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Abstract: To investigate the toughening effect and stress–strain relationship of steel fibre-reinforced
steel slag micropowder ultra-high-performance concrete (UHPC), nine sets of specimens with coarse
aggregate and steel fibre contents were prepared for axial compression and elastic modulus tests. This
study examines the variations in compressive strength and peak strain of the steel slag micropowder
UHPC specimens to determine the corresponding characteristics of the stress–strain relationship. The
results indicate that the experimental groups mixed with 1%, 1.5%, and 2% steel fibre increased the
peak strain by about 20.3%, 25.3%, and 26.2%, respectively, compared to the non-steel fibre specimens.
It can be seen that the toughening effect of UHPC with steel fibre and slag micro powder is good.
With a fixed steel fibre content, the compressive strength and peak strain of steel slag micropowder
UHPC initially increase and then decrease as the coarse aggregate content increases. The maximum
compressive strength is achieved when the steel fibre content is 1.5% and the coarse aggregate content
is 20%. A constitutive equation suitable for steel fibre-reinforced steel slag micropowder UHPC
was derived through curve fitting based on the experimentally obtained stress–strain curves. The
calculated values from the equation show deviations within 10% of the measured values, indicating a
good fit. Nonlinear analysis of the entire compression process of prismatic specimens using the finite
element method confirms the rationality of the constitutive equation, as the simulated curve closely
aligns with the experimental curve. This research findings provide a reference for the engineering
application of steel slag micropowder UHPC.

Keywords: bridge engineering; ultra-high-performance concrete; steel slag micropowder; axial
compression; stress–strain

1. Introduction

Ultra-high-performance concrete (UHPC) is a novel concrete type prepared based on
the optimal compactness principle. It demonstrates exceptional mechanical properties and
durability, including high strength and toughness, making it a highly promising material
for implementation in bridge engineering. In recent years, numerous studies have been
conducted in the field of bridge engineering to investigate the fundamental research of
UHPC. However, due to its high production cost, its practical application in engineering
remains relatively limited [1–4]. To reduce preparation costs, some researchers have
replaced quartz powder in UHPC with processed steel slag micropowder, resulting in cost-
effective, environmentally friendly steel slag micropowder UHPC with high mechanical
strength and durability [5–7].

Although high-strength and durable steel slag micro powder UHPC can meet the
mechanical performance requirements in practical applications, this type of concrete also
has disadvantages, such as a low water–cement ratio and easy cracking in the early stage.
How to improve the strength of concrete materials while ensuring their toughness and
reducing brittleness has become the key to the development of concrete [8]. Adding fibre
to UHPC can reduce the brittleness of UHPC materials, control cracking, and improve
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ductility [9]. Among fibre materials, steel fibres have the characteristics of high elastic
modulus and high tensile strength, which have a particularly significant improvement
effect on the toughness of concrete [10]. Therefore, a certain amount of steel fibre can
be added to steel slag micro powder UHPC to improve its compressive strength and
toughness and reduce the problems of early cracking and high brittleness of steel slag
micro powder UHPC. At the same time, research has found that adding a certain volume
of coarse aggregate to UHPC can further reduce the preparation cost without affecting its
performance [11,12] and can also improve the elastic modulus and compressive strength of
concrete to a certain extent. Therefore, it can be attempted to add a certain amount of coarse
aggregate to steel slag micro powder UHPC to optimize its performance while reducing
costs again.

The stress–strain relationship reflects the fundamental mechanical properties of UHPC,
and the study and analysis of its stress–strain curve equation are of significant importance.
Many scholars have conducted relevant research in this area. Luo Min [13] investigated
the different fibre contents on the uniaxial compressive mechanical properties of UHPC
specimens and derived the constitutive relationship for UHPC with various fibre additions.
Ma Lingling [14] established a constitutive model for restrained ultra-high-performance
concrete based on theoretical analysis and regression analysis. This constitutive model,
validated through plastic damage analysis and comparison with load–displacement curves,
is suitable for finite element analysis. Zeng Zhiwei [15] studied the uniaxial behaviour of
confined coarse aggregate ultra-high-performance concrete (CA-UHPC) under compression
deformation and theoretically derived the constitutive model for CA-UHPC. EL-HELOU R
G [16] considered the multiaxial stress–strain behaviour of the cementitious matrix and the
stress–slip response of fibres, proposing a triaxial constitutive model for fibre-reinforced
cementitious material UHPC. Guo Xiaoyu et al. [17] individually analysed the uniaxial con-
stitutive equations proposed in different literature for UHPC and demonstrated that using
the constitutive equation proposed in the “Code for Design of Concrete Structures” yields
higher accuracy in calculating the uniaxial stress–strain relationship of UHPC. WILLIAMS E
M [18] investigated the constitutive performance behaviour of ultra-high-performance com-
posite concrete by conducting mechanical performance tests on specimens prepared with
and without steel fibres. In summary, although extensive studies have been conducted on
the constitutive relationship of conventional UHPC both domestically and internationally,
research on the constitutive relationship of steel slag micropowder UHPC remains scarce.

In this study, to establish the constitutive relationship of steel slag micropowder UHPC
and analyse its mechanical properties, experiments were conducted by incorporating steel
fibres with different volume ratios and varying amounts of coarse aggregate. The objective
was to explore its failure characteristics and stress–strain relationship. Through derivation
and curve fitting, the stress–strain equation for steel slag micropowder UHPC was obtained,
providing technical support for its application in bridge engineering.

2. Experimental Section
2.1. Raw Materials

The raw materials used in the experiments included the following: Ordinary Portland
cement (OPC) of Hai Luo brand with a grade of 42.5. Silica fume produced in Nanning, with
a specific surface area of 2200 m2/kg and a density of 1.52 g/cm3. Steel slag micropowder
obtained by grinding steel slag and 18% grade II fly ash. Polycarboxylate superplasticizer
solution with a water-reducing rate greater than 30%. Mechanism river sand with a fineness
modulus of 2.47. Steel fibres with a length of 15 mm, flat type, a diameter of 0.22 mm, and
a tensile strength of 2500 MPa. Coarse aggregate consisting of crushed stone with particle
sizes ranging from 5 to 20 mm and a parent rock strength of 120 MPa. The main chemical
composition of the cementitious materials is presented in Table 1, and the gradation of
various materials is shown in Figure 1. Figure 2 shows the Scanning electron microscope
(SEM) image of the cementitious materials.
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Table 1. Main chemical components of cementitious materials.

Material CaO/% SiO2/% Al2O3/% Fe2O3/% Fe/% MgO/%

Cement 67.12 23.45 3.46 3.23 / 2.74
Silica Fume 1.11 93.77 2.08 0.98 / 2.06
Steel Slag 60.21 2.32 13.57 7.42 8.82 7.66
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Figure 2. SEM image of cementitious materials.

The SEM image of the cementitious materials is shown in Figure 2. Figure 2a–c
show silica fume, steel slag powder, and cement, respectively. It can be observed that
the silica fume has a smaller particle size and more uniform particles. The steel slag
micropowder exhibits relatively loose accumulation. The cement particles are also uniform
and compacted well.

2.2. Basic Mix Proportion Design

This experiment is based on the tightest packing theory for basic mix proportion
design. Due to the advantage of considering particle size distribution in the modified
Andreasen and Andersen model (MAAM) among many UHPC mix design models based
on the tightest packing theory, which is more accurate and effective [19,20], this method is
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used to calculate and analyse the basic mix proportion of steel slag micro powder UHPC.
The calculation formula is shown in Equation (1).

P(D) =
Dq −Dq

min

Dq
max −Dq

min
× 100% (1)

where P(D) is the cumulative percentage of sieve residue with particle size less than D,
%; D is the particle size, µm; Dmax, Dmin are maximum and minimum particle size in the
distribution system, respectively,µm; and q is the modulus of particle size distribution,
taken as 0.24 in this study.

Using Python software to model and analyse Equation (1), based on the particle
distribution curves and MAAM target curves of different raw materials in Figure 1, the least
squares method was used to calculate the raw material ratio. By adjusting the proportion
of each material to make the stacking curve as close as possible to the target curve, the basic
proportion of steel slag micro powder UHPC was calculated as shown in Table 2, p10, and
the fixed water–cement ratio was 0.18.

Steel slag micro powder is an ultrafine powder processed from steel slag through
magnetic separation and ball milling technology. It contains various oxides and minerals
and can form stable and high-strength granular materials. It also has a particle size and
specific surface area similar to quartz powder. Using the above mix ratio to replace some
quartz powder with steel slag micro powder can reduce the production cost of UHPC to
a certain extent and achieve waste utilization, effectively solving the resource utilization
problem of solid waste from steel manufacturers. UHPC can be mixed with coarse aggregate
without affecting its performance, which can further reduce the cost. In view of the greater
brittleness of UHPC and the improvement in its toughness by adding a certain amount of
steel fibre, the following tests prove that a reasonable amount of steel slag micro powder
Ecotype UHPC can be prepared.

2.3. Experimental Design

To investigate the effects of steel fibre content and crushed stone content, nine sets of
specimens were prepared; a certain amount of coarse aggregate and steel fibre was added
on the basis of the P10 basic mix proportion, with each factor at three levels. Each group of
specimens included twelve 100 × 100 × 100 mm cubes for compression, splitting tensile
tests, and six 100 × 100 × 300 mm prisms were used for axial compression tests and elastic
modulus tests. Additionally, a control group without added steel fibres was included. The
water-to-binder ratio (w/b) for all specimens was 0.2, and the sand-to-binder ratio (s/b)
was 0.7. Considering that the addition of steel fibre and coarse aggregate can affect the
construction performance and air content of concrete, which directly affect the compressive
strength of concrete, a certain amount of polycarboxylic acid water-reducing agent and
defoamer was added to increase the workability of concrete and reduce the fluidity gap
between each group of concrete. Defoamer was used to remove the increased air content
caused by the addition of steel fibre aggregate. The detailed mix proportions are shown in
Table 2, where SSP represents steel slag micropowder ultra-high-performance concrete.
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Table 2. Mix proportions.

Test Number Cement/
(kg/m3)

Silica
Fume/(kg/m3)

Steel Slag
Micropowder/(kg/m3)

River
Sand/(kg/m3)

Crushed
Stone/(kg/m3)

Steel
Fibre/(kg/m3) Water/(kg/m3) Superplasticizer/

(kg/m3)
Defoamer/

(kg/m3)

SSP1 720 380 140 760 0 78 (1%) 225 12.5 4
SSP2 576 304 112 608 500 (20%) 78 180 12.5 4
SSP3 432 228 84 456 1000 (40%) 78 135 12.5 4
SSP4 720 380 140 760 0 117 (1.5%) 225 12.5 4
SSP5 576 304 112 608 500 117 180 12.5 4
SSP6 432 228 84 456 1000 117 135 12.5 4
SSP7 720 380 140 760 0 156 (2%) 225 12.5 4
SSP8 576 304 112 608 500 156 180 12.5 4
SSP9 432 228 84 456 1000 156 135 12.5 4

P7 720 380 140 760 0 0 225 12.5 4
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2.4. Sample Preparation

(1) Production process

In order to ensure that each component material can be evenly mixed and thoroughly
mixed, this experiment refers to the “Standard for Testing Ultra High Performance Concrete”
(T/CECS 864-2021) [21] issued by the China Engineering Construction Standardization
Association. Based on the actual situation of the experiment, a new preparation method is
adopted, and the specific operation steps are as follows:

¬ Calculate the materials of each component based on the mix ratio and weigh them for
future use.

 Pour the weighed cement, silica fume, steel slag micro powder, and river sand into
the concrete mixer and pre-mix for 3 min to fully mix the dry material, obtaining the
steel slag micro powder UHPC pre-mixed material.

® Pour the weighed water and water-reducing agent into a water basin for stirring so
that the water-reducing agent is evenly mixed with the water. Then, slowly add it to
the steel slag micro powder UHPC pre-mix that is being stirred, and continue stirring
for 8 min.

¯ Use tweezers to disperse and evenly add steel fibres into the mixer, continue stirring
for 3 min, and complete the preparation of steel slag micro powder UHPC mixture.

Place the prepared UHPC mixture into a steel mould that has been evenly coated with
a release agent, and then place the steel mould on a vibration table for 10 to 15 s to eliminate
bubbles in the slurry. After the vibration is completed, smooth the surface and immediately
cover it with a layer of cling film to keep the slurry moist.

(2) Curing of specimens

Firstly, place the steel mould covered with cling film in an indoor environment with a
temperature of (20 ± 5) ◦C and a relative humidity of >50% for 1 day. Then, remove the
mould and number it. After completion, immediately place the test piece in a steam curing
box for high-temperature curing at (90 ± 5) ◦C for 2 days. Then, place it in a standard
curing box for standard curing at (20 ± 5) ◦C and a relative humidity of >90%. When the
testing period is reached (3th day, 7th day, and 28th day), take it out for testing.

2.5. Experimental Methods

The experiments were conducted using a hydraulic universal testing machine. Lon-
gitudinal strain gauges were attached to the middle of the specimen’s two side faces to
measure the axial strain of the steel fibre-reinforced steel slag micropowder UHPC. The
strain data were collected using the UT7121Y static strain gauge. Displacement transducers
were installed at the loading plate of the hydraulic press to measure the displacement of the
specimen. The loading scheme employed was a stress-controlled method with a loading
rate of 10 kN/s [22].

3. Experimental Results and Analysis
3.1. Mechanical Performance Results

Performance tests on the slump and expansion of steel slag micro powder UHPC
and recording the data in units of mm with an accuracy of 1 mm were simultaneously
conducted. The statistical results are accurate to 5 mm. Cube specimens measuring
100 mm × 100 mm × 100 mm were prepared for compressive and splitting strength tests,
while prism specimens measuring 100 mm × 100 mm × 300 mm were used for axial
compression and elastic modulus measurements. The specific results are shown in Table 3.
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Table 3. Compressive strength of cube and prism specimens.

Cube Compressive Strength
/MPa

Splitting
Strength

/MPa

Elastic
Modulus

/GPa

Prism Axial
Compression
Strength/MPa

Ratio of Prism
Axial Compression

Strength to Cube
Compressive

Strength

(Slump/Expansion)
/mm

Group Day 3 Day 7 Day 28 Day 28 Day 28 Day 28 Day 28

SSP1 87.7 106.4 118.4 8.1 43.4 95.1 0.80 212/462
SSP2 94.4 120.8 135.1 11.2 49.1 111.5 0.83 207/451
SSP3 109.3 113.0 120.4 9.1 44.2 98.3 0.82 188/432
SSP4 114.5 125.3 124.7 8.7 47.5 100.6 0.81 210/455
SSP5 109.7 122.2 147.5 14.7 51.4 120.6 0.82 203/450
SSP6 109.3 113.0 130.2 12.6 46.3 105.2 0.81 194/434
SSP7 111.3 123.9 130.7 9.4 46.8 106.0 0.81 205/452
SSP8 103.3 114.5 126.7 9.8 45.7 105.3 0.83 195/438
SSP9 111.8 117.8 121.7 9.5 45.2 103.7 0.85 180/422

Average value 105.7 117.4 128.4 10.3 46.6 105.1 0.82 199/444
P10 91.7 103.2 112.1 5.6 40.3 90.5 0.80 220/481

The analysis of Table 3 reveals that the average compressive strength of the cube spec-
imens for different mix proportions of steel slag micropowder UHPC reaches 105.7 MPa
at 3 days, 117.4 MPa at 7 days, and 128.4 MPa at 28 days. It can be observed that the
compressive strength of the steel slag micropowder UHPC cubes develops at an early stage,
with the average compressive strength at 3 days reaching 82% of the 28-day value. The
average compressive strength at 7 days reaches 91% of the 28-day value. The average
splitting tensile strength of the steel slag micropowder UHPC is 10.3 MPa, and the average
elastic modulus is 46.6 GPa. The average axial compression strength of the prism spec-
imens is 103.3 MPa. Among the experimental groups, Group SSP2 exhibits the highest
elastic modulus and the highest compressive strength for both cube and prism specimens.
The axial compression strength of the steel slag micropowder UHPC prism specimens
is consistently above 95.1 MPa, with an average of 105.1 MPa. The ratio of prism axial
compression strength to cube compressive strength ranges from 0.80 to 0.85, which is higher
compared to that of ordinary high-strength concrete (with a ratio of 0.77 to 0.82) [23]. Under
vertical loading, the increased elastic modulus of the steel slag micropowder UHPC prism
specimens reduces lateral deformation, narrows the range of constraint effects from the
loading plate, and leads to a compressive failure mode similar to that of the cube specimens.
Therefore, the ratio is higher, which is consistent with the findings [24].

3.2. Failure Process and Morphology

The failure morphology of a representative specimen from each group, along with
a specimen without steel fibres for comparison, is shown in Figure 2. In Figure 2, it
can be observed that the compressive failure process of the steel fibre-reinforced prism
specimens in each group is generally similar. However, noticeable differences in brittle
failure characteristics can be observed due to the varying content of coarse aggregate and
steel fibres in the different experimental groups. The compressive failure process of the
specimens can be divided into the following three stages:

(1) Elastic Stage: Prior to reaching the ultimate load of 40% to 70%, the stress–strain
relationship of the specimen follows a proportional growth pattern. In this stage, the
compression-induced deformation of the specimen initiates slowly, and microcracks
start to form and propagate within the specimen. The load and displacement exhibit
a roughly linear relationship, with the curve’s slope remaining relatively constant.

(2) Elastic–Plastic Stage: When the load exceeds 70% of the ultimate load, the slope of
the load–displacement curve decreases. Fracturing occurs at the prism’s corners,
accompanied by some surface spalling in the edge region. However, due to the micro-
reinforcement effect of the steel fibres, the spalled surface maintains some cohesion
with the specimen, preventing complete separation. With continued loading, surface
microcracks develop and propagate towards the top and bottom of the specimen.
Internal microcracks propagate outward, connecting with the surface cracks and
intensifying their extension, resulting in the appearance of new cracks. As the load
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increases, more significant fragmentation occurs, and the cracks rapidly extend and
penetrate through the specimen until reaching the peak load.

(3) Failure Stage: After reaching the peak stress, accompanied by a distinct noise, the
specimen undergoes splitting failure. Diagonal cracks emerge on the prism’s side
surface, intersecting one or multiple concrete specimens. However, due to the re-
inforcing effect of the steel fibres, even in the event of specimen failure, a certain
degree of integrity is maintained. This stands in stark contrast to the failure state of
specimen P10 without steel fibres, highlighting the beneficial toughening effect of the
steel fibres.

The 10 figures in Figure 3 show the failure morphology of the numbered specimen.
By analysing Figure 3, evident ductile failure characteristics can be observed in the steel
fibre-reinforced steel slag micronized UHPC specimens. The surface of the specimens
shows numerous intersecting wide and deep cracks. However, the micro-reinforcement
effect of the steel fibres on the cracks, combined with the anchoring effect created by
the steel fibres between the coarse aggregate and the matrix, contributes to the overall
improved performance of the concrete system. Despite specimen failure, the concrete
structure remains relatively intact, with only some surface debris spalling. As the volume
fraction of steel fibres increases, the width of cracks on the specimen surface also increases.
The wide cross-section of the cracks reveals a significant presence of steel fibres exhibiting
bending deformation. This is attributed to the strengthening bridging effect of the steel
fibres on both sides of the developing microcracks in the specimen. The increased content
of steel fibres effectively impedes the initiation and propagation of primary cracks in the
specimen. Consequently, as the volume fraction of steel fibres rises, the width of cracks
during specimen failure widens, indicating an enhanced toughening effect.
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Furthermore, by combining the information from Table 2 and Figure 3, it can be
inferred that the content of coarse aggregate embedded in the UHPC specimens also influ-
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ences crack development. As the content of coarse aggregate in the specimens increases,
the quantity of macroscopic cracks decreases, and the specimens demonstrate radial ex-
pansion failure with severe and uneven deformation. This is attributed to the impact of
increased coarse aggregate on the distribution of steel fibres within the specimen. The
higher agglomeration of steel fibres caused by the increased coarse aggregate disrupts the
even distribution of stress, resulting in internal cracks predominantly forming along the
weakest points subjected to stress.

3.3. Analysis of Compressive Peak Strain in Prismatic Specimens

A stress–strain curve test was conducted on prismatic specimens of UHPC mixed with
varying amounts of steel fibre and steel slag micro-powder. Compressive strength and
peak strain values were measured for each group of UHPC specimens containing steel fibre
and steel slag micro-powder. The numerical values for each group are presented in Table 4.

Table 4. UHPC compressive strength and peak strain of steel slag micro-powder mixed with steel fibre.

Group Steel Fibre Content/% Coarse Aggregate
Content /%

Compressive Strength
fc/MPa Peak Strain εc/10−6

SSP1 1 0 95.1 2985
SSP2 1 20 111.5 3370
SSP3 1 40 98.3 3071
SSP4 1.5 0 100.6 3112
SSP5 1.5 20 120.6 3435
SSP6 1.5 40 105.2 3275
SSP7 2 0 106 3285
SSP8 2 20 105.3 3310
SSP9 2 40 103.7 3227

Average 105.1 3277
P10(No Steel Fibre) / / 90.5 2611

In Table 4, it is evident that the average peak stress of the steel slag micro-powder
UHPC prismatic specimens is 105.1 MPa, with an average peak strain of 3277 µε. When
the steel fibre content is 1% and 1.5%, the axial compressive strength shows a trend of first
increasing and then decreasing with the increase in coarse aggregate content; when the steel
fibre content is 2%, the axial compressive strength shows a slight decreasing trend with the
increase in coarse aggregate content. When the steel fibre content is 1.5% and the coarse
aggregate content is 20%, both the axial compressive strength and peak strain reach their
maximum values, indicating the optimal content at this time. The strength is increased by
20% compared to without adding coarse aggregate and by 14.6% compared to adding 40%
coarse aggregate. When the amount of steel fibre added is constant, the peak strain of each
group of specimens shows a trend of first increasing and then decreasing with the increase
in coarse aggregate content. When the amount of coarse aggregate added is constant, an
increase in steel fibre content generally leads to an increase in peak strain. Compared with
the non-steel fibre group, the nine experimental groups mixed with steel fibre showed
higher strength and peak strain. The experimental groups mixed with 1%, 1.5%, and
2% steel fibre increased the peak strain by about 20.3%, 25.3%, and 26.2%, respectively,
compared to the non-steel fibre specimens. It can be seen that the toughening effect of
UHPC with steel fibre and slag micro powder is good, and it can also be seen that the
peak strain effect of UHPC with 2% steel fibre content is no longer significant compared
to 1.5% content, and the compressive strength is still reduced. The optimal economic and
mechanical properties are achieved when the 1.5% steel fibre content is added.

To investigate the relationship between the peak strain εc and the compressive strength
fc of steel slag micro-powder UHPC, three formulae presented in Table 5 were compared
with the experimental results. The peak strain of the UHPC specimens mixed with steel
fibre and steel slag micro-powder ranged from 2985 µε to 3435 µε. To determine the
variation relationship between the peak strain εc and the axial compressive strength fc
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of steel slag micro-powder UHPC, a statistical analysis of εc and fc of the nine groups of
specimens was performed. The fitting expressions between peak stress and peak strain
obtained from the experiment are also listed in Table 5.

Table 5. Formulae for εc and fc.

Author Peak Strain–Strength Relationship

Guo Zhenhai [25] εc =
(

700 + 172
√

fc

)
× 10−6 (2)

Yang Weizhong [26] εc= 600f0.3
c ×10−6 (3)

Lv Xilin [27]
εc =

(
700 + 172

√
fc
)
(1.0 + 0.189λf)×10−6

λf= Vflf/df (4)

This study εc= (917 .37 + 855Vf+12.2Vca+20.72fc)× 10−6 (5)

In the table, lf, d f , and Vf represent the length, diameter, and volume fraction of steel fibre, respectively.

Applying the aforementioned formulae to calculate the actual values and comparing
them with the measured values, the results are depicted in Figure 4. Analysis of Figure 4
reveals that the calculation results obtained from the first three formulae generally underes-
timate the experimental values and fail to align with the observed variation trend. However,
the calculated values derived from the expression proposed in Equation (5) exhibit a strong
agreement with the measured values, yielding a correlation coefficient of R2 = 0.95. This
indicates that the fitting formula proposed in this study accurately reflects the relationship
between the peak strain and compressive strength of steel slag micro-powder UHPC mixed
with steel fibre.
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Figure 4. Relationship between peak strain and axial compressive strength.

4. The Compressive Constitutive Relationship of Steel Slag Micronized UHPC
4.1. Stress–Strain Curves

The stress–strain curves of the specimens were plotted based on the experimental
results, as shown in Figure 5. Figure 5a–c show the stress–strain curves of the 1%, 1.5%,
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and 2% steel fibre content groups, respectively. Each graph has three levels of stress-strain
curves and is compared with the P10 group without steel fiber control group.
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Figure 5. Stress–strain diagram of steel fibre-doped steel slag micronized UHPC.

Figure 5 illustrates that during the initial loading stage of the test, the specimens were
in the elastic phase, and the stress–strain curves exhibited an approximately linear upward
trend. Although there were some variations in the slope of each curve, the overall slope
increased with an increase in the coarse aggregate content while the steel fibre content
remained constant. The curve had the highest slope when the coarse aggregate content was
20%, indicating that an appropriate addition of coarse aggregate can enhance the elastic
modulus of steel slag micro-powder UHPC mixed with steel fibre. However, if the coarse
aggregate content is increased to 40%, the volume of the cementitious material decreases,
and the bond between the coarse aggregates formed by the cementitious material and steel
fibres is reduced, leading to an overall decrease in the elastic modulus of the specimens.
As the stress on the specimens approached 0.7 fc to fc, the slope of the curve gradually
decreased, and when the load reached 90% of the ultimate bearing capacity of the specimen,
the curve started to level off. For specimens with a constant steel fibre content, when the
coarse aggregate content was 40%, the curve showed a shorter plateau segment, and the
strain of the specimen was also the lowest among specimens with the same steel fibre
content. This indicates that the excessive addition of coarse aggregate to the specimens
would reduce the ductility of steel slag micro-powder UHPC.

After reaching the peak stress, the curve entered the descending stage, and the addition
of steel fibres and coarse aggregates made the descending stage smoother. Among them,
the addition of 20% coarse aggregate content resulted in the smoothest descending stage.
Compared with P10 (the group without steel fibres), all nine groups showed a significantly
smoother descending stage, indicating a good toughening effect.

The stress–strain relationship model for uniaxial compression of ultra-high-performance
concrete proposed in [28] was used for comparison. The model relationship is as follows:

σc = EUεc εc < εc0

εc = f c εc0 ≤ εc ≤ εcu

εcu = 0.0034 + ( fcu,k − 120)× 10−5 (6)

In the equation, σc represents the stress when the strain of ultra-high-performance
concrete reaches εc; EU is the elastic modulus of ultra-high-performance concrete; fc is
the design compressive strength of ultra-high-performance concrete; fcu,k is the standard
compressive strength of ultra-high-performance concrete cubes; εc0 is the strain corre-
sponding to the peak stress fc of ultra-high-performance concrete; and εcu is the ultimate
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compressive strain of ultra-high-performance concrete, which is taken as εc0 when under
axial compression.

The stress–strain relationship calculated using Equation (6) was compared with the
experimental values, as shown in Figure 6. Figure 6a–c show a comparison of the 1%,
1.5%, and 2% steel fibre content groups, respectively. Each graph has three experimental
stress-strain curves and three calculated curves using specifications for comparison.The
slopes of the stress–strain curves obtained from the model in the code were generally
greater than those of the experimental curves. The slope of the model curve in the code
depends on the actual elastic modulus of ultra-high-performance concrete, indicating that
the specimens of steel slag micro-powder UHPC mixed with steel fibre maintained a high
level of elastic modulus and excellent deformation resistance.
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4.2. Determination of Constitutive Relationship

To establish the constitutive relationship equation for the compressive behaviour of
the concrete, different scholars have proposed various constitutive models. In this study,
after a comprehensive analysis of different constitutive models, As shown in Table 6, we
selected the constitutive equation proposed by the following researchers for comparison in
order to find the most suitable formula for expressing the stress–strain relationship of steel
fibre-doped steel slag micronized UHPC.

This experiment uses the dimensionless coordinate x = ε. The typical UHPC axial
compression stress–strain curve is shown in Figure 7.
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Table 6. Table of constitutive equation relation.

Presenter The Relationship Equation of This Structure Parameter Meaning

Jiao Chujie [29]

y =


Ax−x2

1+(A−2)x 0 ≤ x < 1
kx

1+(k−2)x+x2 x > 1

 (7)
Vf : Steel fibre volume fraction

A : ascending segment parameters
k : descending segment parameters

A =
(2.99
√

fc+14.27)(1.46+25.4Vf +0.00779 fc)
fc

k = 2.0027 + 45.974Vf

Ju Yanzhong [30]

y =

{
cx + (4− 3c)x3 + (2c− 3)x4, 0 ≤ x ≤ 1

tx
1+(t−2)x+x2 , x > 1

}
(8) VS: Steel fibre volume fraction

c: ascending segment parameters
t: descending segment parameters

c = 1566V3
s − 7.778V2

s + 2.14VS + 1.318
t = −3444V3

S + 317.2V2
S − 4.106VS + 0.1128

Guo Zhenhai
y =

 ax + (3− 2a)x2 + (a− 2)3, 0 ≤ x < 1
x

b(x−1)2 , 1 ≤ x

 (9) a : Ascending segment parameters
b : descending segment parameters

a = 2.4− 0.0125 fc. b = 0.157 f 0.795
c − 0.905

Using the three aforementioned models, along with the model proposed in this study,
non-dimensionalized nonlinear fitting of the experimentally obtained stress–strain curves
was performed, as shown in Figure 8.

(1) The ascending segment of the Guo Zhenhai model exhibited a good fit with the
experimental curve, with 1 < a < 1.5, while the descending segment displayed a large
fitting deviation.

(2) The Jiao Chujie model showed only a few instances of good fit in the ascending
segment, with large deviations in other cases, and the stress in the descending segment
exceeded that of the experimental curve.

(3) The Ju Yanzhong model underestimated the stress in the ascending segment and exhib-
ited a larger fitting deviation compared to the experimental curve, but it demonstrated
a better fit and smaller deviations compared to the previous two models.

Although the ascending segment of the Guo Zhenhai model showed a good fit, the
value of parameter a1 did not exhibit a clear relationship with the steel fibre and coarse
aggregate content, making it difficult to predict. Therefore, to construct a reasonable consti-
tutive relationship model for the ascending segment of steel slag micronized UHPC under
compression, a fourth-degree polynomial equation was fitted. The proposed constitutive
model for the ascending segment of steel slag micronized UHPC is given by Equation (10):

y = a0 + a1x + a3x3 + a4x4 (10)

As shown in Figure 7, the boundary conditions for the equation are as follows:

x = 0, y = 0; x = 1, y = 1,
dy
dx

= 0 (11)

The parameters a0, a1, a3, and a4 are undetermined in Equation (10). Substituting
Equation (11) into Equation (10),

a0 = 0 a1 + 3a3 + 4a4 = 0 a1 + a3 + a4 = 1 (12)
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From the above equation, it can be concluded that a3 and a4 can be represented by a1,
resulting in the following relationship equation:

y = a1x + (4− 3 a1)x3+(2 a1−3)x4 (13)

When x = 0, dy
dx = a1, then a1 = dσc/fc

dεc/εc0
= Ec

Ec0 .
dy
dx

∣∣∣
x=0

.
Where Ec0 is the initial tangent modulus and Ec is the secant modulus at peak stress,

both in MPa.
Based on Figure 8, the stress–strain curve of steel slag micronized UHPC can be

represented by a piecewise equation, with the proposed model for the ascending segment
and the Ju Yanzhong model for the descending segment as follows:

y =

{
a1x + (4− 3a1)x3 + (2a1 − 3)x4, 0 ≤ x ≤ 1

tx
1+(t−2)x+x2 , x > 1

}
(14)

Figure 8 illustrates the fitting results of the model proposed in this study. In Figure 8,
a–j plot shows a comparison of the strain curves for the 9 variable trials and the control
trials. Each graph has an experimental curve that is compared with the curves of the other
three cited scholar models and the model curves in this article.It is evident that the model
given by Equation (14) provides a satisfactory fit to the complete stress–strain curve and is
more suitable for expressing the constitutive relationship of steel slag micronized UHPC
compared to other models.
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Based on the fitting results obtained in this study, the relationship equation between
the ascending segment parameter a1 and the steel fibre content (Vf ) and coarse aggregate
content (Vca) of steel slag micronized UHPC can be derived as follows:

a1 = −68.6Vf Vca + 23.2Vf − 5.04Vca
2 + 2.75Vca + 1.011

R2 = 0.9579
(15)

0 ≤ Vf ≤ 0.02 0 ≤ Vca ≤ 0.4
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The ascending segment parameter a1 represents the ratio of elastic modulus to secant
modulus, indicating the variation in the elastic modulus and the shape of the stress–strain
curve in the ascending segment. A higher value of a1 indicates improved ductility of steel
fibre-doped steel slag micronized UHPC material.

For the analysis of the descending segment, the parameter t is selected by fitting the Ju
Yanzhong model, which reflects the variation in the shape of the stress–strain curve in the
descending segment. A smaller value of t suggests a more brittle material. By performing a
nonlinear regression analysis between the Ju Yanzhong model and the experimental results,
the relationship equation between t and the steel fibre content (Vf ) and coarse aggregate
content (Vca) can be established as follows:

t = −49.48V2
f − 1.04V2

ca − 24.37Vf Vca + 0.774Vca + 10.91Vf + 0.024
R2 = 0.9722

(16)

0 ≤ Vf ≤ 0.02 0 ≤ Vca ≤ 0.4

According to the results obtained in this article, the ratio of the axial compressive
strength of UHPC mixed with steel fibre and steel slag powder to the axial compressive
strength of UHPC mixed with ordinary steel slag powder and the substitution relationship
between steel fibre and coarse aggregate is

fc

fc0
= −236.05V2

f − 2.45V2
ca − 9.57Vf Vca + 1.17Vca + 11.9Vf + 0.99 (17)

0 ≤ Vf ≤ 0.02 εin
t

4.3. Simulation Model Establishment and Verification

To validate the rationality of the proposed constitutive relation models in this study,
comprehensive nonlinear analysis of prism specimens was conducted using finite element
software. Uniaxial compression tests were simulated of fibre-reinforced prisms using finite
element software ABAQUS, with an analysis model of 100 mm × 100 mm × 300 mm prism
(consistent with the size of the test specimen); the concrete unit was a three-dimensional
Hexahedron reduction unit, which was divided by a global grid with a size of 10. In
order to prevent the local concrete from being destroyed ahead of time due to stress
concentration and to more realistically simulate the actual situation of uniaxial compres-
sion, the upper and lower ends of the prism were, respectively, provided with a size of
150 mm × 150 mm × 10 mm rigid pad simulation loading device with elastic modulus set
to 2.08 × 105 MPa. The upper and lower ends of the specimen were in contact with the
rigid pad through rough friction, and the vertical loading point was coupled with the
plane of the rigid pad end. The loading method adopted displacement control loading.
The concrete expansion angle was taken as 30 degrees, the eccentricity was 0.1, the ratio
of biaxial compressive strength to uniaxial compressive strength was 1.16, the influence
parameter of concrete yield form was 0.667, and the viscosity coefficient was 0.005.

In the calculation, the constitutive equation of concrete under compression adopted
the above steel fibre-reinforced steel slag powder UHPC uniaxial compression fitting stress–
strain curve relationship. The tension stress–strain relationship adopted the Constitutive
equation suggested in Appendix C of GB50010-2010 Code for Design of Concrete Struc-
tures. The compression inelastic strain εin

c and tension cracking strain εin
t can be calculated

according to the following Equation (18):

εin
c = εc −

σc

E0
εin

c = εt −
σt

E0
(18)

where εin
c and εin

t represent the inelastic strain in compression and the tensile cracking strain,
respectively; σc and εc are obtained from the uniaxial compressive stress–strain constitutive
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equation of steel fibre-reinforced steel slag micro powder UHPC mentioned above; σt and
εt are obtained from [25].

The damage factor d refers to the CDP model damage factor calculation formula
proposed by Sidoroff [31]:

d = 1−
√

σ

E0ε
(19)

where σ and ε obtained from the constitutive equation proposed in this article, and E0 is
the initial elastic modulus of concrete

In Figure 9a, it can be noted that the simulated prism specimens exhibit the most
significant damage in the middle of the side surface, with a radial distribution of damage
intensity. Under the applied load, the central region experiences compressive failure
first, and some specimens display an “X” pattern of failure, which aligns with the actual
experimental observations.
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In Figure 9b, it can be observed that after loading, the maximum stress and slight
expansion deformation occur in the middle of the concrete on both sides of the specimen,
while the stress and deformation at the ends of the concrete are relatively small. The
stress distribution on the side surface of the specimen demonstrates a radial pattern, which
accurately reflects the actual damage scenario.

The partial uniaxial compressive stress–strain simulation curves and experimental
curves of UHPC specimens mixed with steel fibre and steel slag powder are shown in
Figure 10. It can be seen that the numerical simulation curves and the overall trend of the
experimental curves are in good agreement with different fibre contents. After calculation,
the peak stress error is only 1.5% to 8%, and the peak strain error is about 2.5% to 10%, both
of which are within an acceptable range. This shows that the above constitutive equation is
suitable for the plastic damage analysis of steel fibre-reinforced steel slag micro powder
UHPC specimens. Overall, the simulated values are slightly lower than the experimental
values, and there are instances of curve crossing in some experimental groups. These
discrepancies can be attributed to several factors. Firstly, the assumption of rigid contact
between the specimen and the base plate during software simulation differs from the
ideal hinged support at the ends of the actual experiments. Additionally, variations in the
distribution of coarse aggregate and steel fibres within the specimens during fabrication
can lead to inconsistencies in the elastic modulus of different parts within the specimens,
resulting in some errors in the measured compressive displacement.
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Figure 10. Comparison of stress–strain curves between simulation and experiment.

In addition, the proportion of cementitious materials, the shape and aspect ratio
of steel fibres, and coarse aggregates did not change during the experiment. Therefore,
whether the model proposed in the article is suitable for a wider range of parameters needs
further experimental verification. When used in engineering, adjustments can be made
based on the actual parameter range and material test results. In view of the stability of the
chemical composition of steel slag, the steel slag coarse aggregate also has the feasibility of
replacing the coarse aggregate in UHPC, which can be confirmed by experiments in the
future, which can make the production of Ecotype UHPC have a better prospect.

5. Conclusions

• When the steel fibre content in steel fibre-doped steel slag micronized ultra-high-
performance concrete (UHPC) is 1%, the axial compressive strength shows an increas-
ing trend with an increase in coarse aggregate content, followed by a decrease. When
the steel fibre content is 2%, the axial compressive strength exhibits a slight decrease
with an increase in coarse aggregate content. The optimal combination of steel fibre
content and coarse aggregate content for achieving the maximum axial compressive
strength and peak strain is 1% and 20%, respectively.

• With a constant steel fibre content, the peak strain of each group of specimens shows
an initial increase followed by a decrease as the coarse aggregate content increases.
Overall, the peak strain ranges from 2985 µε to 3435 µε. Based on the experimental
variations in the peak strain and axial compressive strength of steel fibre-doped steel
slag micronized UHPC, a relationship equation for peak strain strength is obtained
through fitting.

• By analysing the measured experimental data, a uniaxial compressive constitutive
relation equation is proposed for steel fibre-doped steel slag micronized UHPC, and
the calculation formulae for the related parameter values of the constitutive relation
equation are provided. The established constitutive relation curve fits well with the
experimental curve, and the calculated values have a deviation within 10% of the mea-
sured values. This indicates that the selected constitutive relation equation and param-
eter calculation formulae are reasonably accurate, providing a reference for strength
prediction and practical applications of steel fibre-doped steel slag micronized UHPC.

• Finite element software was used to perform a nonlinear analysis of the entire axial
compressive process of prism specimens based on the proposed constitutive relation
equation in this study, providing effective supplementary information for the mea-
sured values. The calculations show that the finite element simulation curve exhibits a
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similar trend to the experimental curve, and the deviation in the peak load is within
10%. This further verifies the reliability of the proposed constitutive relation equation.
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