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Abstract: Hollow structures reduce weight without compromising load-bearing capacity and are
widely used. The new Glass-Fiber-Reinforced Polymer high-strength thin-walled inner mold sim-
plifies internal cavity construction and boosts structural performance. This study first investigates
the influence of a GFRP high-strength thin-walled circular tube on the cross-sectional load-carrying
capacity of hollow slabs. Then, a formula for the bending load-carrying capacity of the section under
the action of the tube is derived. The results indicate that when the height of the concrete compression
zone meets certain conditions, GFRP high-strength thin-walled circular tubes can improve the ulti-
mate load-carrying capacity of the hollow floor slabs. In order to achieve a more economical design,
the bending moment modification of a GFRP high-strength thin-walled circular tube of a continuous
slab was studied. Research has found that the bending moment modulation limit for a continuous
slab is 35.65% when it is subjected to a load of P, = 24 kN. Experimental analysis has shown that
the results are generally consistent with the calculations. In practical engineering, the application of
a GFRP high-strength thin-walled circular tube of continuous slabs has limitations. Therefore, this
study investigated a GFRP high-strength thin-walled honeycomb core slab and found that its ultimate
load-bearing capacity is greater compared to waffle slabs. In addition, the stress performance of the

GFRP high-strength thin-walled honeycomb core internal mold is superior, making it more promising
check for

updates for practical applications.
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Academic Editor: Duc-Kien Thai In the construction industry, slabs play a significant role as an essential structural
component, providing space for buildings. Solid slabs, however, are associated with
certain drawbacks, including high costs, excessive material usage, low structural efficiency,
prolonged construction periods, and environmental pollution. Consequently, hollow slabs
are increasingly being adopted as a substitute for reinforced concrete solid slabs. Typically,
slabs are designed to withstand vertical loads. Hollow slabs are designed to maximize

the efficiency of vertical components like shear walls and columns by minimizing their
weight. This is achieved by reducing the amount of steel bars required in their construction.
As a result, costs are lowered and construction time is saved [1-3]. Cement, as one of the
primary constituents of concrete, emits a substantial amount of carbon dioxide during its
This article is an open access article ~ Manufacturing process, resulting in adverse environmental effects [4,5]. Previous studies
distributed under the terms and  have demonstrated that hollow slabs [6-13], when compared to solid slabs of comparable
conditions of the Creative Commons ~ Span and strength, can reduce the amount of concrete required by approximately 35%.
Attribution (CC BY) license (https://  This reduction in concrete usage not only leads to significant cost savings but also helps
creativecommons.org/licenses/by/ ~ mitigate environmental pollution. In a study conducted by Cho et al. [14], it was observed
40/). that the production of hollow slabs generates lower CO;, emissions compared to solid
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slabs. However, it is important to consider the CO, generated during the production of
internal molds for hollow slabs as well. The drawbacks of hollow slabs are also obvious.
For traditional hollow slabs, hollow slabs can affect their bending and shear resistance
performance [15-21]. Azad et al. [22] conducted experiments to investigate the impact
of the hollow ratio on the bending and shear-bearing capacity of hollow slabs. They
found that hollow slabs can be effectively utilized in components with low-shear-resistance
requirements. Amoushahi et al. [23] conducted an experimental study on the bending and
shear-bearing capacity of hollow slabs reinforced with steel cages and wrapped in spherical
internal molds. This study revealed that solid and hollow slab specimens exhibited similar
failure modes. However, the bending and shear-bearing capacity of hollow slabs were
found to be influenced by the presence of steel cages. The shear capacity of hollow slabs
was found to be considerably lower than that of solid slabs. Additionally, the different
concrete pouring methods were observed to have no impact on the bearing capacity and
performance of hollow slabs. Valivonis et al. [24] conducted research on the stamping
strength of two-way hollow slabs, focusing on the high-risk region where slab column
connections and concentrated loads are applied. The failure of the board may be attributed
to punching. This study aims to analyze three different punching areas and to propose a
new calculation method for determining the punching capacity of hollow slabs based on
Eurocode 2 design code. Chung et al. [19] analyzed the possibility of applying a donut-
type two-way voided slab, which was investigated with a 12-point two-way bending test
focused on global behaviors. The test results showed that one donut-type two-way voided
slab acted like a conventional two-way reinforced concrete slab with the load distributed
evenly between the different directions; however, another donut-type two-way voided
slab with different characteristics showed an uneven load distribution with different crack
patterns. In a study conducted by Chung et al. [25], the bending performance of ordinary
hollow slabs was investigated. Six specimens were created and the experimental outcomes
demonstrated that the bending performance of hollow slabs, when they reached the limit
state, was comparable to that of traditional solid slabs. Additionally, it was discovered that
the current design specifications for concrete solid slabs were suitable for application to
hollow slabs.

Currently, scholars are opting for Glass-Fiber-Reinforced Polymer (GFRP) to increase
the strength of hollow internal molds and enhance the performance of hollow compo-
nents. Fiber-Reinforced Polymer (FRP) encompasses various materials such as Carbon-
Fiber-Reinforced Polymer (CFRP), Basalt-Fiber-Reinforced Polymer (BFRP), and Glass-
Fiber-Reinforced Polymer (GFRP). In general, CFRP has higher mechanical properties
and excellent fatigue resistance, corrosion resistance, and creep resistance. However, the
high price of carbon fiber and the low elongation at break are the two main pain points in
engineering application. In contrast, GFRP and BFRP composites have abundant material
sources, mature preparation technology, reasonable price, and high elongation at break,
which make its application in engineering more acceptable. On the other hand, the resin
matrix, an essential component of B/GFRP, will react with free OH- ions in an alkaline
environment and hydrolyze, thus accelerating the water molecules in the solution in enter-
ing the matrix through osmosis and damaging the interface bonding system between the
fiber and the matrix, which also needs to be considered in engineering application [26-29].
GFRP is employed in the reinforcement of hollow slabs to enhance their bending and shear
properties. This material surpasses earlier materials in terms of strength, stiffness, and
corrosion resistance, and additionally offers the advantages of being lightweight, being
easy to install on site, and possessing long-term durability. The application of FRP materials
in the civil engineering industry is relatively slow. Many scholars are striving for it, such as
Nguyen et al. [30] who conducted failure mold tests on hollow slabs made of FRP material.
The results show that FRP material improves the shear resistance of hollow slabs and can
withstand greater loads than ordinary hollow slabs. Chung et al. [31] investigated the
flexural strength, stiffness, and deflection of donut-type voided slabs using the void shape
and void shaper fixing method as variables. The test results showed that the bending
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strength of the donut-type void plate was equivalent to 98% and 105% of that of the solid
RC specimens and that the donut-type void plate specimens had sufficient bending duc-
tility. The stiffness was increased by 7% compared to the non-donut-shaped hollow-core
panels. Kang et al. [15] analyzed the shear behavior of biaxial hollow slabs using nonlinear
FEM according to various design parameters such as concrete strength, reinforcement
ratio, the diameter and spacing of void spheres, and the shear-span-to-depth ratio. Tynski
et al. [32] conducted a study to investigate the suitability of hollow structures made from
Glass-Fiber-Reinforced Polymer (GFRP) for bridge decks. In their experimental setup, they
produced a total of 18 specimens and assessed the impact of incorporating GFRP material
on the stiffness of concrete. The results demonstrated that the addition of GFRP resulted in
an increase in concrete stiffness ranging from 62% to 78%. These findings present promising
prospects for the application of GFRP in bridge deck construction. Al-Fakher et al. [33]
studied a composite reinforcement system (CRS) to improve the connection performance
between GFRP materials and concrete, and the results showed that the bearing capacity
and initial stiffness of GFRP circular tubular internal mold hollow slabs under this system
were increased by 112% and 24%, respectively. Wu et al. [34] found that increasing the
length of the first and second layers of FRP reinforcement zones from 300 mm to 450 mm
had almost no effect on the shear strength of medium- and low-prestressed hollow slabs.
However, extending the reinforcement area to 600 mm significantly increased the shear
strength by 26-45%.

As a new type of non-core-forming perforating component, the application of GFRP
high-strength thin-walled inner molds simplifies the construction process of hollow struc-
tures while potentially participating in structural load bearing. This article focuses on
the impact of GFRP high-strength thin-walled inner molds on the load-bearing perfor-
mance of structures. Initially, the load-bearing capacity of hollow slabs that considers the
participation of GFRP high-strength thin-walled inner molds in load bearing is analyzed.
Based on this, the bending moment adjustment performance of continuous hollow slabs
with GFRP high-strength thin-walled inner molds is further studied. Lastly, this study
extends to the floor slabs in actual engineering projects, examining the similarities and
differences in the load-bearing performance between GFRP high-strength thin-walled
inner-mold hollow floor slabs and similar dense ribbed floor slabs. The research results will
provide a theoretical basis for the design and application of GFRP high-strength thin-walled
inner molds.

2. Specimen Preparation and Experimental Test Methods
2.1. Experiments of GERP on the Bearing Capacity and Moment Modification Limitation of Hollow
Continuous Slab Sections

The load-bearing performance of structures can be influenced by the use of GFRP
high-strength thin-walled internal molds, due to their own strength and stiffness. In this
study, the cross-sectional bearing capacity of GFRP high-strength thin-walled circular
hollow slabs was determined through experimental testing. The actual stress state of GFRP
internal molds was considered in calculating and analyzing the cross-sectional bearing
capacity. The experimental results were used to analyze and discuss the issue of bending
moment modification.

(1) Experiments of GFRP on the Bearing Capacity of Hollow Continuous slab Sections

This article conducted static load tests on four double-span circular hollow continuous
slabs. The calculated span of the specimen was 3200 mm, the slab thickness was 160 mm,
the height-to-span ratio was h/1 = 1/20, and the slab width was 600 mm. There were 48
GFRP high-strength thin-walled pipes (with a length of 470 mm, a diameter of 100 mm,
and a wall thickness of 5 mm), with a hollow ratio of 28%. The detailed arrangement is
shown in Figure 1. Four continuous slabs were used with different amounts of negative
and positive bending moment reinforcements, as shown in Table 1. The loading method of
the experiment involved symmetrically applying a concentrated load on each mid-span.
The bending moments of the intermediate support section and the mid-span section under
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different load levels can be calculated by using the measured reaction forces and load
values at the intermediate support. By varying the ratio of the negative bending moment to
the positive bending moment around 24 kN, various values for the amplitude modulation
of the bending moment can be obtained.
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Figure 1. Construction of the continuous slab.
Table 1. Basic parameters of test pieces.
Specimen Number JLB-1 JLB-2 JLB-3 JLB-4
Negative 598 208 + 406 598 298 + 396
Positive 398 +2¢p10 698 508 + 16 398 +2¢10
AMF 19.3% 25.3% 16.5% 30.7%

Four continuous slabs were used with different amounts of negative and positive
bending moment reinforcements, as shown in Table 1. In Table 1, Negative refers to a nega-
tive moment longitudinal reinforcement, Positive refers to a positive moment longitudinal
reinforcement, and AMF refers to the amplitude modulation factor.

(2) Experiments of GFRP on the Moment Modification Limitation of Hollow Continuous
slab Sections

In order to further make the use of GFRP circular tubular hollow slabs more economic
and effective in engineering structures, the situation of its bending moment modification
was studied and analyzed in this article.

The test was performed by graded loading with jacks, and a concentrated load was
applied in the middle of each span (Figures 2 and 3). After each load stabilization, the
middle support reaction force, steel and concrete strain, middle support section corner
and crack, and deflection were measured. In the test, in order to measure the length of
the plastic hinge zone when a plastic hinge is formed in the center support section, the
outer reinforcement patch method was used, i.e., the outer surface of the reinforcement
was polished and pasted with reinforcement strain gauges along the longitudinal direction
in the longer range on both sides of the center support section, and then coated with an
epoxy resin to protect it (Figure 4).

steel beam
- distribution beam
<— jack
| =
| iy T heel |
™ I—steel pad
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Figure 2. Loading system.
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Figure 3. Loading system of the continuous hinge.

Figure 4. Strain gauge of steel in plastic slab.

2.2. Experiments on the Force Performance of GFRP High-Strength Thin-Walled Internal Mold
Honeycomb Core Slab

In addition to GFRP circular tubular hollow internal mold slabs, there is also a GFRP
honeycomb core slab. There is relatively little research on this structural system both
domestically and internationally. Based on this situation, experimental comparative studies
have been conducted on honeycomb core slabs and waffle slabs.

(1) Test purpose and test piece production

The internal force, deformation, cracks, strain distribution of concrete and reinforce-
ment, and damage morphology of the slab were measured by testing the honeycomb core
slab under various levels of loading. The contribution of the core mold to the stiffness of
the honeycomb core slab and its impact on the basic mechanical properties of the honey-
comb core were studied by comparing the honeycomb core slab with the waffle slab; the
bonding performance of the honeycomb core internal mold with concrete during loading
was studied.

The plane size of the honeycomb core slab was 4250 x 4250, the size of honeycomb
core internal molds was 350 x 350 x 130, the thickness of the internal mold base plate was
15 mm, the other wall thickness was 7 mm, the width of the cast-in-place concrete rib of
slab was 50 mm, the hollow rate was 42%, and the four-sided solid support was adopted.
The mold was made indoors, cast-in-place with C25 commercial concrete, and naturally
maintained indoors for 28 d.

The design load value of the honeycomb core slab was 6.87 kN/m?, and the two-way
slab with four sides embedded was designed with reinforcement according to the current
code. The structure and geometry of the honeycomb core slab are shown in Figure 5, the
reinforcement is shown in Figure 6, and the photo before casting is shown in Figure 7.
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Figure 5. Plan and section of honeycomb core slab and waffle slab.
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Figure 6. Transverse reinforcement diagram of ribs and beams.
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Figure 7. Longitudinal reinforcement diagram of ribs.

The dimensions, support conditions, concrete strength grade, and reinforcement of
the test waffle slab were the same as those of the honeycomb core slab. Meanwhile, in
order to make the internal structure of the waffle slab the same as that of the honeycomb
core slab, the internal foam (350 x 350 x 130) with the same size as the internal mold of
the honeycomb core was used as the filling block of the waffle slab. The structure and
geometry of the waffle slab are shown in Figure 5.

(2) Test method

The test is a destructive static test in which a uniform load is applied to the test slab in
a graded manner. The experimental device and loading method are shown in Figures 8
and 9. Steel strain gauges were set in the middle and span end of each concrete rib of the
slab, and concrete strain gauges were pasted at the center, 1/4 span, and 1/8 span of the
concrete on the surface of the slab to record the strain condition at the key points of the
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slab. A percentage meter was set at the center and 1/4 span of the slab to measure its
deformation. In order to measure the real deformation value of the slab, a percentage meter
was also set at the center of the wall to measure the settlement of the foundation and the
compression of the wall as the settlement value of the support of the slab. The test loading
was divided into 11 levels (Table 2), the load was held for 10-20 min after each level of
loading, after the deformation of the slab and the crack stabilization, and then the crack
development was observed and the deflection and strain values of each measurement point
were read.

Figure 9. Loading of honeycomb core slab.

Table 2. Slab loading classification table (kN/m?).

Level

1 2 3 4 5 6 7 8 9 10 11

Current level load
Accumulated load

2.34 4.16 4.16 4.16 4.16 3.05 3.05 3.05 244 244 2.34
2.34 6.51 10.68 1485 19.01 22.06 2511 2816 3059 33.03 3537

3. Theoretical Analysis
3.1. Analysis of Section Flexural-Load-Bearing Capacity of GFRP Circular Tubular Hollow Slab

The measured failure load and control section internal force values under the failure
load of each continuous slab are shown in Table 3.

Table 3. Theoretical values and measured values of normal section bearing capacity.

Specimen Number P; Mbu ]\/I'lu My, My,
JLB-1 245 13.655 14.647 9.240 11.478
JLB-2 24.65 13.391 14.899 8.531 11.074
JLB-3 23.75 13.751 14.005 9.24 10.522
JLB-4 23.65 11.734 14.835 7.435 11.478

Note: (1) The unit of force is kN, the unit of bending moment is kN-m. (2) P, is the measured value of the
failure load; Mj,, is the measured value of the ultimate bending moment of the middle support section; Mj,, is the
measured ultimate bending moment in the span section. My, and My, are the corresponding theoretical values.

In Table 3, the theoretical values of the flexural bearing capacity of the mid-support
section and mid-span section are calculated based on the cross-section of ordinary rein-
forced concrete hollow slabs. From the table, it can be observed that the measured ultimate
bending moment values of the cross-section exceed the theoretical values calculated for
ordinary reinforced concrete hollow slabs. This suggests that GFRP pipes may contribute to
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the structural stress and enhance the cross-section’s bearing capacity. According to relevant
experimental research [35], GFRP pipes have a tensile strength of up to 42 MPa, which is
much greater than the tensile strength of concrete. Therefore, the influence of GFRP pipes
is not considered in the calculation, which will differ from the actual situation.

(1) Basic assumptions for calculation

(1) Plane section assumption.

(2) Neglect of the effect of concrete in the tensile zone.
(3) Materials’ constitutive relationships are as below.

(1) The stress—strain relationship of concrete under compression. The typical
stress—strain curve of concrete used for section strength calculation in the
European Concrete Association’s standard specification (CEB-FIP Molds Code)
(Figure 10) is taken.

(i)  The stress—strain curve of the steel reinforcement adopts a simplified ideal
elastic—plastic stress—strain relationship (Figure 11).

(iii)  The tensile stress—strain relationship of pipes. This study conducted ten-
sile tests on sliced pipe strips [36,37], using the stress—strain relationship
of the pipe provided by it (Figure 12), where the ultimate tensile strength
ft =42 MPa, ke = 0.002, ultimate tensile strain e, = 0.006, and elastic modulus
E¢ =2 x 10* Mpa.

(2) Stress Analysis and Bearing Capacity Calculation of GFRP Pipe Section (Case I)

c=c,[2(c/8,)—(e/€,)]

u

g, =0002 ¢

€

Figure 10. Stress—strain curve of concrete.

I
|
|
N €

Figure 11. Stress—strain curve of steel.

Figure 12. Stress—strain curve of pipe.

Figure 13a shows a section of a hollow slab with a GFRP tube placed in the center. This
study analyzes a more general case where the stress state of the GFRP tube cross-section is
divided into three parts: one part was cracked and stopped functioning, one part of the
stress remains unchanged at the ultimate strength, and another part of the stress changes
linearly along the height of the section (this situation is referred to as Case I in this article).
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Figure 13. Stress analysis of the slab section.

According to the assumption of a flat section, the strain distribution on the slab section
during failure is shown in Figure 13b. The stress distribution on the section of the GFRP
pipe can be obtained from the stress—strain relationship of the tube, as shown in Figure 13c.
The Cy section of the thin-walled tube ruptured due to the strain exceeding its ultimate
tensile strain, the stress in the C; section remained at its ultimate tensile strength f;, and
the stress in the C; section was distributed linearly along the height of the section.

Establishing a coordinate system as shown in Figure 13a, and calculating the strain at
any height of the C; section of the tube ¢, the corresponding relationship of coordinate y
corresponding to this height is

h
e=(5 %ty M
Stress—strain relationship of pipes:

ot(e) = Ese 2)

From the above two formulas, the relationship between the wall stress o; of part C;,
and the section height i can be obtained:

ily) = Ei(h — xe )5 ©
Xc

The calculation formula of the slab section bearing capacity is shown in Figure 13d.
If the sum of horizontal internal forces on the section is zero, then T + P + C = 0. T is the
combined tensile stress of reinforcement, C is the combined compressive stress of concrete,
and P is the combined stress of the pipe wall. As shown in Figure 14, if the microsection d,
is taken in the horizontal direction, the resultant stress P of the pipe wall of C; and C, parts
can be obtained by integration as

yi2 yi2 ytl
P= 2\/R2 — y2d f/ 2\/R2 — y2d / 2/R2 - 2d} 4
n( i vy = |, y y) +n[ ) y*dy )
yt2 yt2 ytl
— . 2 4,2 _ . 2 _ 4,2 . 2 _ 4,2
Rabx = RgAg+n< [ 2R iy /yﬂ fi2JR2 —y dy> —i—n{/K o1 (y)24/R2 — y dy] 5)

where the integral limits y;; and yy, are functions of the height of the equivalent concrete
pressured region (the calculation process can be derived from Figure 13b).

€0 X h X

Y = ., 08095 2 ' 0.8095 ©)
_Etw X ko x
Y = e 08095 2 ' 0.8095 )
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Figure 14. Selection of integral micro-segment of pipe.

The moment is taken at the point of action of the resultant forces on the concrete
compression zone.

)+ n[ i 2Rty (4= 5 4y) - 12 o2V RE= (4= 5 +0))

(®)

[ [ or(y) 2R =y (5 = 5 +y) = ["h ory)2V/R7 = y2dy- (4 = 5 +y)]

where M, is the ultimate flexural load capacity of the slab section; # is the number of thin-
walled tubes; —, R,, Ag are the tensile strength of reinforcing steel, the axial-compressive
strength of concrete, and the area of reinforcing steel; iy and h are the effective height
of a cross-section and the actual height of a cross-section; x is the height of the concrete-
equivalent pressure zone; actual pressure zone height x. = x/0.8095; R is the outer and
inner radius of thin-walled tubes; f; and E; are the ultimate tensile strength of the pipe and
modulus of elasticity of the pipe; 03(y) is the stress distribution function of the C, part of
the thin-walled tube, calculated by Equation (3); the ultimate compressive strain of concrete
can be taken as 0.003 according to the specification; g is the strain at which the tube just
reaches its tensile ultimate strength, which is 0.002; and &4, is the ultimate tensile strain of
the tube, which is 0.006.

Equations (4) and (8) are the basic formulas for calculating the cross-sectional bearing
capacity of GFRP circular hollow slabs. Firstly, the height x of the equivalent compression
zone of concrete is solved from Equation (4), and then the flexural bearing capacity of
the section is found by substituting into Equation (8). Since the role of GFRP pipes is
considered, the solution process is quite complicated and difficult to solve for the height x of
the concrete-equivalent pressure zone, so the only way to calculate the bearing capacity of
the cross-section by Equations (4) and (8) is to use numerical analysis. The conditions for
the application of the above formula are discussed below. Based on the above calculation
process, it is known that the integration limits y;; and y;, should satisfy the following
conditions:

—R'<yn <R )

—R' <yp <R (10)

Bringing Equations (6) and (7) into Equations (9) and (10), respectively:

0.8095¢cy (ot | h 08095, (R 4
e0t+Eecu ( R + ) < X < eot+ecu (R 2)

%<—R’+ ) < x < 0809%5eq, (R+ ) (11)

Erutecu EtutEcu

(3) Stress Analysis and Bearing Capacity Calculation of GFRP Pipe Section (Case II)

When the height x of the concrete pressure zone is relatively small, it will produce a
situation where the stress condition of the GFRP pipe section is divided into only two parts:
one part was cracked and stopped functioning, and the stress of the other part fully reached
the ultimate strength. As shown in Figure 15, the Cy part of the thin-walled tube cracked
and stopped functioning, and the stress in the C; part was maintained at its ultimate tensile
strength f; (this case is referred to as Case Il in this paper).
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Figure 15. Stress analysis of the slab section.

The integral micro-segment can still be selected according to Figure 14, and the
combined stress P at the pipe wall in part C; is obtained by integration as

Y Yi2
p— 2./R2 — 24 —/ 2./R? - 2d> 12
n< L yrdy = | S y*dy (12)

Since T + P + C = 0, it follows that

Y2 Y2
_ . 2 .2 _ . 2 a2
Rubx = n(/R Fr24/R2 — 24y LR,ft 2,/R2 —y dy> (13)

where the integral limit y; is

[ x h X

_ e N _ 14
Y2 = 08095 2 T 0.8095 (14)

Then, take the moment at the point of action of the combined force C on the concrete
in the pressure zone:

X Yi2 h x Ye2 h x
M, = RyAg(ho— 3 ) +n U_R fr2y/R2 —yzdy-(z -3 +y) - /_R,ft-21/R’2 —y2dy-(2 -3 +y>} (15)

Firstly, the concrete-equivalent compression zone height x is solved by Formula (13),
and then the section flexural bearing capacity is found by substituting into Formula (15). In
the case discussed in this section, the conditions of application of the basic formula are

—R' <yp <R (16)
0.8095¢ h)
x<———| R+ 2 17
g0+ Ecu ( * 2 (17)
Combining the two equations yields

0.8095¢, / h) 0.8095¢, ( h)
— | R+ )| <x<—( R+ 18
€+ €cu ( +2 T T gt éc +2 (18)

Equation (18) for the thin-walled tube cross-sectional force conditions only produce
two different parts (case II), and the height of the concrete pressure zone x should be
satisfied by the preconditions.

If the actual height of the pressure zone is less than the value of the left side of
Equation (18), then the solution using Equation (13) is no real solution; the actual situation
is where the entire thin-walled tube section has been completely cracked and has stopped
functioning. If the actual height of the pressure zone is greater than the value on the
right side of Equation (18), then the solution from Equation (13) is incorrect and should be
calculated according to the situation in case I.

Finally, a question needs to be solved. When the reinforcement area is large (such as
Ag =370 mmz), there are answers using the formulas for both case I and case II. For case I,
substituting the relevant parameters into Equation (11) yields 15.5 < x < 40.2. For case Il,
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substituting the relevant parameters into Equation (18) yields 8.95 < x < 40.2. From the
above two inequalities, it can be seen in the 15.5 < x < 40.2 part that they are overlapping,
so when the reinforcement area is large, case I and case II of the bearing capacity calculation
have solutions.

According to the above, the height of the concrete pressure zone in case I is larger than
the height of the concrete pressure zone in case II. The reinforcement rate is the main factor
affecting the height of the concrete pressure zone. There should exist a critical reinforcement
area, which should be calculated according to Case I when the reinforcement amount is
lower, and according to Case II, when the reinforcement amount is greater. This critical
reinforcement area can be calculated by the program. The critical reinforcement area at this

point can be calculated to be 360 mm?.

3.2. GFRP Hollow-Continuous-Slab Bending Moment Modification Limit Analysis
(1) Ultimate plastic rotation capacity of the middle support section

In the experiments, the middle support section of each continuous slab has sufficient
rotational force after the formation of a plastic hinge to make the structure reach the
complete internal force redistribution. When the structure reaches the ultimate load damage,
the plastic hinge of the middle support section still has the remaining rotational capacity,
which has not been fully exerted, so only the ultimate rotational capacity [6,] of the plate
section is theoretically calculated.

The ultimate plastic rotation capacity [6,] of the cross-section can be calculated by the
following formula:

6] = [ gux = (9= 941y (19)

where ¢; is the plastic curvature distribution function of the component; ¢, is the sec-
tion curvature when the cross-sectional bending moment —, reaches its ultimate bending
moment; ¢y is the cross-sectional curvature at the start of yielding of the tensile rein-
forcement; and [, is the length of the plastic hinge zone for the Sakashino formula [38]:

R
I, = 2(1 - o.5ny<§)h0.
According to the assumption of the flat section, the ultimate curvature ¢, and yield
curvature ¢, of the member are found and substituted into Equation (19) to obtain

_ _ _ | e Egy _
[0p] = (¢u —@y)lp = L’cho (1@)%1 Ip (20)

where ¢, is the ultimate compressive strain of concrete and, according to the specification,
is taken as a constant value of 0.003 [39]; ¢, is the height factor of the concrete pressure
zone at the time of cross-sectional damage; ¢y is the strain at initial yield of the tensile
reinforcement, which can be approximated as egy = Rq/Eg; and ¢y, is the height factor of
the relative compression zone at the initial yield of the tensile reinforcement and can be
calculated according to the following formula [40]:

Gy = \/[ﬂ/(" — )l 42 (L= ng) (1= 1)) = [ (= 1) +mp] - @D)

Eq . . . . . .
where n = £ is the ratio of the reinforcing steel spring form to concrete spring form, and
11g is the cross-sectional internal force arm factor. When compressive reinforcement is not
considered, Equation (21) simplifies to

8y = \/n?u* + 2np — np (22)

(2) The plastic angle required for bending moment modification
1.  Experimental measurement results
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The experiment used the CQJ-RS-51 multifunctional electronic digital display incli-
nometer to measure the rotation of the center support section. This study is concerned
with the plastic corner, and the measured values include the elastic part of the corner, so
the elastic corner needs to be deducted. The following approach is used to find 6,: based
on the measured deflection f;,4 of the 1/4 span section near the middle support under
yielding load, the angle of rotation 6, is found from the geometric relationship (Figure 16).

fiza (23)

0, = 2arctan 300

— ] =L

Figure 16. Elastic corner calculation.

In fact, the result calculated by Equation (23) is on the small side, because the curvature
of the elastic phase member is very small, and the calculation error is also very small
and fully satisfies the accuracy requirement. After finding 6., the plastic rotation angle
0p = OMeasure — B can be found, and the results are shown in Table 4.

Table 4. Theoretical values and measured values of plastic turn angle required by moment modification.

Specimen Number JLB-1 JLB-2 JLB-3 JLB-4
Measured corner 26.0/ 36.6' 19.4/ 42.3
Calculate corner 25.6' 30.5' 21.1 49’

Error 1.5% 16.7% 8.8% 15.8%

2. Theoretical calculation of the plastic angle required for bending moment modification

In this test, the two-span continuous slab was stressed in a manner (Figure 17) where
the plastic hinge appears first in the mid-support section. The energy method was used to
find the plastic hinge angle required for bending moment modification.

q
IR NN
A@; R e

Figure 17. Moment induced by P, My, and 4.

Considering the effects of external load P, external force couple My, and self-weight
g, the resulting bending moment diagram is shown in Figure 17. In the figure, Mp is the
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21

bending moment at any point of the continuous plate under the action of P,, X is the
bending moment at any point when My, =1, and M, is the bending moment at any point
of the continuous slab under the action of the self-weight 4. Define the bending moment of
the lower part of the slab under tension as positive. At this point, the bending moment at
any point in the slab can be expressed as M = Mp + XMy, + M;.

Assuming that the member between the plastic hinge and the side support works in
elasticity, the elastic strain in the slab can be

28 (Mp + XM, + M,)?
U= / / (Mp + XMy, + My)” ) (24)
eI =

2E1

where dx is the length micro-segment of the member. Find the frictionless hinge turning
angle caused by the elastic deformation of the member between the middle support hinge
and the side support. The load corresponding to this frictionless hinge angle is the external
force couple My, so the angle can be obtained as

o
P oMy,

(25)

where the negative sign in front of 6, indicates that the direction of rotation of the hinge is
opposite to the direction of action of the force couple Mjy,. Expanding Equation (24) yields

M2 21 M 2 MpM, 2 MpX 2 M, X
_ MpMyg 2
u=J T 0 ZEI +/ T /o El dx+M””/o El dx+Mb”/o Er 4 (29

According to Equation (25), the partial derivative of My, for Equation (26) is obtained.

ou Mpx
My, ax + M"”/ El X / El (27)

Integrating Equation (27), the frictionless hinge angle caused by the elastic deformation
of the member between the middle support hinge and the side support is

2
9;7 l (Pu + ql 2Mbu> (28)

_Qp

EI\ 8 12 3

Equation (28) is the calculation of the plastic angle required for amplitude adjustment.
3. Meet the load-bearing capacity requirements of the bending moment modification limit

Combined with the tests performed, it is clear that the problem to be solved is as
follows: the cross-sectional form and span diameter of the two-span continuous slab are
known, the material properties of the reinforcement and concrete are used, and given the
external load P,, the value of the bending moment modification [f] that can withstand P,
is solved.

Under the bending moment modification j, the bearing capacity of the middle support

section My, is

3

Substituting the above equation into Equation (28):

I (P g2 2M,,\ P2 gl
P E1<8+12 3 _8E1ﬁ+12EI

(29)
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ﬁ=[ﬁ]=<

In the case where the plastic rotation of the middle support section is fully utilized, the
plastic angle of the section required to complete the modification is equal to the plastic angle
of the section that can be provided by the section 6, = [6,], so from Equations (29) and (30):

p,I? ql3 [ Ecu Egy

sETP T T2E1 = |G (1 é‘y)ho] Iy (30)

Substituting the Sakashino formula into Equation (30), we can show that

g [ 0:80%¢q, E <2_ng) S8EI  2g1
ﬂ% 1—\/u2n?+2un + un R, ) P2 3P,

(31)

According to the bending moment—curvature curve of the circular tubular hollow slab
section that can be adopted as the principal structure molds of the bifurcation line [41], the
bending stiffness EI in the above equation can be approximated as

_ Mbu
Py

Substituting this into Equation (37) shows that

EI

(32)

R
g
MR,

P12

0.8095¢c, 1 — /§2n? + 2un + pun Ry 8ho Rebhop 241
L —1)(2—;4 g> Rgbhoy<h0— s ) = @

® R 2R,b] ) 3P,
where b is the equivalent T-section rib width of the plate section, b; is the calculated
width of the equivalent T-section flange plate, and y is the reinforcement rate of the center
support section.

In order to find the reinforcement ratio y for the middle support section, the following
B will be transformed into an expression for .

The elastic bending moment M, of the middle support section considering the self-
weight is

gl> 3
M, = —+ —PJ! 34
e (34

Substituting Equation (34) into the defining equation of the bending moment modifi-
cation factor gives
M, _ Mpy

~ 357 .10 (35)
Pl + g1

According to the plastic limit analysis method, the relationship between the ultimate
bearing capacity of the two-span continuous slab and the section bearing capacity of the

control section is found as
_ 2Mp, +4My, B gl

P s
(1 ] 5 (36)
where My, is the bearing capacity of the span section.
Substituting Equation (36) into Equation (35):
M
B=1- bu (37)

%Mlm + %Mlu — 3171712

the term %ql2 affected by self-weight is very small, and for the convenience of calculation,

it is ignored. Meanwhile, let k = AA;II; L so the above equation can be expressed as

_6k—5

P= 374k (38)
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Denote B as k:
5438
k= ——"1 (39)
6(1—p)
And then substitute Equation (39) into Equation (36):
16 My, gl
Pyj=— ""~—-L 4
“TBl1-8) 2 (40)
Solving for B from the above equation yields
16M
p=1-——t (41)
31(P+9)
Substituting Formula (41) into Formula (33):
: 16Rgbhojt (hof Rﬁﬁ’:fz" )
J— il 1
31(Put%) (42)

. o 1=\/12n2 2+ Rg\ 8k
_ (080%& p "Rg prTER 1) (2 - yﬁ)ﬁfz'Rgbhoﬂ (ho -

g
MR, Eg

Rebhop\ _ 291
2Rb, ) 3D

The final result of the above algorithm programmed by computer iterative solution
when taking P, = 24 kN is that the bending moment amplitude limit [B] for the continuous

plate to meet the bearing capacity requirement is 35.65%.

3.3. Comparative Analysis of Theoretical Calculation of Honeycomb Core Slab and Waffle Slab

According to the principle of equivalent bending stiffness, the honeycomb core slab
and walffle slab can be equivalent to orthotropic plates, and the internal force and deforma-

tion of the floor can be solved by using elastic plate theory.

(1) Stiffness equivalence

For the honeycomb core slab, the cross-section is a multi-chamber structure with
denser beam ribs, while the waffle slab cross-section is in the form of multiple T-beam ribs,

as shown in Figures 18 and 19.

Figure 19. Honeycomb core slab.
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The equivalent stiffness of the waffle slab is
El, El, uER? ER® E Jx Ty
Dy=—;Dy=—=D1 = ————;Dyy = =+= 4
T G T R Y T ) 8t \a b 43)

Jx and ], are the torsional moments of inertia of the beam ribs.
The equivalent stiffness of the honeycomb core slab is

EIL EI, EA?
Dy=—7;Dy,=—>;D1 =uy/DyDy; Dyy = ———— 44
TG L=# ey 2(1+y)w2% (44

where I and I, are the moments of inertia of the entire section to the neutral axis; C;
and C; are the spacing of the beam ribs; A = dw is the area enclosed by the perimeter
median; 4 is the distance from the centerline of the wing plate; w is the distance from the
centerline of the outer web; and d—f is the ratio of the perimeter length to the thickness of
the constituent section.

(2) Solution of internal force of slab

The calculation coordinate system is chosen as shown in Figure 5. After equating the
slab to an orthogonal anisotropic plate, the deflection and bending moment can be obtained
by using elastic thin plate theory. To obtain the internal force of the beam rib before the
original equivalence, the bending moment of the plate in the vicinity of the beam rib can be
integrated, and the integrated value is the bending moment assumed by the beam. Then,
the bending moment of the beam rib in the honeycomb core slab is

—  qyt? et
Mi= [ My, My = [ 7 Mydx (45)
b

°
2 =7

The bending moments of the beam ribs in the waffle slab are

oy et
v Jx-TL

_%
pl

where M, and M, are the bending moments per unit width; M, and M, are the actual
bending moments in the beam; and ¢ is the weight factor of the bending stiffness provided
by the ribs of the waffle slab beam to the total bending stiffness in that direction.

4. Experimental Results and Discussion
4.1. Theoretical Moment Modification Values and Measured Moment Modification Values of Each
Continuous Slab

In the test, the four test continuous slabs achieved complete internal force redistribu-
tion under the amplitude of 16.5~30.7%, so the theoretical calculated maximum bending
moment modification value of 35.65% (slightly higher than the test maximum bending
moment modification value of 30.7%) should be credible. Table 5 shows the results of the
experimental data and theoretical calculations.

Table 5. Theoretical moment modification values and measured moment modification values of each
continuous slab.

Test Piece Number JLB-1 JLB-2 JLB-3 JLB-4
Test damage load (kN) 24.5 24.65 23.75 23.65
Test amplitude adjustment value 19.3% 25.3% 16.5% 30.7%

The calculation results show that under the loading method studied in this paper,
the continuous plate has a bending moment modification limit of 35.65% for a given
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load P, =24 kN, which is credible when combined with the calculation results of the
experimental analysis.

4.2. Experimental Phenomena and Analysis of Honeycomb Core Slab and Waffle Slab
(1) Comparative analysis of cracks in honeycomb core slab and waffle slab

Cracks first appear in the middle of both the honeycomb core and waffle slab bottom
surfaces, and as the load increases, the cracks develop along the diagonal toward the
four corner points. The cracks at the top of the slab are basically parallel to the wall
midline except for the cracks near the corner points which are basically perpendicular
to the diagonal direction, and this crack pattern is similar to the damage pattern of the
four-sided fixed two-way solid slab.

At the same time, these two types of slabs have their own unique characteristics. The
first appearance of cracks in the waffle slab is usually in the transverse direction, while
for the honeycomb core slab, diagonal cracks are typically observed. This is because the
honeycomb core links the ribs in both directions, altering the load transmission mechanism
of the slab. In comparison, the T-shaped ribs in a waffle slab are replaced with box-shaped
ribs in a honeycomb core slab. This increases the stiffness and reduces deformation,
thus delaying the occurrence and progression of cracks. Figures 20 and 21 illustrate the
distribution of cracks when the honeycomb core cover and the waffle slab are damaged.

(a) Board bottom (b) Board Top

Figure 20. Crack distribution when the honeycomb core slab is damaged.

=

(a) Board bottom (b) Board Top

Figure 21. Distribution of cracks during damage of waffle slab.

For honeycomb core slabs, cracks first appear at the junction of the core mold and ribs
under the fifth level of load. Under the sixth level of load, cracks appear along the diagonal
direction of the plate at the nodes of the ribs, and the width of these cracks is larger than
that at the junction. This indicates that there is relative slip between the honeycomb core
mold and the surrounding concrete. However, since the cracking load is relatively large,
it suggests that there is good bonding between the honeycomb core and the ribs. After
the experimental component is demolished, it is also observed that there is good adhesion
between the core mold and the surrounding concrete.

The failure mechanisms of both the four-sided fixed-supported bi-directional waffle
slab and the four-sided fixed-supported honeycomb core slab are similar to those of the
four-sided fixed-supported bi-directional slabs, i.e., the plastic hinge lines are distributed at
45° along the four corner points. Both the regular service stage and failure stage, as well as
the floors, are mainly controlled by the width of cracks.

(2) Comparative analysis of the deformation of honeycomb core slab and waffle slab

The load-deflection curves of the honeycomb core slab and waffle slab are shown in
Figure 22. Compared with the waffle slab, the honeycomb core slab has a higher stiffness
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and a smaller deflection. In the elastic phase, the mid-span deflection of the honeycomb
core slab is only about 35% of that of the waffle slab.

40
35 >
P
30 L
o5 AN
B 5 0 4
32
- 15 / —e— Honeycomb core floor center
—s—Quarter span of honeycomb floor
10 //// —a—Center of ribber floor
5 x —»— Quarter span of ribber floor
0 | | | L )
0 5 10 15 20 25
Deflection f

Figure 22. Load-deflection curve of honeycomb core slab and waffle slab.

The mechanical characteristics of honeycomb core slabs are similar to those of bidirec-
tional solid slabs. So the midpoint deflection of the honeycomb core slab is

leqkl4

D (47)

w =

where a is the solid slab elastic parameter of the deflection coefficient, for a uniform load
under the action of a four-sided rigid fixed two-way floor, taking the value of the case in
Table 6; gy is the unit area of the plate under constant load and live load with a standard
value of the sum; [ is the span of the cover, taking the smaller values of Iy and [y; and D is
the unit width of the cover-equivalent cross-sectional stiffness.

Table 6. Deflection coefficient of four-sided rigid fixed bi-directional floor under uniform load.

L/l

0.50

0.55

0.60 0.65 0.70 0.75 0.80 0.85 0.90 0.95 1.0

af(1073)

2.54

2.46

2.37 225 2.08 1.96 1.82 1.67 1.52 1.39 1.26

According to Equation (47), the deflection of the slab center can be calculated under
various levels of load. The stiffness under the first level of load is considered as reference
value 1 to calculate the relative stiffness under different levels of load. From the curve in
Figure 23, it can be seen that the stiffness of the honeycomb core slab changes slowly with
the load, and the stiffness decreases more uniformly, while the stiffness of the waffle slab
decreases faster with the increase in the load, especially in the early loading period when
the stiffness of the slab decreases more drastically.

(3) Comparative analysis of bearing capacity of honeycomb core slab and waffle slab

122 ¢
Q
TE 1r —— Honeycomb core floor
§ 0.8 —m— Waffle slab
£ o
E \
% 0.6
2
50.4
(o4 ST
0.2 ']
0 L L L L L s )
0 5 10 15 20 25 30 35

Load

Figure 23. Variation curve of stiffness of honeycomb core slab and waffle slab.
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The main factors of the honeycomb core slab where it has a higher bearing capacity
than the waffle slab can be briefly summarized as follows:

(1) Due to the role of the core bottom plate, the width of the pressure zone at the negative
bending moment of the slab plate increases (the bottom plate will not crack under
pressure in the negative moment zone), the height of the pressure zone decreases,
and the effective height of the section increases, thus improving the bearing capacity
(about 8%);

(2) The membrane internal force of the bottom plate assumes part of the load;

(38) The torsional resistance of the box-shaped section is better than that of the T-shaped
section, thus reducing the bending and torsional correlation of the slab;

(4) The integrity of the honeycomb core slab is better than that of the waffle slab, the
internal force is more uniformly distributed, and the material is fully utilized.

(4) Comparison of internal force and deformation between honeycomb core slab and
waffle slab

The equivalent stiffness of the cross-section and the related parameters are substituted
into the calculation formula to obtain the internal force of each beam rib and the deflection
at the center of the slab under the design load as shown in Table 7 (g is the value of the
added uniform load in the table). The numbers of beam ribs in the table are shown in
Figure 5. Table 8 shows the measured values and calculated values of deformation in the
middle of the span of the honeycomb core slab and waffle slab.

Table 7. Comparison of internal force (kN-m) and deformation (mm) between honeycomb core slab
and waffle slab.

Mag Mas Ma, Ma M), My, My, My We
Honeysl‘;?b COr¢ _0289q  —0248q —0.189q —0072q  0.146q  0.121q 0079 0009  0.051q
waffle slab —0.301q —0258q —0.184q  —0.083q 0.149q 0.118q 0.078q 0.011q 0.129q
Note: My, M'y5, M';,, and M/;; represent the mid-span bending moment; w, represents the deformation in the
middle of the span.
Table 8. Measured values and calculated values of deformation (mm) in the middle of the span of
both the honeycomb core slab and waffle slab.
Honeycomb Core Slab Waffle Slab
Level 1 2 3 4 1 2
Measured value 0.13 0.39 0.71 1.12 0.34 1.36
Calculate value 0.12 0.33 0.54 0.76 0.31 0.84
Error 7.7% 15.4% 23.9% 32.1% 8.8% 38.2%

From the comparison of the data in the table, it can be seen that the internal force of
the honeycomb core slab is slightly smaller than that of the waffle slab in general, and the
deflection at the center is reduced substantially (up to 60%), which shows the superiority
of the force performance of the honeycomb core cover over the waffle slab.

It should be noted that the method of equivalently converting the honeycomb core
floor slabs and densely ribbed floor slabs into orthotropic plates based on the principle
of equivalent bending stiffness yields quite ideal results in the elastic stage. However, if
the floor slab cracks and enters the plastic stage, the errors in the calculation results will
increase, and this method will no longer be applicable.
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5. Conclusions

In this paper, the effect of GFRP on the hollow core slab and slab is studied, and a
detailed performance comparison and theory are made with the common hollow core slab
and slab. The following conclusions are mainly drawn:

(1) Intheload-bearing limit state, when the height of the concrete compression zone meets
certain conditions, the GFRP thin-walled tube is able to contribute to the structural
strength of the circular tubular hollow slab. This can improve the load-bearing
capacity of the section to some extent.

(2) The energy method is utilized to derive the plastic angle that is required for the
GEFRP circular tubular hollow continuous slab to satisfy a specific modification. A
comparison between the experimental measured values and the theoretical calculated
values demonstrates that the theoretical calculation method is both reasonable and
feasible. The calculation results reveal that, under the studied loading mode, the
continuous slab possesses a credible bending moment modification limit of 35.65% for
a given load of 24 kN, as supported by the experimental analysis calculation results.

(3) The GFRP honeycomb core makes the slab a closed cavity structure and contributes to
the stiffness of the slab. In the elastic phase, the deflection at the mid-span of the GFRP
honeycomb core slab is significantly lower than that of the waffle slab. Moreover,
the presence of the GFRP honeycomb core delays the appearance and development
of cracks.
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