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Abstract: One of the most important research
projects in the recent years is strengthening
structures. The significance of these studies was
to modify the ability of buildings to withstand
high loads without utilizing materials that hurt
the environment. Six one-way ribbed slabs
were experimentally tested in the present study
to determine the effect of carbon fiber
reinforcement polymer sheets on the structure.
One of the specimens, used as a reference, was
unstrengthen. Two specimens were
strengthened with carbon sheets on 50% and
100% of the rib width. To prevent sheet
debonding, two others used 50-mm-wide U-
shaped strips. A complete rib wrap served as
the final method of strengthening. All the
specimens underwent concentrated load
testing to investigate the ultimate capacity,
deflection, stiffness, and ductility. According to
the findings, all specimen’s deflection
decreased in a ratio ranging from 4% in whole
rib wrap to 46%. Also, the stiffness increased in
all specimens, and the width of the carbon sheet
insignificantly affected the stiffness, while the
way of strengthening did. In the end,
strengthening with 50% width has no
discernible effect on the ultimate load (3%),
whereas strengthening with 100% width raised
by 41%, while adding U-shaped stripes
increased the ultimate load capacity by 74% and
completely wrapping the ribs increased by
132%.
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1. INTRODUCTION

These days, many buildings were built in the
forties or sixties of the last century need
maintenance, and some buildings’ capacity
changed by changing their function, like big
houses that changed to baby daycare. So, there
is a need to strengthen the building to
withstand the new loading. Also, there is a clear
need to increase housing units, service
buildings, and schools due to population
growth and people moving to cities. Also,
factories, theaters, garages, malls, stores, and
other structures require a large space that may
make the slabs do not withstand their weight,
increase using the ribbed slab to reduce the load
applied to the columns, reduce their volume
and weight and minimize footing [1-8].
Strengthening the building is also necessary to
improve its stability, stiffness, and ability to
carry load [9]. Most buildings have been
deteriorating  because of the harsh
environment. Most of the structures were made
of reinforced concrete, and it is well known that
the occurrence of cracks in the concrete
decreases the capacity of structures and is also
the primary cause of steel corrosion. FRP was
used to strengthen or repair the buildings. The
sheet or laminate of CFRP, in particular, has
been extensively researched [10-14], where
strengthening structures with it will increase
their capability to withstand heavier loads due
to their low thickness and comparatively simple
application. Fiber-reinforced polymers (FRPs)
have emerged as solutions for strengthening
and retrofitting structures, being lighter and
more durable in various situations than
conventional materials. FRPs also have a very
high strength advantage. Rehabilitation
processes are made considerably easier in small
places by the lightweight FRP. Furthermore,
FRP applications do not require an expensive
machine [15]. Abdullah [16] used a CFRP sheet
to strengthen the one-way slab. One-point
loading tests were performed on six samples,

and CFRP strips were used to strengthen the
first two at varying spacing (30 and 37.5mm) in
the long direction. The final two were
strengthened similarly to the first two and
added stripes, but in a short direction and
spaced by (100 and 200) mm. The first two
were strengthened similarly to the last two but
in two layers, it was found that increasing the
carbon width (area) was preferable to
increasing the thickness. Al-Rousan et al. [17]
used CFR studies to strengthen one-way slabs
with CFRP sheets. The specimens were
strengthened twice, i,e once with a sheet and
the other with stripes. It was discovered that
when the sheet was used instead of the stripes,
the ultimate load increased, and the crack width
decreased. However, the structure’s ductility
decreased. The objective of this study is to
strengthen one-way ribbed slabs with
minimum steel reinforcement by CFRP sheets
only to improve the flexural behavior of ribbed
slabs to reach ultra-weight reduced with better
strength. To achieve this goal, experimental
work was conducted on six specimens with
different strengthening ways to determine the
ultimate load, deflection, stiffness, and
ductility. All the specimens were tested under
one concentrated load.

2, EXPERIMENTAL PROGRAM
2.1.Tested Slab and Material

Six one-way ribbed slabs (600x 200 x 2000)
mm were examined and tested for flexural
failure, with one test serving as a control. All the
specimens had the minimum reinforcement
required by the ACI code [18]. Each rib had two
6 mm diameter deformed steel bars in tension
and the same in compression zone utilized in a
rectangular stirrup with a 4 mm bar diameter.
Steel reinforcement mesh(@4@150) was used
for shrinkage and temperature requirements.
The deformed steel bar tensile was tested in a
laboratory, i.e., fy=420MPa and modulus of
elasticity 199.99 GPa. All tested slabs had a 15
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mm cover in all directions. High strength was prepared by mixing with an electric mixer,
concrete was used to cast the ribbed slab with the two components A (resin) and B (hardener)
mechanical properties achieved from testing in a ratio of 4:1 until it became uniformly grey.
standard cube, cylinder, and prism. It was The CFRP sheet’s places were pointed on the
found that f.'=66.963MPa (average), fi= ribs, then the epoxy was applied to the
5.753MPa and f,=7.00MPa on average. The specimens. In the next step, the carbon sheet
CFRP sheet with 0.167 mm thickness had a was applied, and another layer of epoxy was
modulus of elasticity 220000MPa, and tensile applied on the CFRP sheet if it was necessary to
stress of 4500MPa. Fig. 1 shows the geometric saturate the sheet and ensure the bonding
dimensions and reinforcement details for the between the concrete and carbon sheet. A
one way tested slabs. deformed roller was then used to interlock the
2.2.Strengthening Procedure epoxy with the carbon sheet. The specimens
At the end of 28 days of curing concrete, the were left to cure for one week and then
specimens were smoothed by a disk grinder and transported to the lab for testing. Fig. 2 shows
cleaned by airbrush at high pressure. The epoxy the strengthening procedure.
/@4@150
l—'—i~\®6' O C 610
10 200 ~——100
140
24@9
~—6 o
le——100—~

Fig. 1 Dimensions and Reinforcement Details for All Tested Ribbed Slab.

Fig. 2 Strengthening Procedure.
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2.3.Specimens Description

As a control slab, one of the specimens was
tested without strengthening, and the other five
are detailed in Table 1 and Fig 3. respectively.

Table 1 Strengthening Details of Tested Slabs.

Ribs Strength Specimens Design Name
Description

50 mm sheet at 1700 length HCS-R50

100mm sheet at 1700 length HCS-R100

s5omm with 7U-shape strips HCSS-R50

10oomm with 7U-shap strips HCSS-R100

Whole rib wrapped HCS-WR

No strengthening HC

E—ﬂ HCSS-R100
| g | HCSSR50

| M | HCS-R100

[ ———— | HCS-R50

Fig. 3 Bottom View of Rib for Each
Strengthened Specimen (All Dimensions in
mm).

2.4.Test Procedure and Instrument.

This study tested the slab under one
concentrated line load using a wuniversal
instrument that applied pressure with a
capacity of 600 kN. The slab tested was simply
supported. Then, the load was measured by an
electrical load cell, while the deflection was
measured by a vertical linear variable
differential transducer (LVDT) with o0.0001
accuracy, connecting to a data logger. The data
logger was connected to a computer to save the
data. Four LVDTs were used for this purpose
two were in the middle of each rib, and the other
two were installed at one-third of the ribs to
check the ribs' symmetry. The instruments and
supporting frame shown in Fig. 4.

Fig.4 The Spcimens Under Testin Device.

3.RESULTS AND DISCUSSION
3.1.Load- Deflection Response

The load-deflection curve for all specimens in
this study showed typical performance under
concentrated load. It showed liner behavior
before cracking, then changed the slope and
remaining liner until it reached the yield point
and changed from linearity to non-linearity
[19]. In the elastic stage (before cracking), all
the specimens were the same, and the
strengthening specimens started to separate
from the control in the second stage. In this
stage, the strengthening slab separated from
the control beam, and the CFRP increased the
structures’ stiffness due to its high tensile
stress. The CFRP sheet provided a stiff layer in
the tension zone of the ribbed slab that reduced
deflection and increased the ultimate load.
Although the concrete crack appeared and
began to widen, the CFRP sheet prevented that
until it could no longer resist. Using CFRP, the
ultimate load increased from 18% to 167%, as
shown in Table 2, except when using 50 mm,
where the ultimate load increased by just 3%. In
every fracture in the CFRP sheet in one rib, the
curve is straightly concaved down and retains to
concave up by redistribution of the loads on the
other rib and the remaining CFRP, as shown in
Figs. 5 and 6. The result was confirmed by
Mahmoud et al. [19], findings where that the
ultimate load increased by 70% to 378% when
strengthening a thin slab cast in C70 concrete
and had a low reinforcement with CFRP
laminate. Also, from the result, it noticed that
the U-shaped strips and the CFRP in the lateral
face affected the flexural behavior by increasing
the ultimate load capacity and that the result
indicated by Niu et al. [20] and found that using
CFRP in the tensile area or the lateral faces
raised the ultimate load in the ratio range from
41% to 125%.
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Fig. 5 Load Deflection Curve for

Specimens without CFRP Strengthening.
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Fig. 6 Load Deflection Curve for Specimens with CFRP Strengthening.

Table 2 The Result of the Testing Specimens.

Specimens Name Pu(kN) du Stiffness
HC 40.75095892 15.77534 7.79790546
HCS-R100 57.58275747 9.777778 8.47799827
HCS-R50 41.74899817 10.17582 11.5410991
HCSS-R100 70.32058239 14.56899 8.37750538
HCSS-R50 47.86309719 8.4884 11.9999622
HCS-WR 108.8392711 15.10867 9.77691171
3.2.Ductility

This study describes the research approach of
RC elements’ ductility, defined as its ability to
resist inelastic deformation without any
decrease in its load-carrying capacity up to
failure [21]. It calculates by dividing the
ultimate deflection by the yield deflection. Since
carbon fiber is a brittle material, its
strengthening reduced the ductility of the RC

structure. However, the reduction percentage
in ductility ranged from 34% to 46% as shown
in Fig. 8. The whole warping ribs have the
lowest value. Generally, in this group, ductility
increased with CFRP sheet width and decreased
for specimens without CFRP strips, while
specimens with strips’ ductility increased.
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Fig. 8 Comparative between the Ductility of the Specimens.
3.3.Failure Mode not fail, while other specimens failed due to

There are various modes of failure. In the
present study, when the load was concentrated
on the slab, flexural cracks developed at the
tension zone in the middle of the span. In this
research, as the load lined up, the cracks
widened and applied stress on the sheet, and
when the stress exceeded the carbon strength,
the CFRP sheet ruptured. As a result, the
control beam and the specimen HCS-R50 failed
due to steel yi Its carbon flber sheet did

Beginning of
Concrete’s Cover
Separation

carbon fracture due to shear force from
widening off cracks. However, the HCSS-R100
specimen’s CFRP sheet failed mainly due to the
CFRP rupture caused by a horizontal crack
parallel to the cover because the CFRP sheet
was separated from the concrete near the
support and could not be deboned because of
the strips Figs. (9-12) show the specimens’
failure modes.

P BT N

F1g 10 Fa11ure in HCS R100 Specimen.
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i A

Horizontal crack
parallel to the cover

CFRP began to
separate from the
concrete

CFRP fracture

Fig. 11 The Failure of the HCSS-R100 Specimen.

CFRP rupture

Fig. 12 Failure in HCS-WR Specimen.

4. THEORETICAL ANALYSIS
EXPRESSIONS

In this research, the ultimate moment was
calculated and compared with the experimental
moment capacity. Also, the theoretical position
of the neutral axis was examined. However, all
tested slabs were simply supported and tested
under concentrated load. Therefore, the
calculated bending moment from Eq. (1) is:

M,=Px a (1)

where P is the ultimate load achieved from the
experimental test, and a is the distance from the
applied load to the support’s center, which was

AND

equal to 900 mm, while the theoretical moment
was obtained from Eq. (2),
Mn = As fy (ds — (Bc/2) + Af Ff (df —

(Bc/2) + Asfy(ds — d") (2)
and c can be calculated from Eq. (3), taken from
ACI 440-2R [10,22].

ki C2+k2C+ks=0 (3)

ki=0.85 f¢ b B+As' fyd'
ko=-(Asfy - Ecu AsEy)
k3 =-(Af Ef SCu df)
Where, As and As are the steel and carbon fiber
areas, respectively, Es is the steel modulus of

'Tikrit Journal of Engineering Sciences | Volume 31| No. 2| 2024

roge Z203



https://tj-es.com/

j Salwa R. Jasim, Hayder M. J. AL-Khafaji / Tikrit Journal of Engineering Sciences 2024; 31(2): 272-280. :‘

elasticity, ds and dr are the steel and carbon
fiber areas, Er is the fiber modulus of elasticity,
and dsand dr are the steel and fiber depths. Fris
the tensile stress for carbon fiber, and Fy is the
steel’s yielding stress. The ACI code calculates
the fiber sheet area on the tension face and
neglects the other by assuming it would only
affect the shear force. However, the
experimental work found that the additional
strips and the rib wrapping improved the

flexural strength. Therefore, the assumption
has been made, if the additional CFRP strips
were used, the area of CFRP would double (as
when using two layers of CFRP sheet). In the
case of whole ribs wrapped, the width of CFRP
would be calculated in the tensile zone and on
the sides of the ribs. The comparison between
the theoretical and experimental work shown in
Fig. 13.

140
B Experimental
120

B Theoretical
100

80

60

40

Ultimate moment (kN.m)

20 -

HCSR50 HCSR100

HCSSR50

Specimens name

HCSSR100 HCSWR

Fig. 13 Ultimate Moment Comparative between Theoretical
Analysis and Experimental Work.

5.CONCLUSION

The present study performed experimental
work and theoretical analysis on six one-way
ribbed slabs. The results are summarized
below:

e The CFRP improved the flexural
behavior and increased the ribbed
slab’s capacity. The load bearing
capacity for specimens HCS-R50, HCS-
R100, HCSS-R50, HCSS-Rioo and
HCS-WR raised by 3%, 41%, 18%, 73%
and 167% respectively, compared to the
control ribbed slab.

e A s5omm width of CFRP strips was
insufficient to improve flexural
behavior.

e Additional U-shaped CFRP strips with
50 mm width and 250 mm spacing
(clear space) affected the strength by
raising the structure capacity by 23%
approximately and reduced the
structure’s ductility less than those
without strips.

e Using whole- wrapped ribs, the
capacity increased to 167% reducing
the structure’s ductility by 52%.

e Using additional strips in spaces close
to one another under the point load
influenced on the flexural behavior and

wrapping all the rips also affected the
flexural and shear.

e The theoretical analysis of the
specimens’ ultimate moment
calculations showed that additional U-
shaped strips affect the flexural
behavior by raising the ultimate
strength.

e An assumption was made by taking the
U-shaped strips, and the side of CFRP
in the whole rib wrap was considered in
the calculations. Assuming the
additional U-shaped CFRP strips as
layer number two and calculating the
area in the tension zone and on the side
in the case of whole rib wrap. The ratio
of experimental to theoretical moments
for HCS-R50, HCS-R100, HCSS-R50,
HCSS-R100, and HCS-WR were 1.2,
1.15, 0.79, 0.86, and 0.96 respectively.
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