.049 4.4
No.2 | 2641 | 371 | 0.032 | 2.0 | 2641 371 0.063 4.4
RT | No.3 | 4046 | 568 | 0.019 | 1.9 | 4046 568 0.034 3.7
AVG | 3367 | 473 | 0.027 | 2.1 | 3367 473 0.049 4.2
SD 704 99 | 0.007 | 0.3 | 704 99 0.015 0.4
No.l | 2529 | 355 | 0.018 | 1.3 | 2529 355 0.029 1.9
No.2 | 2153 | 302 | 0.027 | 1.5 | 2153 302 0.042 2.4
HT | No.3 | 3002 | 422 | 0.027 | 1.9 | 3002 422 0.043 3.4
AVG | 2561 360 | 0.024 | 1.6 2561 360 0.038 2.6
SD 425 60 0.005 | 0.3 425 60 0.008 0.8
* Force for 4 layers of textiles ** Nominal stress for 1 layer of textile
Table 3-4 Experimental parameters for high-strain test for laminated AR-glass
TRC
Peak | Peak | Strain | Toughnes | Max. | Max. | Ma | Max.
Temp. Code | Eorce | Stress (at Peak) | s (at Peak) | Force | Stress | X Tough
Units N MPa | mm/mm N.m N MPa | m N.m
No.l | 4672 | 234 | 0.078 9.6 N/A | N/JA | 0.1 | 120
No.2 | 6676 | 33.4 | 0.067 12.3 6076 | 30.4 | 0.0 | 18.3
LT No.3 | 5914 | 29.6 | 0.079 11.0 5914 | 29.6 | 0.1 | 17.1
AVG | 5754 | 28.8 | 0.075 10.9 5995 | 300 | 0.1 | 158
SD | 1012 | 5.1 0.007 1.4 115 | 06 | 00| 33
No.l | 4493 | 225 N/A 9.1 4493 | 225 [ 0.1 | N/A
No.2 | 4340 | 21.7 | 0.100 11.3 4340 | 217 | 02 | 283
RT No.3 | 4154 | 20.8 | 0.124 13.7 4154 | 208 | 0.0 | 26.4
AVG | 4329 | 216 | 0.112 11.4 4329 | 216 | 01| 273
SD 170 0.8 0.017 2.3 170 0.8 0.0 1.4
No.l | 4718 | 23.6 | 0.091 11.6 4718 | 236 | 0.1 | 135
No.2 | 4441 | 22.2 | 0.074 8.4 4441 | 222 | 01| 141
HT No.3 | 4702 | 235 | 0.075 9.4 4702 | 235 | 0.0 | 106
AVG | 4620 | 23.1 0.080 9.8 4620 | 23.1 | 0.0 12.7
SD 156 0.8 0.010 1.6 156 0.8 0.0 1.9
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Figure 3.9 High-strain test results for knitted AR-glass textile and TRC
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Figure 3.10 Time lapse images for knitted AR-glass textile (At between images ~
10-4 sec)

Figure 3.11 Time lapse images for knitted AR-glass TRC (At between images ~
3x10-4 sec)
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Table 3-5 Experimental parameters for high-strain test for knitted AR-glass

textiles
Nomin
Peak | Nomina | Strain ;:eus% Max. al Max Max.
Tem | Code | Force | |Peak (at Force | Max. .~ | Toughne
* Stress** | Peak) (at * | Strain Ss
p. Peak) Striss
Units N MPa mm/m | N.m N MPa mm/ N.m

No.l | 2524 | 354 0.049 | 34 | 2524 | 354 | 0.098 6.0
No.2 | 2918 | 410 0.060 | 52 | 2918 | 410 | 0.089 7.6
LT | No.3 | 2860 | 402 0.076 | 6.9 | 2860 | 402 | 0.104 9.0
AVG | 2767 | 389 0.062 | 52 | 2767 | 389 | 0.097 7.5
SD | 213 30 0.014 | 17 | 213 30 | 0.008 15
No.l | 1293 | 182 0.043 | 30 | 1293 | 182 | 0.123 4.1
No.2 | 1649 | 232 0.037 | 16 | 1649 | 232 | 0.139 6.4
RT | No.3 | 1680 | 236 0.050 | 2.3 | 1680 | 236 | 0.114 5.2
AVG | 1541 | 216 0.043 | 23 | 1541 | 216 | 0.125 5.2
SD | 215 30 0.007 | 0.7 | 215 30 | 0.013 1.1
No.l | 2230 | 313 0.082 | 56 | 2230 | 313 | 0140 | 105
No.2 | 2625 | 369 0.051 | 3.8 | 2625 | 369 | 0.075 5.4
HT | No3 | 2421 | 340 0.059 | 3.8 | 2421 | 340 | 0.114 6.4
AVG | 2425 | 341 0.064 | 4.4 | 2425 | 341 | 0.110 7.4
SD | 198 28 0.016 | 1.1 198 28 | 0.033 2.7
* Force for 4 layers of textiles ** Nominal stress for 1 layer of textile
Table 3-6 Experimental parameters for high-strain test for knitted AR-glass TRC

i Max
Temp Peak Peak Strain Tough Max. Max. Max.
Code Force | Stress (at ness (at | - Stress | Strain Toug
eraetur Peak) Peak) | Forc hness
Units N MPa | mm/mm | N.m N MPa | mm/m | N.m

No.l1 | 7538 37.7 0.066 132 | 7538 | 37.7 | 0.100 | 21.3
No.2 N/A N/A 0.042 N/A | 7610 | 38.1 | 0.189 | N/A
LT No.3 | 7698 38.5 0.056 115 | 7698 | 385 | 0.130 | 335
AVG | 7618 38.1 0.055 124 | 7615 | 38.1 | 0.140 | 274

SD 113 0.6 0.012 1.2 80 0.4 0.045 8.6
No.1 | 4950 24.8 0.096 12.4 | 5861 | 29.3 | 0.195 | 37.9
No.2 | 5492 275 0.088 13.2 | 5661 | 283 | 0.146 | 26.7
RT No.3 | 5892 29.5 0.068 10.8 N/A | N/A | 0.190 | N/A
AVG | 5445 27.2 0.084 12.1 | 5761 | 288 | 0.177 | 323

SD 473 2.4 0.014 1.3 141 0.7 0.027 8.0
No.l | 4321 21.6 0.069 8.1 4642 | 232 | 0.160 | 25.4
No.2 N/A N/A 0.084 12.7 N/A | N/A | 0159 | 323
HT No.3 | 4716 23.6 0.069 8.1 4716 | 23.6 | 0.157 | 25.2
AVG | 4519 22.6 0.074 9.6 4679 | 234 | 0.159 | 27.6

SD 279 14 0.009 2.7 52 0.3 0.002 4.1
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Figure 3.12 High-strain test results for knitted PP textile and TRC
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Figure 3.13 Time lapse images for knitted PP textile (At between images ~ 10-4

sec)

Figure 3.14 Time lapse images for knitted PP TRC (At between images ~ 3x10-4

sec)
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Table 3-7 Experimental parameters for high-strain test for knitted PP textiles

* Force for 4 layers of textiles

** Nominal stress for 1 layer of textile

Peak | Nomina | Strain Ir?eusgs Max Nomina Max Max.
Tem | Code | Force || Peak | (at (at i:orc I Max. Strai'n Toug
p. * Stress** | Peak) Peak) | e* Stress** hness
Units | N MPa mm/mm | N.m N MPa mm/mm | N.m
No.1 | 1691 | 238 0.053 2.3 2231 | 313 0.149 10.6
No.2 | 2540 | 357 0.040 2.6 2254 | 317 0.104 8.3
LT No.3 | 1946 | 273 0.048 2.3 2594 | 364 0.129 9.2
AVG | 2059 | 289 0.047 2.4 2360 | 331 0.127 9.3
S.D. | 436 61 0.007 0.2 203 | 29 0.023 1.1
No.1 | 2324 | 326 0.047 2.8 2587 | 363 0.098 8.0
No.2 | 2794 | 392 0.074 6.0 2794 | 392 0.105 8.5
RT No.3 | 2216 | 311 0.045 2.7 2354 | 331 0.149 11.2
AVG | 2445 | 343 0.055 3.8 2578 | 362 0.117 9.3
S.D. | 307 43 0.016 1.8 220 |31 0.028 1.7
No.1 | 1967 | 276 0.050 2.7 1967 | 276 0.118 7.1
No.2 | 2310 | 324 0.038 2.3 2727 | 383 0.119 9.7
HT | No.3 | 2351 | 330 0.043 2.6 2357 | 331 0.094 6.4
AVG | 2209 | 310 0.044 2.5 2350 | 330 0.110 7.7
S.D. | 211 30 0.006 0.2 380 |53 0.014 1.8
Table 3-8 Experimental parameters for high-strain test for knitted PP TRC
Cod | Peak | Peak Strain Iﬁé’sgs Max Max. Max. Max.
Temp.| € Force | Stress (at (at Forc | Stress Strain Toughne
Peak) SS
Doal) o
Uni | N MPa mm/mm | Nm | N MPa mm/m | N.m
No. | 3018 | 15.1 0.070 5.4 3018 | 15.1 0.189 16.8
No. | 3118 | 15.6 0.033 2.7 3118 | 15.6 0.187 18.3
LT No. | 2432 | 12.2 0.078 4.9 2432 | 12.2 0.196 15.3
AV | 2856 | 14.3 0.060 4.3 2856 | 14.3 0.191 16.8
SD | 371 1.9 0.024 1.4 371 | 1.9 0.005 1.5
No. | 1760 | 8.8 0.044 2.0 2330 | 11.7 0.161 12.3
No. | 1976 | 9.9 N/A N/A 1976 | 9.9 0.240 14.9
RT No. | 2146 10.7 0.055 2.1 2146 | 10.7 0.091 N/A
AV | 1961 | 9.8 0.050 2.0 2151 | 10.8 0.164 | 13.6
S.D | 193 1.0 0.008 0.1 177 | 0.9 0.075 1.9
No. | 2073 | 10.4 0.073 3.8 2171 | 10.9 0.138 | 9.3
No. | 1942 | 9.7 0.080 4.1 1942 | 9.7 0.168 10.5
HT No. | 2482 12.4 0.066 4.0 2482 | 12.4 0.158 11.7
AV | 2166 | 10.8 0.073 4.0 2198 | 11.0 0.155 10.5
S.D | 282 1.4 0.007 0.2 271 |14 0.015 1.2
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Figure 3.15 Typical composite samples after testing: a) laminated AR-glass TRC,

b) knitted AR-glass TRC, and c) knitted polypropylene TRC
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Figure 3.16 Effect of temperature on the maximum force capacity of various
textiles and composites
3.5 Image Analysis

Figure 3.17 shows the sample with a contrasting speckle pattern on the
surface, which is required by DIC technique. Flat paints of black and white color

were used to generate these speckle patterns as black and white show a high contrast.
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For the high quality images, high speed camera was only used to take images of

samples testing under room temperature without the environmental chamber.

N i i i< T N Ay
(a) (b) (c)
Figure 3.17 Speckle images of three different types of specimens: (a) PP, (b) SG,
(c) GL

For the tension test, longitudinal strain gyy is of authors’ interest and has
been investigated using DIC method. Strain field development with time is shown
in Figure 3.18. According to the legend on the right, color of purple stands for zero
strain while the red is 5%, while for glass red stands for 3%. Figure 3.18a shows
the time lapsed images of polypropylene. A main crack in the middle portion of the
sample can be observed, where the strain concentration around this area has also
been detected by DIC. However, in fact a lot more extremely fine cracks were
formed during the test, which can be seen in Figure 3.38a taken by a DSLR camera
with much higher resolution. But for the phantom camera to record with a high
frame rate, which is 10,000 fps, the resolution has to be decreased, 256 x 512 in
this project. For image analysis, acquiring more effective images turns out to be

more important than a higher resolution. Thus a compromise of reducing the
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resolution was made. Additionally, another region with strain concentration is the
bottom part near the end grips. The edge effect is attributed to the gripping force
provided by the fixture since the frictional gripping systems are usually employed
for the tensile tests. As a result, large compressive force is applied on both ends of
the specimen to generate friction when the test starts. Similar phenomenon can be
observed on AR and GL composites: strain concentration around the main crack in
the middle and the region close to end grips.

Based on the time lapsed images and the whole process of the test, three
regions regarding different locations and level of deformation can be defined as
follows:

Region | -- Strain concentration near the end grips;
Region Il -- Strain concentration in the middle part;
Region 111 — Lower level of deformation indicating uncracked concrete or fine

cracks.
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Figure 3.18 Time lapsed images showing the development of strain field for
(@)PP, (b)SG, (c)GL composites

Traditional analysis of strains deals with a globalized deformation behavior,
as the strain is calculated using the division of actuator displacement into the gauge
length. However, the displacement of actuator is not the real elongation of the
sample for the several reasons. First of all, slippage between sample and fixture or
among the components does exist in frictional gripping system, see Figure 3.19. In
that the nominal strain can be larger than the real deformation. In addition, the
concept of nominal strain is based on the assumption that the strain is uniform
distributed along the entire volume or length of the specimen. Nevertheless, strain
filed distribution is quite non-uniform due to many effects, such as non-
homogeneity of materials, defects, formation of cracks, stress concentration, etc. It
can also be seen from the time elapsed images discussed before (see Figure 3.18).
As aresult, it is important to investigate the localized deformation of the materials.
Strain responses at specific spots and average strain along lines were exported,

processed and presented below.
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30.65 mm
Figure 3.19 Slippage between the wedges and fixture occurred in the test

measured as 11.19 mm

Five points on the surface of PP composite located in the different regions
were selected (see Figure 3.20): 1 and 2 are located in region Ill, 3 and 4 are in
region 2 while 5 from region I. Matlab programs have been developed to process
the data including interpolation, smoothing, and correlating with the data recorded

from MTS high speed machine.

(b)
Figure 3.20 (a) Point selection, and (b) region dividing of polypropylene TRC
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Figure 3.21 Strains responses at (a) selected points, and (b) representative

responses at different regions.
Figure 3.21a represents the strain versus time responses at the 5 selected

locations. As discussed above, strains points 1, 2 (region 1) are smaller than those
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of points 3 and 4 (region I1), due to the effect of strain concentration along the main
crack. However, longitudinal strain at point 5 increases much faster and ends up
with a higher ultimate strain than all the other responses, due to the fact that failure
happened near the bottom edge. In addition, as a feature of dynamic test, vibrations
of the strain can be observed, specifically for point 5. One representative curve in
each region has been selected to describe the whole process of deformation. Similar
phenomenon can also be seen from the results of SG and GL composites, as shown

in Figure 3.24-3.34.
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Figure 3.22 Stress-strain responses at selected points
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Figure 3.23 Comparison between image analysis and traditional analysis

o

Data acquired from high speed machine including time, force and
displacement have been correlated to the strain data obtained from DIC using a
MATLAB code. Stress strain responses are shown in Figure 3.22. Due to the large
vibration of strain at point 5 during pre-peak stage, stress strain response cannot
show an initial linear portion. So it is not presented in the figure. Figure 3.23
compares the stress-strain curves between DIC method and traditional method of
data processing. Stress-strain curves of SG and GL composites are shown in Figure

3.24-3.34.
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Figure 3.25 Strains responses at (a) selected points, and (b) representative

responses at different regions.
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Figure 3.26 Stress-strain responses at selected points
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Figure 3.27 Comparison between image analysis and traditional analysis

(b)

Figure 3.28 (a) Point selection, and (b) region definitions of standard glass
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Figure 3.29 Strains responses at (a) selected points, and (b) representative

responses at different regions.
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Figure 3.30 Stress-strain responses at selected points
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Figure 3.31 Comparison between image analysis and traditional analysis
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To study the localized mechanical behavior of a material, the results will be
more reliable if more locations are selected for analysis. However, it is cumbersome
to investigate hundreds of spots one by one. So besides the study of deformation at
points, analysis of average strain along some selected lines has also been conducted.

Seven lines on the surface of PP composite were selected to investigate the
average longitudinal strain and strain distribution, see Figure 3.35a. Corresponding
to the dividing of three regions, rules of line selection include:

e Lines located in region Il (1 and 5);

e Lines located in region I and 1l (2, 3, 4 and 6), these lines are usually
selected adjacent to the cracks;

e Vertical lines across the entire length of the area of interest (AOI).

Average strain of all the points on the line was calculated and processed.
Strains versus time responses are shown in Figure 3.35b. All the responses show
the similar trend and range of strain values with the data of specific points. Due to
the fact that lines 1 and 5 are located in region Il where the deformation is less
compared to other areas, ultimate strains of lines 1 and 5 are obviously lower than
others. Similar to strain response at point 7 which is close to the bottom grips
(Figure 3.21a), strain response of line 6 along the bottom edge also shows a faster
increasing and larger range of vibration from beginning. Again, its ultimate strain
is dramatically larger than that of other lines. Specifically, since line 7 is across all
three regions, so the strain response is supposed to be an average level out of all the

data as can be seen in the figure.
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Figure 3.35 represents the longitudinal strain distribution along the axial
direction of the composites. Abscissa stands for the axial location of the sample,
where the origin corresponds to the bottom end. Similar phenomenon with previous
discussion can also be seen and quantified. First of all, highest strain values are
found to be at left end of the curves, which is the bottom end held by grips. Also,
the vibration is detected again as the strains go back and forward. Additionally,
strain values in the middle portion of the curves are higher than the other parts
between main region of main cracks and edges, which is attributed to the strain
concentration caused by the formation of cracks. The discontinuity refers to the
location of main cracks, where the speckle pattern is separated. Thus the correlation

across the cracks is interrupted and the data near these regions are lost.

98



i I ! I
| T=4.26ms |
e |
€ T e T=3.65ms -
E [
c |
z
5 —] —]
2 T=3.04ms .
<
2 I ! I
> |
o
o
) — —
] .. T=244ms ]
0.06 s
0.03 |
T e T=1.83ms |
0 ) T \
-10 0 10 20 30

Location-y, mm

(@)

40

Longitudinal Strain, mm/mm
|

T=15ms
0.06 .......................‘....................---‘ ...................
0.03 T=10ms N
0 - — ‘ -
-20 -10 0 10 20

Location-y, mm

(©)

30

99

] \ \ ]
] T=32ms ]
7 e ‘ ‘ -
] T=28ms ]
7 - ‘ .
£ B T=24ms bl
E e, 7
£ T e e, i
E \ \ ]
f
g B
@ T=2.0ms N
©
c - _
£
2 ] \ \ i
jo)]
= — —
(=}
- — -
— T=16ms —
0.15 B —
0.1 —| _
0.05 ; T=0.8ms ;
0 \ 1 1 \
-10 0 10 20 30 40

Location-y, mm

(b)
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The last but not the least, the rest of the
curves shows a relatively lower level of
deformation. Strain distributions and
the dividing of three regions discussed
before confirm with each other very

well.



3.6  Tension stiffening model

The finite difference tension stiffening model developed by Soranakom [77]
was used to simulate the crack spacing and stress - strain response of the textile
fiber reinforced composites under dynamic loads. In this model a cracked tension
specimen is idealized as a series of 1-D segments consisting of fiber, matrix, and
interface elements. The matrix is treated as brittle with no strain-softening response.
As the load on the composite is increased such that the cracking stress of the matrix
is reached, the matrix phase cracks, and the load is solely carried by the longitudinal
yarns through the interface elements. The individual pullout segments are allowed
to continue carrying the load at crack locations. In nonlinear analysis, an iterative
solution algorithm is used to enforce load-deformations to follow the material
constitutive laws. Once the slip distributions are solved and corresponding stress
and strain responses are identified, results are added to represent the overall tensile
response. The static model has a high bond strength and low slip range while the
dynamic presents elastic plastic frictional shear with a longer slip range [Error!
ookmark not defined.]. The material parameters were held constant for all the
simulations and are described in Table 3-9.

Table 3-9 Input parameters for finite difference simulation

Fiber . Matrix Young’s
Fiber type modulus (FI\'/?S;) uTsS modulus Modulus

(Gpa) (Mpa) efficiency factor
PP 6.9 500 35000 1.0
Glass 78 1360 35000 1.0
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A simulation of the dynamic test for three different types of composites was
performed and the results are presented in Figure 3.36 and 3.37. It can be seen that
the PP composites has the largest number of cracks and smallest average crack
spacing, while SG composites has the largest crack spacing but much less cracks
than PP (see Figure 3.38). It indicates that the bond strength between polypropylene
and concrete is higher than that of glass fiber, which is not enough to transfer load
from matrix to the fiber. Thus for SG and GL composites, the mechanism of failure
of is then converted to significant fiber pullout resulting in high energy absorption.
This phenomenon is confirmed by the pictures taken after testing (see Figure 3.38),

which has been discussed at the beginning of this part.

(a)

(b)

(©)

—
Figure 3.38 Distribution of cracks on the tested samples: (a) PP, (b) SG, (c) GL

3.7 Summary and Conclusions

High-strain tensile tests (100 s-1) were performed for three types of textiles
and textile-reinforced cement composites. A fairly uniform tensile behavior was
observed for various replicate composite samples, demonstrating the reliability of
this high speed test method. The highest load capacity and toughness values were
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related to the knitted glass textile composites, implying excellent bond between
textile and cement matrix. Maximum tensile force of 5761+141 N (equivalent to
28.8£0.7 MPa) was obtained for this composite at room temperature. The load
capacity for this composite was about three time higher than bundled textiles (4
textiles). Multiple cracking behavior was observed for these composites, indicating
good stress transfer within these systems. The maximum load capacity and
toughness increased with the reduction in temperature and decreased with the raise
in temperature.

The lowest force capacity was related to the knitted polypropylene textile
composite, implying weak bond between textile and cement matrix. Maximum
tensile force of 2151+177 N (equivalent to 10.8+0.9 MPa) was obtained for this
composite at room temperature. The load capacity for this composite was almost
the same as the bundled textiles (4 textiles). Multiple cracking behavior was absent
for these composites. Except for knitted glass textile composite, no specific trend
was observed for the effect of temperature for other textile or textile cement
composites.

The digital image correlation method was a powerful tool to determine the
strain field in cement composites. A non-uniform distribution of longitudinal strain
was observed in contrast with the assumption of traditional data analysis method.
Strain concentration was detected around the main cracks and edges, indicating the
concentrated stresses. Quantified study of strain responses confirms well with the

strain field presented. Stress-strain curves combining mechanical parameters and
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strain responses obtained from DIC method addresses the issue of slippage in the
gripping system, showing more reasonable results.

The tension stiffening model used was able to accurately predict the crack spacing
and stress - strain behavior of the textile reinforced cement composites under
dynamic and loading condition. The model has shown that under dynamic load, a
reduced frictional bond results in a lower capacity of fiber-matrix stress transfer
leading to wider crack spacing and promoting a fiber pullout failure mechanism

which increases the energy absorption capacity of the composite system.
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4. STRAIN RATE EFFECT ON THE TENSILE BEHAVIOR OF

TEXTILE-REINFORCED CONCRETE UNDER DYNAMIC LOADING

ABSTRACT

4.1 Introduction

Textile reinforced concrete is a relatively new class of cement composite
system that presents a strain hardening behavior with enhanced strength and
ductility. This material is strong enough to be used as load bearing structural
members in applications such as structural panels, impact & blast resistance, repair
and retrofit, earthquake remediation, strengthening of unreinforced masonry walls,
and beam-column connections. Thus, the response to impulse loading, for
applications in extreme loading conditions, becomes of great importance.

The dynamic tensile response of cement based material is a difficult
experiment to perform with a few published results. Most of the available literature
on the dynamic tensile behavior of concrete is based on investigations of plain
concrete which exhibits an increase in tensile strength for increasing strain rates
[78, 79, 80,81,82, 83]. For example, Xiao et al. [78] reported that the dynamic
tensile strengths of concrete tested at strain rates of 10-4, 10-3 and 10-2 s-1 increase
by 6%, 10% and 18%, respectively, when compared to that of quasi-static. Birkimer
and Lindemann [79] reported that the concrete tensile strength tested at a strain rate
of 20 s-1 ranged between 17.2 MPa and 22.1 MPa, while the static tensile strength
was 3.4 MPa.

Dynamic tensile data on fiber reinforced concrete is even more limited. Zhu

et al. [84] conducted tensile testing on three types of fabric-cement composites, PE,
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AR Glass and carbon, under dynamic loads, using a servo-hydraulic testing
machine. The strength of AR glass composite under high speed loading was found
to be 35% higher than that tested under quasi-static loading condition. Also a
significant difference was noticed in the strength, toughness and maximum strain
of carbon composite between static and dynamic testing conditions. Kim et al. [85]
investigated the strain rate effect on the tensile behavior of high performance fiber
reinforced cement composites (HPFRCC) using two deformed high strength steel
fibers, namely hooked fibers and twisted (Torex) fibers. The strain rate ranged from
pseudo static (strain rate of 0.0001 s) to seismic (strain rate of 0.1 s). The results
showed that the tensile behavior of HPFRCC with twisted fibers is sensitive to the
strain rate, while hooked fiber reinforced specimens show no rate sensitivity. It was
also observed that lower fiber volume fraction (V¢ = 1%) reinforced specimens
show higher sensitivity than higher volume fractions (Vr = 2%). Maalej et al. [86]
performed dynamic tensile tests in Engineered Cement Composites (ECC)
containing 0.5 % steel and 1.5 % polyethylene fibers (in volume). The applied strain
rate ranged from 2x10°° to 2x107! st The results indicated that there is a
substantial increase in the ultimate tensile strength from 3.1 to 6 MPa with
increasing strain rate. The strain capacity did not appear to be affected by the strain
rate. The tensile behavior of TRC under static and dynamic loading at different
strain rates ranging from 0.0001 to 50 s was studied by Silva et al. [87]. For tensile
tests performed up to 0.1 s-1an increase in tensile strength, strain capacity, work-
to-fracture, and first crack strength both for TRC with plain matrix and TRC with

short fibres was observed. When tested at high strain rates from 5 s to 50 s the
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TRC continued to tend to increasing tensile strength and work-to-fracture, but to a
decrease in the strain capacity. This lower strain capacity was traced back to the
increase in the stiffness of the composite in the post-crack region during the tensile
test.

The response of TRC under impact loading has already been investigated
[88]. It was reported that the maximum stress increases when increasing the impact
energy sustaining high ranges of energy absorption capacity. Nevertheless, the TRC
response under high speed tensile load and the influence of strain rate on its
mechanical performance yet needs to be understood.

The addition of short fibers is known to be able to increase both the tensile
strength and tensile toughness when used at sufficiently high volume fractions.
However, the main effect of fibers on tensile response is the increase in toughness
as they change the mode of failure from a brittle fracture to ductile behavior.
Aveston et al. [89] addressed the mechanics of toughening in brittle matrix
composites. Using energy balance, they showed the analytical foundations of
increase strain capacity in composite systems when the fiber volume fraction
exceeds a critical level. In recent years researchers have performed several test
series to investigate the influence of short fibres on various properties of textile-
reinforced concrete [90, 91]. Adding PVA micro-fibers to a plain concrete matrix
has little effect on its pre-cracking behavior but does substantially enhance its post-
cracking response, which leads to a greatly improved ductility and toughness,
reported by Hamoush et al [92]. Their study also reveals that the addition of micro-

fibers enhances the ductile property of the materials, increases toughness, and
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prevents the sudden brittle failure of the material, although it does not influence the
compressive strength of concrete. However, the mechanisms inherent in the joint
action of short fibre and textile reinforcement are still not fully understood. In order
to gain more and better insight into the specific material behavior of the finely
grained concrete with such hybrid reinforcement, a new investigative program has
been initiated the TU Dresden. Hinzen et al. [93] investigated the addition of short
glass, aramid and carbon fibers in the tensile response of TRC. It was found an
increase in the first crack strength up to 40 % and a finer crack pattern leading to
an increase in the ultimate strain. Barhum [94] studied the effect of the addition of
glass and carbon short fibers on the tensile behavior of TRC. The first-crack
strength was doubled due to the addition of 1.0% by volume dispersed short glass
fibres. The energy absorption capacity also increased due to the addition of the short
fibers. Silva et al. also investigated the strain effect on the tensile behavior on TRC
with and without addition of short fibers. It is observed that the addition of short

fibres increased first-crack and tensile strength for strain rates up to 0.1 s—1. The

work-to-fracture showed a slight tendency to decrease with the addition of 0.5% of
short glass fibres, which can be traced back to decrease in strain capacity [87]. The
effect of the inclusion of short fibers, under high strain rates, steel needs to be
investigated.

In the present work the dynamic tensile behavior of glass TRC has been
studied. Tensile tests were performed under dynamic loading condition at three
different strain rates 25, 50 and 100 s-1. The effect of the addition of short fibers

on the dynamic response of TRC has been investigated. A Phantom v7 high speed
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digital camera with sampling rate of 10,000 fps captured the cracking and failure
behavior of the different composites. The camera was placed in front of the
specimen observing its full size in between the grips, as shown in Figure 1.15. The
images acquired have been analyzed using digital image correlation (DIC)
technique to investigate strain response over the entire surface of the specimens.

4.2  Experimental Program

4.2.1 Materials and Processing

A finely grained matrix was used in mixing the textile-reinforced concrete
which consisted of cement, fly ash, micro silica, and quartz sand. Table 4-1
summarizes the matrix composition. Superplasticizer with a basis of naphthalene-
sulphonate was added in order to achieve sufficient flowability. The average slump
flow value measured with a small cone (bottom diameter 100mm, top diameter
60mm, height 70mm) was 200mm.

Textile-reinforced concrete was produced with and without the addition of
short glass fibres to the matrix. Polymer-coated biaxial fabric (see Figure 4.1) made
of alkali-resistant glass (AR-glass) was used as reinforcement. The degree of
reinforcement was calculated for one layer of fabric in volume as 66.33mm:/m. In
total 3 layers of fabric were applied. The fineness of the weft and warp threads as
well as the mean spacing between the yarns are given in Table 4-1. The fineness is
given in tex, which is equal to the weight of one kilometre of yarn in grams. Note
that the spacing of the yarns is uniform in the warp direction while it is non-uniform

in the weft direction (cf. Figure 4.1). Nevertheless, the mean yarn spacing is 7.4mm
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in both directions. Dispersed AR-glass short fibres with an average diameter of
14 mand length of 6mmwere used as secondary reinforcement in a total volume
fraction of 0.5%. These fibres disperse in water and are capable of being distributed
in the mixture as single mono-filaments. The short glass fibres had a density of 2.68

g/cms, tensile strength of 1700MPa and Young’s modulus of 72 GPa.
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Figure 4.1 Biaxial textile reinforcement made of AR-glass: (a) photograph
showing that the spacing between the yarns is uniform in the warp direction (with
mean spacing of 7.4 mm), but not uniform in the weft direction and (b) sketch
showing the details of the warp knitting.

Slender rectangular plates, 300 mm long and 50 mm wide, were cut from
larger plates of length 525mm and width 425mm and were produced using a
lamination technique. The laminating process started with the spreading of a thin
concrete layer on the bottom of the mould. The first sheet of textile reinforcement

was laid onto this fresh concrete layer and then, gently, partially pressed in and
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smoothened. Complete embedment of the first textile layer took place during the

application of the second concrete layer.

Table 4-1 Matrix composition (kg/ms3).

Water-to-binder ratio 0.37
CEM III B 32.5 NW-HS-NA 632
Fly ash 265
Micro silica suspension” 101
Fine sand 0/1 947
Water 234
Superplasticizer 11
* solid : water = 50:50
Table 4-2 Textile properties.
NWM3-013-07-p2 (30%)
Warp Weft
Fineness Spacing Fineness  Spacing
(tex) (mm) (tex) (mm)
2*640 7.2 2*640 7.2

Subsequently these production steps were repeated until all three

reinforcing layers were

The thickness of the plates was 10mm.
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The plates were demoulded at the age of two days and stored in water until
the age of 7 days. Subsequently, the plates were stored in a climate-controlled room

at 20 .C and 65% RH until an age of 28 days.

4.2.2 High-speed tensile testing

The high-speed tensile tests were performed in a high-rate MTS testing
machine. The setup and procedure of the dynamic tensile testing were addressed in
Chapter 1[1.1]. The tension tests were performed at strain rates of 10, 25 and 50s™.
Six specimens were tested for each strain rate.

Material parameters derived from the experimental data included tensile
strength (peak stress), strain capacity (strain on reaching tensile strength) and work
to fracture. Work to fracture was calculated using the total area under the stress-
strain curve. Average value and standard deviation are given for each strain rate.
Furthermore, tensile stress-strain curves of the specimens tested under static and
dynamic conditions are compared.

Four different types of specimens including plain mortar, micro glass fiber
reinforced concrete, textile reinforced concrete, and textile reinforced concrete with
addition of micro fiber have been tested under high-speed tension loads at strain
rates of 25 s, 50 s%, and 100 s*!(see Table 4-3). Results and parameters obtained
from the experimental data include the stress-strain curves, Young’s modulus,
tensile strength (peak stress), strain capacity (strain at peak stress), and work-to-
fracture. The work-to-fracture is evaluated using the total area under load vs.

displacement curve. The reported results reflect both the average and standard
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deviation values of each set tested. The high speed videos acquired by the phantom
camera were used for image analysis to characterize the strain field.

Table 4-3 Testing matrix

Mortar+ TRC+ micro
Type Mortar micro fiber TRC fiber
255t X6 X6 X7 X6
50s* X5 X6 X7 X6
100 st X6 x4 X6 X6

4.2.3 Image analysis — digital image correlation (DIC) method

High speed videos were taken using a phantom camera, to be analyzed using
DIC method. The setup of high speed camera, testing procedure, and discipline of
DIC method were discussed in the first chapter [1.2].

4.3  Results, analysis and discussion

4.3.1 Effects of the addition of short fibers on plain mortar

Figure 4.2 Compares the representative stress-strain curves obtained from
tensile testing under dynamic load on plain mortar specimens both with and without
the addition of short glass fibers. The addition of short fiber was relatively low in
this test series which is 0.5% by volume. The water-to-binder ratio of the matrix
used was 0.30. As summarized by Table 4-4, with the addition of short fibers, the
average tensile strengths of specimen slightly increased at strain rates 25 s (from
4.71 MPato0 5.40 MPa) and 100 s (2.66 MPa to 3.24 MPa), respectively. However,
this parameter decreased from 3.30 MPa to 2.04 MPa when the strain rate was 50
s'1. On the other hand, the work-to-fracture and strain capacity of the specimens
were improved significantly by the addition of short fiber. The strain capacity rose

from 1.06% to 3.44% (25 s, 1.62% to 3.08% (50 s1), and 1.40% to 3.18% (100
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s1), while the work-to-fracture increased from 0.36J to 0.51J, 0.45J to 0.59J and
0.28J to 1.01J, corresponding to three strain rates respectively. The improvements
in ductility of the specimens can be traced back to the effect of lower w/b ratio on
the quality of the fiber-matrix bond. The denser matrix with a w/b ratio of 0.30
contributes to a better bonding than the matrix with higher w/b ratio, reported by
Barhum and Mechtcherine []. This means that the fibre embedded in the matrix can
contribute to a great extent to the bearing of stress in the ascending branch of the

stress - strain curve. The extent of this contribution, pointed out by Barhum and

Mechtcherine, is not only limited by the tensile strength of the fiber (1,700 MPa for
the glass fiber employed in this study), and the fibre content, but also depends on
the distribution and orientation of short fibre. The concrete was likely to have more
voids due to entrapped air, caused by the worse workability while content of short
fibre is increased. It is more difficult to achieve an even fibre distribution over the

volume of the matrix for a higher volume fraction of short fiber.
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Figure 4.2 Stress-strain responses of plain mortar with and without the addition of
short fibers at strain rates of (a) 25 s, (b) 50 s, and (a) 100 s

4.3.2 Effects of the addition of short fibers on TRC behavior

Figure 4.6 shows the summarized stress-strain curves of TRC samples with
and without short fibers, testing results and parameters are shown in Table 4-4.
From a qualitative perspective, the addition of short fibers leads to slight increases
in tensile strength and work-to-fracture and the stress at bend-over-point (BOP) at
strain rats of 25 stand 50 s™. The average tensile strengths of TRC at 25 s (26.91
MPa) to and 50 s (26.99 MPa) are almost same, while the work-to-fracture slightly
increased from 19.28 J to 20.95 J. When the samples were tested at strain rate 50 s°
! tensile strength increased from 31.42 MPa to 32.35 MPa, work-to-fracture from
14.77Jt0 19.01J. For the stresses at BOP, the improvements are 1.58 MPa and 1.09

MPa, respectively for the two cases.
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Figure 4.3 Stress-strain responses of TRC with and without the addition of short
fibers at strain rates of (a) 25 s, (b) 50 s, and (a) 100 s
However, for the highest strain rates in this test series, which is 100 s, a

decrease were observed for both tensile strengths (from 33.15 MPa to 25.42 MPa)
and work-to-fracture (from 23.90J to 14.99J). This phenomenon of decreasing in
both tensile strength and strain capacity agrees with the observations reported by

Barhum and Mechtcherine [40].
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4.3.3 Strain rate effects on mortar
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Figure 4.4 Tensile responses of plain mortar with and without short fibers under

different testing strain rates: (a and c) plain mortar, (b) and (d) plain mortar +
short fiber
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Figure 4.4 compares the tensile responses of plain mortar with and without
short fibers under dynamic loading with different strain rates. It can be observed
that the average tensile strengths did not differ that much at from 50 s™ to 100 s,
but found to be much higher when tested at 25 s™. This phenomenon can be
attributed to the effect on testing response due to the system ring, pointed out by
Xiao [46]. To address the specimen machine interaction, the testing system can be
represented by a single-degree freedom under-damped spring-mass system as
developed Xiao the response of which can be obtained when the impulse velocity,
damping ratio, and natural frequencies are known. All the tests were conducted with
an actuator velocity of approximately 1 m/s. The modal analysis showed that the
natural frequencies of the testing system were 900, 1400, 1600 Hz and the damping
ratio is about 0.02. Based on these parameters, the effect of system ringing at
frequencies of 900, 1400, 1600 Hz on stress level was calculated for the carbon

fabric - cement and AR glass fabric - cement composites, the system was excited

by a sudden velocity change of 1 m/s, as shown in Figure 4.5. One should notice
that for the system ringing at 0.9 kHz, the maximum stresses were about 3.5 MPa
and 7 MPa for AR glass and carbon composite, respectively, at 0.25 ms and the
ringing effect became negligible after 0.5 ms. For the system ringing at 1.6 kHz,
the response first increased with time, peaked at about 0.15 ms, and then decreased.
The maximum stresses were about 2 MPa and 4 MPa for AR glass and carbon
composites, respectively. The ringing effect became negligible after 0.3 ms. This
analysis reveals that the natural frequency of the testing system affects the test

results in high rate testing by contributing to the magnitude of the system ringing.
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When tested at 50 s and 100 s, the stresses reaches peak at about 0.2 ms before
the ringing effect takes into place. But for the strain rate 25 s, the test duration was
about 0.8 ms and even longer which allows the system ringing to dominate the
response in the loading process. The stress oscillation in Figure 4.4 is the coupled

result of specimen failure and system ringing.
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Figure 4.5 The effect of system ringing at frequencies of 900, 1400, 1600 Hz on
stress level in carbon and AR glass composites. The system was excited by a

sudden velocity change of 1m/s [84].

4.3.4 Strain rate effects on TRC

Figure 4.6 represents the effects of strain rates on TRC samples with and
without short fibers. It is observed that the average tensile strength and ogop 0f TRC
samples with and without short fibers increased with the increasing strain rate up
to 50 s-1. The average tensile strength of TRC rose from 26.91 MPa to 31.42 MPa,

and 26.99 MPa to 32.35 MPa with addition of short fibers. Significantly increases
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in cBOP were observed for both two cases, where the factor of increasing is about
1.6. However, both strain capacity and work-to-fracture reduced as the strain rate
increased. The strain capacity decreased from 6.79% to 4.52% for TRC, and 6.66%
t0 5.99% for TRC with short fibers. While the work-to-fracture for TRC decreased
from 19.28J to 14.77J with a loss of 31%. Nevertheless, the loss of work-to-fracture
is found to be much smaller after the short fibers added, which slightly decreased
from 20.95J to 19.01J. This can be attributed to the contribution of short fiber to
the post-peak responses, that the post peak stresses were maintained at a relatively
higher level compared to that of TRC samples without short fibers, which can be
seen in Figure 4.6a and b. As a result, even though the strain capacity dropped
dramatically, the area under the curve does not reduce a lot because the high level
of post peak stresses.

However, these trends somehow changed when the strain rate increased to
100 s-1. First of all, the shapes of the curves differ significantly to those obtained
at lower strain rates. Obvious oscillations of the system at its natural frequency were
observed for specimens tested at 25 s-1 and 50 s-1 attributed to the interaction
between specimen and machine. These oscillations decreased as the strain rate
increased to 100 s-1, as shown in Figure 4.6a and b, which ends up leading to a
different shape of stress-strain curve. Second difference is found to be the steep
increase in strain capacity for TRC without short fibers when the strain rate is 100
s-1, from 4.52% to 10.62%. At the same time, a stage where the load stays but strain
keeps increasing can be seen on the stress-strain curve, which contributes the most

to the large strain capacity. This can be attributed to the pull out displacement
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between fibers and matrix after the first macro crack formed, which was also
included in the displacement acquired in the data. Moreover, according to the study
of rate effects on fiber pull-out tests conducted by Boshoff et. al [95], the pull-out
displacement at peak loads increased more than 100% when the pull-out rates rose
from 0.01 mm/s to 100 mm/s. This effect can be caused by the higher inertia force
generated by the acceleration of the actuator, and a higher acceleration is needed to
excite higher strain rate, which results in a larger pull-out displacement.
Nevertheless, this phenomenon disappeared with the addition of short fibers, as
Figure 4.6b shows, which indicates the contribution to enhancing the entire bonding
mechanism between fiber and matrix. In addition, the average tensile strengths
dropped from 32.35 MPa to 25.42 MPa while the work-to-fracture decreased from
19.01J to 14.99 J as the strain rate rose up from 50 s to 100 s*. The reduction of
work-to-fracture can be traced back to the drop in strain capacity. The reason of the
increase and decrease of average strength as the strain rates increase is not clear. A
possible explanation could be the interaction between specimens and system, that
the oscillation is observed to affect the shape of stress-strain curves mostly at 50 s2,
as shown in Figure 4.6d. Moreover, the BOP was reached at about 0.1 ms followed
by a series of vibrations and then leaded a steep drop at 0.4 ms As discussed before,
the system ringing dominates the response within the time range from 0.1 msto 0.3
ms for a system with a natural frequency of 1600 Hz, see Figure 4.5. An interesting
finding is that the peak stresses happened to be the stresses at BOP, when the
response is dominated by system ringing. While in contrast to it, the peak stresses

of the specimens tested at 25 s and 100 s took place around 0.5 ms and 4.4 ms,
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respectively, when the effect of system ring is negligible. Thus the effect of system
ringing need to be taken into consideration when comparing the average strength at
different strain rates. However, when it comes to the TRC specimens, the time when
peak stresses were reached for all the strain rates are found to be out of the range
when system ringing affects, which are 4.4 ms, 2.6 ms and 1.3 ms, respectively.
Based on the discussions, authors would predict that the TRC with addition of short

fibers is not that sensitive to strain rates.
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Figure 4.6 Tensile responses of plain mortar with and without short fibers under
different testing strain rates: (a and ¢) TRC, (b) and (d) TRC + short fiber
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4.3.5 Failure modes

(@) (b) (©) (d)

Figure 4.7 Failure modes of (a) Plain mortar, (b) Plain mortar with micro fiber, (c)
TRC and (d) TRC with micro fiber

Figure 4.7 compares the failure modes (crack pattern) of the four types of

specimens obtained by the high speed camera: Plain mortar, plain mortar with short
fiber, TRC, and TRC with short fiber. When the plain mortar specimens were
subjected to direct tension, only one macro crack formed followed by the failure of
samples, which is attributed to the brittleness of the material. While with the
addition of short fibers, specimens yielded to the same failure mode with that of
plain mortar, which can be traced back to the low volume fraction (0.5%). Multiple
macro cracks were formed when it comes to TRC samples, showing an obvious
change in failure mode. Additionally, when short fibers were added to TRC, more
finer cracks were propagated compared to that of TRC. The type of short fibres
used mitigated cracking and bridged the small cracks, thus enabling a finer crack
pattern and smaller crack widths when compared to TRC without short fibres. This

behaviour can be attributed, to the higher stress levels reached in the specimens

129



with short fibres, which even prior to the development of the first macro-crack, lead
to the formation of a greater number of micro-cracks over the entire specimen
volume or length. In the present work micro-cracks are defined as short, very fine
and not interconnected cracks which do not lead to a considerable decrease in
stiffness or stress carrying capacity of the matrix. A macro-crack is defined as such
if it is continuous and spread over a considerable part of the specimen cross-section
leading to a considerable decrease in stiffness and stress transfer across the crack.
Beginning from the first-crack stress, these micro-cracks grow to develop the
macro-cracks. A greater number of finely distributed micro-cracks offer more
nuclei for macro-crack formation, thus leading to more pronounced multiple
cracking. On the other hand, as amacro-crack form, the matrix stress in its vicinity
decreases. Depending on the type and interface properties of the used reinforcement,
the next crack may not form within a distance corresponding to a threshold value.
The addition of short fibres causes an additional stress transfer over the macro-
cracks, which results in a less pronounced relaxation of the matrix in the vicinity of
the cracks. A new crack can form at a smaller distance from an existing one; hence,
more pronounced multiple cracking can be observed. So far the picture is clear. The
short fibres bridging mechanism can lead to a non-uniform widening of the formed
macro-cracks, which has still to be shown by precise measurements of crack
opening history. However, depending on the orientation of short fibres, volume
fraction and local bond properties, several cracks may be bridged in such an
efficient manner that little or no macro-crack opening occurs. Consequently, with

the increasing strain on the specimen, crack widening is located mainly at scattered
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macrocracks which are less efficiently bridged by the short fibres. After these
cracks exceed a specific opening, the load across them is transferred only by the

textile reinforcement.
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Table 4-4 Testing results of plain mortar with and without short fibers obtained

from dynamic tensile testing subjected different strain rates

. . Young's
Material Séraln NO. Tensile Modu?us Strain capacity Work-to-fracture
ate Strength (Gpa) )
1 3.6629 0.4767 0.0079 0.2041
3 5.2603 0.5934 0.0144 0.4001
o5 4 5.2163 0.4143 0.0096 0.4868
AVG. 47132 0.4948 0.0106 0.3637
STD.
DEV 0.7429 0.0742 0.0027 0.1183
1 2.4667 0.3494 0.0132 0.3013
2 5.1653 0.3293 0.0208 0.8025
Plain 50 4 2.2747 0.1983 0.0145 0.2570
Mortar AVG. 3.3022 0.2923 0.0162 0.4536
STD.
DEV 1.3197 0.0670 0.0033 0.2474
1 2.2121 0.1459 0.0158 0.2461
2 2.7692 0.2853 0.0142 0.3204
100 5 2.9871 0.3195 0.0121 0.2657
AVG. 2.6561 0.2502 0.0140 0.2774
STD.
DEV 0.3263 0.0751 0.0015 0.0314
3 4.4429 0.9424 0.0194 0.4756
4 5.6228 1.2465 0.0492 0.4539
o5 6 6.1326 1.7459 0.0346 0.5879
AVG. 5.3994 1.3116 0.0344 0.5058
STD.
DEV 0.7077 0.3312 0.0122 0.0587
3 1.7416 0.2507 0.0244 0.3879
Plain 5 2.7215 0.8839 0.0454 0.7654
Mortar+ 50 8 1.6655 0.1968 0.0226 0.6198
short AVG. 2.0429 0.4438 0.0308 0.5910
fibers STD.
DEV 0.4809 0.3120 0.0103 0.1555
1 4.8432 0.7957 0.022 1.1739
2 1.9431 0.3289 0.0572 0.8001
100 4 2.9477 0.303 0.0163 1.0678
AVG. 3.2447 0.4759 0.0318 1.0139
STD.
DEV 1.2024 0.2264 0.0181 0.1573
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Table 4-5 Testing results of TRC with and without short fibers obtained from

dynamic tensile testing subjected different strain rates

Mat Strai Tensile Strain Young's crzzzl_wg Strair? V_V:;r_k
erial Rn NO. Streng | oOsop+ BOP+ Modulus stiffness capacit fractu
ate th (Gpa) (MPa) y re ()
25.53 | 21.19 | 0.01 2.08 117.55 | 0.07 | 18.61
4 25.68 | 16.21 | 0.01 2.04 213.40 | 0.07 | 19.30
55 29.50 | 18.31 | 0.01 1.84 23742 | 0.06 | 19.92
AVG. | 2691 | 1857 | 0.01 1.99 189.46 | 0.07 | 19.28
STD.
by | 184 | 204 | 0.0 0.11 51.78 0.00 | 054
1 33.72 | 3229 | 0.01 7.66 0.04 | 14.27
2 29.13 | 30.30 | 0.01 7.74 0.05 | 15.81
re | so 5 3143 | 26.03 | 0.01 8.13 0.05 | 14.24
AVG. | 31.42 | 29.54 | 0.01 7.84 0.05 | 14.77
STD.
oy | 187 | 261 | 0.00 0.20 000 | 0.73
1 41.40 | 7.44 | 0.04 0.12 | 28.17
2 31.00 | 17.03 | 0.05 0.09 | 20.90
100 3 27.06 | 16.49 | 0.05 0.10 | 22.64
AVG. | 33.15 | 13.65 | 0.05 0.11 | 23.90
STD.
by | 605 | 440 | 001 001 | 3.10
2 2371 | 1931 | 0.01 2.03 817.88 | 0.07 | 17.29
3 30.15 | 22.60 | 0.01 1.91 899.12 | 0.06 | 24.57
- 5 27.10 | 18.53 | 0.01 1.95 1038.38 | 0.07 | 20.99
AVG. | 26.99 | 20.15 | 0.01 1.97 918.46 | 0.07 | 20.95
STD.
by | 263 | 176 | 0.00 0.05 91.05 0.00 | 297
2 32.96 | 32.92 | 0.01 11.46 0.05 | 16.35
TRC+ 3 36.99 | 31.92 | 0.00 10.59 0.07 | 23.94
fc:’boerrt 50 5 27.09 | 27.05 | 000 | 16.72 006 | 16.73
s AVG. | 32.35 | 30.63 | 0.00 12.92 0.06 | 19.01
STD.
bEy | 406 | 256 | 0.00 2.71 0.01 | 3.49
26.93 0.05 | 14.81
4 23.08 0.05 | 15.57
100 5 26.25 0.06 | 14.59
25.42 0.05 | 14.99
1.68 001 | 0.42
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4.3.6 Image analysis

The strain field of plain mortar specimens with and without fibers generated
by the digital image correlation method is presented in Figure 4.8. As discussed in
the previous section — failure modes, one macro crack was formed which leads to a
failure of brittle. On the other hand, the formation of macro crack is attributed to
highly stress concentration, which is required to store enough energy to create new
surfaces, from the perspective of fracture mechanics. And this phenomenon of
concentration was detected by DIC method, see Figure 4.8. According to the legend
of the contour map, red color stands for maximum strain value while purple is the
minimum, in this case, given the value of 0. Two bands in red can be seen on the
deformed images on each side of the crack, followed by a gradually changed color
path from yellow to blue. While the deformation of over rest area of the specimen
appears to be extremely small that cannot be detected effectively. The concentration
of axial strains refers to the concentration of stresses which is straightforward.
However, it is difficulty to generate the stress field from perspective of
quantification, due to several reasons including the non-homogeneity material,
changing in material properties with formation of cracks, etc. Even so, the overall

strain field was clearly observed and general stress distribution can be described.
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Figure 4.8 Strain field (axial strain) obtained by DIC method for plain mortar
specimens with and without short fibers tested at different strain rates: Plain

mortar at (a) 25 s, (b) 50 s, (c) 100 s, and mortar + fiber at (d) 25 s, (e) 50 §°
1

Figure 4.9 shows the strain filed of TRC samples with and without short
fibers, tested at different strain rates. First of all, similar to mortar, intense
concentration of strain took place close to cracks distributed over the specimen, see
Figure 4.8a and c, which again, indicates the concentration of stress. However, the
area of concentration is relatively larger than that of mortar specimen, which is
attributed to the formation of multiple cracks instead of one. This phenomenon
confirms well with the comparison of failure modes of composites before and after
reinforced by TRC. Secondly, due to the existing of textile fabrics, the distribution
of stress turns out to be more widely compared to plain mortar with and without
short fibers. As can be seen in the figure, most area on the surface of specimens are

in color of green, standing for strains from 1.5% to 3% according to the legend of
137



each set. While with respect to mortar specimens, most of them are in purple, i.e.
zero strain, which means the potential properties of concrete were not utilized. The
difference of strain distribution, directly related to stress distribution, implies the
enhancement in overall strengthening and bonding, on the other word, behavior of

tension stiffening, provided by textile fabrics.
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Figure 4.9 Strain field (axial strain) obtained by DIC method for plain mortar
specimens with and without short fibers tested at different strain rates: TRC at (a)
255s-1, (b) 50 s-1, (c) 100 s-1, and TRC + fiber at (d) 25 s-1, (e) 50 s-1, (f) 100 s-

1.

4.4  Conclusions
High speed tests of four types of specimens were performed at three
nominal strain rates of 25 s, 50 s, and 100 s* using a servo-hydraulic testing

machine. Image analysis based on digital image correlation (DIC) method was
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conducted to further study the failure modes. Following conclusions can be drawn
from the present work:

For tensile tests performed up to 50 s, an increase in tensile strength and

stress and bend-over-point (BOP), and decrease in strain capacity and work-to-
fracture were observed for TRC samples. However, this trend was changed when
the strain rates increased to 100 s, effected by system vibrations at different strain
rates. Large pull-out displacement between fibers and matrix was observed at the
highest strain rates, which results in an increase in strain capacity and work-to-
fracture. But the trend of increasing in tensile strength was still verified.
The addition of short fibers brought the osop and work-to-fracture up for TRC
specimens, while showing no obvious effect on tensile strength. Moreover, the
modes of failure became more ductile since the short fibers bridging over micro
cracks. With respect to the effect of strain rates, TRC with short fibers did not show
a firm trend as the strain rates increased.

DIC was a powerful tool to determine the strain field in cement composites.
The analysis results on different types of specimens clearly showed the contribution
to the post-peak responses with the addition of textile fabrics, by identifying the

effect and location of strain concentration and overall distribution.
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