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A B S T R A C T   

To improve sustainability and reduce costs, interest in using limestone powder (LP) in ultra-high performance 
concrete (UHPC) has been increasing in recent years. Incorporating LP changes packing, characteristics of C–S–H 
and pore structure of interfacial transition zone (ITZ) and matrix by physical and chemical effects. However, the 
influences of LP replacement on the mechanical properties of UHPC, from micromechanics to macroscopic 
impact behaviors, have not been well understood. Herein, mercury intrusion porosimetry (MIP), thermal 
gravimetric (TG), nanoindentation test and Split Hopkinson pressure bar (SHPB) test are performed to reveal the 
relationships between the micromechanical properties and the dynamic performances of UHPC. Results show 
that appropriate amount of LP incorporation optimizes the packing, leading to a narrower space and more 
densely compacted C–S–H that improves the percentages of high-density C–S–H and ultra-high density C–S–H in 
ITZ. The higher density of C–S–H results in a higher steel fiber-matrix bond strength, which benefits a higher 
dynamic compressive strength and energy absorption while a lower dynamic increase factor. More low-density 
C–S–H are generated due to the dilution effect of excessive LP, leading to a weak steel fiber-matrix bond strength 
that deteriorates the impact resistance. Additionally, the mechanism of LP enhancing the quality of C–S–H in ITZ 
is proposed, which favors understanding the relation between macro dynamic performance and interfacial 
behavior at the micro and nanoscale.   

1. Introduction 

Ultra-high-performance concrete (UHPC) is considered as a rela
tively innovative and promising building material with excellent me
chanical properties, outstanding durability, and superior impact 
resistance [1–5]. However, UHPC is also featured by extremely low 
water content and high cement content. Using massive amounts of 
cement, usually over 900 kg/m3, results in increased costs, higher en
ergy consumption, and intensive CO2 emissions [6,7]. The very low 
water-to-cement ratio (w/c, usually lower than 0.22) leads to a large 
amount of unhydrated cement in the binder system, which just acts as 
expensive fillers [8,9]. Hence, replacing cement appropriately with 
more sustainable supplementary cementitious materials (SCMs) is 
possible to reduce the costs as well as environmental impact without 
compromising its performance. Many kinds of SCMs have been intro
duced into UHPC system. However, some of them, e.g. ground 

granulated blast slag and fly ash, may not be easily locally available 
[10]. Instead, owing to the cheap price compared with cement, ease of 
quality control, homogeneous composition, and worldwide availability, 
limestone powder (LP) has attracted increasing interest for sustainable 
development [11–13]. 

LP has been widely utilized as SCM to accelerate cement hydration 
and enhance fresh properties of concretes [14]. Owing to the nucleation 
effect, LP accelerates the hydration of cement by offering extra surfaces 
for the nucleation and development of the hydration products [15,16]. 
LP also acts as an active participant in the hydration reactions. It was 
found that production of monocarbonate in the presence of LP indirectly 
stabilized ettringite resulting in a corresponding rise in the total volume 
of the hydrate phase and a decline in porosity, thereby improving the 
micromechanical properties [17]. Furthermore, LP could react with the 
alumina phases and produce carboaluminates, which reduces porosity 
and increases compressive strength [18]. Li et al. [9] found that an 
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appropriate amount of LP leads to denser pore structure, higher 
strength, and diminished total free shrinkage. As illustrated above, 
introducing proper contents of LP into UHPC system could achieve a 
satisfactory mechanical performance. 

Besides the quasi-static loading, UHPC structures, e.g. piers, long- 
span bridges and protective structures, are susceptible to high strain 
loading such as weight drop, vehicular loads and blast during the service 
life [19,20]. The dynamic compression characteristics of UHPC are 
primarily determined by the quality of the matrix, the steel fiber 
(characteristics and content), and the bonding force between them [21, 
22]. The incorporation of steel fibers significantly enhances the tough
ness and impact resistance of UHPC [23]. The addition of LP would 
influence the quality of the steel fiber-matrix bond and the matrix of 
UHPC. Deeper understanding the effect of LP on steel fiber-matrix bond 
strength would be beneficial for developing UHPC with higher strength 
and energy absorption under impact loading. Considering the filler ef
fect and hydration capability of LP, the incorporation of LP would lead 
to different constituent phases of gel, microscopic pore structure at 
interfacial transition zone (ITZ) and matrix at the micro and nanoscale, 
which is expected to affect dynamic properties of UHPC. Nonetheless, 
most of previous researches concerning the influence of LP in UHPC 
mainly concentrated on the hydration progress, rheological behavior, 
microstructures, quasi-static mechanical characteristics and durability 
[24–26], few of them are related to the bond of steel fiber-matrix 
interface, dynamic properties and the involved relationships. From 
micro-scale to macro-scale, the influence mechanism of the matrix and 
bond of steel fiber-matrix induced by LP dosage on the dynamic 
compression behavior of UHPC is still not clear. 

Nanoindentation technique has been proved to be an effective tool to 
quantitatively explore the micromechanical property of newly devel
oped cementitious composite materials [27–29]. The majority of the 
previous researches are concentrated on the paste or the aggregate 
interface in concrete, in which the distribution of the hardness, elastic 
modulus, fracture toughness and creep behaviors are investigated 
[30–32]. The addition of LP would influence the types and content of the 
hydration products, which can be characterized by nanoindentation 
technique. The changes of hydration products further influence the 
micromechanical property of steel fiber-matrix interfacial transition 
zone. The micromechanical property of ITZ is considered as an essential 
factor affecting the macroscopic performances of UHPC [30]. Therefore, 
understanding the influential mechanism of LP on the micromechanical 
properties of ITZ by nanoindentation, further to clarify the bond of 
fiber-matrix interface, is essential for better understanding the dynamic 
properties of UHPC. Nevertheless, up to now, limited research has 
attempted to investigate the effect of the micromechanical property of 
steel fiber-matrix interfacial transition zone on the dynamic compressive 
characteristics in UHPC. 

This study aims to systematically study the effect of LP replacement 
on the micromechanical characteristics and its effect on the dynamic 
compressive performance from a multiscale view. Two steel fiber vol
ume fractions (1% and 2%) and five LP fractions by mass of total pow
ders (10%, 20%, 30%, 40% and 50%) are used. The flowability, pore 
structure, hydration productions, phase distribution of ITZ, compressive 
strengths, tensile performance and dynamic compressive properties are 
tested and analyzed. The dynamic compressive behaviors of UHPC are 
measured utilizing a 50 mm split Hopkinson pressure bar (SHPB) device. 
Moreover, the nanoindentation technique is utilized to examine the 
micromechanical property of steel fiber-matrix interfacial transition 
zone. Experimental results are expected to promote the understanding of 
the relationship between macro dynamic performance of UHPC with 
different LP content and interfacial behavior at the microscale. 

2. Experimental program 

2.1. Raw materials 

The raw materials used in this study are cement PII ⋅ 52.5 (PC), 
limestone powder (LP), micro-silica (mS), polycarboxylate-based 
superplasticizer (SP) with 30% solid content. The PC consists approxi
mately 4% LP (data provided by the manufacturer and verified by own 
thermal analysis). Fig. 1 shows the particle size distribution of the ma
terials. The chemical compositions and specific surfaces area of the 
powders are shown in Table 1. The morphologies of the materials are 
measured by scanning electron microscopy (SEM), as presented in Fig. 2. 

2.2. Mix proportion 

In this study, six UHPC paste mixtures are produced with a water- 
powder ratio (w/p) of 0.18. The six UHPC paste mixtures incorpo
rating 0, 10%, 20%, 30%, 40%, and 50% LP are designated as LP0, LP10, 
LP20, LP30, LP40, and LP50, respectively. The content of mS is 5% of the 
whole powder mass, considering both sustainability and performance 
[33]. Table 2 presents the recipes of UHPC paste. SP refers to the amount 
of polycarboxylate-based superplasticizer by mass of powders. The 
dosage of SP is adjusted to achieve self-consolidating properties and 
ensure the uniform distribution of steel fibers, which will be discussed in 
detail in Section 3.1. Straight steel fibers with 0.2 mm in diameter and 
13 mm in length are utilized. Two steel fiber volume fractions (1% and 
2%) are used to investigate the influence of steel fibers on the me
chanical performance. The elastic modulus and tensile strength of steel 
fiber are 200 GPa and 2.25 GPa, respectively. The reinforced UHPC 
paste with 1% and 2% steel fibers are denoted as LP0-1 and LP0-2, 
LP10-1 and LP10-2, LP20-1 and LP20-2, LP30-1 and LP30-2, LP40-1 
and LP40-2, LP50-1 and LP50-2, respectively. 

2.3. Mixing procedure and sample preparation 

The detail mixing procedure is as follow: drying mixing all the 
powders for 1 min, then, adding 75% water and mixing for 1.5 min, 
remaining water incorporated with SP is added mixing for 2.5 min 
sequentially, steel fibers are lastly added mixing for about another 5 
min. Samples are cast and demolded (cube with the size of 70.7 × 70.7×
70.7 mm3 for quasi-static compressive strength) after 24 h and then 
cured in the conditions of 20 ± 2 ◦C and relative humidity greater than 
95%. The specimen used for the dynamic test is made into 50 mm 

Fig. 1. Particle size distribution of powders.  
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(diameter) and 25 mm (height), with an aspect ratio of 0.50, which is 
beneficial to minimize the frictional and inertial effects [5,34]. The 
specimens are produced following coring, slicing and polishing. Both 
surfaces of specimens are machined to a roughness of less than 0.02 mm 
to keep the reliability of the experimental results. 

2.4. Experimental program 

2.4.1. Flowability 
The flowability of UHPC paste is performed by a truncated mold (top 

diameter: 70 mm, bottom diameter: 100 mm, height: 60 mm), in 
accordance with EN 1015-3: 2007 [35]. The fluidity of 270 ± 20 mm is 
achieved by adjusting the SP dosage for the self-consolidating mix. 

2.4.2. Thermal gravimetry 
To investigate the influence of LP on the hydration products, the 

thermal gravimetric (TG) and the differential thermal gravimetric (DTG) 
analysis are conducted by a Netzsch simultaneous analyser. The heating 
rate is 10 ◦C/min, from 30 ◦C to 1000 ◦C under the flowing nitrogen 
environment during this measurement. The UHPC paste is ground to 
approximately 75 μm after 56 days of curing. 

To study the effect of LP on hydration products, the C–S–H contents 
are calculated. The C–S–H contents can be obtained as follows [36]: 

C–S–H(%)=
MCSH

2.1MH
× ΔmCSH(%) (1)  

where MCSH and MH are the molar masses of C–S–H gel and water, 
respectively. ΔmCSH is the TG mass loss during 150–400 ◦C. 

2.4.3. Mercury intrusion porosimetry 
The mercury intrusion porosimetry (MIP) is utilized to measure the 

pore structure of UHPC pastes after 56 days of curing. About 3.5 g 
samples are made from the center of the UHPC paste via coring and 
slicing for measurement. Before the test, the oven is utilized to dry the 
samples for 48 h at 50 ◦C. 

2.4.4. Nanoindentation test  

a) Specimen preparation 

After 56 days of curing, the specimens are made into cylinder 
(diameter: 25 mm, height: 10 mm) from the center of cubic specimens 
via coring and slicing. The specimen surfaces are initially coarsely 
grounded by the 400, 800, and 1500 grit polishing papers. Subse
quently, a grinding and polishing machine is used for further polishing. 
Three different diamond suspensions (9 μm, 3 μm, 1 μm) are used in 
sequential order for finer automatic polishing with matching polishing 
cloth. Finally, the specimens are washed 5 min with the alcohol solution 
in an ultrasonic bath.  

b) Experimental method 

Although the size of the ITZ may differ depending upon the fiber type 
and fiber size as well as the matrix composition, the majority of previous 
findings suggested that the thickness of the ITZ ranges from 40 μm to 70 
μm [37]. Therefore, nanoindentation grids are performed across the ITZs 
between the UHPC matrix and the steel fibers. 15 × 10 grids with a grid 
distance of 5 μm at the horizontal and 10 μm at the vertical directions, as 
illustrated in Fig. 3. A total of 300 data are obtained from the two 
randomly selected grids on ITZ of the specimens. The nano-indentation 
tests are performed using a Hysitron Ti950 Triboindenter and a Berko
vich indenter. A trapezoidal loading protocol is utilized in this tests. The 
load is conducted up to a peak load of 2 mN at the loading rate of 0.2 
mN/s, following a holding period of 10 s and an unloading period of 10 
s. 

The hardness H and elastic modulus E are derived by the Oliver- 
Pharr method as follows [38]: 

H=
Pmax

Ac
(2)  

E=(1 − v2)(
1
Er

−
1 − v2

i

Ei
)

− 1

(3)  

where Pmax is the peak load, Ac is the contact area, and v is the Poisson’s 
ratio of the samples. Ei and vi are the elastic modulus and Poisson’s ratio 
of the diamond indenter, respectively. Er is the reduced modulus, which 

Table 1 
Chemical and physical properties of powders.  

Components (%) PC mS LP 

CaO 64.61 0.05 53.55 
SiO2 19.2 96.33 0.62 
Al2O3 4.17 0.16 — 
Fe2O3 3.69 0.28 0.01 
K2O 0.75 — 0.19 
Na2O 0.19 — 0.64 
SO3 3.33 — 1.88 
MgO 1.31 — 0.66 
TiO2 0.22 — — 
MnO 0.10 — 0.01 
LOI 2.04 0.88 42.63 
Specific density(g/cm3) 2.99 2.23 2.75 
BET surface area (m2/kg) 944 9716 1353  

Fig. 2. SEM images of powders: (a) Cement PII ⋅ 52.5; (b) Micro-silica (c); Limestone powder.  

Table 2 
Mix proportions of UHPC pastes at constant w/p of 0.18, weight %.  

Mix Denote PC (%) mS (%) LP (%) SP (%) 

LP0 PC 100 – – 1.500 
LP10 PC85mS5LP10 85 5 10 1.170 
LP20 PC75mS5LP20 75 5 20 1.050 
LP30 PC65mS5LP30 65 5 30 0.917 
LP40 PC55mS5LP40 55 5 40 0.750 
LP50 PC45mS5LP50 45 5 50 0.625  
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can be determined by: 

Er =

̅̅̅
π

√
S

2β
̅̅̅̅̅
Ac

√ (4)  

S=(
dP
dh

)h=hmax
(5)  

where β is a constant depending on the indenter geometry, and S is the 
contact stiffness. 

2.4.5. Quasi-static compressive test 
The quasi-static compressive strength is measured by using a 

compression test apparatus. A invariable loading rate of 1.2 MPa/s is 
utilized in this test [39]. Three specimens are measured at 28 d and 56 
d to determine the mean values of quasi-static compressive strength. 

2.4.6. Direct tensile test 

Dogbone-shaped specimens are prepared to determine the behavior 
of UHPC paste with 2% steel fibers under uniaxial tension with 
displacement rate of 0.1 mm/min. Five specimens are measured for 
each mixture. The detailed geometrical property of the specimen and 
the test device are demonstrated in Fig. 4. 

2.4.7. Split Hopkinson pressure bar (SHPB) test 
The dynamic compressive tests are conducted by utilizing a 50 mm 

SHPB device, as shown in Fig. 5. The incident pulses (εi), reflected (εr) 
and transmitted pulse (εt) are measured by strain gauges attached in the 
center of the incident and transmitted bar. The following assumptions 
are often made in the dynamic tests: (1) The wave propagation through 
the bars follows one–dimensional wave theory; (2) The stress and strain 
states are uniaxial and uniform within the specimen [40]. The stress 
equilibrium condition and uniform deformation during the dynamic 
loading are assumed (i.e., P1 = P2, εi(t)+ εr(t) = εt(t)). During the SHPB 
test, a pulse shaper is adopted to ensure stress equilibrium. Stress σs(t), 
strain εs(t) and strain rate ε̇s(t) can be obtained, as follows: 

σs(t)=
P1 + P2

2AS
=

E0A0

2AS
[εi(t) + εr(t)+ εt(t)] (6)  

εs(t)=
C0

LS

∫t

0

[εi(t) − εr(t) − εt(t)]dt (7)  

ε̇s(t)=
C0

LS
[εi(t) − εr(t) − εt(t)] (8)  

where P1, P2 represent the dynamic force. E0 = 210 GPa, C0 = 5172 m/s 
and A0 are the Young’s modulus, wave speed and cross section of the 
bars, respectively. The cross-sectional area and length of the specimen 
are represented by As ​ and ​ Ls, respectively. 

3. Results 

3.1. Workability 

3.1.1. Effect of LP 
Sufficient workability of UHPC paste is critical for fiber dispersion 

and engineering application. The effect of LP replacement on the spread 
flow of UHPC paste is evaluated. Fig. 6 shows SP dosage required for 
securing the similar spread flows (270 ± 20) according to the replace
ment ratios of LP. For LP10~LP50, the SP dosage decreases from 1.17% 
to 0.625% by mass of powder. It is observed that the flowability of the 
UHPC pastes is significantly improved when PC is partially replaced by 
LP, which agrees with the previous conclusion [8,11]. LP has a positive 
effect on workability owing to its low water demand and electrostatic 
repulsion effect caused by localizing the Ca2+ surface with the groups of 
OH− [41]. Additionally, because of its small size and spherical charac
teristic of mS, water trapped between fine and coarse particles could be 
displaced by the “ball bearing” effect, improving the workability [42]. 

3.1.2. Effect of steel fiber 
Steel fibers are generally adopted in UHPC, which are distributed 

Fig. 3. Schematic of grid indentation for the ITZ of steel fiber.  

Fig. 4. Dimension of the dog-bone specimen and test device.  
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randomly to transfer the stress within the concrete and inhibit the crack 
propagation [43]. Non-uniform fiber distribution decreases the 
strengthening effect of fiber. The flow diameter becomes larger with the 
increase of SP, as displayed in Fig. 6. For LP0, when the content of SP 
increases from 1.5% to 2.25%, the flow diameter increases from 265 mm 
to 385 mm. The flow diameter affects the uniform distribution of steel 
fiber of the UHPC paste. In this study, the target fluidity of 270 ± 20 mm 
is achieved by adjusting the SP dosage for the self-consolidating mix. It’s 
noteworthy that the adding steel fibers exhibits rather limited influence 
on the flow diameter. For example, with the same content of SP, the 

addition of steel fibers from 1% to 2%, the flow diameter decreases from 
273 mm to 265 mm. The small rheological changes of the UHPC agree 
with the conclusion reported by Martinie et al. [44], who considered 
that the influence of fibers on the rheological properties is small in the 
condition that the steel fiber volume fraction is far lower than 3.2/r (r =
aspect ratio of steel fiber). 

3.2. Hydration products analysis 

To study the effect of LP on the hydration products, Fig. 7 presents 
the TG and DTG results of the UHPC pastes with different LP replace
ment ratio. Three significant peaks could be found in Fig. 7(b), which are 
related to the free water loss, dehydration of ettringite, AFm and some 
calcium silicate hydrate (C–S–H) (30–200 ◦C); calcium hydroxide (CH) 
decomposition (400–500 ◦C); and calcium carbonate (CaCO3) decar
bonation (600–800 ◦C) [10,45]. It can be observed that the third peak 
becomes stronger and broader with the increase of LP. 

To further quantitatively analyze the influence of LP on the hydra
tion product, the C–S–H content by mass of UHPC paste are presented. 
As shown in Fig. 7(c), the C–S–H content of UHPC rises from 22.5% to 
23.5% with the LP substitution increase from 0 to 10%. It may be 
ascribed to the fact that LP could accelerate the hydration of cement by 
offering extra surfaces for the nucleation of C–S–H, thereby enhancing 
the content of C–S–H [46]. More C–S–H generated during the progress of 
hydration could optimize the microstructure, consequently, improving 
the mechanical strength of UHPC [29], which will be discussed in Sec
tion 3.4. The C–S–H content gradually reduces to 21.6%, 20.3% and 
19.4% respectively, with the LP amount increases from 30% to 50%, 
which could be due to the dilution effect becoming more significant. 

3.3. Pore structure analysis 

The results of MIP are presented in Fig. 8 to investigate the effect of 
LP on the pore structures of UHPC paste. The pores size between 8 nm 

Fig. 5. The SHPB system (a) Schematic diagram; (b) Actual device.  

Fig. 6. SP dosage for target flow diameter and the flow diameter of LP0 varies 
with the dosage of SP. 
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and 50 nm are mainly determined by the content of water and hydration 
products [47]. As displayed in Fig. 8, compared to LP0, the pore size of 
LP10 is finer and its capillary pores volume is lower, indicating a denser 
microstructure. Owing to the pozzolanic effect, the mS reacts with CH, 
increasing C–S–H volume and decreasing capillary porosity [48]. In 
addition, excellent filling and nucleation effect of finer LP could refine 
the pore structure, leading to a more compact microstructure. Never
theless, with the LP replacement rate increasing from 30% to 50%, the 
UHPC pastes exhibit much more pores and larger pore size due to the 
dilution effect. 

3.4. Nanoindentation analysis-constituents distribution of ITZ 

UHPC matrix is primarily composed of micro-pores (MP), hydration 

products that contain gel pores in nano size and un-hydrated cement 
(UC) [49]. As the main hydration products, the C–S–H phases could be 
divided into low density C–S–H (LD C–S–H) and high density C–S–H (HD 
C–S–H). Recent studies have revealed that a new phase can be generated 
under the condition of low w/b, which is expressed as ultra-high density 
(UHD C–S–H) [31,50]. The elastic modulus of LD C–S–H, HD C–S–H and 
UHD C–S–H are generally steady despite of different curing methods and 
w/b. The behavior of these phases can be observed from depth-load 
curves, as presented in Fig. 9(a). 

To quantitatively analyze the hydration products, the experimental 
data are analyzed using the deconvolution technique [31]. The elastic 
modulus over 180 GPa are removed to exclude the effects of steel fibers 
on the hydration products. The test results and theoretical probability 
density functions (PDF) of the sample (LP50-2) are presented in Fig. 9 

Fig. 7. TG results and C–S–H content of UHPC paste: (a) TG curves; (b) DTG curves; (c) C–S–H content by mass of UHPC paste.  

Fig. 8. (a) Pore size distributions; (b) Cumulative pore volume.  
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(b). Based on the PDF of the elastic modulus of UHPC, the percentages of 
each phase in ITZ of UHPC are calculated, as shown in Fig. 10. 

Fig. 10(a) presents the effect of LP content on the fractions of MP, 
C–S–H and UC in ITZ of UHPC. With the LP content increases from 0 to 
50%, the percentage of C–S–H improves gradually from 68.3% to 76.1%, 
while the percentage of UC decreases from 26.4% to 10.3%. It can be 
concluded that the hydration efficiency of binders in ITZ is enhanced 
significantly, which is consistent with the results obtained from thermal 
analysis (see Section 3.2). The MP volume is first reduced to 4.1% at 
LP10-2 and then slightly increased to 6.5% at LP20-2 and 8.7% at LP30- 
2, followed by continuous increase from 10.3% to 13.6% at LP40-2 and 
LP50-2, respectively. 

The content of LP not only affects the amount of C–S–H but also has 
an important effect on its quality. Fig. 10(b) displays the effect of LP 
content on the percentage of LD C–S–H, HD C–S–H and UHD C–S–H 
phases in ITZ of UHPC. 10% LP enhances the hydration degree and the 
content of C–S–H (particularly HD C–S–H and UHD C–S–H) signifi
cantly. The percentage of HD C–S–H and UHD C–S–H in LP10-2 increase 
by 20.2% and 6.8% respectively compared with that of LP0. Neverthe
less, the percentage of LD C–S–H in LP10-2 decreases from 6.7% to 4.2%. 
These results could be interpreted as the fact that nucleation of C–S–H on 
the LP surface homogenizes the microstructure and facilitates reducing 
the open capillary porosity [46]. The higher fractions of HD C–S–H and 
UHD C–S–H would effectively improve the frictional shear stress at the 
fiber-matrix interface and increase the interfacial bonding strength, 
thereby improving the mechanical properties of ITZ in UHPC [51]. On 
the other hand, with the LP content further increasing from 30% to 50%, 
the percentage of LD C–S–H improves from 20.3% to 35.9%, while the 
percentage of HD C–S–H and UD C–S–H declines from 36.8% to 25.9% 

and 17.8%–14.3%, respectively, due to the dilution effect. 

3.5. Quasi-static compressive strength 

The quasi-static compressive strength at the testing ages of 28 and 
56 d are presented in Fig. 11. The 56 days compressive strength of UHPC 
paste without steel fibers reduces from 150.5 MPa to 99.2 MPa with the 
LP replacement ratio increasing from 0 to 50%. The 56 days compressive 
strength exhibits a slight decline from 146.3 MPa at LP10 to 145.2 MPa 
at LP20, compared to that of LP0. It might be ascribed to the outstanding 
filling effect and nucleation effect of LP. The mS consumes CH and 
generates C–S–H gel, improving the compressive strength of UHPC 
paste. Additionally, an appropriate amount of mS, PC and LP could 
generate the denser packing to enhance the compressive strength [49]. 
Therefore, no obvious decrease in strength is observed when the LP 
replacement rises from 0 to 20%. However, the strengths of UHPC paste 
tend to decrease significantly when LP replacements more than 30% are 
used. Due to the dilution effect of excessive LP, the compressive strength 
of UHPC paste is reduced by 9.4%, 21.7%%, and 34.1% when 30%, 40%, 
and 50% LP is used compared to that of LP0. 

Fig. 11 displays the compressive strength of UHPC paste with steel 
fiber volumes increasing from 0 to 2%. For a given LP content, the 
compressive strength gradually rises with the increasing steel fibers, 
which is consistent with the literature [52]. This could be attributed to 
the rising of the elastic modulus and good bridging ability of the steel 
fiber [53]. The 56 days compressive strengths of UHPC with 2% steel 
fibers range from 113.8 MPa to 178.5 MPa, with the maximum strength 
at LP10-2. The 56 days compressive strength exhibits a slight rise from 
170.6 MPa at LP0-2 to 178.5 MPa at LP10-2. This could be ascribed to 

Fig. 9. (a) Typical P-h curves of phases in UHPC matrix; (b) Probability distribution function (PDF) of modulus (LP50-2).  

Fig. 10. (a) The percentage of constituent phases in ITZ of UHPC; (b) The percentage of each C–S–H phases in ITZ of UHPC.  
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the enhanced interfacial bond strength between matrix and steel fiber, 
which has been discussed in detail in Section 3.4. The 56 days 
compressive strength of UHPC paste containing 2% steel fibers decreases 
to 155.6 MPa, 135.1 MPa, 113.8 MPa when 30%, 40%, and 50% LP are 
introduced, respectively. The sharp decreases could be attributed to the 
weaker bonding force and less hydration products caused by the dilution 
effect of excessive LP [8]. 

3.6. Tensile performance 

To analyze the LP content on the tensile performance of UHPC paste 
containing 2% steel fibers, the measured tensile stress-strain curves are 
presented in Fig. 12. The specimens show strain hardening behavior 
with the generation of multiple cracks until the ultimate tensile strength. 
A slight stress decrease is also observed when new cracks appear, which 
is similar to the phenomenon previously reported [54–56]. It means that 
the crack-bridging ability of the steel fibers could effectively be used 
immediately after the peak point. 

The LP10-2 noticeably exhibits the best tensile performance, 

followed by the LP0-2, whereas the LP50-2 exhibits the lowest. The 
maximum enhancement in the peak tensile strength of LP10-2 is 6.1%, 
compared to the LP0-2 from 9.53 MPa to 10.11 MPa. The pozzolanic 
effect of the mS could enhance the fiber-matrix bond strength by 
replacing CH crystals with C–S–H [8], resulting in enhanced quality in 
the interface zone. Additionally, the incorporation of LP and mS changes 
the packing of particles, leading to the denser matrix and higher steel 
fiber-matrix bond strength, which may compensate for the decline of 
bond-strength due to the decrease of cement. The further replacement of 
PC by LP leads to a weaker matrix strength in the interface zone due to 
the dilution effect, thereby causing the degradation of the reinforcing 
effect. As the addition of LP increases from 30% to 50%, the peak tensile 
strength of LP30-2, LP40-2 and LP50-2 gradually decreases by approx
imately 10.4% to 8.54 MPa, 10.9% to 8.49 MPa, and 23.3% to 7.31 MPa 
compared to LP0-2, respectively. 

3.7. Dynamic compressive properties 

3.7.1. Dynamic compressive strength and dynamic increase factor 
Fig. 13 presents the variation law of dynamic compressive strength 

and strain rates of UHPC paste. It can be found that regardless of steel 
fibers and LP content, the dynamic compressive strength increases with 
the rising strain rate, exhibiting a significant strain rate effect, which has 
been widely reported in the previous researches [5,20]. In the case of 
LP0-2, the peak strength is 162.1 MPa under the strain rate of 93.2 s− 1, 
and increases to 269.55 MPa under the strain rate of 220.1 s− 1. The 
enhancement in the dynamic compressive strength of UHPC paste at a 
higher strain rate is mainly attributed to the formation of large amount 
of microcracks, which require a higher energy consumption and lead to 
higher dynamic compressive strength. Compared with LP0-2, the 
incorporation of 10% LP and 5% mS of LP10-2 fills the micropores be
tween hydration products and enhances the interface bonding of the 
UHPC matrix, thereby significantly increasing the energy required for 
crack formation. Therefore, LP10-2 exhibits the highest dynamic 
compressive strength (280.25 MPa) among all the tested specimens at 
the strain rate of 221.5 s− 1. 

To characterize the strain rate effect, the dynamic increase factor 
(DIF), which is defined by the ratio of the dynamic compressive strength 
of the concrete material to its quasi-static compressive strength. The 
dynamic increase factor (DIF) of UHPC paste containing different steel 
fibers and LP content under four different strain rates are shown in 
Fig. 14. It can be found that the values of DIF increase with the strain 
rate and decrease with the steel fiber content. With the increase of strain 
rate from 93.2 s− 1 to 220.1 s− 1, the DIF of LP0-2 increases from 0.95 to 
1.58 significantly, exhibiting an obvious strain rate effect. For a given LP 
content, the DIF of UHPC containing 1% steel fibers is higher than that of 
UHPC paste containing 2% steel fibers, while UHPC with 1% steel fiber 
is lower than that of UHPC paste, which means that the DIF values of 
UHPC decrease with the increased content of steel fibers. The reason 
could be attributed to that steel fibers has an obvious promoting influ
ence on the impact resistance owing to the bridging action of steel fibers, 
which restrains the propagation of cracks, thereby leading to lower DIFs 
[57]. The analogous findings were reached by Bischoff and Perry [58], 
who found that a poorer quality of concrete had a larger DIF. The DIFs of 
LP0-1, LP0–2, LP10-1, LP10-2, LP20-1, LP20-2 are smaller than 1 at the 
strain rate of 93.2–98.4 s− 1, indicating that the dynamic compressive 
strength is lower than the quasi-static compressive strength. This might 
be due to that, at the relative low strain rate (93.2–98.4 s− 1), the surface 
of UHPC specimens is in good condition and not fully damaged (see 
Fig. 17). Consequently, compared to impact loading, UHPC specimens 
absorb more energy under quasi-static loading. 

For the UHPC with the LP content from 20% to 50%, increasing LP 
content of UHPC paste typically results in higher DIF of specimens at a 
given steel fibers content. As illustrated in Fig. 14, UHPC with 50% LP 
exhibits the highest DIF, followed by that with 40%, 30%, 20% LP at a 
similar strain rate. However, the DIF values of LP10-1 and LP10-2 are 

Fig. 11. Quasi-static compressive strength of UHPC paste at the age of 28d 
and 56d. 

Fig. 12. Effect of LP on tensile stress-strain curve of UHPC paste with 2% 
steel fibers. 
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lower than that of LP0-1 and LP0-2, respectively. It could ascribe to the 
better bond property between matrix and steel fibers of LP10-1 and 
LP10-2, which brings excellent impact resistance. 

3.7.2. Stress-strain relationship 
The dynamic compressive stress-strain curves of UHPC paste with 

different steel fibers and LP amount at strain rates of 92.1–227.6 s− 1 are 
presented in Fig. 15. Despite the different LP and steel fiber dosage, the 
shapes of all curves are consistent with each other, which comprises of 
the rising and descending stages. In the ascending stage, the stress-strain 
relationship is initially linear elasticity and then exhibits the strain- 
hardening behavior, where the steel fiber works to restrict the devel
opment of micro-cracks [59]. Compared with plain UHPC paste, adding 
steel fibers enhances the peak strain and ultimate strain of UHPC paste 
[57]. It could be concluded that the increased steel fibers improve the 
deformation, which could be interpreted that the crack arresting ability 
of steel fibers could effectively restrain the propagation speed of cracks 
in UHPC paste and increase the peak strain. With increased steel fibers, 
the enclosed area under stress-strain curves increases in the post-peak 
stage, indicating that adding steel fibers enhances the toughness of 
UHPC paste [60], leading to a higher energy absorption capacity, which 
will be discussed in Section 3.7.3. 

3.7.3. Energy absorption 
The energy absorption is generally expressed as the toughness, which 

represents the capacity of the UHPC to resist fracture damage under high 
loading rate [23,61]. The toughness can be obtained based on the 
stress-strain curve, which is shown as follows [62]: 

W =

∫ε

0

σ(ε)dε (9)  

where W is toughness, σ and ε denote stress and strain, respectively. 
The energy absorption of UHPC with different LP and steel fibers 

contents are presented in Fig. 16. It can be found that the increase of the 
toughness is proportional to the increasing strain rates and steel fibers 
for a given LP content. In the case of LP0-2, the energy absorption ca
pacity increases almost 3.67 times from 1.32 MJ/m3 to 4.84 MJ/m3 with 
the strain rate increasing from 93.2 s− 1 to 220.1 s− 1. When the cracks 
reach the proximity of steel fibers, the stress at crack tips would be 
transferred to the steel fibers [57]. Then, the stress would be transferred 
to the surrounding UHPC matrix, resulting in a redistributed stress field. 
Consequently, the growth of cracks is greatly retarded. When the stress 
at crack tips surpasses the fiber-matrix bonding force, the steel fibers 
would be pulled out, along with the amount of energy consumed [63]. 
More steel fibers are pulled out with the rising strain rate. Thus, more 
energy is consumed and the impact resistance of UHPC is enhanced. The 
ultimate strain increases as the amount of steel fiber increases because 
steel fibers reduce crack formation, which slows down the descending 
stages of the stress-strain curve [64], demonstrating that adding steel 
fibers significantly enhances the impact toughness of UHPC. For 
instance, under the strain rate of 219.3 s− 1, the energy absorption ability 
of LP10-1 and LP10-2 is 4.54 MJ/m3 and 5.39 MJ/m3, respectively, 
which are 23.7% and 46.84% higher than that of LP10. Nevertheless, at 
the relatively low strain rates (92.1–99.7 s− 1), the samples containing 
steel fibers absorb less energy than that without steel fibers. Samples 
with steel fibers under lower impact speed are not fractured, leading to 
the higher reflection and transmission energy, decreasing the absorption 

Fig. 13. Relationship between dynamic strength and strain rate: (a) U UHPC paste without steel fibers (b) UHPC paste with 1% steel fibers (c) UHPC paste with 2% 
steel fibers. 

Fig. 14. Relationship between DIF and strain rate: (a) UHPC paste without steel fibers (b) UHPC paste with 1% steel fibers (c) UHPC paste with 2% steel fibers.  
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of energy, the similar finding is reported in literature [65]. 
It is noteworthy that energy absorption capacity is not only deter

mined by the strength of matrix and steel fiber content, but also affected 
by the bonding strength between the UHPC matrix and the steel fibers 
[66]. The energy dissipated by the pullout of steel fibers increases with 
increasing bonding strength. Therefore, LP10-2 has the highest energy 

absorption capacity among all mixes because of the excellent bonding 
strength between the steel fibers and the matrix. With the increase of LP 
content from 20% to 50%, the energy absorption decreases gradually, 
which might be explained by the decrease in the strength of the matrix 
and steel fiber-matrix bond strength due to the dilution effect. 

Fig. 15. Dynamic compressive stress-strain curves of UHPC paste under different strain rates.  
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3.7.4. Failure patterns 
The representative dynamic compressive failure patterns of UHPC 

paste under different strain rates are presented in Fig. 17. The frag
mentation degree of UHPC increases significantly with rising of strain 
rate, and this is consistent with the failure pattern of concrete-like ma
terials under dynamic compressive conditions [20,59,67]. As shown in 
Fig. 17, at the strain rate of 95.5 s− 1, the LP0 breaks into several frag
ments after failure. With the rising strain rate, the damage degree of 
specimens becomes more severe. The LP0 is pulverized into numerous 
small pieces under the strain rate of 167.8 s− 1, while the LP0-1 and 
LP0-2 are still in a split state thanks to the bridging function of steel 
fibers. Among them, the LP0-2 exhibits the best impact resistance owing 
to the highest steel fibers content, and only several visible cracks are 
generated at the strain rate of 97.2 s− 1. This phenomenon may be 
expressed that the pullout of steel fibers can effectively consume a part 
of the energy during the impact loading, which enhances the energy 
dissipation capacity of UHPC. In the meantime, increased impact resis
tance of UHPCs is achieved by the interlaced network structures 
generated by a large amount of randomly distributed steel fibers that 
prevents tensile failure caused by crack extension effectively [68]. 

With the further increase of LP replacement, the bond force between 
steel fiber and matrix strength is weakened, resulting in a poor bridging 
effect due to the dilution effect. By analyzing the failure models of UHPC 
paste with different LP content under similar strain rates, it could be 
found that the damage degree of LP10-2 is less than other specimens. 
The reason might be related to that, at the same steel fiber volume 
fraction, LP10-2 can not only satisfy the amount of effective steel fibers, 
but also could ensure better steel fiber-matrix bond strength to prevent 
the specimen from failure. However, more fine-grained pieces are 
observed with the LP content increasing from 30% to 50% at the same 
strain rate, implying that the incorporating excess LP reduces the impact 
resistance of the UHPC paste. 

4. Discussions 

4.1. Influence of LP on the ITZ of UHPC 

The addition of appropriate LP can optimize packing, leading to 
limited space for the generation of hydration products, where the nar
rower space could compact new-formed C–S–H densely [69], benefiting 
the formation of higher quality C–S–H in ITZ. The ‘‘wall effect” was 
proposed by Scrivener et al. [70] to explain the ITZ between the 
aggregate and concrete mortar. In this study, as steel fiber is 0.2 mm in 
diameter, which is several to a hundred orders of magnitude larger than 
cement grains, the steel fiber can be considered as a straight ‘‘wall”. 
Therefore, the ‘‘wall effect” can also be applied to the fiber-matrix ITZ. 
According to the ‘‘wall effect” [70], finer particles prevail in the vicinity 
of the wall, while larger particles are found further out, as shown in 

Fig. 18, given that both the particle sizes of mS and LP are smaller than 
that of cement. When the cements are replaced by an appropriate 
replacement of LP, e.g. 10%, the ITZ of UHPC contains the mS and LP 
predominately, leading to smaller pore size and denser pore structure 
owing to the excellent filling effect. It has been confirmed that the HD 
C–S–H and UD C–S–H form in more confined areas because of the 
limited space [69]. Therefore, more HD C–S–H and UD C–S–H are 
generated in ITZ of UHPC, leading to an improved transition zone, as 
shown in Fig. 18(b). This is also demonstrated by the nanoindentation 
results that the percentage of HD C–S–H and UHD C–S–H increase by 
20.2% and 6.8% respectively when cements are replaced with 10% LP 
and 5% mS. These structural changes of the C–S–H significantly affect 
the quasi-static mechanical properties of UHPC paste, which are also 
strong evidences of the interfacial bonding strength change, and they 
agree with the nanoindentation results. Consequently, the 56 days 
compressive strength and peak tensile strength of LP10-2 increase by 
4.6% and 6.1%, respectively, compared to that of LP0-2. 

The addition of LP enhances the effective water-to-cement ratio in 
the binder system, where usually very low water amount is used, which 
reduces the content of unhydrated cement, as shown in Fig. 18(b). This 
phenomenon could be verified by the nanoindentation results, in which 
the percentage of UC decreases from 26.4% to 10.3% with the LP con
tent increases from 0 to 50%, indicating higher hydration degree of 
binders. However, while the substitution of cement increases to a high 
level, the generated C–S–H is not enough to fill the initial space, 
increasing the pore size and porosity, which is consistent with the MP 
results. Meanwhile, due to the loose microstructure, the percentage of 
LD C–S–H and MP of ITZ improves while the percentage of HD C–S–H 
and UD C–S–H decreases, which deteriorates the strengthening effect of 
steel fiber. Therefore, the decrease in mechanical properties could be 
attributed to a rise in porosity and a decrease in HD C–S–H and UHD 
C–S–H percentage with the increasing LP replacement. 

4.2. Influence of LP on the dynamic performance of UHPC 

The dynamic compressive performance of UHPC is affected by the 
matrix and steel fiber. Incorporating an appropriate amount of LP en
hances the amount of C–S–H, especially HD C–S–H and UHD C–S–H, and 
strengthens the ITZ, resulting in a higher steel fiber-matrix bond 
strength, which can be confirmed by the better strain hardening 
behavior of UHPC under impact loading (see Section 3.7). A strong 
interface ensures the efficiency of load transfer between steel fiber and 
matrix, which would benefit to restricting cracking behavior and 
improve the dynamic compressive strength and energy absorption ca
pacity [71]. In the case of similar matrix strength, a better bonding 
ability contributes to more energy consumption by the steel fibers in the 
process of pulling out, consequently resulting in a better impact 
resistance. 

Fig. 16. Relationships between energy absorption and strain rate: (a) UHPC paste without steel fibers (b) UHPC paste with 1% steel fibers (c) UHPC paste with 2% 
steel fibers. 
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Fig. 17. Failure patterns of UHPC paste under different strain rates.  
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The content of LP leads to different initial micro-cracks, pore struc
tures and interface bonding strength of UHPC paste, which determines 
the dynamic failure pattern brought by germination and aggregation of 
micro-cracks [72]. As discussed in Section 3.3, the appropriate substi
tution of LP, i.e., 10%, can optimize the pore structure, leading to the 
least pores and micro-cracks. Meanwhile, the steel fiber-matrix interface 
bonding strength increases owing to the generation of more HD C–S–H 
and UD C–S–H, resulting in a denser ITZ, which significantly enhances 
the energy required for the formation of cracks. Steel fibers inhibit the 
generation of cracks and the higher steel fiber-matrix bond strength 
leads to the generation of fewer cracks under the same strain rate. 
Hence, the UHPC paste with 10% LP replacement shows the fewest 
macro-cracks under the same strain rate, as displayed in Fig. 19(a). The 
relationship between final failure states of damage and the strain rate is 
illustrated in Fig. 19(b). The damage state could be divided into split and 
pulverized, as displayed in Fig. 19(b). Owing to the fewer original de
fects (e.g., pores, voids and micro-cracks) and denser matrix, as well as a 
better steel fiber-matrix bond strength, the LP10-2 exhibits the highest 
strain rates at the split and pulverized states, which means that a higher 
impact velocity is needed to achieve similar damage, as displayed in 
Fig. 19(b). The incorporation of excessive LP results in porosity and pore 
size enlargement as well as more micro-cracks due to the dilution effect, 
resulting in more macro-cracks generated and more severe damage de
gree under the same strain rate, which could be confirmed by the failure 
patterns in Fig. 18. As discussed in Section 3.4, due to lower bond 

strength caused by excessive LP, the strain rates at the split and pul
verized states decrease with the LP content increasing from 30% to 50%, 
as shown in Fig. 19(b). 

5. Conclusions 

In this study, the effects of LP on dynamic compressive properties of 
UHPC are investigated through multi-scale experimental testing and 
analysis. The hydration products, pore structure, the phase distribution 
of ITZs and the dynamic compression behaviors of UHPC are analyzed to 
clarify the relationships between micromechanical properties and 
macroscopic impact characteristics. The mechanism of LP enhancing the 
quality and quantity of C–S–H in ITZ between steel fibers and matrix is 
proposed. The main conclusions can be summarized:  

(1) The incorporation of appropriate amount of LP could optimize 
the packing of particles, resulting in more limited space for the 
generation of C–S–H that enhances the proportions of HD C–S–H 
and UHD C–S–H in ITZ. The percentages of HD C–S–H and UHD 
C–S–H in ITZ increase by 20.2% and 6.8% at replacement of 10% 
LP, respectively. With the further replacement of LP from 30% to 
50%, the volume of LD C–S–H improves while that of UD C–S–H 
decreases significantly.  

(2) The enhanced HD C–S–H and UHD C–S–H contents result in 
higher fiber-matrix bond strength, which contributes to the quasi- 

Fig. 18. The enhancement process of ITZ of UHPC induced by LP. (a) 0%LP; (b) 5% mS and 10% LP.  

Fig. 19. (a) Schematic diagram of failure patterns of UHPC with different replacement of LP; (b) the relationship between final failure states of damage and 
strain rate. 

W. Zhuang et al.                                                                                                                                                                                                                                



Composites Part B 243 (2022) 110160

14

static mechanical properties. Therefore, an appropriate substi
tution of LP, i.e. 10%, contributes to increased quasi-static 
compressive strength and tensile strength. However, excessive 
LP content leads to a significant reduction in the quasi-static 
compressive and tensile strength, attributed to weaker bonding 
force and less hydration products due to the dilution effect.  

(3) The values of DIF increase with the rising strain rate and decrease 
with the increasing steel fiber content and compactness of 
microstructure. The appropriate replacement of LP, i.e. 10%, 
improves bond force between steel fibers and matrix by 
enhancing the quality of C–S–H, decreasing the porosity and 
optimizing packing in ITZ. The higher steel fiber-matrix bond 
strength results in a reduction in the strain rate sensitivity and 
significantly improves the energy absorption ability of UHPC. 
With an excessive LP content, the value of DIF increases and 
energy absorption capacity decreases due to the dilution effect. 

(4) A strong interface between the steel fiber and the matrix im
proves the impact resistance of UHPC. The specimens with 
appropriate substitution of LP, e.g. 10% exhibit higher strain 
rates at the split and pulverized states and the lowest degree of 
damage under a similar strain rate. The strain rates at the split 
and pulverized states decrease with the LP content, which is 
mainly attributed to the more generated pores and cracks near 
the steel fiber-matrix interface, leading to lower bond strength. 
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