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This study investigated the loading rate effects on the properties of fiber-matrix zone (FMZ) surrounding
steel fibers by conducting nanoindentation tests. Ultra-high performance concrete (MU) produced the
highest loading rate sensitivity (n) owing to the highest pressure hardening sensitivity of MU although
both hardness (H) and Young’s modulus (E) of FMZ of other two matrices also clearly increased as loading

rate increased from 1 to 8 mN/s. The higher n of MU would be based on the higher content of ultra-high
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density calcium silicate hydrate. The C-S-H with higher calcium to silica ratio generated higher rate
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1. Introduction

High performance fiber reinforced cementitious composites
(HPFRCCs) have demonstrated superior mechanical resistance,
i.e., higher cracking resistance, strength, ductility, and toughness
[1,2]. Moreover, their resistances under earthquakes, impacts,
and blasts were significantly higher than those under static rate
because their tensile strength and energy absorption capacity were
favorably sensitive to strain rate [3-11]. Their enhanced resistance

Abbreviations: CH, calcium hydroxide; C-S-H, calcium silicate hydrate; DIF,
dynamic increase factor; E, Young's modulus; EDS, energy-dispersive X-ray
spectroscopy; H, hardness; HD C-S-H, high density calcium silicate hydrate;
HPFRCC, high performance fiber reinforced cementitious composite; FMZ, fiber-
matrix zone; ITZ, interfacial transition zone; LD C-S-H, low density calcium silicate
hydrate; MH, high-strength mortar; MS, ultra-high performance concrete with a
shrinkage-reducing agent; MU, ultra-high performance concrete; n, strain rate
sensitivity; NI, nanoindentation; SEM, scanning electron microscopic; UHD C-S-H,
ultra-high density calcium silicate hydrate.
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was obtained based on the favorable rate sensitive response of
them, employing a lower water to binder ratio and modified bin-
ders, with higher homogeneity and less internal micro-cracks
[12]. The rate sensitive response of HPFRCCs originated from the
rate sensitive interfacial bond strength of steel fibers embedded
in cement based matrix, generally determined by conducting sin-
gle pullout tests or multifiber pullout tests [8,10,11,13-16].
Several researchers have investigated the loading rate effects on
the interfacial bond strength of steel fibers by increasing the speed
of fiber pullout. Gokoz and Naaman [7] reported that deformed
steel fibers in normal strength mortar were highly sensitive to
the applied loading speed whereas smooth steel fibers were not.
Kim et al. [8] investigated the loading rate effects on the pullout
resistance (i.e., interfacial bond strength) of deformed steel fibers
by increasing the speed of fiber pullout from static (0.008 mm/s)
to seismic rate (18 mmy/s): twisted steel fiber was more sensitive
to the pullout rate than hooked steel fiber embedded in high
strength mortar. Tai and El-Tawil [9] reported that smooth steel
fibers were also highly sensitive to the speed of fiber pullouts if
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they were embedded in ultra-high performance fiber reinforced
concrete (UHPFRC). Park et al. [10,11] found that the amount of
UHPFRC matrix shrinkage made significant effects on the pullout
resistance and pullout rate sensitivity of smooth steel fibers. It is
now well known that the pullout resistance of steel fibers is highly
sensitive to the loading rate. However, the source of rate sensitive
interfacial bond strength has not been fully understood yet.

The bond strength of steel fibers embedded in cement based
matrix is much influenced by the properties of fiber-matrix zone
(FMZ) surrounding steel fibers because the mechanical property
or resistance of FMZ is generally lower than that of matrix owing
to higher porosity at the interfacial transition zone (ITZ) between
fiber and matrix [16]. In this study, we investigated the loading
rate effects on the properties of the FMZ including ITZ by conduct-
ing nanoindentation (NI) tests, scanning electron microscopic
(SEM), and energy-dispersive X-ray spectroscopy (EDS) analyses
in order to further understand the effects of loading rate on the
behavior of HPFRCCs. Deeper understanding about the source of
rate sensitive bond strength of steel fibers would be favorable for
the development of high performance construction materials with
higher strength and energy absorption capacity, especially under
high loading rates.

The purpose of this study is to develop further understanding
about the source of rate dependent tensile response of HPFRCCs
and UHPFRCs by investigating the high rate effects on the proper-
ties of FMZ. The specific objectives are to (1) investigate the effect
of loading rates of nano-indenter on the FMZ properties of different
matrices, (2) compare the rate sensitivity of the FMZ properties
corresponding to different matrices and microstructures, and (3)
understand the source of rate sensitivity.

2. Background
2.1. ITZ characteristics

The microstructure of ITZ between matrix and fiber plays an
important role in the mechanical resistance of HPFRCCs
[13,14,16,17]. Both direct and indirect measurement methods have
been applied to analyze the chemical compositions and mechanical
characteristics of HPFRCCs [18-23]. Indirect measurement meth-
ods include various experimental techniques SEM [18,19], Trans-
mission Electron Microscopy (TEM) [20], Electron Backscattered
Diffraction (EBSD) [21,22], X-ray Diffraction (XRD) [20,23], and
EDS [21], generally used for investigating the microstructure of
cement based matrix. One of the direct measurement methods is
the NI test, which is used to analyze the mechanical properties of
materials at the nanoscale. The applications of the above men-
tioned methods have revealed the chemical composition and
microstructural properties in the ITZ.

The thickness of ITZ was different according to the microstruc-
tural characteristics of aggregate particles and the degree of hydra-
tion [21], water to cement ratio [24], the types of fibers [17]. The
thickness of the ITZ surrounding a steel fiber embedded in high
strength mortar matrix was mostly less than 70 um [17,25]. The
width of interfacial cracks at the ITZ between coarse aggregate
and cement matrix significantly was also significantly influenced
by the properties of concrete [26,27]. Thus, the FMZ within
70 um distance from the surface of steel fiber was investigated in
this study because the thickness of the ITZ was different corre-
sponding to the composition of matrix and less than 70 pm. Kang
et al. [13] reported that a higher local stiffness of ITZ by using finer
sand grains because the density of calcium silicate hydrate (C-S-H)
increased. The high density calcium silicate hydrate (HD C-S-H)
and low density calcium silicate hydrate (LD C-S-H) were mainly
contained in the hydration products of ordinary concrete as well
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as in the ITZ of high performance concretes [17,28-30]. Xu et al.
[17] mentioned that the main microstructure of the ITZ between
steel fiber and the UHPC matrix would be the HD C-S-H. Sorelli
et al. [31] reported no weak fiber-matrix ITZ in UHPC due to the
predominant presence of the HD C-S-H based on the results of NI
tests on the ITZ between steel fiber and UHPC matrix. Zhao and
Sun [29] and Vandamme et al. [30] recently reported that the
hydration products of cement pates as well as of ITZ mainly con-
tained LD C-S-H, HD C-S-H, and ultra-high density calcium silicate
hydrate (UHD C-S-H). A large amount of the HD C-S-H and UHD C-
S-H were presented in the UHPC, creating higher mechanical prop-
erties of the UHPC than those of ordinary concrete [27,28].

There is little study on the influence of loading rate (or strain
rate) on mechanical behavior of cement composites by using NI
tests. Most researchers have conducted on other materials such
as brittle longmaxi shale (rock) [32], glass [33], sapphire [34],
and metal [35,36]. Shi et al. [32] reported that the material behav-
ior of rock was dependent on the loading rate at the nanoscale, as
the loading rate increased, the H, E, yield stress, and indentation
shear stress gradually increased. Li et al. [33] indicated that E
and H of the aluminosilicate glass increased linearly with increas-
ing in the loading rates. Bhattacharya et al. [34] also reported that
the H of sapphire enhanced significantly as the loading rates
increased. Furthermore, Vinh et al. [36] stated that H and yield
strength of structural steel weld zone increased as the strain rate
increased. However, Burgess et al. [35] discovered that the hard-
ness, elastic modulus, and deformation energy of metallic glass
were independent of the loading rates.

2.2. Nanoindentation tests

Fig. 1a shows a typical nanoindentation load-displacement
curve and relevant parameters. As the NI test begins, the load
increases gradually to a maximum load (P,,,) and the penetration
depth (h,;). The penetration displacement does not cease as the
load holds at Py, but increases to a maximum depth (hpax). After
unloading process, the indenter tip generally can not return to the
original position because of the deformation of material around the
indenter and stops at a residual depth which is called final penetra-
tion depth (hy). An effective contact depth (h.) is used to determine
the contact area (A.), as shown in Fig. 1a. The presence of h, after
the NI test was completed, this indicated that a plastic zone
occurred under the indenter [37].

Fig. 1b shows an individual feature of NI tests. The material
around the contact area tends to deform upwards or downwards
around the indenter tip where the load is applied. This behavior
results in pile-up and sink-in of material at the contact boundary
[38].

The H and E are calculated by using the Oliver-Pharr method
[39], as provided in Eqgs. (1) and (2).

_ Pmalx

-1
E=(1 71)2)(%71 Ei”fz) 2)

where P is the maximum load, A. is the contact area, and v is the
Poisson’s ratio of the test samples. v; and E; are poisson’s ratio and
Young’s modulus of the diamond indenter tip, respectively: v; is
0.07 and E; is 1140 GPa for the Berkovich indenter. E; is the reduced
modulus, which can be calculated by using the following Eq. (3).
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Fig. 1. Typical nanoindentation test.

where g is a constant depending on the indenter geometry (1.034
for a Berkovich indenter). S is the contact stiffness, which can be
determined by the slope of the initial part of unloading curve at
the hpay, as given by Eq. (4)

dp
= (), . &

Strain rate sensitivity (n) is used to evaluate the effect of strain
rate on material properties [32,40-45]. The n is calculated by using
the following Eqgs. (5) and (6):

__ 0Log(H)
n= OLog (&) )
. 1P
E== 6
2 P ©)
The following Eq. (7) can be obtained by integrating Eq. (5) [32]:
Log(H) = nLog(&) + Log(Ho) (7)

where ¢ is strain rate corresponding to the loading rate (P) of 1 and
8 mN/s would be calculated as 0.05 and 0.4 s~!, respectively
because the P, in this study was 10 mN. Hp is the intrinsic hard-
ness free from strain rate sensitivity. Both n and Hy were generally
determined by fitting the curve of Log(H) and Log(¢) [32,44].
Besides, a dynamic increase factor (DIF) of E and H is also used
to assess the loading rate sensitivity of the material. The DIF in the

following Eq. (8) is a dimensionless number that expresses the
change of the material response when the loading or strain rate
changes. In this study, both the n and the DIF were used to estimate
the effect of strain rate on material properties.

A:
DIF =

A (8)
where A; and A; are the material response at high and low loading
rates, respectively.

3. Experiments

Fig. 2 illustrates an experimental program to investigate the
source of rate sensitive responses of the FMZ. The high-strength
smooth steel fibers and three matrices were used to investigate
the source of rate sensitivity of the FMZ. The three matrices were
ultra-high performance concrete (MU), MU with a shrinkage-
reducing agent (MS), and high strength mortar (MH).

3.1. Materials and specimen preparation

Table 1 provides the properties of the compositions and com-
pressive strength at the age of 14 days of the MU, MS, and MH
matrices while Table 2 does the properties of brass coated high
strength smooth steel fibers.
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Fig. 2. Experimental program.

Table 1
The composition and compressive strength of matrices.

Matrix type Cement Silica sand Fly ash Silica fume Silica Superplasticizer Shrinkage Water/binder Compressive
(type) — powder reducing agent ratio strength (MPa)
A B C D
MU 1.00 (I) 1.10 - 0.25 0.30 0.067 - 0.17 187
MS 1.00 (I) 1.10 - 0.25 030 0.067 0.01 0.18 170
MH 1.00 (111) 1.10 0.15 - - 0.009 - 0.31 98
A and B are grain size of approximately 210-250 pm and 300-700 um, respectively.
C and D are superplasticizer provided by solid contents of 30% and 25%, respectively.
Table 2
Properties of straight smooth steel fibers.
Diameter (mm) Length (mm) Density (g/cm?) Tensile strength (MPa) Elastic modulus (GPa) Material
0.2 19 7.9 2788 200 Brass coated high strength steel fibers

Type I cement was used in both MU and MS whereas Type Il
cement was used in MH. The grain size of silica sand used in both
MU and MS varied between 210 and 250 pm, whereas that used in
MH did between 300 and 700 pwm. Both MU and MS matrix utilized
polycarboxylate ether superplasticizer with solid contents of 30%,
whereas MH did that with solid contents of 25%. Shrinkage reduc-
ing agent (SRA) based on propylene-glycol ether with a density of
3.18 g/m>® was used in MS. Silica fume contains approximately
98.5% SiO, and its grain size ranges from 0.1 to 1.0 pm. Silica pow-
der with an average grain size of 10 pm used as a filler in matrix.
The composition of silica powder is 98.0% SiO, and its density is
2.6 g/m?

A total of three samples were prepared for nano experiments
corresponding to MU, MS, and MH matrix. The procedure of sample
preparation includes six steps as follows:

(1) Mixing: the mortar matrices were prepared by using a
Hobart-type mixer with 20 L capacity. Cement, silica sand, silica
fume, and silica powder were firstly dry-mixed for 10 min. After
dry mixing, water was gradually added while the mixture was
mixed for 3 min, then the superplasticizer was added, and then
the mortar mixture was further mixed for 3 min.

(2) Casting: Fig. 3a shows the geometry of a mold with two-
parts used to cast the specimens. Nine steel fibers were fixed in
the middle of a mold by using a foam sheet prior to casting, as

shown in Fig. 3b. Then, the mortar mixture was poured into the
mold with slight vibration for 2 min.

(3) Curing: all the samples were covered by plastic molds and
stored at laboratory (20 + 2 °C) after casting for two days prior to
demolding. The specimens of MU and MS were cured in a hot water
tank (90 + 2 °C) for three days while those of MH with Type III
cement were cured in a water tank for 14 days at the temperature
of 20 £ 2 °C in a laboratory.

(4) Cutting: all the specimens were under dry condition for
14 days after curing and then were sliced into a square with
dimension of 20 x 20 mm? and put into the middle of the mount-
ing cup with a diameter of 31 mm as shown in Fig. 3. The mixture
of epoxyset with the resin to hardener ratio of 100:12 by weight
was prepared. Then, the mixture was poured into the mounting
cup and then cured for eight hours in the vacuum impregnation
system (VacuPrep™) to maintain sample integrity during abrasive
preparation by reducing the chance of cracking or delamination.

(5) Grinding and polishing: a grinding and polishing machine
(MetPrep4/PH-4™) was used. Table 3 provides the procedure of
grinding and polishing in detail. At each step of grinding process,
tap water was added for a short time to remove any matrix debris
attached to sample holder and abrasive papers. Further grinding
was done with polishing cloth containing 3 pm diamond suspen-
sion and 0.04 pm colloidal silica suspension, respectively. A Pur-
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Fig. 3. Images of molds and sample.
Table 3
Steps of grinding and polishing samples.
Step Grinding Polishing
1 2 3 4 5 6
Abrasive 400 Grit (P-800) 600 Grit (P-1200) 800 Grit (P-2400) 1200 Grit (P-2400) 3 pm 0.04 um
Type SiC SiC SiC SiC Diamond Colloidal Silica
Carrier Abrasive Disc Abrasive Disc Abrasive Disc Abrasive Disc Suspension Suspension
Polishing Cloth DiaMat Chem-Pol
Coolant Water Water Water Water PurpleLube -
Platen Speed (RPM) Direction 150/Comp 150/Comp 150/Comp 150/Comp 150/Comp 100/Contra
Sample Speed (RPM) 120 120 120 120 110 90
Force (IbF) 4 4 4 4 4 4
Time (min) Until Flat 2 3 3.5 3 30

pleLube, water-free alcohol based lubricants, was then used to
enhance the polishing performance of diamond suspension and
colloidal silica suspension. The sizes of each sample are a diameter
of 31 mm and height of 10 mm.

(6) Roughness checking: a typical sample for a NI test is shown
in Fig. 3c. The surface roughness of the samples was measured by
using an atomic force microscope (XE-100 Park systems). The root
mean square roughness number (RMS) was calculated by using Eq.
(9) [46]:

1 n_m
RMS = m Z Z (h;j - hmean)z (9)

i=1 j=1

where n, m denote the pixel size of the atomic force microscope
(AFM) image, h;; is the height reading in pixel (i, j) and hpmean is
the mean value of all height readings in the image.

The average values of surface roughness (28.90, 25.95, and
73.20 nm) in the FMZ of MU, MS, and MH matrix were within

the allowable limitation for the NI tests with a Berkovich tip
[17,47,48]. All the samples were kept in a vacuum container to pre-
vent or minimize any further hydration prior to testing.

3.2. Test method and procedures

Fig. 4 shows a setup for a NI test. Fig. 4a presents two positions
where NI tests were carried out corresponding to two loading rates
of 1 and 8 mN/s. To investigate the effect of loading rate on the
properties of FMZ including ITZ corresponding to MU, MS, and
MH matrix, NI tests were carried out in two zones in the FMZ sur-
rounding a steel fiber, each zone contained 40 indented points, and
thus 80 indented points per a steel fiber were indented as shown in
Fig. 4a. Since a sample contains nine steel fibers, thus a total of 720
points were indented corresponding to three different matrix.

Fig. 4b shows the detail of each indented point location. The dis-
tance between each line in an area was set as 10 um along the Y-
axis for all samples. Note that for each row along the X-axis, there
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Fig. 4. A setup for a nanoindentation test and a nanoindentation system.

were 10 indented points, in which two indented points located in
the section of steel fiber to find the indented points after com-
pleted NI test (Fig. 4b). The spacing of indented points was
10 pum to avoid any interaction between two adjacent indents [31].

Fig. 4c compares two indentation load versus time curves corre-
sponding to the loading rates 1 and 8 mN/s. The indentation load
linearly increased from zero to the maximum indentation load of
10 mN, then it was held constant for 10 s prior to unloading pro-
cess, as shown in Fig. 4c.

Fig. 4d shows a TI950 Triboindenter system with a three-sided
Berkovich diamond tip that was used to investigate the property of
FMZ of the MU, MS, and MH, respectively. The TI950 Triboindenter
has a load range from 30 nN to 10 mN, the resolution of load and
displacement was less than 1 nN and 0.04 nm, respectively.

4. Results and discussion
4.1. Loading rate effects on P-h curves of FMZ

Fig. 5 shows typical P-h curves of different microstructures of
FMZ of matrices corresponding to the loading rates of 1 and 8
mN/s. The microstructures, in Fig. 5, at the position of indented
points within the investigated FMZs were determined based on
the result of EDS tests.

The P-h curves of microstructures including sand, clinker, C-S-
H, and CH (Fig. 5a and b) was generally similar to the typical curve
in Fig. 1a. However, the P-h curve of the porosity in FMZs was
clearly different, especially at the initial part, as can be seen in
Fig. 5¢ and d. Besides, the nanoindentation depth of the porosity
was significantly higher than that of other microstructures owing
to very low hardness of the porosity.

Fig. 6 illustrates the SEM images in the FMZ between steel fiber
and mortar matrix. The position of the indented points in the FMZ
is well-matched with the grid of indentation points in Fig. 4b. Fur-
thermore, Fig. 6b and c show typical sink-in of indented points after
NI tests corresponding to the loading rate of 1 and 8 mN/s, respec-
tively. The side length of the projected indentation area is 1.73 pm,
at the loading rate of 1 mN/s, higher than that (0.92 um) at the load-
ing rate of 8 mN/s. Xu et al. [37] also reported that the side length of
the projected indentation area decreased as the loading rates
increased. A higher side length of an indented point at lower loading
rate (1 mN/s) would be due to a higher contact depth (h.). Therefore,
the values of A. and an edge of a contact area at the loading rate of 8
mN/s was smaller than that of the loading rate of 1 mN/s.

Fig. 7 shows the effects of loading rates on the nanoindentation
depths including hpmax, he, and h, of MU, MS, and MH matrices. As
the loading rate increased from 1 to 8 mN/s, the hpax, he, and h,
clearly decreased. At the loading rate of 1 mN/s, the hp.x was
597.89 nm for MU, 620.93 nm for MS, and 770.08 nm for MH. How-
ever, at the loading rate of 8 mN/s, the hy,,x of MU, MS and MH was
447.80, 525.68, and 706.42 nm, respectively. Furthermore, a smal-
ler hymax was always obtained at higher loading rate (8 mN/s) than
at lower loading rate (1 mN/s), as shown in Fig. 7.

This tendency is in good agreement with the results reported by
Li et al [33] that the hp,,x decreased with the increase of the loading
rate. The h. and h, of MU at both the loading rates of 1 and 8 mN/s
were the lowest ones whereas those of MH were the highest ones.
Furthermore, the h, of MU corresponding to the loading rates of 1
and 8 mN/s was 385.48 and 255.92 nm, respectively, whereas that
of MH was 520.77 and 485.11 nm, respectively. As the loading rate
increased from 1 to 8 mN/s, the h. of MU was 537.21 and
381.29 nm whereas that of MH was 707.20 and 644.03 nm. Shi



Van Phi Dang, Huy Viet Le and Dong Joo Kim

12 T T T T

~— UHD C-S-H- -a- - HD C-S-H
-<- LD C-SH

m— Sand

-6— Clinker --E--CH

10

O e - 1 ol | S 3
0 200 400 600 800
h (nm)

(a) Microstructures at 1 mN/s

1000

P (mN)
L= ()]

2000 3000 4000
h (nm)

(c) Porosity at 1 mN/s

0 1000 5000

Construction and Building Materials 283 (2021) 122694

12 T T T T
= Sand —~—UHD C-S-H --4--HD C-S-H
-6— Clinker --H--CH —>—LD C-S-H
10} ; ” 1
8t ]
z
Es6t i
o
4L i
2 ]
O 200 400 600 800 1000
h (nm)
(b) Microstructures at 8§ mN/s
10} |
8t |
Z6r 1
=
o4t |
oL i
j:
O - O O o o o o © -
0O 1000 2000 3000 4000 5000
h (nm)
(d) Porosity at 8 mN/s

Fig. 5. Typical P-h curves of different microstructures of FMZ.

et al. [32] also reported that the h,, h, and hy.x decreased as the
loading rate increased. A decrease in the h. clearly caused a
decrease of contact area (A.). The higher loading rate resulted in
the lower maximum penetration and contact depth, indicating
the lower contact areas at the higher loading rate and consequently
increased the H value.

In general, as loading rate increased, both H and E of all matrices
increased, as shown in Fig. 8. As the loading rate increased from 1
to 8 mN/s, the average value of H of FMZ increased from 2.20 to
3.84 GPa for MU, from 2.14 to 3.20 GPa for MS, and from 1.59 to
2.32 GPa for MH, respectively. Besides, the average value of E of
MU highly increased from 42.46 to 62.50 GPa while that of MS
did from 41.54 to 54.55 GPa, and that of MH did from 37.53 to
40.86 GPa. The loading rate-dependent H and E of cement based
matrices including MU, MS, and MH was found to be similar to
the trend of other materials such as rock, zirconia, silicon carbide,
and alumina at the nano-microscale [32,44,49-51].

4.2. Comparative rate sensitivities of FMZ properties corresponding to
different matrices and microstructures

The matrix with higher compressive strength was found to be
more sensitive to the loading rates than the matrices with

lower compressive strength. To estimate the rate sensitivity, both
DIFs (for H and E) and strain rate sensitivity (n) were used. Fig. 9
shows the DIFs and n of FMZ corresponding to different matrices.
As the loading rate increased from 1 to 8 mN/s, the DIFs of both
H and E in MU were notably higher than those in MS and MH.
The DIF for H was 1.75, 1.50, and 1.46 corresponding to MU, MS,
and MH, respectively while that for E was 1.47, 1.31, and 1.09,
respectively. As the loading rate increased from 1 to 8mN/s, MU
produced the highest strain rate sensitivity (n) among the three
matrices. The n of MU, MS, and MH was 0.27, 0.19, and 0.18,
respectively.

The effect of loading rate on microstructures including LD
C-S-H, HD C-S-H, UHD C-S-H, CH, clinker, and sand of the FMZs
was also analyzed. The chemical composition and atomic density
of the microstructures in FMZ were investigated by using the
results of EDS at all the indented points, as shown in Fig. 10.
Table 4 provides the atomic density of selected atoms in the
indented points corresponding to different microstructures. The
chemical composition of CH, clinker, and sand was not much dif-
ferent corresponding to the different (MU, MS, and MH) matrices.
However, that of UHD, HD, and LD C-S-H was notably different
corresponding to the different matrices. The calcium to silica
(Ca/Si) ratio was one of the main parameters for determining
the C-S-H [52-55]. The Ca/Si of MU is 2.36 + 0.31, 1.70 + 0.24,
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Fig. 6. Typical SEM images of the interfacial transition zone and indented points corresponding to loading rates of 1 and 8 mN/s.

and 0.72 £ 0.21 corresponding to the UHD, HD, and LD C-S-H,
respectively, while that in MS is 2.25 + 0.28, 1.58 = 0.22, and
0.60 + 0.23, respectively. Furthermore, the Ca/Si of the HD and
LD C-S-H in MH matrix is 1.12 + 0.32 and 0.52 + 0.19, respec-
tively. The UHD C-S-H was not found in MH matrix while other
HD and LD C-S-H were found in all of the matrices. Vandamme
et al [30] and Sorelli et al [31] also reported that the UHD and
HD C-S-H were contained in UHPC.

After identifying the microstructure, the property, H and E, dis-
tribution of the microstructures was determined by using a statis-
tical analysis (deconvolution technique) [17,30,31]. This technique
was performed by deconvoluting the experimental distribution
values of the mechanical properties x by the sum of k theoretical
probability distribution functions p; The parameters (fj, p;, p;, and
s;) were determined by minimizing the difference between the
experimental probability density function (PDF) and theoretical
PDF, as follows:

(10)

m k 2
min P(x) = ) (Zf,p,- (x,-, uﬁsj) - P(xf))
i=1 x=(H,E) 1

i Jj=

where m is the number of bins that the problem is discretized, x is
the H or E of each microstructure j; f; is the frequency of each
microstructure j; i; and s; are the mean and standard deviation of
x of each microstructure j; and p; is the theoretical probability of
the microstructure j, which is assumed by the Gaussian distribution
[17.31]:

(11)

b —(x— uj>2)
pj= exp
T [2ms? ( 257

where b is the bin size: b=0.1 GPaifx=Hand b= 1.0 GPaifx =E. To
identify statistically relevant microstructure properties with a suffi-
cient contrast, the overlap of successive Gaussian curves represen-
tative of two microstructures is constrained by [17,31]:

W+ si < Wy + Siy, x = (H, E) (12)

Fig. 11 shows the PDF curves of hardness of FMZ of MU, MS, and
MH at the loading rate of 1 mN/s while Table 5 provides the decon-
volution results of the FMZs for all matrices by using deconvolu-
tion technique including the volumetric proportion. The C-S-H
microstructure, including UHD C-S-H, HD C-S-H, and LD C-S-H,
was main ingredients in all three matrices. The percentage of C-
S-H in FMZ of MU, MS, and MH was approximately 70%, 67%, and
63%, respectively. MU matrix showed the lowest percentage of
porosity of FMZ whereas MH matrix did the highest one, as pro-
vided in Table 5. Besides, the percentage of clinker in MU
(10.12%) and MS (9.15%) was notably higher than that in MH
(7.37%). This would be attributed to the lower water to cement
(w/c) ratio of MU and MS. Cement clinker is always residual even
long after hydration as the w/c ratio is less than 0.42 [31].

Fig. 12 shows the porosity area in the FMZ of the matrices. The
SEM-BSE images were used to calculate the percentage of porosity
area according to the distance from fiber until 70 pm, respectively,
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Fig. 7. Effects of loading rates on the nanoindentation depths in FMZ of matrices.

as shown in Fig. 12a. MU matrix produced the lowest porosity in
the FMZ surrounding fiber, whereas the MH matrix did the highest
one, as shown in Fig. 12b. The porosity area of the first layer with
10 um from fiber surface was 5.88% and 17.68% corresponding to
MU and MH matrix, respectively. This trend is completely consis-
tent with the experimental frequency of porosity of the FMZ based
on NI tests, as provided in Table 5. This is attributed to the effects
of water to cement (w/c) ratio and shrinkage-reducing agent (SRA).
The higher w/c ratio generally produced more porous in the
microstructure of cementitious materials.

As the loading rate increased from 1 to 8 mN/s, both E and H of
all microstructures including LD C-S-H, HD C-S-H, UHD C-S-H, CH,
clinker, and sand in the FMZs clearly increased, as can be seen in
Fig. 13. Thus, the increase in H and E of FMZs of matrices was
attributed to the increase in H and E of microstructures of FMZs
with increasing loading rate.

The viscoelastic nature of C-S-H would be one of main sources
for the observed rate sensitive H and E, and eventually for the rate
sensitive interfacial bond resistance of steel fibers. The C-S-H with
higher Ca/Si ratio was more sensitive to loading rate. The DIFs for H
and E, and strain rate sensitivity (n) were clearly different accord-
ing to the different microstructures, as shown in Fig. 14. The DIFs

for both H and E, and n of UHD and HD C-S-H were larger than
those of LD C-S-H. The DIFs for the H were varied from 1.54 to
1.56 for UHD C-S-H, from 1.38 to 1.52 for HD C-S-H, and from
1.14 to 1.45 for LD C-S-H, respectively, while that for E were
between 1.38 and 1.39 for UHD C-S-H, between 1.10 and 1.36 for
HD C-S-H, between 1.01 and 1.31 for LD C-S-H, respectively. The
n of UHD, HD, and LD C-S-H in MU matrix was 0.21, 0.20, and
0.18, respectively. The Ca/Si ratio of UHD and HD C-S-H in each
matrix was higher than that of LD C-S-H, as provided in Table 4.
In addition, the Ca/Si ratio of calcium silicate hydrate (C-S-H) in
FMZ of MU matrix was is higher than that of MS and MH matrices.
The Ca/Si ratio was clearly dependent upon a water to cement (w/
¢) ratio and matrix composition [53,56]. Thus, to improve the load-
ing rate sensitivity of FMZs, the amount of C-S-H microstructures
with higher Ca/Si ratio should be enhanced.

4.3. Source of rate sensitive nanoindentation response

Many researchers have reported that the source of rate sensitive
nanoindentation was dependent upon pressure hardening
[32,44,57,58]. However, their results were based on the NI tests
for metals and rocks except for concrete. Chen [57] firstly proposed
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Table 4
Typical atomic density of the different microstructures.
Matrix Phase Atomic density (%) Ca/Si
Ca Si 0 S Al Fe Mg K Na
MU UHD C-S-H 21.18 8.97 66.01 0.63 0.76 0.43 0.34 0.82 0.86 2.36 £ 0.31
HD C-S-H 14.84 8.72 72.57 0.62 0.80 0.41 0.36 0.80 0.88 1.70 £ 0.24
LD C-S-H 10.07 14.00 71.99 0.64 0.75 0.44 0.38 0.84 0.89 0.72 £ 0.21
Sand - 37.01 62.99 - - - - - - -
Clinker 2591 4.20 63.21 1.12 1.77 1.52 - 1.25 1.02 6.17 £ 0.26
CH 17.98 0.92 77.16 0.65 0.79 0.42 0.35 0.81 0.92 -
MS UHD C-S-H 19.30 8.57 68.28 0.59 0.80 0.45 0.36 0.79 0.86 2.25+0.28
HD C-S-H 13.65 8.64 73.92 0.58 0.78 0.43 0.35 0.81 0.84 1.58 + 0.22
LD C-S-H 9.97 16.68 69.47 0.58 0.79 0.46 0.34 0.84 0.87 0.60 + 0.23
Sand - 36.94 63.06 - - - - - - -
Clinker 26.12 4.28 62.83 1.15 1.69 1.54 - 1.27 1.12 6.10 £ 0.18
CH 18.16 0.83 77.01 0.60 0.82 0.45 0.37 0.86 0.90 -
MH UHD C-S-H - - - - - - - - - -
HD C-S-H 11.46 10.19 74.49 0.55 0.80 0.45 0.33 0.88 0.85 1.12 £ 0.32
LD C-S-H 9.01 17.38 69.64 0.56 0.82 0.44 0.37 0.91 0.87 0.52 *0.19
Sand - 35.78 64.22 - - - - - - -
Clinker 31.42 522 56.51 1.31 1.57 1.54 - 1.34 1.09 6.02 +0.29
CH 18.45 0.76 76.74 0.58 0.83 0.48 0.36 0.92 0.88 -
0.3 0.3
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Fig. 11. Experimental frequency plots and the theoretical PDF for H of indents in FMZ of MU, MH, and MH at loading rate 1 mN/s.

a theoretical model for the materials with E/g, < 10° (where g, is
a compressive yield stress and calculated according to Eq. (13)) to
solve the pressure-sensitive indentation problem by using the fol-
lowing analogy between the indentation deformation and
pressurized-spherical-hole model, as illustrated in Fig. 15.

Oy = (13)

C

where H is given by Eq. (1) and C is a constraint factor considered to
reflect the degree of confinement effect provided by material sur-
rounding an indenter tip [59]. The C was approximately equal to

12

3.0 for materials with high values of the elastic modulus to com-
pressive yield stress ratio [44,59-63].

Fig. 15a shows an ideal elastic-plastic yield criterion with pres-
sure hardening for uniaxial compression at various confining pres-
sures (o). Fig. 15b and ¢ show a schematic of stress in a plastic zone
under a flat rigid die with a pressure-hardening effect and the vol-
ume of depression under an indenter, respectively. The relation-
ship between ¢ and g, is given by Eq. (14) [57]

0, =09+ 00 (14)
where ¢, and o are the compressive yield stress at zero pressure

and the coefficient of pressure hardening, respectively. The o was
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Table 5
Deconvolution results of the FMZs of MU, MS, and MH matrix.
Matrix Microstructures 1 (mN/s) 8 (mN/s) Mean
H E £ (%) H E £ (%) £ (%)
W ts; (GPa) W ts; (GPa) Kts; (GPa) pts; (GPa)
MU UHD C-S-H 1.92 £ 0.23 41.03 £ 3.61 11.12 2.99 £0.13 56.57 + 7.80 10.65 10.89
HD C-S-H 1.25+0.13 32.00 £ 2.82 25.00 1.90 + 0.40 43.07 + 10.70 26.31 25.66
LD C-S-H 0.82 £0.19 26.49 = 5.15 3333 1.19 £ 0.17 34.65 £ 3.03 32.12 32.73
CH 1.04 £ 0.11 29.71 £ 1.92 10.71 1.51 £ 0.05 39.26 + 1.39 10.01 10.36
Clinker 7.48 +0.10 11634 + 1.11 10.00 11.75 + 0.09 164.44 + 1.55 10.24 10.12
Sand 9.11 £ 0.21 96.48 + 2.43 5.88 14.68 + 0.86 140.79 £ 2.20 6.01 5.95
Porosity 0.32 + 0.09 8.71 £ 0.26 3.96 0.58 +0.12 9.31 £0.33 4.66 431
MS UHD C-S-H 1.36 £ 0.00 33.28 £ 0.00 3.03 2.10 £ 0.00 48.38 + 0.00 3.21 3.12
HD C-S-H 1.15 £ 0.09 3147 £ 2.15 27.27 1.74 £ 0.16 42.73 +3.28 26.95 27.11
LD C-S-H 0.76 £ 0.18 26.61 = 3.37 36.37 0.90 £ 0.15 30.74 £ 5.16 37.01 36.69
CH 1.09 + 0.03 31.87 +1.53 10.34 1.36 £ 0.03 36.63 + 0.57 9.88 10.11
Clinker 7.35+0.23 113.01 £ 1.12 9.09 11.47 + 044 157.48 + 0.51 9.21 9.15
Sand 8.95+0.17 87.78 £ 0.50 6.06 14.50 = 0.54 127.16 £ 1.51 5.87 5.97
Porosity 0.24 + 0.08 6.51 +0.36 7.84 0.45 +0.10 8.37 £ 0.16 7.87 7.86
MH UHD C-S-H - - - - - - -
HD C-S-H 0.82 + 0.08 25.57 £ 3.16 15.00 1.13 £ 0.08 28.23 £3.65 14.96 14.98
LD C-S-H 0.52 + 0.07 22.89 +5.82 47.50 0.60 = 0.10 23.13 £ 4.86 47.77 47.64
CH 0.92 +0.16 34.09 + 1.83 10.00 1.12 £ 0.22 36.60 £ 0.21 9.82 9.91
Clinker 5.99 +0.11 118.65 + 1.59 7.50 9.21 £ 0.05 132.61 +£2.22 7.24 7.37
Sand 8.81 +0.14 97.57 £ 1.16 5.00 14.33 £ 045 118.16 + 4.42 5.22 5.11
Porosity 0.21 +0.03 5.62 +0.28 15.00 0.30 £ 0.18 7.11 £0.34 14.99 15.00
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Fig. 12. Calculation of the porosity area in FMZ corresponding to MH, MS, and MU.

used to represent the material sensitivity to pressure hardening.
Thus, the higher value of « produced higher material sensitivity to
pressure-hardening [32,44]. The o was calculated from Eq. (15) [57].

Ho = (3 + 20) 0o (15)

where Hp is given in Eq. (7). The o, are determined by fitting the
curve between g, and P in Eq.(16) [32,44].

6y = 0o + fiP (16)

The g, of MU, MS, and MH at loading rate (P) of 1 mN/s was
obtained as 0.73, 0.68, and 0.53 GPa, respectively by using Eq.
(13) while it was 1.28, 1.02, and 0.77 GPa, respectively at the load-
ing rate of 8 mN/s. B is a constant factor depending on the proper-
ties of materials.

13

Fig. 16 shows the relationship between 4, and P of MU, MS, and
MH, respectively. The g was 0.65, 0.63, and 0.5 GPa for MU, MS,
and MH, respectively.

The value of o of MU, MS, and MH was 2.27, 1.38, and 1.25,
respectively. The o of the MU matrix was the highest whereas that
of the MH matrix was the lowest. Table 6 summarizes the « of the
LD C-S-H, HD C-S-H, UHD C-S-H, CH, clinker, and sand. The o of
sand was the highest among the microstructures in FMZ of the
matrices. Besides, the oo of UHD C-S-H was higher than that of
HD and LD C-S-H. The o of UHD C-S-H was between 1.31 and
1.36, while that in HD and LD C-S-H was varied from 0.87 to
1.25 and 0.21 to 1.10, respectively. It was clear that both UHD
and HD C-S-H were more sensitive to pressure hardening than
LD C-S-H.

Eq. (17) presents an analytical equation, for n as a function of «,
which was obtained from Eqs. (5), (9), and (10). Fig. 17 presents the
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Fig. 13. Loading rate effects on Hardness and Young’s modulus of microstructures.

correlation between strain rate sensitivity (n) and coefficient of
pressure hardening («).

_log [(g0 + 202) /(00 + 0tT1)]
- log (&2/é1)

(17)

where ¢; and 0, were confining pressures at low and high strain
rates, as calculated from Eq. (14) while & and &, were the low
and high strain rates.

14

As the coefficient of pressure hardening (o) of microstructures
or matrices increased, the strain rate sensitivity (n) clearly
increased, as shown in Fig. 17. Thus, the MU matrix with higher
pressure hardening sensitivity (o) produced higher loading rate
sensitivity (n) in comparison with other matrices. In addition, the
UHD and HD C-S-H with higher pressure hardening sensitivity gen-
erated higher strain rate sensitivity than the LD C-S-H.

Fig. 18 shows the rate sensitivity of the equivalent bond
strength and nanoindentation hardness in FMZ of matrices. The
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trend of the loading or strain rate sensitivity of FMZ in this study
was consistent with the pullout rate sensitivity reported in
[10,11] for the same matrices and fibers. Park et al [10,11] reported
that the pullout rate sensitivity of smooth steel fiber embedded in
the MU was the highest in comparison with that of MS and MH
matrices. The loading or strain rate sensitivity in cement based
matrix was dependent upon the properties of interfacial transition
zone between matrix and fiber. Based on the observation of this
study for FMZ at nanoscale, the experimental frequency of C-S-H
in MU (69.28%) was higher than that in MS (66.92%) and MH
(62.62%), as provided in Table 5. Furthermore, the percentage of
UHD and HD C-S-H in the FMZ of the MU matrix (with the highest
strain/loading rate sensitivity) was the highest value (36.55%)
whereas that of the MH matrix was the lowest one (14.98%), as
summarised in Table 5. Consequently, the MU matrix was more
sensitive to the loading or strain rates than the MS and MH
matrices.

(c)n

Fig. 14. DIFs for H and E, and strain rate sensitivity (n) corresponding to different microstructures in FMZ of MH, MS, and MU matrix.
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5. Conclusions

In this study, we investigated the effect of loading rate on the
fiber-matrix zone (FMZ) between smooth steel fiber and cement
based matrix. The nanoindentation (NI) test was carried out with
the loading rates from 1 to 8 mN/s. Scanning electron microscopic
(SEM) and Energy-dispersive X-ray spectroscopy (EDS) analyses
were also conducted to observe the surface morphology of FMZ
areas and identify the chemical characterization of indented
points. Based on the experimental results, following conclusions
could be obtained, even though the investigated loading rate was
limited from static to seismic rate.

e As the loading rate increased from 1 to 8 mN/s, the maximum
indentation depth (hma), contact depth (h.), and contact area
(Ac) clearly decreased.
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Fig. 16. The relationship between compressive yield stress and loading rate.

e In addition, the MU, among the three matrices including MU,
MS, and MH, generated the highest rate sensitivity for the H
of FMZ whereas MH did the lowest one. The dynamic increase
factor (DIF) was 1.75 and 1.46 for the H of MU and MH matrices,
respectively.

The higher DIF for H of MU would be based on the higher con-

tent of UHD C-S-H (11.12%) and HD C-S-H (25.00%), highly sen-

sitive to the loading rates, in MU than other matrices including

MS and MH.

Among the microstructures (including LD C-S-H, HD C-S-H,

UHD C-S-H, CH, clinker, and sand) in FMZ, sand obviously pro-

duced the highest rate sensitivity (DIF of H = 1.61 for MU

matrix) of FMZ whereas LD C-S-H did the lowest one (DIF of

H = 1.45 for MU matrix).

e The C-S-H with higher Ca/Si ratio generated higher rate sensi-
tivity: the DIF for the H was 1.56, 1.52, and 1.45 for UHD, HD,
and LD C-S-H, while the Ca/Si ratio of C-S-H was 2.36, 1.70,
and 0.72 for UHD, HD, and LD C-S-H in MU, respectively.

The test results of this study suggested that the loading or strain

rate sensitivity of HPFRCC matrices would be improved by increas-
ing the C-S-H with higher Ca/Si ratio at the FMZ surrounding the
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Table 6
The parameter characteristics of the microstructures in FMZs.
Matrix FMZ n Hop (GPa) oy (GPa) ao (GPa) o
1 (mN/s) 8 (mN/s)
MU UHD C-S-H 0.21 3.63 0.69 1.07 0.64 1.36
HD C-S-H 0.20 2.28 0.45 0.68 0.42 1.24
LD C-S-H 0.18 1.40 0.29 0.43 0.27 1.10
CH 0.18 1.78 0.37 0.54 0.35 1.07
Clinker 0.22 14.34 2.67 4.20 245 143
Sand 0.23 18.11 3.25 5.24 2.97 1.55
MS UHD C-S-H 0.21 2.54 0.49 0.75 0.45 1.31
HD C-S-H 0.20 2.09 0.41 0.62 0.38 1.25
LD C-S-H 0.08 0.97 0.27 0.32 0.26 0.34
CH 0.11 1.50 0.39 0.49 0.38 0.49
Clinker 0.21 13.95 2.63 4.10 242 1.38
Sand 0.23 17.93 3.20 5.18 2.92 1.57
MH UHD C-S-H - - - - - -
HD C-S-H 0.15 1.30 0.29 0.40 0.27 0.87
LD C-S-H 0.07 0.64 0.19 0.21 0.19 0.21
CH 0.09 1.22 033 0.40 0.32 041
Clinker 0.21 11.13 2.14 3.29 1.98 1.31
Sand 0.23 17.75 3.15 5.12 2.87 1.59
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fibers. The potential materials such as nano silica, nano calcium
carbonate, and nano calcium oxide can be added to the MU matrix
in order to further increase the UHD and HD C-S-H at the FMZ and
consequently enhance the loading or strain rate sensitivity of the
matrix.
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