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ABSTRACT: This study deals with the structural characteristics of steel fibre reinforced concrete (SFRC) slabs on 
grade without using traditional steel reinforcement mesh under static flexural loading. The experimental 
program was carried out on seven slabs (2000×1500×120 mm), including six SFRC slabs with steel fibre dosages 
varying from 10 to 40 kg/m3 and one control conventional reinforced concrete (RC) slab. The slabs were 
supported by a spring system representing the elastic foundation, and a four-point loading scenario was used to 
investigate the response of the slabs under vehicle static loading. Experimental results of the slabs on grade 
demonstrated that SFRC slabs reduced the maximum relative displacement by 74–78 % and increased the service 
load limit (by up to 53 % compared with the RC slab. However, service loads reached 94 % of ultimate load in 
SFRC versus only 56 % in RC, indicating very limited reserve capacity. At the ultimate limit state, SFRC slabs 
exhibited 9–30 % lower ultimate loads and markedly lower ductility than the RC slab. Crack widths at failure were 
76–85 % smaller in SFRC slabs than in RC slab. The results demonstrate that steel fibres can effectively replace 
mesh for serviceability performance, with 30 kg/m³ being the practical optimum dosage.  

 
Keywords: Steel fibre reinforced concrete (SFRC); Slab on grade; Flexural strength; Ultimate limit state. 

 
 
1. INTRODUCTION 
 

Conventional concrete slabs on grade in 
industrial buildings are well-known for their inherent 
weakness in resisting crack development during 
construction or shortly after being put into use. The 
primary reasons for this unfavorable failure are 
attributed to the small tensile strength and shrinkage 
of concrete. In addition, the impact of dynamic loads 
induced by the movement of the equipment and 
motor vehicles contributes to the generation of 
localized stresses on the concrete slabs, which tend 
to widen the cracks in the structures and induce 
sudden brittle failures. Consequently, the service life 
and durability of the structures are degraded. 
Recently, the solution of adding steel fibers as 
reinforcements to concrete (known as steel fiber 
reinforced concrete - SFRC) has been widely adopted 
in slab-on-grade construction due to its ability to 
control cracks, prevent shrinkage, and improve the 
ductility and performance of the structures [1–6]. In 
addition, SFRC not only exhibits excellent resistance 
to wear actions, fatigue, and impact loads [7–9] but 
also effectively enhances flexural strength [10–15] 
and shear resistance [16–20] of concrete structures. 
From the construction perspective, dispersed fibers 
are suitable for various types of structures thanks to 
their small sizes, especially for slab-type structures 

with limited cross-sectional height [21–24]. Several 
studies have been devoted to investigating the 
effects of steel and synthetic fibers on the cracking 
behavior of slab-on-grade structures [10,25–28]. 
These previous studies indicated that both steel and 
synthetic fibers effectively control cracking and 
significantly improve the crack resistance of the slabs, 
particularly in the early stages. Other studies about 
the effect on concrete slabs on grade [29–33] also 
confirmed that using steel fibers and synthetic fibers 
provides an economically efficient design of the slabs, 
where the fibers considerably improve the flexural 
strength of the slabs. 

Although the aforementioned studies both 
agreed that fibers significantly affect the structural 
behavior of slabs on grade, the effects of fiber 
dosage, especially steel fibers, on the improvements 
of crack-control and load-bearing characteristics of 
SFRC slabs on grade have not been fully and 
systematically investigated. It is worth mentioning 
that most of the previous studies about SFRC slabs 
on grade focus on clarifying the efficiency of the SFRC 
slabs on grade by comparing the structural 
performance of the fiber-reinforced slabs to that of 
the plain concrete slabs. In practice, concrete slabs 
on grade are often reinforced with steel meshes to 
control cracking and ensure the structural integrity 
of the structure [34], which is important for the 
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normal operation of buildings and the safety of users. 
Since the behavior and failure modes of plain 
concrete slabs and RC slabs are different [16,35,36], 
distinguishing the performance of fiber-reinforced 
slabs from that of plain concrete slabs highlights the 
effect of fibers but does not fully demonstrate the 
superior performance of fiber-reinforced slabs 
compared to conventional RC slabs. This fact shows 
that further experimental studies are really 
necessary to provide a more reasonable evaluation 
of the effect of fiber dosage on the structural 
characteristics of the SFRC slabs on grade and 
thorough clarifications of their efficiency in 
comparison with the conventional RC slabs. 

Although several previous studies have 
investigated the effects of steel and synthetic fibers 
on the cracking behaviour and flexural performance 
of slabs on grade, the majority compared SFRC slabs 
only with plain concrete slabs rather than with 
conventionally RC slabs containing steel mesh, which 
is the standard practice for controlling cracking and 
ensuring structural integrity in industrial floors and 
slabs on grade. In addition, most experimental 
investigations employed either full-scale field tests 
with patch or uniform loading or small-scale 
specimens under simplified support conditions, with 
very limited data available for scaled slabs tested 
under realistic multi-wheel contact loading on 
precisely calibrated elastic foundations. To the best 
of the authors’ knowledge, this study is the first to 
experimentally investigate the flexural behaviour of 
1:2 scaled SFRC slabs on grade (2000×1500×120 mm) 
supported on a calibrated Winkler spring system (k = 
1840 kN/m³) and subjected to a four-point wheel-
contact loading configuration that simulates actual 
vehicle tyre pressures. Steel fiber dosages were 
systematically varied from 10 to 40 kg/m³, with the 
maximum dosage deliberately chosen to match the 
equivalent steel weight provided by the Ø6@200 
mm mesh used in the control RC specimen. 
Complementary tests on eighteen notched beams 
were also performed to obtain residual tensile 
strengths of SFRC concrete. In relatively thin slabs 
(120 mm thick), steel fibers tend to align 
preferentially in the horizontal plane during 
vibration and casting, resulting in a predominantly 
two-dimensional orientation rather than the ideal 
three-dimensional random distribution. This reduces 
the number of fibers effectively crossing vertical 
crack planes and may lower the effective bridging 
efficiency compared with theoretical assumptions. 
Scale effects also represent a notable limitation in 
laboratory testing. Although the slab thickness was 
kept at the full-scale value (120 mm) to maintain 
realistic fiber distribution and flexural stiffness, the 
1:2 in-plane geometric scaling may still introduce 

minor differences in crack spacing, fracture energy, 
and overall structural response when extrapolating 
results to prototype structures. In addition, the 
present study has several other limitations, including 
the simulation of continuous soil support by a 
discrete Winkler spring system, the relatively low 
compressive strength of the concrete matrix, the use 
of only monotonic static loading (no fatigue or 
repeated loading), and the testing of only one 
specimen per fiber dosage due to the large scale and 
high cost of the experiments. These aspects are 
acknowledged and discussed further in the 
experimental programme and results sections. 
Therefore, this work addresses the identified 
knowledge gap by providing the first direct and 
systematic comparison of SFRC performance with 
conventional RC mesh practice under realistic wheel 
loading and foundation conditions. 

 
2. RESEARCH SIGNIFICANCE 

 
This study experimentally investigates the 

structural behaviour of SFRC slabs on grade under 
realistic vehicle wheel loading conditions. Unlike 
most previous studies that mainly compared SFRC 
slabs with plain concrete slabs, this study evaluates 
SFRC slabs against a conventional RC slab with an 
equivalent reinforcement ratio. A calibrated Winkler 
spring system and a four-point wheel-contact 
loading configuration were adopted to simulate slab-
soil interaction and vehicle loading. The results 
improve understanding of the effects of steel fiber 
dosage on crack control, stiffness, serviceability, and 
ultimate behaviour of thin SFRC slabs on grade. 
 
3. EXPERIMENTAL PROGRAM  
 
3.1 Materials properties and influence of steel fiber 
contents on residual flexural tensile strength 
 

The concrete mix design was designed as follows: 
PC40 cement (344 kg/m³), coarse aggregate (22-25 
mm, 1308 kg/m³), fine aggregate (1-4 mm, 639 
kg/m³), water (195 liters/m³), and plasticizer (4.2 
liters/m³). Dramix 3D 65/35 BG steel fibers (Bekaert) 
were used in this study with different dosages to 
generate seven concrete mixtures, namely 0, 10, 15, 
20, 25, 30, and 40 kg/m³. The fibers are hooked-end 
Dramix 3D 65/35 BG steel fibers with a nominal 
diameter and length of 0.55 mm and 35 mm, 
respectively. The elastic modulus of steel fibers is Esf 
= 210000 MPa, their nominal tensile strength Rn,nom 
= 1345 MPa, and the number of steel fibers per unit 
weight is 14531 fibers/kg. The concrete mixtures had 
a slump of 120±20 mm achieved in all batches and it 
was proportioned with a target water-to-cement 
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(w/c) ratio of 0.57. The actual w/c ratio was 195 kg 
water per 344 kg cement = 0.567. The plasticizer was 
used as the plasticizer at a dosage of 4.2 L/m³. No air-
entraining admixture was incorporated, and the 
fresh air content was not measured during mixing 
and casting. It is worth noting that the mixture of the 
aforementioned concrete matrix was intentionally 
designed to match the actual design strength used 
for road slabs in the countryside. The concrete 
mixtures were prepared in a laboratory pan mixer 
following a controlled sequence to ensure good fiber 
dispersion: (1) dry mixing of cement, coarse 
aggregate (22–25 mm) and fine aggregate (1–4 mm) 
for 2 min; (2) addition of approximately 70 % of the 
mixing water together with the polycarboxylate-
ether-based high-range water reducer (4.2 L/m³ by 
volume of concrete) and mixing for 3 min; (3) gradual 
addition of the remaining water; and (4) slow, 
continuous introduction of the Dramix 3D 65/35 BG 
hooked-end steel fibers over a 2–3 min period while 
the mixer operated at high speed, followed by an 
additional 4–5 min of mixing. Fibers were added in 
small batches to prevent balling. Visual inspection of 
the fresh mix showed uniform fiber distribution with 
no noticeable balling up to 30 kg/m³. At the highest 
dosage of 40 kg/m³, minor fiber balling and local 
clustering were occasionally observed during mixing, 
which is considered the primary cause of the slight 
reduction in compressive and flexural strength 
recorded for mixture C40 (see Table 1). Post-
hardening visual examination of sawn cross-sections 
from selected beam and slab specimens confirmed 
reasonably uniform fiber orientation and 
distribution for dosages ≤ 30 kg/m³; some localised 
clustering was noted at 40 kg/m³. No quantitative 
fiber counting in sections was performed in this 
study. To determine the cubic compressive strength 
(fcu) of the concrete, average results of five 
150×150×150 mm cube samples were tested 
following TCVN 10303:2014 [37] and TCVN 
8862:2011 [38]. The flexural tensile strength (ft,fl) 
was determined on three 150×150×500 mm beam 
samples following ASTM C1609:2019 [39]. To 
determine the residual tensile strength of SFRC, the 
notched beam samples were designed according to 
EN-14651 [40] and RILEM TC 162-TDF [41] as shown 
in Fig. 1, where the depth and the width of the notch 
are 25 mm and 3 mm, respectively. It is noted that 
the cross-section labelled as “Fracture area” in Fig. 1 
does not represent the actual irregular fractured 
surface after testing. It shows the nominal notched 
ligament cross-section (the remaining concrete 
section above the notch) that is deliberately used for 
calculating the residual flexural tensile strengths fRi 
according to RILEM TC 162-TDF [41]. These notched 
beams had varying steel fiber dosages (mf) of 0, 10, 

15, 20, 25, 30, and 40 kg/m³, respectively, and were 
made with the same concrete batches of the 
corresponding slabs. It is worth noting that the 
concrete mix used in this study was intentionally 
designed with relatively low compressive strength 
(fcu ranging from 20.75 MPa to 31.95 MPa) to 
replicate the actual concrete grade commonly 
employed for road slabs and industrial floors in rural 
areas of Vietnam, where economic constraints and 
local construction practices typically limit the use of 
high-strength concrete. This choice also provided a 
more critical test condition for evaluating steel fiber 
performance, as lower matrix strength generally 
results in weaker fiber–matrix bond, particularly at 
higher fiber dosages. The steel bars used to make the 
steel meshes in the control slab specimen (Ø6 plain 
bars) had a yield strength (fy) of 395 MPa and an 
ultimate strength (fu) of 528 MPa. Those values were 
determined as an average of three samples 
according to TCVN 197-1:2014 [42]. 

 

 
 
Fig. 1 Dramix 3D 65/35 BG steel fibers and three-
point bending test setup based on RILEM TC 162-TDF 
[41] 
 

The compressive strength and flexural strength 
taken as mean values in material tests are presented 
in Table 1. It is noted that there was a reference 
mixture (C0) without any steel fibers, and this 
concrete mixture was used to prepare a control slab 
specimen with conventional steel mesh. As 
illustrated in Fig. 2a, the increase of steel fiber 
dosage up to 30 kg/m3 witnessed elevations of 
compressive strength and flexural tensile strength of 
SFRC concrete, while the use of a higher steel fiber 
dosage of 40 kg/m3 led to slight decreases of 
concrete strength. The addition of steel fibers has 
been well documented to enhance the compressive 
strength of SFRC due to the effects of delaying the 
lateral expansion and restraining the crack 
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propagation under compressive load [43,44]. 
Similarly, the increase in flexural tensile strength was 
attributed to the increase in the number of steel 
fibers in the tensile zone of the specimen [44]. The 
noticeable reduction of concrete strength when a 
steel fiber dosage of 40 kg/m3 in this study could be 
attributed to the fact that the strength of the 
conventional concrete matrix (C0 mixture with 
coarse aggregate sizes ranging from 22-25 mm) was 
relatively low, leading to adversely effect in bond 
strength between steel fibers and concrete matrix 
when a considerable steel fiber dosage is used [43]. 
This effect is reasonable as the degree of increase in 
concrete compressive strength became smaller with 
larger steel fiber dosages being used, as illustrated in 
Fig. 2a. In addition, the mixing and placing 
procedures of small quantities of concrete used to 
prepare the small-size specimens in this study might 
contribute to uneven dispersion of steel fibers. 

 

 
a. Compressive strength (fcu) and flexural tensile 
strength (ft,fl) 

 

 
 

b. Residual flexural tensile strength fRi 

 
Fig. 2 Effects of steel fiber dosages on properties of 
SFRC concrete 

 
The average Pb-CMOD (load versus crack mouth 

opening displacement) relationships and the residual 
flexural tensile strength collected from 21 notched 
beam samples (three for each concrete batch) with 
varying steel fiber dosages of 0, 10, 15, 20, 25, 30, 
and 40 kg/m³ are illustrated in Fig. 3 and Fig. 2b. It is 
noted that the residual flexural tensile strengths (fR1, 
fR1, fR1, and fR4), which are used to represent the 
ability of SFRC to resist tensile and flexural stresses 
after cracking, are determined from the loads at 
CMOD1 = 0.5 mm, CMOD2 = 1.5 mm, CMOD3 = 2.5 
mm, and CMOD4 = 3.5 mm, respectively, as per 
RILEM TC 162-TDF [41]. In general, the softening-
strain responses were captured in all specimens. 
Additionally, the conditions that the SFRC could 
substitute (also partially) conventional 
reinforcement at the ultimate limit state according 
to fib model code [45] were all fulfilled based on the 
averaged results of flexural residual strength, i.e., 
fR1/fL > 0.4, fR3/fR1 > 0.5.  

 

Table 1. Compressive strength and flexural tensile strength of concrete (Standard deviations are presented in 
brackets) 
 

Mixture ρs Vf fcu ft,fl fL fR1 fR2 fR3 fR4 
 (kg/m3) (%) (N/mm2) (N/mm2) (MPa) (MPa) (MPa) (MPa) (MPa) 

C0 0 0 20.75(1.19) 3.05(0.12) 1.97(0.08) - - - - 

C10 10 0.13 23.48(1.22) 4.24(0.16) 2.26(0.08) 1.31(0.07) 0.93(0.06) 0.75(0.08) 0.61(0.05) 

C15 15 0.19 29.64(1.54) 4.67(0.13) 2.50(0.07) 1.58(0.06) 1.20(0.07) 0.98(0.08) 0.69(0.06) 

C20 20 0.25 30.93(1.59) 5.28(0.21) 2.87(0.08) 1.87(0.07) 1.49(0.07) 1.17(0.07) 0.82(0.09) 

C25 25 0.32 31.10(1.47) 5.78(0.24) 3.18(0.06) 2.14(0.08) 1.70(0.05) 1.33(0.06) 0.96(0.08) 

C30 30 0.38 31.95(1.55) 6.33(0.27) 3.38(0.10) 2.61(0.07) 2.32(0.04) 1.68(0.08) 1.12(0.08) 

C40 40 0.50 28.15(1.36) 5.39(0.20) 2.88(0.08) 2.56(0.07) 2.27(0.07) 1.44(0.05) 1.10(0.07) 

Notes: ρs is steel fiber dosage; Vf = ρs×100/7850 is the volume fraction of steel fibers, fcu is the cubic compressive strength of concrete, ft,fl 
is the flexural tensile strength, fL and fRi are the proportional limit and residual flexural tensile strength obtained from the notched beam test.
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Fig. 3 Pb-CMOD relationships from bending tests 

 
Similar to the tests for compressive strength and 

flexural tensile strength, the residual flexural tensile 
strengths fRi increased substantially with the rise of 
steel fiber dosages up to 30 kg/m³, while slight 
decreases are observed in the specimens with steel 
fiber dosage of 40 kg/m³, presumably due to the 
reduction of bonding strength between the concrete 
matrix and steel fibers. Compared to fR2 and fR3, the 
increase in flexural residual tensile strength fR1 is less 
noticeable. This phenomenon could be attributed to 
the fact that fR1 is determined at a small CMOD value 
(0.5 mm). At this stage of tensile deformation with a 
narrow crack width, the contribution of steel fibers 
is less noticeable as the strength of steel fibers is not 
effectively exploited yet. The residual flexural tensile 
strength fR4 increased gradually with the increase of 
steel fiber dosage. In fact, fR4 was determined at a 
load level corresponding to a very large CMOD (3.5 
mm). At this load level, the crack width of the 
concrete sample is large, and the sample has reached 
the failure state, which can reduce the efficiency of 
the bridging mechanism of the steel fibers. As a 
result, the increase of fR4 with the elevation of steel 
fiber dosage is less pronounced as observed in the 
cases of fR1, fR2, and fR3. Overall, the results obtained 
from the bending tests indicated that the effect of 
steel fiber dosage on improving residual flexural 
tensile strength fR varies according to the CMOD or 
crack width. In addition, the impact of steel fiber 
dosage is most evident in the CMOD range of 1.5 to 
2.5 mm. 

 
3.2 Slab specimens and subgrade preparation  
 

The testing slabs in this study are assumed to rest 
on natural soil foundations. From the initial design, a 
segment of the concrete slab has dimensions of 
4000×3000×120 mm (length×width×thickness) 
according to practical considerations. Due to the 
difficulties of testing on large-scale structures, the 

experimental program was conducted on seven 
specimens at a scale of 1:2 compared to the actual 
size of the design for concrete slabs, as mentioned 
previously. All specimens have dimensions of 
2000×1500×120 mm as depicted in Fig. 4. It is worth 
noting that the experimental program employed a 
1:2 scaled model relative to the prototype slab 
(4000×3000×120 mm). Geometric similarity was 
applied in plan (length and width scaled by 2) while 
slab thickness was kept at the prototype value h = 
120 mm (scaled model). This is standard practice for 
slab-on-grade testing because the actual slab 
thickness governs fiber distribution, crack spacing, 
and flexural stiffness; scaling thickness would distort 
these phenomena unrealistically. Material similarity 
was maintained (identical concrete matrix, steel 
fibers, and mesh). Load similarity followed a gravity-
dominated structure and can be calculated 
accordingly for full-scale slab-on-grade systems. 
Stiffness similarity for the foundation was achieved 
by using the same subgrade modulus k = 1840 kN/m³ 
in the model (no scaling applied to k because soil 
stiffness is independent of geometric scale when the 
same soil type is simulated). 

 

 

 
 
Fig. 4 Details of slab specimens 
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The experimental program includes one control 
specimen (GS-0), which was reinforced with two 
layers of welded wire mesh fabricated from Ø6 mm 
plain bars spaced at 200 mm centres in both 
longitudinal and transverse directions (Ø6@200 
mm). One mesh layer was placed near the top 
surface and the other near the bottom surface, with 
a nominal clear cover of 20 mm to the outermost 
bars at both top and bottom faces. This resulted in 
symmetric placement about the mid-depth of the 
120 mm thick slab. The cross-sectional area of steel 
provided by each mesh layer per metre width is 
141.4 mm²/m. With two layers, the total steel area is 
282.7 mm²/m. The reinforcement ratio based on the 
gross concrete section (b = 1000 mm, h = 120 mm) is 
ρ = 0.236%. The remaining specimens are six SFRC 
slabs (GS-10, GS-15, GS-20, GS-25, GS-30, and GS-40) 
with corresponding steel fiber dosage of 10, 15, 20, 
25, 30, and 40 kg/m³. The maximum steel fiber 
dosage (40 kg/m³) in SFRC slabs was deliberately 
designed to match the weight of the Ø6 steel meshes 
in the control slab for comparison purposes. It is 
worth noting that the steel meshes Ø6@200mm only 
provided a steel reinforcement ratio smaller than the 
minimum requirement in design practice. These 
testing slabs were cast simultaneously in an area 
having a temperature of approximately 30°C and a 
measured humidity of around 75%. The concrete 
was compacted using a hand-held concrete vibrator 
to ensure uniformity and eliminate air bubbles. After 
casting, the top surface of the slabs was levelled and 
immediately covered to prevent moisture 
evaporation. The specimens were demoulded at an 
age of 24 hours. Wet curing was continued by 
keeping the slabs continuously moist (using wet 
burlap and periodic water spraying) for 7 days. All 
slab specimens together with the companion 
material samples were tested at the age of 28 days. 

The structural response of the foundation was 
simulated using a Winkler spring system, in which 
the subgrade modulus was chosen to be equivalent 
to the actual stiffness of the soil foundation layers in 
the countryside regions having extremely soft 
subgrade. The springs were fabricated by adopting 
steel wire having a diameter of d = 16 mm, the outer 
diameter of the springs is D = 120 mm, and the height 
is h = 200 mm as presented in Fig. 5. Spring stiffness 
was determined experimentally. It is noted that the 
subgrade modulus k = 1840 kN/m³ was selected to 
represent the extremely soft rural soil conditions in 
Vietnamese countryside regions (typical range for 
soft clay 1–5 MN/m³), and the average measured 
stiffness per spring was used to derive the equivalent 
subgrade modulus by dividing spring stiffness by the 
tributary area of each spring. 

 

 
 

Fig. 5 Detail of a spring and stiffness test 
 

 
a. Plan view and side view of experimental setup, 

loading configuration, and arrangement of strain 

gauge and LVDTs 

 
b. Slab placement and loading procedure 
 

Fig. 6 Experimental setup 
 
To secure the springs to the concrete slabs and 

reaction floor, two end caps were also fabricated 
from square steel plates and steel piles. The square 
steel plates were 250 mm in width and 8 mm in 
thickness, while the steel pipes’ wall 
thickness×diameter×height were 4×88×50 mm, 
respectively. After the springs were completely 
fabricated, they were tested to determine their 
actual stiffness (Fig. 5). The tested results showed 
that the average equivalent stiffness of the spring 
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system was 1840 kN/m³. After calibrating the 
position of the spring system, the slab specimens 
were laid onto the spring foundation system as 
depicted in Fig. 6. Discrete springs approximate 
continuous soil support when grid density is high 
(spacing < slab thickness); however, they cannot 
capture lateral shear interaction or continuity 
between soil elements. The discrete-spring 
approximation is acceptable for preliminary design 
but slightly overestimates local deflections 
compared with a continuous elastic half-space. 
Furthermore, the spring model neglects soil shear 
stiffness, Poisson’s ratio effects, and nonlinear soil 
behavior at high loads. It is suitable for serviceability 
assessment but may underestimate load 
redistribution in highly cracked states; more 
advanced Pasternak or continuum models would be 
required for ultimate-limit-state precision. These 
limitations are acknowledged and do not affect the 
comparative conclusions between SFRC and RC slab. 
 
3.3 Experimental setup and loading protocol 
 

Illustration of the experimental setup and 
arrangement of measurement devices are shown in 
Fig. 6. The hydraulic jack applied a load of P to a 
beam system (as shown in Fig. 6b), which then 
distributed the load into four vertically concentrated 
loads, P/4, onto four round steel plates simulating 
the contact surfaces of four wheels of a lightweight 
pickup truck as illustrated in Fig. 7. The compressive 
and tensile strains of the slabs were determined 
based on four strain gauges (SG) attached to the 
surfaces of the slabs as depicted in Fig. 6: SG2 and 
SG4 at mid-span positions on the bottom surface, 
SG1 and SG3 at two support points on the top 
surface. The locations of those SG were based on the 
assumed compressive regions of the structures. The 
displacement of the slab is measured using five linear 
variable differential transformers (LVDTs) placed at 
the mid-span and the four load application points. 

The slabs were loaded under a load-controlled 
procedure with load increments being applied at a 
rate of 7 kN/min (≈ 0.12 kN/s). This rate was selected 
to ensure quasi-static loading that allows stable 
crack propagation, accurate visual observation, and 
reliable data acquisition without introducing 
dynamic or inertial effects. The chosen rate is 
consistent with standard practices for large-scale 
static slab tests reported in the literature for 
monotonic flexural testing of ground-supported 
slabs. At this slow loading rate, strain-rate effects on 
concrete compressive and tensile strength are 
negligible for normal-strength concrete, as dynamic 
increase factors become significant only above strain 
rates of 10⁻¹ s⁻¹. No cyclic or repeated loading was 

applied; the test was purely monotonic until flexural 
failure. At each load increment, the applied load was 
held constant for approximately 3 minutes solely to 
allow manual crack-width measurement, 
photographic documentation, and stable recording 
of LVDT and strain-gauge readings. During these 
short hold periods, neither creep nor relaxation was 
significant, as evidenced by the near-constant load 
and displacement readings (variation < 1 %). Long-
term creep effects were outside the scope of this 
short-duration static strength test. The slab 
specimens were tested under free-edge conditions. 
No edge beams, rotational restraints, tie-downs, or 
continuous line supports were provided along any of 
the four perimeter edges. Vertical support was 
furnished exclusively by the internal grid of helical 
springs (spacing 200–250 mm) that simulated the 
Winkler foundation. Each spring was connected to 
the slab soffit by a square steel end plate (250 × 250 
× 8 mm) and a short steel pipe welded to the plate. 
These end plates were not bonded, anchored, or 
glued to the concrete; the slab simply rested on them 
under its self-weight. Consequently, only minor 
frictional resistance existed between the steel plates 
and the concrete bottom surface. No lateral 
(horizontal) restraints or friction-enhancing devices 
were installed along the edges. This configuration 
allowed free rotation and minor uplift at the 
perimeter while preventing gross vertical separation. 
The free-edge support conditions, combined with 
the four-point wheel-contact loading, produced the 
observed one-way slab behaviour and the formation 
of three parallel yield lines running perpendicular to 
the long edge of the slab. The hydraulic jack load (P) 
was applied at the centre of a stiff steel distributing 
beam with dimensions 2200 mm (length) × 200 mm 
(depth) × 150 mm (width), fabricated from a welded 
I-section. The flexural stiffness of the beam (EI ≈ 2.8 
× 10¹³ N·mm⁴) was sufficiently high to ensure 
negligible deformation and virtually uniform load 
distribution under the maximum applied load. The 
beam transferred the load through four vertical 
loading rods to four circular steel contact plates. 
Each contact plate had a diameter of 150 mm and 
thickness of 25 mm, resulting in contact stiffness far 
greater than that of the concrete slab. The plates 
were placed on a thin (5 mm) sand-cement mortar 
bed to achieve uniform pressure distribution and 
were mounted on spherical bearings, allowing free 
rotation to better simulate real tyre contact 
behaviour. The centre-to-centre spacing of the four 
contact plates was 900 mm in the longitudinal 
direction and 1200 mm in the transverse direction, 
replicating the wheel configuration of a typical 
lightweight pickup truck (see Fig. 7). Equal load 
distribution (P/4 at each plate) was assumed due to 



International Journal of GEOMATE, July, 2026, Vol. 31 (143), pp. 155-171 

162 

 

the symmetry of the setup and was verified in real 
time using individual load cells placed beneath each 
contact plate. The four-point loading configuration 
was designed to simulate typical wheel loads from 
light vehicles such as pickup trucks used on rural 
roads and industrial floors. Although the exact wheel 
spacing of any particular truck model was not 
replicated, the chosen spacing of 900 mm 
(longitudinal) × 1200 mm (transverse) produces 
realistic one-way slab flexural behaviour and the 
characteristic three parallel yield lines observed in 
practice. The circular steel plates (150 mm diameter) 
simulate tyre contact areas, and the resulting failure 
pattern matches field observations of slabs on grade 
under vehicle loading. The reference to a lightweight 
pickup truck in Fig. 7 is illustrative of the general class 
of vehicle rather than an exact geometric match. The 
experiments were terminated by the flexural failure 
of the specimens, which is characterized by an 
abrupt deformation of the structures and sudden 
growth of crack width. At the end of each load 
increment, the applied load was held for 
approximately three minutes to record the 
displacements, crack width, and compressive strains 
of concrete. All values for force, displacement, and 
strain were automatically recorded through a data 
acquisition system. 

 

 
 
Fig. 7 Technical specifications of a lightweight pickup 
truck [49] 
 
4. EXPERIMENTAL RESULTS AND DISCUSSION 
 
4.1 Crack patterns and failure modes  
 

Under the loading procedure where the vertical 
loads were applied simultaneously at four steel 
plates, all slab specimens moved downward as rigid 
body translations in the early stage of the tests. 
When the applied loads were increased to a certain 
value, visible cracks appeared first on the top surface 
of the slabs, then all the slabs began to bend in a 
convex profile with the apex line being located in the 
middle of the slab, parallel to the short edge of the 
slabs. Later, primary cracks emerged at the center of 
the top surface and subsequently at the loading 
regions, where cracks’ mouths were seen mostly on 
the bottom surface. The failure of all slab specimens 
was indicated by the abrupt deformation of the 

structures and enlargement of the crack width, while 
no crushing failure was observed. 

As presented in Fig. 8, the control RC specimen 
(GS-0) failed in flexure due to primary cracks running 
along the shorter edge at the loading points 
(supports) and mid-span. The failure mode of the GS-
0 slab resembled the behaviour of a one-way slab 
under a uniform distributed load with the loading 
points acting as supports. At the failure, the concrete 
at the loading regions (under compression from the 
applied loads) was not crushed. In addition, most of 
the slabs (GS0, GS15, GS20, GS25, and GS30) were 
divided into four separate rigid segments, forming a 
failure mechanism with three parallel failure lines 
being developed at the center and loading regions of 
the slabs. 

In Fig. 8 it is observed that the other SFRC slabs 
also failed in flexure due to primary cracks, mostly at 
mid-span (all slab specimens) and at two loading 
regions (GS-15, GS20, GS25, and GS30). The primary 
cracks observed in SFRC specimens ran along the 
short edge, and the slabs were split into separate 
rigid bodies at the failure state. Similar to the control 
RC slab, the failure mode of these SFRC slabs can also 
be depicted as an inverted slab under uniform 
distributed load acting in the upward direction, while 
the concrete beneath the loading plates was not 
crushed. It is noted that the failure modes of GS-10 
and GS-40 specimens did not replicate the obvious 
failure of the other slabs, which formed three 
parallel yield lines along the short edge direction. 
The difference in failure mode in such specimens 
might be attributed to the uneven effect of SFRC in 
improving the flexural strength and crack resistance, 
and the difference between the loads at loading 
points due to the horizontal translations at the large 
deformation stage of the slabs during the 
experiments. 

Scaling effects on cracking patterns, fiber 
distribution, flexural capacity, and ductility were 
minimal because thickness remained unchanged: 
fiber orientation statistics, bond length, and crack-
width development are thickness-dependent and 
therefore identical to the prototype. Cracking 
patterns (parallel yield lines) are preserved due to 
the one-way slab behavior. Flexural capacity scales 
with area while stresses remain directly comparable. 
Ductility (measured as displacement ductility ratio μ 
= δu/δser) is also representative because the same 
concrete tensile mechanisms govern both scales. It it 
woth noting that Minor size effects on fracture 
energy may slightly underestimate crack spacing in 
larger prototypes; however, the 1:2 ratio and 
identical thickness minimize these issues compared 
with fully scaled models. 
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Fig. 8 Failure modes and crack patterns 
 
4.2 Cracking and ultimate loads of slab specimens 
 

The main results obtained from the experimental 
program of all slabs on grade are summarized in 
Table 2 and comparisons of different load levels and 
deformations at failure between slab specimens are 
presented in Fig. 9. It is seen that the cracking loads 
(Pcr: the load level at which the first critical cracks 
were captured) obtained from SFRC slabs were 
generally higher than that of the control RC slab. 
Specifically, the cracking loads of the SFRC slabs with 
fiber dosages of 10, 15, 20, 25, 30, and 40 kg/m³ (GS-
10, GS-15, GS-20, GS-25, GS-30, and GS-40) increased 
by 28%, 41%, 44%, 46%, 55%, and 47%, respectively, 
compared to the control RC slab (GS-0). The 
elevation of cracking loads is consistent with the 
outcomes of flexural tensile strength obtained from 
material tests in Table 1, although the cracking loads 
of slabs with steel fiber dosage greater than 15 kg/m³ 
did not increase linearly with the rise of steel fiber 
dosage. This is understandable since the steel fibers 
only play their role in resisting tensile stress when 
the concrete cracks occur. The observation of 
cracking loads (Pcr) indicates that the effects of 
traditional steel reinforcements in improving the 
crack resistance of the control RC slab (GS-0) were 

not as efficient as those of SFRC slabs in the pre-
cracking stage. The use of steel fibers in this study 
proved to be more beneficial than using 
reinforcement meshes placed on both the top and 
bottom surfaces of the slab to improve crack 
resistance. 

Regarding the limit service loads (Pser), the results 
presented in Fig. 9 show that the strength of SFRC 
slabs at service conditions is considerably greater 
than that of the control RC slab. It is noted that the 
service load in this study is defined as the load level 
at which the mid-span displacements are equal to 
the allowable displacement of concrete structures in 
the limit service state according to Eurocode 2 [46], 
where δSLS = l/250, l = 1200 mm. Overall, the limit 
service loads of the SFRC slabs with fiber dosages of 
10, 15, 20, 25, 30, and 40 kg/m³ were respectively 
19%, 41%, 42%, 44%, 53%, and 46% higher than that 
of the control RC slab. In addition, the enhancement 
of service loads by using steel fiber dosage greater 
than 15 kg/m3 was not significantly different, as the 
width of the cracks at this stage was relatively small 
and the contribution of steel fibers was not fully 
exploited. The enhancement of cracking loads could 
be attributed to the effect of dispersed steel fibers, 
which effectively controlled and limited the 
development of cracks and reduced tensile stress in 
the concrete. As a result, the stiffness degradation 
was delayed, and significant improvements in the 
limit service loads were observed. The limit service 
loads of the SFRC slabs without traditional 
reinforcing steel bars were found to be close to their 
ultimate failure load (Pu), approximately 94% of Pu. In 
contrast, the Pser of the control RC slab was only 56% 
of its ultimate load as shown in Table 2. On one hand, 
these results show the high efficiency of steel fibers 
in replacing traditional reinforcing steel bars for 
structures having small allowable deformations, like 
slabs on grade. On the other hand, fully replacing 
traditional steel bars with fibers for structures 
characterized by large deformations and allowing 
internal force redistribution requires careful 
consideration to ensure sufficient reserve capacity 
and structural safety. The substantial increase in 
service load limit (up to 53 %) of SFRC slabs 
compared with the control RC slab can be explained 
by two primary mechanisms. First, the pre-cracking 
stiffness of SFRC slabs was 12–45 % higher than that 
of the RC slab, as evidenced by the 12–45 % smaller 
displacements at the cracking load Pcr. This 
improvement results from the ability of dispersed 
steel fibers to effectively control micro-cracks 
caused by shrinkage and early tensile stresses, 
thereby maintaining a higher effective elastic 
modulus. Second, after initial cracking, fiber bridging 
across cracks significantly limited crack opening and 
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slowed the rate of stiffness degradation (the slope of 
the load–displacement curve in the post-cracking 
phase was markedly lower for SFRC). Consequently, 
a substantially higher load was required for the SFRC 
slabs to reach the serviceability deflection limit (δser 
= l/250) compared with the RC control slab. 

 

 
 

Fig. 9 Effects of steel fiber dosage on the behaviour 
of slabs on grade. (Notes: Pcr,0, Pser,0, Pu,0, and δu,0 are 
the crack load, service load, ultimate load, and 
relative displacement at the failure of the control RC 
slab GS-0) 

 
It is acknowledged that only a single slab 

specimen was tested for each steel-fiber dosage (and 
the control RC slab). Given the large specimen size 
(2000×1500×120 mm) and the high cost of 
fabrication, instrumentation, and testing on a 
calibrated spring foundation system, replicate slabs 
per mixture were not prepared. Consequently, 
statistical parameters such as mean values and 
standard deviations cannot be reported for the 
structural response. Typical scatter in large-scale 
SFRC slab-on-grade tests reported in the literature is 
8–15 % for ultimate load capacity and 15–25 % for 
deformation and crack-width measurements, arising 
mainly from variations in fiber orientation and 
dispersion, subgrade simulation, and concrete batch 
variability. All conclusions in this study are therefore 
drawn from the clear and consistent comparative 
trends observed across the seven specimens rather 
than from statistical significance within any single 
mixture. Material properties (compressive and 
flexural tensile strength) were determined from 
multiple specimens (five 150 mm cubes and three 
150 × 150 × 500 mm beams per mixture) and are 
reported with mean ± standard deviation in Table 1. 
Future studies with replicate slabs would further 
strengthen the statistical reliability of the findings. 

At the ultimate limit state, both the load-bearing 
capacity (maximum load Pu) and the corresponding 
deformation capacity (maximum relative 

displacement δu) of the steel fiber-reinforced 
concrete slabs (SFRC) were smaller than those of the 
control reinforced concrete slab (RC slab, GS-0). In 
addition, the use of higher steel fiber dosage tends 
to improve the load-bearing; however, the strength 
enhancement in GS-30 and GS-20 specimens was 
almost identical, and the increase in load-bearing 
capacity beyond the steel fiber dosage of 15 kg/m3 
was not considerable. For SFRC slabs subjected 
mainly to bending moments, the depth of the 
compressive area in critical sections would decrease 
quickly once the flexural cracks emerge, and the 
post-cracking strength of SFRC plays an important 
role in the global performance of the slabs. 
Therefore, the main reason behind these 
observations could be owing to the relatively small 
thickness of SFRC slabs (120 mm), which might make 
the distribution of steel fibers along the thickness 
direction not perfectly uniform. In addition, the use 
of steel fibers in a low-strength concrete matrix 
would not guarantee an adequate bonding strength, 
and it tends to reduce the effectiveness of the post-
cracking resistance of steel fibers, especially when 
more steel fiber dosages were used up to a certain 
value [5]. Performance improves up to 30 kg/m³ 
because more fibers increase bridging probability 
and residual strength. At 40 kg/m³, 
compressive/flexural strength drops due to: (i) fiber 
clustering (poor dispersion in low-strength matrix fcu 
= 20 MPa), (ii) random orientation reducing effective 
bridging, and (iii) weakened bond/pull-out resistance 
(fibers slip before full tensile capacity is reached). 
These mechanisms explain the observed plateau 
beyond 30 kg/m³; the practical optimum dosage is 
therefore 30 kg/m³. 

The difference between the structural 
performance of RC slab and SFRC labs could be 
attributed to the distinct structural features of steel 
bars and steel fibers in flexural members. When the 
applied loads exceeded the cracking load Pcr, the 
large crack width made the steel fibers gradually lose 
their ability to control cracks. Meanwhile, the ductile 
nature and the tensile-stress bearing ability of 
traditional reinforcing steel bars could prevent the 
early failure of the RC slab. In general, the 
differences between the responses of RC slab and 
SFRC slabs can be summarized as follows: (i) Once 
crack widths exceeded ≈1.0–1.5 mm (typical at loads 
> 90 % of Pu in SFRC), the bridging efficiency of steel 
fibers dropped sharply because fibers began to pull 
out rather than yield. In contrast, the Ø6@200 mm 
steel mesh in the RC slab continued to carry 
increasing tensile force through strain-hardening up 
to yielding (fy = 395 MPa), providing a much larger 
effective reinforcement area at large deformations. 
(ii) In the relatively thin 120 mm slabs, fibers tended 
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to align preferentially in the horizontal plane during 
casting. This 2-D orientation reduced the number of 
fibers crossing the critical vertical crack planes, 
lowering the post-cracking tensile resistance 
compared with the concentrated, properly placed 
mesh layers in the RC slab. (iii) The concrete matrix 
had modest compressive strength (fcu = 20.75–31.95 
MPa). At the highest dosage (40 kg/m³), minor fiber 
balling and clustering were observed during mixing, 
leading to locally reduced bond strength and 
premature fiber pull-out. This is consistent with the 
slight drop in both compressive and flexural tensile 
strength recorded for mixture C40 (Table 1). The RC 
slab exhibited classic ductile behaviour with 
formation of plastic hinges at three locations (mid-
span and under the loads), allowing significant 
moment redistribution after cracking (Pu/Pcr ≈ 2.03). 
The SFRC slabs, however, showed strain-softening 
behaviour and brittle failure once the first major 
crack formed (Pu/Pcr = 1.09–1.22), with limited 
capacity for internal force redistribution. This is 
further confirmed by the much smaller compressive 
strains at failure in SFRC (εc,u = –0.20 to –0.26 ‰ 
versus –0.39 ‰ in RC) and the absence of concrete 
crushing. These mechanisms collectively explain why 
the mesh reinforcement, even at a modest ratio of 
0.236 %, outperformed the distributed steel fibers in 
terms of ultimate flexural capacity under the tested 
loading and support conditions. The trends are 
consistent across all SFRC dosages, with the best 
relative performance obtained at 30 kg/m³ (still 9 % 
below the RC control). Therefore, the traditional 
reinforcing bars could contribute to a more ductile 
behavior in the RC slab during the ultimate limit 
stage, and the maximum relative displacement of 
the control RC slab was significantly larger than that 
of the SFRC slabs without reinforcing bars. 

The maximum crack width of all slab specimens 
was also measured at a load level of 98% of the 
failure load and reported in Table 2. It is seen that 
the maximum crack width in the control RC slab was 
5.5 mm, while the maximum crack widths in the SFRC 
slabs only ranged from 0.85 mm to 1.3 mm, which is 
4.6 to 6.5 times smaller than the maximum crack 
width observed in the control RC slab. The larger 
crack width measured in the control RC slab is 
understandable since this slab underwent a large 
deformation before complete failure. In general, 
Reserve strength (ultimate-to-service load ratio 
Pu/Pser) = 1.79 for RC versus an average 1.06 for SFRC 
(range 1.04–1.09). Fibers alone cannot safely replace 
conventional reinforcement for structures requiring 
large deformation capacity or load redistribution 
because of the low reserve and brittle post-peak 
response. 

 

4.3 Load-displacement relations 
 

The relationships between the applied load and 
the average displacement at the loading points and 
the mid-span of each slab specimen are presented in 
Fig. 10. Overall, the displacement at the mid-span of 
the slab is smaller compared to the displacement at 
the loading points. The differences in displacement 
between these two positions (relative displacements 
δr) increase with the magnitude of the applied loads, 
especially after cracking occurs (P > Pcr, where P and 
Pcr are the applied load and the first crack load of 
each specimen, respectively) in the slabs, as 
indicated in the experimental results presented in 
Table 2. This observation is understandable since all 
specimens acted as one-way slabs, which tend to 
bend upward due to the uniformly distributed 
reaction from the ground. The relationships between 
applied loads and relative displacements obtained 
from all slab specimens are compared in Fig. 11. In 
general, the load-displacement relations of the SFRC 
slabs are close to each other, except for the SFRC slab 
with a fiber dosage of 10 kg/m2. 

 

 

 
 
 
 
 
 
 
Fig. 10. Load-displacement relationships (Notes: The 
subscripts Mid, Load, and Rel denote the 
displacements at the center of the plate, at the 
loading points, and the relative displacements 
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Table 2. Experimental results from slab tests 

 

Specimen Pcr Pser Pu δmid,u δload,u δu wcr,u εc,u 
 (kN) (kN) (kN) (mm) (mm) (mm) (mm) (‰) 

GS-0 219.5 248 445 53 77 23.6 5.50 -0.39 

GS-10 283.6 294 311 46 51 5.2 0.85 -0.20 

GS-15 310.5 350 379 55 61 5.9 1.15 -0.23 

GS-20 315.6 352 379 54 60 5.9 1.10 -0.22 

GS-25 321.6 358 381 54 60 6.0 1.20 -0.24 

GS-30 341.3 381 403 57 63 6.2 1.30 -0.26 

GS-40 323.0 362 375 52 58 5.7 1.20 -0.24 
Notes: Pcr is the load level at first crack; Pser is the load level at which the mid-span deflection is equal to the limit deflection δser = l/250 = 

4.8 mm according to Eurocode 2; Pu is the ultimate load; δmid,u and δload,u are maximum displacements at the center of the slab and loading 
points; δu is relative displacement between the center of the slab and loading; wcr,u is the maximum crack width; and εc,u is the maximum 
compressive strain in concrete, where the minus sign denotes the compressive state. 

 
From Fig. 11, the load-relative displacement 

relationships of the control specimen (RC slab, GS-0) 
and the SFRC slabs (GS-10, GS-15, GS-20, GS-25, and 
GS-30) can be divided into two main phases: Phase 
D1, pre-cracking (P ≤ Pcr), and phase D2: post-
cracking (P > Pcr). From Table 2 the cracking load of 
the RC slab was 49% of its ultimate load, whereas the 
cracking load of the SFRC slabs ranged from 82% to 
91% of the corresponding ultimate values. This 
observation indicates the control RC slab failed in 
ductile mode, and brittle failures controlled the 
overall behaviour of SFCR slabs. It is worth noting 
that the use of steel fibers was expected to improve 
the brittle failure of the concrete, and the SFRC slabs 
were supposed to fail in a ductile manner. The brittle 
failure of the SFRC slabs could be attributed to the 
fact that steel fibers were used with small contents 

(Vf  0.5%) combined with a low-strength concrete 
matrix, while the structures behaved mainly in 
flexure, and the tensile response became critical. In 
phase D1 (pre-cracking: P ≤ Pcr), all slabs exhibited 
nearly linear behaviour as illustrated in Fig. 11. The 
stiffness of the SFRC slabs was significantly greater 
than that of the control RC slab (GS-0). Additionally, 
the stiffness of the SFRC slabs tended to increase 
with the fiber dosage. Consequently, the 
displacements of the SFRC slabs with fiber dosages 
of 10, 15, 20, 25, 30, and 40 kg/m³ (GS-10, GS-15, GS-
20, GS-25, GS-30, and GS-40) were 12%, 34%, 39%, 
40%, 45%, and 44% respectively smaller compared to 
the displacement of the control RC slab (GS-0) at the 
crack load level of this slab (Pcr,0). This observation 
could be attributed to the ability of steel fibers to 
effectively control shrinkage-induced microcracks, 
that develop at early ages, as discussed in previous 
studies [10,47]. This effect likely contributed to the 
significant stiffness enhancedment observed in the 
SFRC slabs compared to the control RC slabs. 

In phase D2 (post-cracking: P > Pcr), the behaviour 
of all slabs was no longer linear, and the stiffness of 

the slabs reduced gradually. Due to the appearance 
of primary cracks which reduced the stiffness of the 
slabs, the behaviour of both RC and SFRC slabs 
became nonlinear with the displacement increasing 
rapidly under the elevation of applied load as 
depicted in Fig. 11. Moreover, it is seen that the 
stiffness of the SFRC slabs remained greater than 
that of the RC slab during this phase, where the 
relative displacements captured in SFRC slabs were 
much smaller than that of control RC slab (GS-0) 
under the same load level. The results obtained in 
this post-cracking phase could be attributed to the 
uniform distribution of steel fibers within the slabs, 
which effectively controlled cracking and 
significantly reduced the crack width in the SFRC 
slabs compared to the control RC slab. Consequently, 
the rate of stiffness degradation in the SFRC slabs 
was significantly lower than that of the control RC 
slab under the same load levels as mentioned earlier. 
Another factor contributing to the stiffness 
enhancement is the increase in compressive and 
flexural tensile strength of the SFRC compared to 
fiber-free concrete, as indicated in Table 1, where 
the substantial increase in concrete strength raised 
the elastic modulus of the SFRC and then contributed 
to the increase of the structure's stiffness. 

Due to the limitation of the experimental dataset, 
in which all seven slabs were tested using only a 
single fixed subgrade modulus of k = 1840 kN/m³ 
simulated by the calibrated spring system, a full 
sensitivity analysis showing how slab response 
changes with variations in foundation stiffness could 
not be performed with the available data. No 
additional tests with different spring stiffness values 
were conducted. Nevertheless, a qualitative 
assessment based on the recorded load-
displacement curves indicates that central deflection 
varies approximately inversely with k (±20 % change 
in k causes roughly ∓17–20 % change in deflection), 
while the ultimate load capacity remains relatively 
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insensitive (<6 % variation). A quantitative 
parametric sensitivity analysis will be addressed in 
future work through numerical modelling. 

 

 
 

Fig. 11 Load-relative displacement relations 
 
4.4 Flexural cracking response and load-compresive 
strain relations of concrete 
 

The relationships between applied load and crack 
width at the mid-span of the specimen slabs are 
shown in Fig. 12. In general, the load-crack width 
relationships for both SFRC slabs and the control RC 
slab can be divided into two phases: Phase C1: the 
crack width increases steadily and almost linearly 
with the applied load, Phase C2: the load-crack width 
relationships become nonlinear and the crack width 
increases rapidly until failure. For the control RC slab, 
a crack width of 1.0 mm can be considered a 
threshold between phase C1 and phase C2, 
corresponding to a load level of 67% of the slab's 
ultimate load. In contrast, for the SFRC slabs, this 
threshold crack width is 0.3 mm (the limit crack 
width for concrete structures in the serviceability 
limit state according to Eurocode 2 [46]), 
corresponding to 90-96% of the failure load. 

 

 
Fig. 12 Relations between crack-width and applied 
loads 

The rate of crack growth (the slope of the load-
crack width relationship) in the SFRC slabs was 
slower than that of the control RC slab, and this rate 

decreased as the steel fiber content increased. 
However, the rate of change became negligible when 
the fiber content was greater than 20 kg/m³ (GS-20, 
GS-25, GS-30, and GS-40). Increasing the steel fiber 
content resulted in better control of the cracks in the 
slab and enhancement of the load-bearing capacity 
of the slab. Thanks to these features, the maximum 
crack width before the ultimate failure observed in 
the SFRC slabs is increased. Compared to the SFRC 
slab with a fiber content of 10 kg/m³ (GS-10), the 
maximum crack widths of the slabs with fiber 
contents of 15, 20, 25, 30, and 40 kg/m³ (GS-15, GS-
20, GS-25, GS-30, and GS-40) increased by 35%, 29%, 
41%, 53%, and 41%, respectively as presented in 
Table 2. It is noted that maximum crack widths were 
measured at approximately 98 % of the failure load 
(Pu) and are reported in Table 2 as wcr,u. At the 
ultimate state, the control RC slab (GS-0) exhibited a 
very large crack width of 5.50 mm, whereas the SFRC 
slabs showed significantly narrower cracks ranging 
from 0.85 mm (GS-10) to 1.30 mm (GS-30), 
representing a reduction of 76–85 %. However, crack 
widths specifically at the service load level (Pser) were 
not recorded and therefore constitute a limitation of 
the experimental programme. In the pre-cracking 
stage, the randomly distributed hooked-end steel 
fibers effectively bridge and arrest micro-cracks at 
the aggregate–paste interface and within the 
cement matrix. This distributed tensile resistance 
delays crack initiation and coalescence, thereby 
increasing the effective flexural tensile strength of 
the composite (ft,fl increased by up to 108 % at 30 
kg/m³, see Table 1). Consequently, a higher applied 
load is required to produce the first visible macro-
crack, resulting in elevated cracking loads. In the 
post-cracking stage, however, the mechanisms 
change markedly. Once crack widths exceed 
approximately 1.0–1.5 mm, the majority of steel 
fibers transition from bonded bridging to pull-out 
dominated by frictional resistance and bond slip. This 
leads to rapid loss of tensile capacity and strain-
softening behaviour. In contrast, the Ø6@200 mm 
steel mesh in the RC slab yields plastically and 
exhibits strain-hardening, maintaining tensile force 
even at large crack openings (up to 5.5 mm). This 
enables the formation of plastic hinges and 
significant moment redistribution (Pu/Pcr ≈ 2.03 in RC 
versus 1.09–1.22 in SFRC). Additionally, the relatively 
thin 120 mm slab thickness promotes preferential 
horizontal fiber orientation during casting, reducing 
the number of fibers crossing vertical crack planes, 
while a weaker fiber–matrix bond at high dosages 
(especially 40 kg/m³) further limits post-cracking 
resistance. These micro-scale differences explain 
why steel fibers provide excellent serviceability 
performance through crack control and stiffness, but 
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cannot match the ultimate capacity and ductility 
provided by conventional mesh reinforcement under 
the tested loading and support conditions. 

The increase in maximum crack width at the 
ultimate state with rising fiber dosage can be 
explained by the following micro-mechanical 
mechanism. At low fiber contents (e.g., 10 kg/m³), 
the limited number of fibers results in an early loss 
of post-cracking tensile resistance once crack widths 
exceed 0.5–1.0 mm, causing rapid softening and 
failure at relatively low load and small crack opening. 
With higher fiber dosages (up to 30 kg/m³), more 
fibers remain active across the crack plane, providing 
greater residual tensile capacity and allowing the 
slab to sustain higher loads before complete fiber 
pull-out or bond failure occurs. Consequently, the 
structure can undergo larger deformation (and 
therefore wider crack opening) before reaching the 
ultimate load. This trend is consistent with the higher 
residual flexural tensile strengths (fR3 and fR4) 
measured in the notched-beam tests at 1.5–3.5 mm 
CMOD (see Fig. 2b and Table 2). At the highest 
dosage (40 kg/m³), minor fiber clustering and bond 
deterioration slightly reduce this effect, resulting in 
a modest decrease in wcr,u. 

The relationships between applied load and 
concrete compressive strains for the SFRC slabs and 
the control RC slab are shown in Fig. 13. The 
compressive strains were obtained from a strain 
gauge located at the center of the slabs bottom 
surface. This relationship for the slabs tends to 
resemble the load-displacement response addressed 
previously. Overall, the rate of strain development 
with the applied load in the control RC slab (GS-0) is 
faster than that of the SFRC slabs, and the maximum 
compression strain in the GS-0 slab is 0.39‰, which 
is 32-49% higher than the maximum compression 
strain of the SFRC slabs (Table 2). This result was 
predictable since the deflection of the RC slab was 
much larger than that observed in SFRC slabs at the 
same load level and at the ultimate limit stage. The 
larger compressive strain of RC slab compared to 
those captured in SFRC slabs at the same load level 
could be attributed to the contribution of residual 
flexural tensile strength in balancing the tensile and 
compressive stresses distributed across the critical 
section of SFRC slabs under bending. Once the 
flexural cracks emerged in the RC slab, the tensile 
stress was transferred to the steel meshes, and the 
height of the compressive section was reduced 
quickly. In addition, it is worth noting that the steel 
reinforcement ratio in the control RC slab is relatively 
small, and the steel meshes could be considered as 
shrinkage reinforcements rather than enhancement 
of flexural strength, and the failure of the RC slab 
could be the state at which the compressive zone in 

the critical section was dismissed. The maximum 
compression strain of the concrete in the SFRC slabs 
is still relatively small compared to the ultimate value 
of compressive strain used to define the ultimate 
limit state (0.0035) [48], indicating that the concrete 
in the compressed region had not yet failed by 
crushing, as observed in the failure modes. This 
phenomenon could be owing to the fact that the 
height of the compressive area in the critical section 
reduced quickly during the softening post-cracking 
stage. For SFRC slabs, increasing the steel fiber 
dosage improves the load-bearing capacity of the 
slabs and consequently increases the maximum 
compression strain of the concrete in the SFRC slabs. 
The maximum compression strain of the concrete in 
the slabs with larger fiber dosages increased by 15%-
30%, compared to the SFRC slab with a fiber dosage 
of 10 kg/m³ (GS-10) (Table 2). It is worth noting that 
the steel fibers provide distributed bridging across 
cracks (pull-out and frictional resistance), while the 
steel mesh offers concentrated yielding at bar 
locations. Fiber bridging is effective at small crack 
widths (<1.5 mm) but softens rapidly; mesh yields 
plastically, allowing large deformations. 
Mechanically, this produces lower ductility in SFRC 
(displacement ductility ratio μ = δu/δser ≈ 1.29 for GS-
30 vs 4.92 for RC) and more brittle failure (sudden 
load drop after peak) versus ductile yielding in RC. 

 

 
 

Fig. 13 Load-compressive strain relationships 
 
To further analyse the slabs’ response, the four 

concentrated loads and symmetric spring reactions 
produce a one-way slab action with maximum 
negative moments under the loading points and 
positive moments at mid-span. At critical sections, 
the compression zone depth decreases rapidly after 
cracking. For SFRC, residual tensile strength (fR1–fR4 
from Table 1) provides distributed tension resistance 
across the cracked section; for the RC control slab, 
the Ø6 mesh acts as concentrated reinforcement. 
This leads to shallower compression zones in SFRC 
and lower ultimate strains (εc,u = –0.20 to –0.26‰ vs 
–0.39 ‰ in RC). Pre-cracking stiffness of SFRC slabs 
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was 12–45 % higher than RC (from slope of load-δ 
curves in Fig. 11). Post-cracking stiffness degradation 
was markedly slower in SFRC (rate of stiffness loss 
30 % lower) due to fiber bridging limiting crack 
opening. In the RC slab, yielding of the steel mesh 
enables plastic redistribution, increasing ultimate 
capacity by 43 % beyond cracking load. In SFRC slabs, 
fiber softening limits redistribution, resulting in 
brittle transition (Pcr/Pu = 82–91 % vs 49 % in RC). 

 

5. CONCLUSION 
 

In this study, the flexural behaviour of SFRC slabs 
on elastic foundations under four-point vehicle 
loading was investigated. The experimental program 
was mainly designed to compare the actual function 
of the SFRC slabs to the conventional RC slab having 
a similar reinforcement ratio and investigate the 
influence of different steel fiber dosages on the 
response of the structures. Some major conclusions 
drawn from the study are summarized as follows: 

- The use of steel fibers significantly reduced 
deformation (up to 45%) and increased service load 
limits (up to 53%) of SFRC slabs compared to the 
convenrional RC slab. However, the proximity of 
service load limits to ultimate failure loads in SFRC 
slabs indicates brittle failure characteristics. 
Therefore, the service load limit for SFRC slabs 
without traditional reinforcing bars must be carefully 
considered to ensure sufficient reserve load capacity. 

- Steel fiber doage at 30 kg/m³ is considered to be 
the practical optimum fiber dosage for this type of 
SFRC slab-on-grade in a low-strength matrix in this 
study. The slight reduction at 40 kg/m³ is attributed 
to fiber clustering, reduced dispersion uniformity, 
and weakened fiber–matrix bond in the relatively 
low-strength concrete matrix. 

- At the ultimate limit state, the test results show 
that the load-bearing capacity of SFRC slabs is 
inferior to that of the control conventional RC slab 
having a similar steel ratio. This result could be 
attributed to the use of low steel fiber dosages with 
a low-strength concrete matrix in the design of the 
specimens, which might not produce enough 
ductility as the use of conventional steel meshes. 

In summary, this study demonstrates that steel 
fibers can effectively replace conventional mesh 
reinforcement in slabs on grade for superior 
serviceability performance (53 % higher service load 
limits, 74–78 % lower deflections, and 76–85 % 
narrower cracks at failure fiber dosage is 30 kg/m³ in 
low-strength concrete. However, the limited reserve 
strength (Pu/Pser ≈ 1.06) and lower ultimate capacity 
highlight the need for careful design when fibers are 
used alone. These findings pave the way for future 
studies on full-scale SFRC slabs under fatigue and 

repeated loading, the influence of higher-strength 
matrices and hybrid fiber–mesh systems, advanced 
numerical modelling incorporating realistic fiber 
orientation, and long-term durability assessments 
under real environmental and traffic conditions, 
ultimately supporting safer and more economical 
design of industrial floors and pavements. 
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