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Abstract: Carbon fiber-reinforced polymer (CFRP) composites, renowned for their high
strength-to-weight ratio, are increasingly utilized in the strengthening of structural compo-
nents. The application of CFRP for strengthening concrete components notably improves
the cracking moment and substantially elevates the ultimate load-bearing capacity. This
study focuses on a reinforced concrete (RC) two-way slab with an initial defect, specifi-
cally an initial deflection. To avert deformations or damages that could break structural
integrity during service, the slab was strengthened by adhering CFRP to its underside. An
in situ multi-stage loading test was conducted to evaluate the load-bearing capacity of
the CFRP-strengthened slab, and the findings revealed that the mid-span deflection of the
two-way slab incrementally reached 1.64 mm after the loading stages, with no observable
signs of concrete cracking, debonding, or tearing of the CFRP-strengthened slab. The
failure modes indicated a transition from concrete compression damage to CFRP anchor-
age stress concentrations, highlighting the effective stress distribution and load-sharing
synergy provided by CFRP-strengthening. Additionally, a numerical model based on the
finite element (FE) method was developed using ABAQUS to simulate the component’s
performance during the loading process. A comparison between the measured mid-span
deflection of the strengthened slab and the numerically simulated values confirmed the
high accuracy and rationality of the simulation method. Utilizing the validated numerical
model, an analysis of the slab’s ultimate load capacity was conducted, demonstrating that
the CFRP strengthening technique effectively increased the load-bearing capacity of the
initially imperfect RC two-way slab by nearly 50%.

Keywords: two-way slab; initial deflection; loading experiment; bearing capacity; CFRP

1. Introduction

Slabs serve as crucial horizontal support and connect elements in a floor system,
bridging walls and columns. As structural components are primarily designed to bear
and transfer vertical loads from the floor, reinforced concrete (RC) slabs must satisfy
stringent criteria for load-bearing capacity, deformation, and serviceability throughout
their operational lifespan [1]. The predominant bending stresses in RC slabs can intensify
load effects, substantially reducing the structural capacity and durability when faced with
initial defects such as deflection or cracking. These defects, which may emerge during
construction or regular use, pose a significant threat to the integrity and safety of high-rise
building structures.

Currently, the application and research on the strengthening of RC slabs both domesti-
cally and internationally primarily draw on the operational modes of structural components
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such as beams and columns. Common strengthening methods include the use of shear
studs, fiber-reinforced polymers (FRPs), and textile-reinforced mortar (TRM) [2,3]. To
predict the bearing performance and strengthening effects of the strengthened RC two-way
slabs, in situ loading tests under specific conditions and sophisticated numerical simu-
lation techniques are necessary. Unlike the common strengthening schemes for beams
and columns, such as increasing cross-sectional areas, external reinforcement, and adding
energy-dissipating components, the strengthening and retrofit design of two-way slab
structures often employ materials with a higher elastic modulus and tensile strength, such
as bonded steel plates and carbon fiber-reinforced polymer (CFRP). This strengthening
method can be naturally completed in situ without causing damage to the original structure
and without significantly increasing the size of the component [4,5]. The strengthening
method using metal plates has good applicability and workability, providing effective
strengthening for various structural component forms. However, during the load-bearing
process, high demands are placed on the anchorage of the steel plates and the quality
of their bonding. For components with initial defects or irregular, uneven sections, this
method may struggle to achieve the reliable adhesion of steel or aluminum plates, leading
to suboptimal strengthening effects and underutilization of the performance advantages of
metal materials [6-8]. In contrast, the use of high-performance carbon fiber materials sig-
nificantly improves and enhances the bearing performance of two-way slabs [9,10]. CFRP,
known for its high strength and efficiency, excellent impact and fatigue resistance, and
superior corrosion resistance [11-14], has been shown in studies to achieve good adhesion
to concrete with reliable load-sharing synergy. However, due to the high strength and ex-
tremely thin profile of CFRP sheets, they are prone to brittle damage during strengthening
and construction operations [15-17].

Recent studies have significantly contributed to the understanding of the CFRP-
strengthened effects on RC slabs. Al-Rousan et al. [18] demonstrated that CFRP-
strengthening, particularly in unidirectional sheet form, enhances flexural strength while
maintaining ductility. Santos et al. [19] showed that CFRP systems, including the stitch and
embedding through section (ETS) methods, effectively increase punching shear strength.
Breveglieri and Czaderski [20] found that CFRP strips” long-term performance is resilient
to thermal cycles and sustained loads, with adhesive viscoelasticity being a key service
factor. Al-Rousan et al. [21] emphasized the importance of anchorage systems in CFRP
strengthening to prevent debonding and optimize load-carrying capacity. Ghayeb et al. [22]
confirmed that CFRP sheets significantly boost two-way RC slabs’ punching shear resis-
tance, with their analytical model aligning with existing standards, aiding in the design and
assessment of strengthened slabs. Lastly, Zhou et al. [23] introduced a self-locking hybrid
anchoring technique for CFRP sheets in one-way RC slabs, showing improved debonding
resistance and strengthening efficiency, which is crucial for enhancing the reliability and
durability of CFRP-strengthened RC elements. In parallel, the referenced articles [24-28]
explore the specific advancements and challenges associated with the use of CFRP and glass
fiber-reinforced polymer (GFRP) in strengthening structures. The study by Li [24] intro-
duced a wedge-shaped bond anchorage system for pultruded CFRP plates, emphasizing its
effectiveness in uniformly distributing shear stress and reducing stress concentration, signif-
icantly enhancing anchorage efficiency and the overall performance of CFRP-strengthening
systems. As for the influence factors, Ke et al. [25] provided a comprehensive review of
the influence of environmental factors such as temperature, moisture, and corrosion on
bond performance, as well as underscoring the importance of adhesive properties and
joint geometry in enhancing durability and effectiveness. Complementing the body of
research on CFRP-strengthening, Xian et al. [26,27] provided a thorough evaluation of the
mechanical properties of GFRP composites across a range of conditions. It reported the
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long-term performance of GFRP over thermosetting composites. These studies, through
comparative analysis and leveraging their strengths, collectively highlight the multifaceted
advantages of CFRP in RC slab strengthening, from immediate strength gains to long-term
durability and performance under various conditions.

In summary, research outcomes have been achieved based on the in situ testing of
reinforced concrete, full-scale component testing, and load-bearing capacity tests of scaled
components for strengthening effects. However, to study and evaluate the strengthening
effects throughout the entire load-bearing process, sophisticated numerical simulation
based on the finite element (FE) method is required. Previous studies [29-33] have provided
a new perspective for strengthening research and the effective evaluation of structures. A
study by Shu et al. [34] analyzed two-way RC slabs under bending through nonlinear finite
element analysis, examining the impact of various modeling parameters on the prediction
accuracy of load-carrying capacity, load—deflection curve response, and crack patterns. Xu
et al.’s theoretical calculations [35], complemented by experimental evidence, quantified
the influence of bonding layers on the flexural strengthening of RC slabs with CFRP sheets.
Sharaky et al. [36] conducted a FE model to predict the slabs” behavior, offering insights into
the effects of bond length, material properties, and strengthening area on the strengthening
outcomes. Zou et al. [37] simulated the fatigue behavior of RC beams strengthened with
side-bonded CFRP, demonstrating its effectiveness in predicting the fatigue performance
of CFRP-strengthened beams and providing a basis for predicting their fatigue life under
different loading conditions.

The subject of this study is an RC two-way slab component located in an existing
34-story residential building. The component exhibited an initial deflection due to the
influence of curing, environmental factors, and construction loads. To prevent unexpected
damage and interaction effects during subsequent operations, the authors’ team conducted
in situ strengthening measures prior to the normal use phase of the structure. This paper
investigated the application and performance enhancement achieved by using bonding
CFRP in situ as a strengthening method. A multi-stage loading test, designed to the
permissible load-bearing capacity level, was employed to measure the performance of the
strengthened component and to study the distribution regulation of stress and strain. A
FE model was established and calibrated based on field measurement data, and the model
was applied to analyze and predict the ultimate load-bearing capacity of the element.

2. Project Overview and Test Plan
2.1. Project Information

This study concerns a high-rise residential building, designed and completed in 2016,
that is located in northern China and features a structural system of frames and shear
walls. The focus is on a RC slab that exhibits mid-span deflection, with dimensions of
4100 mm x 5900 mm x 160 mm. The slab is reinforced with double-layer, two-way
CRB600H rebars of ® 6 at 150 mm spacing, and the concrete grade is C25. The building
was classified with a seismic fortification intensity of 7 degrees (0.15 g) and a designed
service life of 50 years. Post-construction, it was observed that the slab’s deflection neg-
atively impacted the comfort and load-bearing safety of the residential building. After a
comparative analysis of strengthening schemes, the application of CFRP bonding to the
underside of the RC two-way slab was selected for strengthening.

CFRP strips were uniformly bonded along the transverse and longitudinal directions
on the underside of the slab using an epoxy resin adhesive. The CFRP grade used was
1-300, which corresponds to a design tensile strength greater than 3400 MPa (Grade I) and a
weight of 300 g/m?. The CFRP strengthening consisted of a single layer with a thickness
of 0.167 mm, a width of 100 mm, and a clear spacing of 100 mm between the strips. The
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testing of the CFRP material showed that the average tensile strength was 3500 MPa,
complemented by an average elastic modulus of 254 GPa. For the installation of CFRP,
the concrete surfaces were meticulously prepared following a standardized procedure.
Initially, the surfaces were roughened to enhance adhesion, creating a mechanical key
that would secure the epoxy adhesive, followed by thorough cleaning to ensure a robust
bond at the interface with a designed bond strength of 4.0 MPa. Subsequently, the CFRP
sheets, each 100 mm in width with a clear spacing of 100 mm between strips, were installed
with precision. Between 15 and 30 min post-initial application, a second layer of epoxy
was applied to foster significant chemical bonding, a critical method for withstanding
shear stresses that are inherent to the structure’s service life. The curing period for the
strengthened RC slabs, inclusive of the CFRP sheets and the epoxy resin, spanned a full
seven days after the strengthening system’s application. Further, this curing process
necessitated the maintenance of specific temperature and humidity conditions to guarantee
the proper curing of the resin. The implementation of the strengthening scheme and the in
situ arrangement are captured in Figure 1.

width 100
spacing 100

5900

—

,I- (Unit: mm)

(a) (b)

Figure 1. CFRP-strengthening on the underside of the two-way slab; (a) Construction details; (b) Post-
construction condition.

The two-way slab specimens involved in the experimental analysis exhibited initial
defects in deflection. Each slab’s initial defect was marked by mid-span deflection. Being
precast composite slabs, they were noted to have frequent water ponding at the center
of the upper surface following the placement of a site-cast layer and the curing process.
Using a gradienter to measure the deformation of each slab’s upper or lower surfaces, it
was confirmed that the mid-span deflection reached a stable value of 12 mm. To ensure
that their load-carrying and deformation capacities meet the requirements during the
subsequent normal use phase of the structure, the slabs were strengthened by evenly
spacing and fully adhering CFRP strips to the lower surface. Considering that the RC
two-way slab had already been cast and that it was necessary to conduct performance
testing of structural components in accordance with the requirements of the “Code for
Acceptance of Construction Quality of Concrete Structures” [38], a stepwise loading test
was conducted at a safe level to assess and evaluate the effectiveness of the strengthening
measures. The test response of the two-way slab under load was utilized to appraise the
structural strengthening outcomes.

2.2. Testing Method

The load test was conducted to assess the safety of the slab under the quasi-permanent
combination (QC) of loads, including the detection of cracks at the underside of the slab
and mid-span deflections, as well as under the basic combination (BC) of loads (design
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loads). For the purpose of crack detection, a thorough flashlight inspection was performed
on the underside of the slab, focusing on critical areas such as the central region, the
vicinity of diagonals, and the perimeter to scrutinize the spaces between CFRP strips for
the occurrence or propagation of concrete cracks. During the loading test, scaffolding was
erected at the underside of the slab, and five dial gauges were installed in groups to collect
vertical deformation values at different locations, as shown in Figure 2. To ensure the
consistency of data monitoring throughout the prolonged experimental period, mechanical
dial gauges were utilized. Meticulous attention was devoted to minimizing any disruptions
to the gauges during both data acquisition and observational phases, thereby guaranteeing
the precision and dependability of the data collected.

€D

Dial gauge 3

Dial gauge 5 Dial gauge 4

m Dial gauge 1

%) %)

m Dial gauge 2

(a)
Figure 2. Dial gauges layout under the RC slab; (a) Schematic diagram; (b) Construction layout.

The self-weight of the two-way slab, Gy, is 4.0 kN/ mZ; the self-weight of the concrete
post-pouring layer, Gy, is 1.2 kIN/ mZ; and the live load, Qr, s 2.0kN/ m? [39].
(1) Load on QC stage:

The total load of the slab is:
Qs = Gyx + Gy + 0.4Q; = 6.0 kKN/m? (1)

The loading weight for the quasi-permanent load combination is determined by
deducting the self-weight Gy; from the load value:

Woc = (Qs — Gix)Sp = 474 kN 2)

In the formula, Sy represents the net area of the slab component, and it is calculated
that S is 23.69 m2.

(2) Load on BC stage:

Q4 = 1.2(Gyi + Gyr) + 1.4Q = 9.04 kKN /m? ©)
Wge = (Qg — Gix)So = 119.40 kN 4)
Combined with Equations (3) and (4), it is calculated that Wpc is 119.40 kN.

2.3. Multi-Stage Loading

Upon completing the load combination calculations, it was ascertained that the loading
process would be bifurcated into two distinct phases, designated QC and BC, encompass-
ing a total of nine distinct levels, culminating in a cumulative load of 119.4 kN. In the
execution of in situ testing and loading procedures, 25 kg sandbags were strategically
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employed to incrementally apply the load. At the onset of each loading stage, the precise
number of sandbags was determined in accordance with the pre-calculated load specifica-
tions. Throughout the loading phase, a lightweight engineer carefully placed the sandbags
across the floor, ensuring a uniform and stable distribution, thus mitigating any potential
adverse effects from the loading activities. The initial phase, QC, was dedicated to the
scrutiny of cracks and deflections and was executed in four progressive increments. Each
increment was calibrated at 0.5 kN/m?2, with the initial three increments maintained for a
duration of approximately 5 to 10 min and the final increment sustained for approximately
30 min; at each loading tier, deflections and crack widths were meticulously measured. A
comprehensive illustration of the loading increments is presented in Figure 3.

C(b)Level2

Figure 3. Load increments at stage QC.

The second phase, designated the BC stage, focuses on the inspection of cracks and
deflections. This phase was carried out in five increments, with each increment loading at a
determined weight of 0.6 kN/ mZ2. Consistent with the QC stage, the first four increments
were maintained for a period of approximately 5 to 10 min, whereas the ultimate increment
was held for around 30 min. During this phase, close attention was paid to any indications
of structural failure. A detailed depiction of the loading increments is provided in Figure 4.
The corresponding deflections of the mid-span of the slab in each load increment are listed
in Table 1.

(d) Level 8

Figure 4. Load increments at stage BC.

Table 1. Multi-stage loading and the corresponding deflections.

Load Stage Load Increment (kN/m?) Load in Total (kN) Mid-Span Deflection (mm)
Level 1 0.50 11.85 0.11
Level 2 0.50 23.70 0.24
Level 3 0.50 35.55 0.42
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Table 1. Cont.

Load Stage

Load Increment (kN/m?) Load in Total (kN) Mid-Span Deflection (mm)

Level 4
Level 5
Level 6
Level 7
Level 8
Level 9

0.50 47.40 0.53
0.60 61.60 0.71
0.60 75.80 091
0.60 90.00 1.11
0.60 104.25 1.39
0.65 119.60 1.64

2.4. Testing Result

Upon completion of each increment of the load in the two stages, the underside of
the slab was inspected for any signs of concrete cracking, and the CFRP was examined
for signs of tensile rupture or adhesive failure. Observations revealed that after the ninth
level of load application, the mid-span deflection of the slab increased gradually, yet no
concrete cracking, debonding, or tearing of the CFRP-strengthened slab was observed.
These experimental findings indicate that the load-bearing capacity of the two-way slab
strengthened with bonded CFRP is reliable and meets the standards for normal structural
use. However, the impact of the strengthening treatment on the ultimate strength of the
slab requires further validation through numerical simulation.

3. FE Modelling
3.1. Simulation Set-Up

In conducting an ABAQUS FE analysis of CFRP-strengthened concrete two-way slabs
with bonded CFRP, the epoxy adhesive used was shown to provide effective bonding
after surface treatment, as indicated by material property tests. Consequently, it was
assumed that the adhesion between the CFRP and the concrete was sound, with no relative
slippage occurring, and the “tie” contact was applied to simulate the bonding effect of
CFRP. Additionally, given the CFRP’s negligible thickness of only 0.167 mm in the model,
its thickness was disregarded in the calculations, treating it as a thin film closely adhering
to the underside of the two-way slab.

The concrete material was selected as a damage plasticity model [40], with the stress—
strain relationships for compression and tension modes depicted in Figure 5. To enhance
computational efficiency, the constitutive relationship for the steel material was modeled
using a bilinear ideal elastoplastic model. The CFRP was characterized by a linear elastic
criterion, with material failure occurring when the tensile stress exceeded the tensile
strength. In the FE model, the materials were defined by different values tested in a
laboratory, with the parameters listed in Table 2.

Table 2. Materials” performance in the laboratory.

Material

Grade

Sectional Dimension Elastic Modulus
(mm) Strength (MPa) SD. (MPa) (10° MPa)

Concrete
Steel
CFRP

C25
CRB600H
1-300

160.81 28.7 (compression) 3.19 0.29
6.02 527.3 (yield stress) 19.76 2.09
0.167 3512.7 (tension) 9.75 2.54

For the finite element simulation, the mesh type selection was as follows: twenty-
node quadratic reduced integration hexahedral element (C3D20R) was used for concrete
components, three-node quadratic integration three-dimensional truss element (T3D3) was
applied for CFRP-strengthened components, and eight-node reduced integration shell
element (S8R) was utilized for CFRP components. After several trial calculations, the



Buildings 2025, 15, 82

8 of 16

element dimensions for each component were approximately discretized to a range of 30 to
50 mm, ensuring a balance between accuracy and computational efficiency.

ol |
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Figure 5. Constitutive curve of the concrete-damaged plasticity model.

3.2. Boundary and Loading Conditions

To accurately simulate the structural support conditions and loading characteristics
that a two-way slab would experience under real-world service conditions, it was noted
that negative bending moments were present at the slab’s edges during the loading process.
Consequently, the boundary constraints for the slab in the simulation were modeled as
fully fixed to reflect these conditions.

Additionally, to enhance computational accuracy during the loading phase, several
measures were implemented. These included refining the mesh to improve the resolution
of the model, utilizing element types that employ quadratic interpolation functions for
a more accurate representation of material behavior. While the refinements significantly
increased the computational load, the structural form, boundary conditions, and loading
modes of the problem exhibited ideal symmetry.

Given this symmetry, this study adopted a semi-modeling optimization method for
the structure. This approach involved creating a model that represents only a portion of the
structure, leveraging the symmetry to reduce the computational domain. This simplified
modeling technique ensured that the computational results met the necessary accuracy
requirements while also achieving a reduction in computational complexity and an increase
in simulation efficiency. Figure 6 provides a visual representation of the quarter model,
with the total load applied within the model constituting a quarter of the total structural
load. During post-processing, to obtain the reaction forces from the quarter model that
correspond to the full structure, the extracted values must be multiplied by 4 to achieve the
correct scaling. The upper right portion of the figure illustrates the doubly reinforced two-
way slab structure that was included in the calculations, while the lower part demonstrates
the layout of the CFRP after symmetric restoration.
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Figure 6. Quarter model simplification of CFRP-strengthened slab in ABAQUS.

The loading process was meticulously executed by configuring ten standardized
analysis steps within the model. In the first analysis step, a uniform load was applied until
the mid-span deflection of the slab matched the initial deflection of the original two-way
slab component, simulating the initial deformation. It is noteworthy that during this step,
the interaction of the CFRP elements was temporarily deactivated until the two-way slab
reached a pre-defined downward deflection. During this phase, the CFRP elements were
not engaged in load-bearing, allowing only the CFRP-strengthened concrete two-way slab
to undergo deformation. Once the slab achieved the preset deflection, the CFRP elements
were reactivated in the subsequent analysis steps to participate in the load-bearing process
and to actualize their strengthening effect.

The remaining nine analysis steps systematically applied the test load values, as de-
tailed in Figure 7, to further evaluate the slab’s response to increasing loads and to assess
the effectiveness of CFRP-strengthened in enhancing the load-bearing capacity and struc-
tural performance of the two-way slab. This structured approach ensured a comprehensive
analysis of the slab’s behavior under simulated service conditions, providing valuable
insights into the CFRP-strengthened strategy’s efficacy.

Figure 7. Constraints and loading of computing model.

4. FE Results

During the incremental loading process, observations were recorded at each stage for
the lower surface of the slab. The deflection values from the in situ load test were recorded
by the dial gauges, and the numerical simulation results were analyzed using data that
stabilized after multiple mesh refinements. Table 3 presents a comparison of mid-span
deflection values. After subjecting the slab to nine levels of loading, no concrete cracking
or CFRP debonding failure was observed at the underside of the slab, and no load-bearing
failure was apparent. The finite element analysis (FEA) results were consistent with the test
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results, and there were no component failures due to material yielding or contact failure that
terminated the calculation. The deflection comparison data presented in the table reveal
that the calculated values closely correspond with the measured data, which underscores
the reliability and precision of the FEA method. This alignment between the numerical
predictions and the empirical observations validates the FEA as a dependable tool for
predicting the structural behavior of CFRP-strengthened concrete slabs strengthened with
CFRP under loading conditions.

Table 3. Deflection comparison of load test and FEA of two-way slab.

Load Stage Mid-Span Deflection (mm)  FEA Deflection (mm) Error

Level 1 0.11 0.15 0.36
Level 2 0.24 0.29 0.21
Level 3 0.42 0.44 0.05
Level 4 0.53 0.59 0.11
Level 5 0.71 0.78 0.10
Level 6 0.91 0.97 0.07
Level 7 1.11 1.15 0.04
Level 8 1.39 1.34 —0.04
Level 9 1.64 1.53 —0.07

Figure 8 illustrates a graded statistical analysis of the deflection of the two-way slab.
The simulated data accurately reflected the test results of the in situ experiment. The
proximity of the two curves is related to the fact that the concrete, steel reinforcement,
and CFRP materials were still in the elastic phase of loading during the testing phase.
Upon comparison of the load—-deflection curves of various models, it was observed that
the model of the two-way slab without CFRP-strengthening showed a mid-span deflection
approximately 50% greater than that of the CFRP-strengthened slab model under the same
load. Although the mid-span deflections were all below 3 mm, the strengthening effect of
the bonded CFRP was further demonstrated through a more detailed comparison.

24

Slab FEA
- -®-- CFRP slab experiment
—o— CFRP slab FEA

)
T

—
o]
T

S O = e
(o) NN S N V)

Mid-span deflection / mm

o
w

o
o

Load stage / n

Figure 8. Load—deflection curve comparison between experimental and FEA result.

Figure 9 depicts the distribution of von Mises stress within the concrete and CFRP
elements during the loading process. The stress contour plot revealed that the CFRP actively
participated in load-bearing during the experiment, effectively sharing the load with the RC
slab. The stress contour plot revealed that the CFRP actively participated in load-bearing
throughout the test, efficiently sharing the load with the RC slab. This led to a more uniform
distribution of stress across the concrete slab, with Mises stress values roughly remaining
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below 24.14 MPa. Notably, the stress values in the edge regions, which experienced a
combination of bending and shear forces, were less than 3.45 MPa. In contrast, the stress
within the CFRP was markedly higher, particularly at the anchorage zones. The surface
load applied to the upper surface of the slab was effectively transferred to the CFRP, which
served to strengthen and enhance the structural capacity of the component. The analysis
results indicated that the stress was primarily concentrated at the anchorage edges of the
CFRP and at mid-span areas where the strain was relatively high. The numerical simulation
results accurately reflected the actual stress mechanisms, demonstrating the effectiveness
of CFRP in reinforcing and strengthening the structural integrity of the slab.

S, Mises

(Avg: 75%)
+4.355e+01
+3.992e+01

+2.903e+01
+2.540e+01
+2.178e+01
+1.515e+01
+1.452e+01
+1.089%e+01
+7.262e+00
+3.633e+00
+4.834e-03

S, Mises

SNEG, (fraction = -1.0)

(Ava: 75%)
+4.568e+03

Figure 9. Stress contour plot of concrete and CFRP at loading stage Level 7.

In order to substantiate the enhancement of the load-bearing capacity of the two-way
slab attributable to the CFRP-strengthened strategy, a numerical simulation was utilized to
simulate an ultimate loading experiment. This simulation facilitated a comparative analysis
of the stress values on both the lower and upper surfaces of the slab, with a focus on the
CFRP-strengthened conditions, across the entire loading process. The objective was to
evaluate the ultimate load-bearing capability and the deformation characteristics at the
yield point of the specimens, as well as to ascertain the degree of improvement of the slabs
strengthened with CFRP. Figure 10 depicts the stress distribution within the concrete section
of the two-way slab. It is evident from the figure that in the absence of strengthening, the
slab experiences elevated stress concentrations along the 45-degree diagonals at the lower
surface, within the support boundary regions, and around the circumference of the central
area on the upper surface. These stress concentrations are indicative of areas that are prone
to cracking or crushing under load, underscoring the importance of CFRP-strengthening in
such critical structural components.

15
Ya8346-03

"
L

(a) lower surface » (b) Upper surface

Figure 10. Stress contour plots of the unstrengthened slab.
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DAMAGET

The tensile damage contour plots of the concrete in the unstrengthened slab are
depicted in Figures 11 and 12. It was observed that from the first (Level 4) to the second
(Level 9) phase, the damaged areas evolved and spread, with significant tensile failure in the
concrete at the mid-span underside of the slab and the constrained boundary areas on the
upper surface, where cracking was notably pronounced. The distribution of tensile damage
in the lower concrete surface of the unstrengthened slab, as reflected by the DAMAGET
factor, escalated from a limited area exceeding 0.75 in Figure 11a to nearly 70% of the area
with values exceeding 0.8 in Figure 11b. A similar consistent pattern is observed upon
comparison of Figure 12a,b. This observation underscores the essential and critical role
of CFRP-strengthening in preventing the propagation of cracks and potential structural
failure in these regions.

(a) Level 4 (b) Level 9

Figure 11. Concrete tensile damage contour plot of lower surface in unstrengthened slab.

DAMAGET
(av

(a) Level 4 (b) Level 9

Figure 12. Concrete tensile damage contour plot of upper surface in unstrengthened slab.

Figure 13 illustrates the steel stress distribution within the doubly reinforced slab. The
stress contour plot of the steel correlates with the stress and failure patterns observed in the
concrete of the slab. It was analyzed that in the unstrengthened slab, CFRP-strengthening
played a crucial role in bearing a portion of the load and in limiting excessive deformation
at the mid-span. The stress contour revealed that the concrete stress values were notably
higher at the 45-degree diagonals and the support boundary areas on the lower surface
of the slab, as well as within the circumferential range at the center of the upper surface,
where cracks or crushing phenomena in the concrete were likely to occur under load.

The comparison of the stress contour plots revealed that after strengthening with CFRP,
the stress levels in the concrete were significantly lower under the same loading stage,
as depicted in Figure 14. The lower surface of the strengthened slab displayed a notably
uniform distribution of stress, reaching a peak of 19.76 MPa, whereas the upper surface
experienced maximum compressive stress of 24.70 MPa, with the high-stress region notably
localized to a narrow area at the slab’s mid-span. Simulation during the ultimate load stage
indicated that the stress in the CFRP strips (as shown in Figure 15) was approximately
an order of magnitude higher than the tensile stress in the concrete. The synergistic
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action of CFRP and steel reinforcement enhanced the ultimate load-bearing capacity and
deformation capacity of the two-way slab, thereby increasing the safety margin of the
structural component. The comparison of the stress data between the strengthened and
unstrengthened slabs demonstrated the substantial enhancement in load-bearing capacity
achieved through the application of CFRP-strengthening. CFRP-strengthening not only
increased the overall strength of the slab but also helped to distribute the stress more evenly,
reducing the concentration of stress in critical areas and thereby delaying the onset of

cracking or crushing.
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Figure 14. Stress contour plot of the CFRP-strengthened slab.
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Figure 15. Stress contour plot of CFRP of the strengthened slab.
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The yielding of the component was defined by the experimental deflection reaching
1/50 of the span (approximately 120 mm). Figure 16 illustrates the load-displacement
curve of the slab component. At the yielding point of the unstrengthened two-way slab,
the load capacity was 95 kN/m?. Post-yielding, the component’s load capacity could not
increase further, and the deflection rapidly increased, leading to complete failure of the
slab. In contrast, the slab strengthened with CFRP could withstand a load of 135 kN/m?
when the deflection reached 120 mm, and the load capacity could further increase to
140~150 kN /m? after yielding. The ultimate load capacity was approximately 50% higher
than that of the unstrengthened contrast model. The comparative results indicate that
the CFRP-strengthened scheme effectively ensured an adequate level of structural safety
and security.

160

140} S R AU N S S o

Load / kN

—e— slab FEA
==#-= CFRP-slab FEA

180 240 300 360 20 280 540
Mid-span deflection / mm

Figure 16. Curve comparison of two-way slabs under ultimate loading experiment.

5. Conclusions

In this paper, an in situ test and FE simulation of the effectiveness of CFRP-
strengthening on the load-bearing performance of RC two-way slabs was conducted,
utilizing both in situ multi-stage loading experiments and nonlinear FEA. The findings are
encapsulated in the conclusions presented below:

(1) The experimental evidence has confirmed that the utilization of CFRP for the
strengthening of RC two-way slabs exhibiting an initial defect is a dependable and efficient
approach. The strengthening application of CFRP proves to be not only feasible but
also highly practical during the construction phase of strengthening. In devising CFRP
strengthening strategies, the quantity of CFRP layers and the spacing between them can
be meticulously tailored to accommodate the specific geometrical attributes and load-
bearing specifications of the component. Such customization enhances the overall efficacy
of the strengthening scheme, ensuring an optimized outcome aligned with structural
performance objectives.

(2) After effectively simplifying the structure within ABAQUS 6.13 software, the
process of CFRP and RC two-way slabs jointly sustaining loads can be accurately simulated
by appropriately configuring the finite element properties, material constitutive models,
and loading procedures. A comparison of the numerical simulation outcomes with the
in situ test results has validated the consistency between the numerical analysis and the
experimental data. The final mid-span deflection results exhibited discrepancies of —7%
between the simulated calculations and the actual measurements, thereby underscoring
the accuracy of the analytical methodology.
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(3) Numerical simulation outcomes, including stress and damage contour plots,
demonstrate a marked enhancement in the load-bearing capacity of the slab components
due to the presence of reinforcement bars and bonded CFRP layers. The slab’s underside
area, which initially exhibited tensile damage coefficients above 0.8 for concrete in over 70%
of its area, has been changed to no signs of tensile or compressive damage on either surface.
The simulation’s analytical outcomes reveal that CFRP strengthening has significantly
enhanced the slab’s structural integrity and load-bearing capacity. Additionally, the slabs
experience a more uniform distribution of stress, ably shared by the CFRP layers. Simula-
tion calculations have confirmed that the ultimate load capacity of the CFRP-strengthened
components has increased by about 50% relative to the unstrengthened component.
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