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[Strengthening reinforced concrete beam with Ultra High Performance Concrete]

(Abdelrahman Amer Mosllam Salahat)

Abstract

Many researchers studied and used different materials to strengthen and rehabilitate the
concrete beam, we know that the concrete beam is a structure element that can be deformed
from applying loads to it and there are two types of deformations to the concrete beam shear
failure and flexure failure.

Examples of such materials include carbon polymer fiber concrete (CFRP), glass polymer
fiber concrete (GFPR), shape memory alloy (SMA) and ultra high performance concrete
(UHPC)... etc.

In this thesis, analysis and investigation to strengthen concrete beam sample using UHPC
from practical experience, comparing results with finite element method.

The study of parameters in this research is the thickness of the ultra-performance concrete
layer where different thicknesses will be used 20,40,50mm, the length of the ultra-
performance concrete layer where the length will be changed to 370mm at the beginning

and end of the sample and 370mm in the middle and the shear reinforcement ratio. The

results of tested beams showed the beneficial effects of strengthening the RC beams using

UHPC, as evident from enhancement of the shear capacity and shifting of the failure mode

from brittle to ductile with more stiff behavior.
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Chapter 1 : Introduction
1-1 Background

Nowadays most buildings are concrete structures consisting of reinforced concrete . These
buildings are designed based on different loads depending on the nature of use and based on
global codes, but sometimes there is a shortage of construction or the durability of these
structural elements resulting in an unexpected increase in loads, changes in conditions of
service or the eating of steel rods as a result of chemical or other conditions. Where there are
many ways of strengthening such as concrete jacket, carbon polymer fiber concrete (CFRP),
glass polymer fiber concrete (GFPR), shape memory alloy (SMA) and ultra high performance
concrete (UHPC).

Normal concrete is a combination of well-known ingredients such as cement, sand, aggregate
and water where they are mixed in certain proportions to form according to the required
strength where their compression strength ranges from (20 - 40) MPa and tensile strength is
less than 5Mpa, Also Flexural strength less than 6MPA with Durability and ductility weak, as
science and studies on concrete evolve, researchers and laboratories are able to develop a new
type of concrete called ultra-high performance concrete where it attracted a lot of attention
due to its excellent mechanical properties and high durability, Its compression strength
reaches more than 150 MPa, tensile strength of more than 8 MPa and negligible permeability.
UHPC was developed in the context of vertical urban centres, which demand improved
concrete property to comply with higher building loads.

The UHPC matrix features high cement contents, up to more than 800 kg/m 3, accurate totals

smaller than 0.6 ml, Metal additives such as volatile ash, silica fumes, or granulated blast

furnace slag, water/cement ratios under the contents of 0.2 and high plasticizers , This

combination of high quantities of link and very precise combinations greatly reduces the
porosity of the matrix and ensures the low water/link ratio of high-strength cement paste,
while superplasticizers ensure good working for the mixture. The low water content
combined with the high quantities of the link tends to decrease hydration scores, making it
possible for the remaining link to interact with water once the matrix is cracked, giving the
material a regenerative property and reducing its permeability. Adding fiber to the matrix is
necessary to increase the rigidity and flexibility of UHPFRC after cracking. Improving the
tensile properties of UHPC is important in several aspects, such as improving shear
resistance, increasing durability, improving overall structural performance UHPC fitness is

improved by adding fiber to the matrix, and creating UHPFRC.

[1]




1-2 Problem :

There are two types of failure of concrete beams, shear failure and flexure failure where the
failure resulting from shearing is usually a diagonal cracks and flexure failure is a vertical
main cracks. In this research we will study the effect of UHPC addition on these two types of

failure and the figure below show an example of the two types of failure:

Flexural Failure

Figure 1 : Types of failure in beam

1-3 Research Significance and objectives:

The work done in the thesis is to investigate the use of ultra-high performance concrete for
flexure and shear strengthening for reinforced concrete beams (RC) using two layers of
UHPC and study their impact on concrete beam and identify an effective approach to
strengthen it. UHPC has been used for its high effectiveness and excellent properties that

make it suitable for use

1-4 Methodology

In this study the analysis and numerical investigation of a concrete beam. ABAQUS
software will be hired to model a beam subjected to loads cause some deformation,
this deformation will be treated and analyzed by Finite Element Method (FEM),
compared and verified with laboratory work done by Bahrag, Ashraf Awadh et al

(2019) and then will be some upgrades and different parameters to be studied.




Chapter 2 : Literature Review

This chapter will contain a summary of previous experiences and studies exploring the use of
reinforcement strategies for construction elements in general and addressing reinforcement of

construction elements and concrete beam using UHPC.

There are many methods that have been developed to rehabilitate concrete beams over the
decades. ( B. Taljsten et al 2003). There are many techniques to strengthen structural
elements, and these techniques include mineral fibers, FRP, which is used to strengthen
various elements such as columns, beams, etc. These fibers have different types that are
strips, wires, rods.

Carbon fiber FRP consists of a mixture of two or three materials to form a matrix of
reinforced polymer fibres. There are different types of mineral fibers, such as AFRP, CFRP
and GFRP.( B. Benmokrane et al 2000) . (N. Attari et al 2012) . (T. Uomoto et al 1995) .( G.
Tumialan et al 2000).

The best types mentioned are CFRP, which offers the best performance among them due to
their attic endurance compared to the other two. WFP has also been used largely to strengthen
and reform various structural elements. There are many advantages, including its high
endurance and increases hardness, durability and maximum load capacity. (A. Nanni et al
2003). (M. Samaan et al 1998). (M. Ameli et al 2007). (F. Bencardino et al 2002) . (F.
Katsuki et al2000)

Strengthening the Near Surface Structural Element (NSM) which also works with composite
materials such as FRP is being studied and used in scientific research. (Bilotta A el al 2011)
.(De Lorenzis L et al2007). (Al-Mahmoud F et al2010).

Where in this way, grooves are made in the concrete cover, and then improved materials such

as FRP are introduced. After that, the grooves are filled with adhesive materials such as
epoxy. (Kreit A et al2011)

Researchers have done numerous studies on the forms and types of failure of reinforced
concrete beam with NSM-CFRP and the patterns of failure varied between each research and
another according to previous studies. Failure is either a deformation of CFRP or a crash of
concrete. There are kinds of early failures that occur such as separation in the concrete cover
or epoxy adhesive. (J. Teng et al2006). (L. De Lorenzis et al2007 )




A study was conducted to predict the conduct of NSM-CFRP reinforced concrete beams
failures. The results of his study showed that the amount of increase in the length of NSM
CFRP in the concrete beam increases its resistance to failure. (Teng JG et al2016).
( Almassri, B. and Halahla2020), They did a study on a corrosive concrete beam that was
reinforced by a bar of NSM-CFRP with an external steel plate where the results showed an
increase in capacity yield and capacity moment and showed results close to the non-
corroded sample.
(Obaidat et al 2020) , They studied the behaviour of the reinforced concrete beam with NSM-
CFRP with a steel plate at the end where the results showed that the reinforced samples
increase the maximum load capacity and increase the behavior of the stiffness and hardness.
Researchers used many materials for rehabilitee and strengthening such as fiber reinforced
polymer FRP , carbon fiber reinforced polymer CFRP , shape memory allow for
strengthening and rehabilitate concrete member (Chen and Teng 2003) . The researchers
found that CFRP and FRP have some shortcoming as low fire resistance , fading bonding ...
etc.
Researchers used Ultra High Performance Concrete ( UHPC ) , this new material have high
fire resistance , bonding and jacketing, it fixed a lot of problem and solved the shortage in

other materials (Li 2004) . Ultra High Performance Concrete , is a new material that used to

strengthening R.C. is an element that consist of cementitious materials , high tensile fiber ,

and little amount of water (Al-osta 2018) . Or defined as cementitious materials have
compressive strength more than 150 Mpa and high durability (B.A. Graybeal 2009)

Many researcher study high strength concrete in last decade they found that shear and flexure
behavior change and increase when they used High Performance Fiber Reinforced concrete (
HPFRC ) which studied by Alaee (Alaee et al. (2003)) . This study found that HPFRC
increase fluxed and shear strength of RC member . Farahat (Farhat et al. (2007)) studied
behavior of collapsed beam and rehabilitation of beam using High Performance Fiber
Reinforced Cementitious Composite (HPFRCC) . Conclusion showed if we strengthening
beam from tension and compression side of HPFRCC ultimate failure load up to 86% .
(Hussein and Amleh (2015)) studied shear and flexure of R.C beam normal concrete
composite with UHPC , without stirrups . it concluded that composite technique increase
shear and flexural strength of beam . Martinola et al (2010) (Martinola et al (2010)) study
experimentally and numerically of high performance fiber reinforced concrete ( HPFRC ) by

strengthening of 40 mm layer




The result showed jacketing of UHPC increase load capacity up to 2.15 . (Noshiravani and
Burhwiler (2013)) studied experimentally of R.C. section composite with UHPC at tensile
face . It concluded that UHPC is an effective shear strength . (Bastiien — Masse and
Bruhwiler (2014)) studied R.C. beam and slab strengthening by 50 mm layer of UHPC under
different load . The result showed that layer of UHPC increase load capacity effectively .
(Lampropoulos et al (2016)) used jacketing UHPC in compression side , tensile side and
three side jacketeing . They found that three side jacketing increase moment capacity of the
element .

UHPC have attractive properties such as high strength, high flow ability, high ductility,
service ability and high corrosion resistant . (Ahmad et al.2015) .

The flexural behavior of UHPC-enhanced normal RC beams was studied experimentally by
(Al-Osta et al (2017)) . It recommended that flexural and stiffness was increased when
strengthening of this technique .

(Al-Osta et al (2017)) They used the concrete damage plasticity theory to construct a finite

element model of reinforced flexural beams, and they discovered that their suggested model

predicted the load—deflection response and crack patterns in consistent with the experimental
data.




Chapter 3: Finite element model Program
3-1 General

A previous laboratory experiment was done by Bahraq, Ashraf Awadh et al (2019). Now we
will do a simulation of the concrete beam on the ABAQUS program used in finite element
method, and verify the results of this simulation with the result of the laboratory so that we

can study new parameters for development from the concrete beam

3-2 Geometry of Beam

The concrete beam used in the Apaqus verification program obtained from paper (Bahrag,
Ashraf Awadh et al (2019) is a rectangular concrete beam with a length of 1120 mm, a width
of 140 mm and a height of 230 mm, strengthened by a layer of 30 mm UHPC and the

attached figure shows the shape and dimension of the sample

290y —200
Control Beam NC+UHPC (25) NC+UHPC (35)

Figure 2: : a RC beam details, b strengthening configurations (all dimensions in mm)




3-3 Specifications of material

The concrete damage-plasticity (CDP) model used to represent the plastic behavior of

concrete in compression and tension. plasticity theory is only appropriate in compression

zones . This model employs two basic failure criteria: compressive crushing and tensile

cracking of concrete. Furthermore, the yield function used in the plasticity model founded by
Lubliner et al. (1989) and modified by Lee and Fenves (1998) . The damage variables are dt

and dc where indicate to tension and compression damage parameters respectively .

Fig3.showed damage variables . Based on the formulae supplied by Birtel and Mark (Birtel

2007) , the compressive and tensile damage parameters are determined from the following

equations :

« Compressive damage parameter (d,):

ok, .

W - [1}
£ (1 /be = 1) + o E: !

de=1-—

+ Tensile damage parameter (d,):

ffrfl 1

dp=1-— 2)

e (1/by — 1) + o E¢ !

where d-and drare compressive
and tensile damage

parameters, ocand orare
compressive and tensile stresses
of concrete, F-1s the modulus of
elasticity of concrete, -

=
and &

piare plastic strains corresponding
to compressive

and tensile strengths of concrete. &
and brare constant

parameters, 0 < bor= 1.

Figure 3 Damage variables: a in tension, b in compression (Bahraq, Ashraf Awadh et al

(2019)




The mechanical properties of normal concrete , steel reinforcemenr , UHPC mixture

proprortions and UHPC , are shown in Table 1 , Table 2, Table 3, Table 5, respectively.

And Fig. 4 showed stress strain behavior for normal concrete and shear reinforcement &
Fig. 5 for UHPC in compression and tension

Table 1: Mechanical properties of normal high grade concrete.

Property Min. value Max. value Average value Standard
deviation

Compressive 65
Strength (MPa)

Modulus of
elasticity (GPa)

Table 2: Mechanical properties of steel reinforcement.

Material Property Average value
Steel rebar used as stirrups Yield strength (MPa)
Modulus of elasticity (GPa)

Ultimate strength (MPa)

Table 3: Mixture proportions of UHPC for 1 m3 (Bahrag, Ashraf Awadh et al (2019)

Ingredients | Cement Micro-silica | Fine quartz | Water Superplasticizer | Steel fibers
sand

Quantity 1005
(kg)




Table 4: Mechanical properties of UHPC.

Property Average value
Cubical compressive strength (MPa) 151.4

Direct tensile strength (MPa) 8.7

Modulus of elasticity (GPa) 41.0

£ 2 2

Stress (M Pa)
s
=

Stress (M Pa)

=

=

0
0 00005 0001 00015 0000 00025 0003 0005 000 0004 0 001 002 003 004 005 006 007

Strain (mm/mm) Strain (mm/mm)

a b

Figure 4 Stress-strain behavior a normal concrete, b shear reinforcement.




3-4 FE Modeling Considerations

All elements data modeled were taken from the experiment . Fig. 6 shown the nonlinear

behavior for tension and compression of both the normal concrete and UHPC .

M\

Stress (MPA)
Stress (MPA)

0.001 0.002
Plastic straln (mm/mm) 0.001 o.ooz‘ 0.00.3 0004 0005  0.006
Plastic strain (mm/mm)

b

|

Stress (MPA)
Stress (MPA)

O NWAEUON OO

0

0 0.0002 0.0004 0.0006 0.0008 0.001 0.0012 0.0014 0
Plastic strain (mm/mm)

0.001 0.002 0.003 0.004 0.005 0.006
Plastic strain (mm/mm)

c d

Figure 5: Nonlinear behavior of materials: a normal concrete in tension b normal concrete in
compression ¢ UHPC in tension d UHPC in compression.

Table 5 :Plasticity UHPC in ABAQUS

Stress ratio,

(foa/fea)
36° 0.0001 0.1 1.16

Dilation Angle, (y) Viscosity, (1)  Eccentricity K

Table 6 :Tension Nayal & Rasheeds Model In ABAQUS

Yield Tensile £t ck dt £t ck
Stress, ot Cracking damage Para. Cracking
Strain Strain
] 0 ] ]
3.814385927 0 1) 0
2937077164 | 3.16596E-05 D.23 3.16596E-05
1716473667 | 0.000234149 0.55 0.000234149
0.1 0.000657845 0.97378346 | 0.000657845




The explicit dynamic technique is the most reliable way of applying the load in Abaqus. This
approach is said to be successful for two reasons: first, it produces consistent findings with
less convergence issues, and second, it is the most appropriate for materials like concrete in
terms of capturing concrete fractures and general failure behavior (Mercan 2011). All data

from F.E model compared with experimental data included load curve , ultimate failure load

and cracks . this comparison showed that F.E model capturing most failure mode with good

accuracy .

3-5 Modeling of UHPC

UHPC was modeled in Abaqus program such as normal concrete a solid material with 3D
dimensional with a compressive strength ( fc' = 151 Mpa ) and thickness 30 mm along the
beam (1120 mm length ) Fig.7 , note that Abaqus can't identify the small fiber wire in UHPC

Figure6 : UHPC dimensions




3-6-Numerical modelling

In addition to the experimental examination, the shear behavior of the reinforced beams was

studied numerically using the finite element approach. The primary goal of the numerical

modeling in this work was to confirm the adequacy of the experimental data for highlighting

shear behavior, which included depicting load against deflection graphs, failure loads, and
cracking pattern. Abaqus finite element analysis software was used to create the numerical
models. All element are defined as 3D modeling , steel reinforcement (longitudinal and
transverse) modeling as wire with two nodes 3D truss elements , normal concrete , UHPC
and steel plate modeling as solid extrusion with three nodes . The concrete-reinforcement-
steel bond was represented as an embedded region , with the concrete as the host element.

Normal concrete and UHPC , and normal concrete and steel plate was bonded by tie-bond .

ol
Job-3 (Completed)
Job-4 (Completed)

Figure 7 : Nc beam part

Figure 8: Tie constrain between beam and support plate , beam and load plate

[12]




Figure 9 : Tie constrain between beam and UHPC

Figure 10: embedded constrain between beam and steel reinforced




3-7 loading and boundary conditions

The boundary conditions were utilized in modeling are the same ones that were used in
experiments. Fig. 8 shows the arrangement of boundary conditions , the bottom of the beam
have two supports , a pin support at right bottom to restrain translation of the point in the
three orthogonal directions (X, Y, Z). At the opposite end, a roller is assigned to prevent
translation along only (X and Z) directions. Two load plate are placed at top of the beam at
distance 280 mm from each edge . the load applied as a displacement load ( 50 mm ) .Three
spotting points (LVDT ) , one for displacement and the rest for load. Fig.8 show the

experimental beam with load , Fig. 8 show abaqus detailing

Load Cell

Hydraulic Jack

P2
M Concrete
| Strain-Gauge

\
| |
‘ ‘
| |
| )
| |
‘ ‘
| |

Steel slmin; 5 Steel Stralrd
Gauge ; f Gauge

» le

-+

Figure 11: Schematic representation of beam testing setup (all dimensions in mm).




3-8 Verification of model data

3-8-1 Control beam (without UHPC)

load plate 1 load plate 2

Roller support

Lmam

Figure 12: side-face control beam without UHPC

Figure 13: bottom-face control beam without UHPC

Figure 14: steel control beam without UHPC

[15]




U, U2
+7.077e-01
+3.513e-01
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-1.431e+00
-1.787e+00
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Figure 15: Without UHPC Model — U2 (Vertical Displacement)
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Figure 16: Without UHPC Model — Damage Tension
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-4.980e+01
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Figure 17 Without UHPC Model — Steel Normal Stress
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The figure below shows the relation between load and displacement on the midspan of the

beam (the converting point of the size of the beam) both given by the paper (Bahrag, Ashraf
Awadh et al (2019) and obtained from the Abaqus software. Abaqus model showed a very
similar behavior and reaction of the experimental beam. Maximum load capacities were
approximately 383 kN and 369 kN in Abaqus model and experiment respectively at midspan
displacement of 2.5mm. The difference of the maximum load capacity obtained from Abaqus

is decrease about 3.8% which is acceptable percentage.

1.5

Displacement

EXP. F.E

Figure 18: Load — Displacement Curve for original model

Figure 19: A failure mode (tension damage) of experimental and FE without UHPC

[17]




3-8-1-2: Meshing type and sensivity study

Solid components like concrete and UHPC are represented as eight-node linear brick
elements . Steel reinforcement is provided by 2-node linear 3-D truss components. The best
mesh sizes are chosen based on a sensitivity analysis in which a variety of global mesh sizes
(20-50mm) is examined to ensure acceptable accuracy of the results. Fig. 17 shows that the
best results were obtained through a 20-30 mm mesh. So the 20mm mesh is adopted .

Sensitivity Study

2 2.5 3

Displacement

Figure 20: Effect of mesh size




3-8-2 beam with UHPC

Figure21 : side-face beam with UHPC

Figure 22 : bottom-face beam without UHPC

Figure 23: Load and supports' locations
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Figure 24: Meshing the whole model
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Figure 25: failure mode (tension damage ) of experimental and FE with UHPC.




S, 511

(Avg: 75%)
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Figure 26: With UHPC Model — Steel Normal Stress

The figure below shows the relation between load and displacement on the midspan of the
beam (the converting point of the size of the beam) both given by the paper (Bahraq, Ashraf
Awadh et al (2019) and obtained from the Abaqus software. Abaqus model showed a very
similar behavior and reaction of the experimental beam. Maximum load capacities were
approximately 567 kN and 594 kN in Abaqus model and experiment respectively at midspan
displacement of 3.47 mm. The difference of the maximum load capacity obtained from

Abaqus is decrease about 4.5 % which is acceptable percentage. We can see that using ultra

high performance concrete can increase the maximum moment capacity up to 594 kN and

increase the displasement up to 5.3 as got by Abaqus, which means a development of more
than 63%.

Beam with UHPC

3

Displacement

exp fe uhpc

Figure 27: Load — Displacement Curve for UHPC model




3-9 Parametric study

Parametric study is conducted to investigate the behavior of R.C beam strengthened by
UHPC in different cases (Bahrag, Ashraf Awadh et al (2019) studied two variables (shear
span to the depth ratio and number of layer of UHPC). We will study the behavior affected by
many parameters. These parameters are:

3-9-1: Thickness of UHPC

In this parameter we will study decreasing and increasing the thickness of the UHPC layer.
There are 3 models for this variable:

3-9-1-1: 20mm thickness of UHPC

In this parameter we will decrease thickness by 10 mm

Figure 28: side-face control beam with 20mm UHPC

3-9-1-2: 40mm thickness of UHPC
In this parameter we will increase thickness by 10 mm

Figure 29: side-face control beam with 40mm UHPC
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3-9-1-3: 50mm thickness of UHPC
In this parameter we will increase thickness by 20 mm

Figure 30: side-face control beam with 50mm UHPC

3-9-2 : Length of UHPC
In this parameter we will the decrease the length of UHPC
3-9-2-1 : UHPC length 370mm at start and end of beam

Figure 31: side UHPC length 370mm at start and end of beam

Figure 32: Bottom UHPC length 370mm at start and end of beam

[23]




3-9-2-2 : UHPC length 370mm at middle of beam

Figure 33: side UHPC length 370mm at middle of beam

Figure 34: bottom UHPC length 370mm at middle of beam




3-9-3: The ratio of shear reinforcement

In this parameter we will increase and decrease the ratio of shear (the shear reinforcement of
original model is phi (8/12cm)

3-9-3-1 : Use phi8/20cm stirrups

Figure 35 : reinforcement and stirups phi8/20cm

3-9-3-2 : Use phi8/12cm stirrups at start and end of beam

Figure 36 : reinforcement and stirrups phi8/12cm at start and end beam

3-9-3-3 : No shear reinforcement

Figure 37: : reinforcement and no stirrups

[25]




Chapter 4 : Results and discussion
In this chapter we will present the main results of all parameters studied that were mentioned
in Chapter 3 (3.9.1 to 3.9.3). load-deflection curves will be shown for all cases and will be
discussed.

4-1 : Analysis :

Specimen Designation
First diagonal crack, (%)
(parameter /Control)
(parameter /Control)
Failure load (KN)
Failure load, (%)(parameter /Control)

maximum load,

First Diagonal crack, (kN)
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[Maximum load crack, (%)

(parameter /Control)
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Phi8/12cm at
s-e

No shear




Specimen Designation
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4-1: : Thickness of UHPC

U, u2
+1.171e+00
+6.243e-01
+7.783e-02
-4.687e-01
-1.015e+00

- -1.562e+00
-2.108e+00
-2.655e+00
-3.201e+00
-3.748e+00
-4.294e+00
-4.841e+00
-5.387e+00

Figure 38: with 20mm thickness of UHPC — U2 (vertical displacement) at ultimate

U, u2
+1.182e+00
+6.291e-01
+7.59%e-02
-4.772e-01
-1.030e+00
-1.583e+00
-2.137e+00
-2.690e+00
-3.243e+00
-3.796e+00
-4,349e+00
-4,902e+4-00
-5.456e+00

Figure 39: with 30mm thickness of UHPC — U2 (vertical displacement) at ultimate

U, U2
+1.093e+00
+5.487e-01
+4.241e-03
-5.402e-01
-1.085e+00
-1.629e+00

1 _.2.173e+00
-2.718e+00
-3.262e+00
-3.807e+00
-4.351e+00
-4.896e+00
-5.440e+00

Figure 40: with 40mm thickness of UHPC — U2 (vertical displacement) at ultimate crack
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U, u2
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-1.668e+00
-2.226e+00
-2.785e+00
-3.343e+00
-3.901e+00
-4.45%+00
-5.018e+00
-5.576e+00

Figure 41: with 50mm thickness of UHPC — U2 (vertical displacement)
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Figure 42: : with 20mm thickness of UHPC — first diagonal crack Damage tension
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Figure 43 : with 30mm thickness of UHPC — first diagonal crack Damage tension
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Figure 44: with 40mm thickness of UHPC — Damage tension first diagonal crack
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Figure 45: with 50mm thickness of UHPC — Damage tension at first diagonal crack
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Figure 46 : with 20mm thickness of UHPC — ultimate crack Damage tension
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Figure 47: with 30mm thickness of UHPC — ultimate crack Damage tension
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Figure 48: with 40mm thickness of UHPC — Damage tension at ultimate crack
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Figure 49 : with 50mm thickness of UHPC — Damage tension at ultimate crack
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S, Si1

(Avg: 75%)
+4.267e+02
+3.78%+02
+3.310e+02
+2.831e+02
+2.352e+02
+1.874e+02
+1.395e+02
+9.163e+01
+4.376e+01
-4,109%e+00
-5.198e+01
-9.985e+01
-1.477e+02

Figure 50: with 20mm thickness of UHPC — Steel normal strain at ultimate

S, 511

(Avg: 75%)
+4.381e+402
+3.893e+02
+3.405e+02
+2.917e+02
+2.429e+02
+1.941e+02
+1.453e+02
+9.649%e+01
+4.769e+01
-1.104e+00
-4.990e+01
-9.870e+01
-1.475e+402

Figure 51: with 30mm thickness of UHPC — Steel normal strain at ultimate

S, S11
(Avg: 75%)
+4.361e+02
.847e+02
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.792e+02
.27%e+02
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-7.763e+01
-1.290e+02
-1.804e+02

Figure 52: with 40mm thickness of UHPC — Steel normal strain




s, 511

(Avg: 75%)
+4.4942+02
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+8.736e+01
+3.565e+01
-1,607e+01
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-1.195e+02
-1.712e402

Figure 53: with 40mm thickness of UHPC — Steel normal strain at ultimate crack

Based on the results shown in chapter 4 after using finite element method and after

comparing the load-displacement curves of models with the thickness change of UHPC layer

and as we observe in the figure below that the change in thickness of UHPC layer does not
significantly affect the increase in loads and displacements, We note that the 20 mm
thickness sample gave results very close to the original 30 mm thickness sample and also we

note that the increase in thickness increases loads and displacements by less than 3%

Beam with variable thickness of UHPC Layer

3
Displacement

30mm EXP 20mm 40mm 50mm

Figure 54 : load-displacement curve- for change thickness of UHPC




4-2 :Length of UHPC

U, U2
+1.054e+00
+4.950e-01
-6.395e-02
-6.229e-01
-1.182e+00
-1.741e+00
-2.300e+00
-2.859e+00
-3.418e+00
-3.977e+00
-4.536e+00
-5.095e+00
-5.654e+00

Figure 55: UHPC length 370mm at start and end of beam — U2 (vertical displacement) at

ultimate crack

U, Magnitude
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+4.367e+00
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Figure 56: UHPC length 370mm at the middle of beam — U2 (vertical displacement) at
ultimate crack
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Figure 57: UHPC length 1120mm — U2 (vertical displacement) at ultimate
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Figure 58 : UHPC length 370mm at start and end of beam — Damage tension at first diagonal
crack
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Figure 59 : UHPC length 370mm at the middle of beam — Damage tension at first diagonal

crack
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Figure 60 : — UHPC length 1120mm - Damage tension at first diagonal crack
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Figure 62: UHPC length 370mm at the middle of beam — Damage tension at ultimate crack
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Figure 63: — UHPC length 1120mm — Damage tension at ultimate crack




S, S11

(Avg: 75%)
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Figure 64: UHPC length 370mm at start and end of beam — steel normal strain at ultimate

crack
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Figure 65: UHPC length 370mm at the middle of beam — Steel normal strain at ultimate crack

S, 511
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-1.475e+402

Figure 66: UHPC length 1120mm- Steel normal strain at ultimate crack




Based on the results described in chapter 4 after using the limited element method and after

comparing the loading and displacement curves of models with a change in length for UHPC

layer and where we note in the figure below that if we put UHPC 370mm in length at the
beginning and end of the concrete beam gives a very close result to UHPC along the concrete
beam, Also if we put the UHPC layer in the middle of the sample, gives a better result than
the sample without the UHPC layer and gives a result less than put UHPC along the concrete

beam by 16%.

Beam with UHPC

3

Displacement

fe stat-end full uhpc fe middle

Figure 67 : load-displacement curve- for change length of UHPC




4-3 :The ratio of shear reinforcement

U, u2
+1.182e+00
+6.291e-01
+7.59%-02
-4.772e-01
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-1.583e+00
-2.137e+00
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-3.243e+00
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-4,902e+00
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Figure 68: phi8/12cm stirrups— U2 (vertical displacement) at ultimate crack
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Figure 69: phi8/20cm stirrups— U2 (vertical displacement) at ultimate crack

U, u2
+8.221e-01
+3.005e-01
-2.210e-01
-7.426e-01
-1.264e+00
-1.786e+00
-2.307e+00
-2.829e+00
-3.350e+00
-3.872e+00
-4.394e+00
-4,915e+00
-5.437e+00

I8
Sl
I D e e et
el 1 [ [ | []
Lzl {1V VL
ok P o e

Figure 70: phi8/12cm stirrups at start and end of beam- U2 (vertical displacement) at ultimate
crack
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U, u2
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Figure 71 : no shear reinforcement - U2 (vertical displacement) at ultimate crack
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Figure 72 : —phi8/12cm stirrups - Damage tension at first diagonal crack
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Figure 73 : phi8/20cm stirrups — Damage tension first diagonal crack
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Figure 74 : phi8/12cm stirrups at start and end of beam— Damage tension at first diagonal
crack
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+8.115e-02
+0.000e+00

Figure 75: no shear reinforcement - Damage tension first diiagonal crack

DAMAGET

(Avg: 75%)
+9.738e-01
+8.926e-01
+8.115e-01
+7.303e-01
+6.492e-01
+5.680e-01
+4.86%e-01
+4.057e-01
+3.246e-01
+2.434e-01
+1.623e-01
+8.115e-02
+0.000e+00

Figure 76: — phi8/20cm stirrups — Damage tension at ultimate crack
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DAMAGET

(Avg: 75%)
+9.738e-01
+8.926e-01
+8.115e-01
+7.303e-01
+6.492e-01
+5.680e-01
+4.869e-01
+4.057e-01
+3.246e-01
+2.434e-01
+1.623e-01
+8.115e-02
+0.000e+00

Figure 77: phi8/20cm stirrups — Damage tension at ultimate crack

DAMAGET

(Avg: 75%)
+9.738e-01
+8.926e-01
+8.115e-01
+7.303e-01
+6.492e-01
+5.680e-01
+4.86%e-01
+4.057e-01
+3.246e-01
+2.434e-01
+1.623e-01
+8.115e-02
+0.000e+00

Figure 78: phi8/12cm stirrups at start and end of beam— Damage tension at ultimate crack

DAMAGET

(Avg: 75%)
+9.738e-01
+8.926e-01
+8.115e-01
+7.303e-01
+6.492e-01 - i
+5.680e-01 i
+4.869e-01 i
+4.057e-01 . "
+3.246e-01
+2.434e-01
+1.623e-01
+8.115e-02
+0.000e+00

Figure 79 : no shear reinforcement - Damage tension at ultimate crack




S, S11

(Avg: 75%)
+4.381e+02
+3.893e+02
+3.405e+02
+2.917e+02
+2.429e+02
+1.941e+02
+1.453e+02
+9.649e+01
+4.76%9e+01
-1.104e+00
-4.990e+01
-9.870e+01
-1.475e+02

Figure 80: phi8/12cm stirrups — Steel normal strain at ultimate crack

s, S11
(Avg: 75%)
+4.680e+02
+4.194e+02
.707e+02
.221e+4+02
. 734402
.248e+02
.762e+02
.275e+02
.888e+01
.023e+01
-1.841e+01
-6.705e+01
-1.157e+02

Figure 81 : phi8/20cm stirrups— steel normal strain at ultimate crack

S, 511

(Avg: 75%)
+4.281e+02
+3.829e+02
+3.378e+02
+2.927e+02
+2.476e+02
+2.025e+02
+1.574e+02
+1.122e+02
+6.712e+01
+2.200e+01
-2.312e+01
-6.824e+01
-1.134e+02

Figure 82: phi8/12cm stirrups at start and end of beam-— steel normal strain at ultimate crack




S, 511

(Avg: 75%)
+4.494e+02
+4.016e+02
+3.538e+02
+3.060e+02
+2.583e+02
+2.105e+02
+1.627e+02
+1.14%e+02
+6.716e+01
+1.93%e+01
-2.83%+01
-7.616e+01
-1.23%e+02

Figure 83: no shear reinforcement — steel normal strain

Based on the results shown in chapter 4 after using finite element method and after

comparing the curves of load-displacement of models with a change in ratio of shear

reinforcement, Since we observe in the figure below that all results are close to each other
where we conclude that after removing stirrups and replacing by UHPC layer it gives a close

result in terms of loads and displacement.

3
Displacement
phig/12 PHI8/20

start-end stiirups shear no stirrups

Figure 84: load-displacement curve- the ratio of shear reinforcement
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3

isplacement
F.E 30mm —#e E@mm fe 40mm

fe 50mm nc fe start-end
fe middle ——phi8/15 —phil2/12

— phig/20 shear start-end no shear

Figure 85 : load -displacement curve for all considered models

The previous figure shows load-displacement curve for all considered beams and parametric
studies .we can see that the most advantageous and best way to strengthen the concrete beam
is to strengthen the 370mm UHPC layer at the beginning and end of the beam with 20mm
thickness.




Chapter 5- Conclusion

The change in thickness of UHPC layer does not significantly affect the increase
in loads and displacements.

If we put UHPC 370mm in length at the beginning and end of the concrete beam
gives a very close result to UHPC along the concrete beam.

After removing stirrups and replacing by UHPC layer it gives a close result in

terms of loads and displacement.

While failure of control beams took place in shear, the failure of two-sided UHPC

strengthened beams shifted to flexure-shear mode
The beneficial effects of strengthening the RC beams using UHPC, as evident
from enhancement of the shear capacity and shifting of the failure mode from

brittle to ductile with more stiff behavior




Chapter 6 : References

B. Taljsten, A. Carolin, H. Nordin, Concrete structures strengthened with near surface
mounted reinforcement of CFRP, Adv. Struct. Eng. 6 (3) (2003) 201-213.

B. Benmokrane, B. Zhang, A. Chennouf, Tensile properties and pullout behaviour of AFRP
and CFRP rods for grouted anchor applications, Constr. Build. Mater. 14 (3) (2000) 157-170.
N. Attari, S. Amziane, M. Chemrouk, Flexural strengthening of concrete beams using CFRP,
GFRP and hybrid FRP sheets, Constr. Build. Mater. 37 (2012) 746757

T. Uomoto, T. Nishimura, H. Ohga. ‘‘Static and fatigue strength of frp rods for concrete
reinforcement,” in Non-Metallic (FRP) Reinforcement for Concrete Structures: Proceedings
of the Second International RILEM Symposium, 1995, vol. 29: CRC Press, p. 100.

G. Tumialan, D. Tinazzi, J.J. Myers, and Nanni, A.‘‘Field evaluation of unreinforced
masonry walls strengthened with FRP composites subjected to out-of-plane loading, Adv.
Technol. Struct. Eng. (2000) 1-14.

A. Nanni, North American design guidelines for concrete reinforcement and strengthening
using FRP: Principles, applications and unresolved issues, Constr. Build. Mater. 17 (6-7)
(2003) 439-446.

M. Samaan, A. Mirmiran, M. Shahawy, Model of concrete confined by fiber composites, J.
Struct. Eng. 124 (9) (1998) 1025-1031.

M. Ameli, H.R. Ronagh, P.F. Dux, Behavior of FRP strengthened reinforced concrete beams
under torsion, J. Compos. Constr. 11 (2)

F. Bencardino, G. Spadea, R.N. Swamy, Strength and ductility of reinforced concrete beams
externally reinforced with carbon fiber fabric, Struct. J. 99 (2) (2002) 163-171.

F. Katsuki, T. Uomoto. ‘‘Prediction of deterioration of frp rods due to alkali attack,” in Non-

Metallic (FRP) Reinforcement for Concrete Structures: Proceedings of the Second
International RILEM Symposium, 2004: CRC Press, p. 82.

Kreit A, Al-Mahmoud F, Castel A, Francois R. Repairing corroded RC beam with near-
surface mounted CFRP rods. Mater Struct 2011;44(7):1205-17

J. Teng, L. De Lorenzis, B. Wang, R. Li, T. Wong, L. Lam, Debonding failures of RC beams
strengthened with near surface mounted CFRP strips, J. Compos. Constr. 10 (2) (2006) 92—
105.

L. De Lorenzis, J. Teng, Near-surface mounted FRP reinforcement: An emerging technique
for strengthening structures, Compos. B Eng. 38 (2) (2007) 119-143.

[47]




J.G. Teng, S.S. Zhang, J. Chen, Strength model for end cover separation failure in RC beams
strengthened with near-surface mounted (NSM) FRP strips, Eng. Struct. 110 (2016) 222-232.
Almassri, B. and Halahla, A.M., 2020, October. Corroded RC beam repaired in flexure
using NSM CFRP rod and an external steel plate. In Structures (Vol. 27, pp. 343-351).

Elsevier.

Obaidat, Y.T., Barham, W.S. and Aljarah, A.H., 2020. New anchorage technique for
NSM-CFRP flexural strengthened RC beam using steel clamped end plate. Construction
and Building Materials, 263, p.120246.

Sena Cruz JM, Barros JA, Gettu R, Azevedo AF. Bond behavior of near-surface
mounted CFRP laminate strips under monotonic and cyclic loading. J Compos

Constr 2006;10(4):295-303.

Tahnat YB, Dwaikat MM, Samaaneh MA. Effect of using CFRP wraps on the strength
and ductility behaviors of exterior reinforced concrete joint. Compos Struct
2018;1(201):721-39.

Tahnat YB, Samaaneh MA, Dwaikat MM, Halahla AM. Simple equations for predicting
the rotational ductility of fiber-reinforced-polymer strengthened reinforced concrete
joints. Structures. Elsevier; 2020. p. 73-86

Halahla AM, Tahnat YB, Almasri AH, Voyiadjis GZ. The effect of shape memory

alloys on the ductility of exterior reinforced concrete beam-column joints using the
damage plasticity model. Eng Struct 2019;1(200):109676

Malik,,P.K. (1993), Fiber-Reinforced Composites. Materials, Manufacturing and
Design, (2nd Ed.), CRC

Ahmad, S., Hakeem, I., & Maslehuddin, M. (2015). Development of an optimum

mixture of ultra-high performance concrete. European Journal of Environmental and
Civil Engineering, 20(9), 1106-1126.

Altin, S, Anil, o=, & Kara, M. E. (2005). Improving shear capacity of existing RC
beams using external bonding of steel plates. Engineering Structures,

27(5), 781-791.

Al-Osta, M. A. (2018). Exploitation of ultrahigh-performance fibre-reinforced

concrete for the exploitation of ultrahigh-performance fibre-reinforced

concrete for the strengthening of concrete structural members. Advances

in Civil Engineering.

Al-Osta, M. A., Isa, M. N., Baluch, M. H., & Rahman, M. K. (2017). Flexural behavior

[48]




of reinforced concrete beams strengthened with ultra-high performance fiber reinforced
concrete. Construction and Building Materials, 134, 279-296.

Alaee, F. J., Karihaloo, B. L., & Asce, F. (2003). Retrofitting of reinforced concrete
beams with CARDIFRC. Journal of Composites for Construction, 7(August),

174-186.

ASTM International. (2004). ASTM C496/C 496M Standard test method for splitting
tensile strength of cylindrical concrete. West Conshohocken, PA: ASTM International
B.A. Graybeal, Structural Behavior of a Prototype Ultra-High Performance

Concrete Pi- Girder, Report No. FHWA-HRT-10-027, FHWA, McLean, VA, 2009.
Bahrag, Ashraf Awadh, et al. "Experimental and numerical investigation of shear
behavior of RC beams strengthened by ultra-high performance concrete.” International
Journal of Concrete Structures and Materials 13.1 (2019): 1-19

Bastiien-Masse, M., & Brihwiler, E. (2014). Ultra-high performance fiber reinforced
concrete for strengthening and protecting bridge deck slabs. In Bridge maintenance,
safety, management and life extension (pp. 2176-2182). CRC Press-Taylor & Francis
Group, Boca Raton.

Chen, J. F., & Teng, J. G. (2003). Shear capacity of FRP-strengthened RC beams:

FRP debonding. Construction and Building Materials, 17, 27-41.

Farhat, F. A., Nicolaides, D., Kanellopoulos, A., & Karihaloo, B. L. (2007). High
performance fibre-reinforced cementitious composite (CARDIFRC)—performance

and application to retrofitting. Engineering Fracture Mechanics,

74(1-2), 151-167.

Hussein, L., & Amleh, L. (2015). Structural behavior of ultra-high performance

fiber reinforced concrete-normal strength concrete or high strength

concrete composite members. Construction and Building Materials,

Li, V. C. (2004). High performance fiber reinforced cementitious composites as

durable material for concrete structure repair. Restoration of Buildings and

Monuments, 10(2), 163-180.

Lampropoulos, A. P., Paschalis, S. A., Tsioulou, O. T., & Dritsos, S. E. (2016).
Strengthening of reinforced concrete beams using-ultra high performance fibre
reinforced concrete (UHPFRC). Engineering Structures, 106, 370-384.

Lubliner, J., Oliver, J., Oller, S., & Oate, E. (1989). A plastic-damage model for

concrete. International Journal of Solids and Structures, 25(3), 299-326.

[49]




Lee J, Fenves GL. Plastic-damage model for cyclic loading of concrete structures.
Journal of engineering mechanics. 1998 Aug;124(8):892-900.

Martinola, G., Meda, A., Plizzari, G. A., & Rinaldi, Z. (2010). Strengthening and repair
of RC beams with fiber reinforced concrete. Cement and Concrete Composites, 32(9),
731-739.

Mercan, B. (2011). Modeling and behaviour of prestressed concrete spandrel beams.

Ph.D. Thesis.

Noshiravani, T., & Brihwiler, E. (2013). Experimental investigation on reinforced ultra-
high performance fiber reinforced concrete composite beams subjected to combined
bending and shear. ACI Structural Journal, 110(2), 251.




