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ABSTRACT 

  

Reactive powder concrete (RPC) is a modern and advanced type of concrete 

categorized as ultra-high performance fiber-reinforced concrete with exceptional 

mechanical properties and durability. RPC exhibits immense potential for various 

applications in reinforced concrete members. However, limited attention has been 

devoted to numerically investigating the structural behavior of RPC deep beams, where 

stress-strain models are crucial. 

This research deals with the assessment of stress-strain models outlined in 

the fib 2010, NF P 18-710 2016 (AFGC), and CECS 2020 standard codes to 

comprehend their efficacy in capturing the structural response of RPC deep beams 

using finite element analysis (FEA). Experimental data from the literature, which 

explored the influence of concrete compressive strength, shear span-to-effective depth 

ratio, and main reinforcement ratio, was employed for validation purposes. The FEA 

findings indicate that the fib 2010 code tends to yield conservative estimations, while 

the AFGC and CECS codes gave more accurate predictions. Additionally, this study 

employed strut-and-tie models (STMs) based on the ACI 318-11, EN 1992-1-1, and 

AFGC codes to forecast the shear strength of RPC deep beams. 

 

Keyword : Reactive Powder Concrete, Finite Element Analysis, Stress-Strian Model, 

Strut-and-Tie Model, Deep Beam 
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Chapter 1 

Introduction 

1.1 Problem Statement 

Infrastructure is the lifeblood of any country's economic development and an 

important supporting force to ensure social stability and fast transportation. Since the 

21st century, World's infrastructure industry has developed rapidly. However, with the 

continuous development of World's economy, due to the early design standards are 

relatively low, the quality of the project is not high, and there is no timely maintenance, 

making the phenomenon of disease in concrete structures. Improving the properties of 

concrete has become an urgent problem to be solved.  

The tensile strength of the traditional ordinary concrete structures is low, and they 

are easy to crack under the action of external loads. In the actual projects, the durability 

of the concrete structures is more prominent, and a lot of money is needed to maintain 

the structures in the later stage of use. At present, the development of civil engineering 

industry is increasingly demanding sustainable development, so it is urgent to study a 

new type of civil engineering material with high strength, good durability, and 

environmental protection. 

A new type of cement-based composite material developed in the past thirty years 

is ultra-high-performance concrete (UHPC), also known as reactive powder concrete 

(RPC). Compared with ordinary concrete, RPC has made significant progress in 

compressive strength, tensile strength, elastic modulus, and creep performance, 

especially in compressive performance. Using the excellent performance of RPC, the 

size of the structural elements and the weight of the structures can be reduced, and the 

seismic performance of the structures can be strengthened. RPC has also outstanding 

performance in impermeability, fire resistance, wear resistance and deformation 

performance. Its application in concrete structures can therefore reduce maintenance 

costs, prolong the service life of concrete structures, and reduce the overall cost of the 

project [1].   

Deep beam is a type of structural elements that prefers a material with high 

performance like RPC as it normally contains congested reinforcement to be able to 

carry design loads safely. It is a special reinforced concrete (RC) element needed a 

specific analysis and design as it exhibits a complex behavior. And shear failure is its 

major concern. Birrcher [2] reported that the RC cover beams of some bridges in Texas, 

the United States, had diagonal cracks due to shear failure under normal use loads, and 

the two beams with excessively wide cracks required expensive reinforcement. The 

diagonal cracks and reinforcement measures of one of the beams are shown in Figure 

1. These beams are the deep beams according to ACI 318-11 [3] as they had 

concentrated load from I-girder acting within a distance two times of the beam depth 

from the face of the support.  
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Figure  1. Deep Beam Damage in A Bridge Structure [2]. 

 

Application of RPC to deep beams is, therefore, of interest to civil engineers and 

researchers [4-8]. However, research work on RPC deep beams is still limited both in 

experimental and numerical study. At present, there is no general design specification 

in the industry, which greatly affects the application of RPC in practical engineering. 

An insight into the structural behavior of RPC deep beam is still needed. Alternative to 

experimental testing which can provide fundamental understanding on structural 

behavior but can be both expensive and time consuming is numerical study using finite 

element analysis (FEA). To be able to conduct realistic analyses of deep beams, reliable 

stress-strain models that accurately describe the material’s behavior under compression 

and tension are essential.  

To be able to implement numerical study, in this study, the stress-strain models 

provided by some standard codes were adopted and assessed their ability to capture the 

structural behavior of RPC deep beams. Some strut-and-tie models are also investigated 

and used to predict shear strength of RPC deep beams. 

 

1.2 Research Objectives 

The objectives of this research are:  

1) To investigate the effectiveness of stress-strain models provided 

by some standard codes in capturing structural behavior of RPC deep beams 

using finite element analysis 

2) To assess the capability of some strut-and-tie models in 

predicting the shear strength of RPC deep beams 

1.3 Research Scope 

1) The stress-strain models provided by the fib model code 2010, 

NF P 18-710 (AFGC), and CECS 2020 are adopted. 

2) SOFiSTiK finite element code is adopted. 

3) The strut-and-tie models according to ACI 318-11, EN 1992-1-

1, and NF P 18-710 (AFGC) codes are considered & the deep beams have the 

shear span-to-depth ratio a/d ≤ 2.0.  
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1.4 Expected Advantages 

1) A better understanding of the nonlinear structural behavior of RPC deep 

beams is obtained. 

2) The capability of some strut-and-tie models is assessed in predicting the 

shear strength of RPC deep beams. 
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Chapter 2 

Literature Review  

2.1 Deep Beams 

Deep beams are structural elements loaded as simple beams in which a 

significant amount of the load is carried to the supports by a compression force 

combining the load and the reaction as depicted in Figure 2. As a result, the strain 

distribution is no longer considered linear, and the shear deformations become 

significant when compared to pure flexure [9].  

In view of ample shear strength, deep beams are primarily recommended as 

transfer girders. These members transfer loads through-loading face to supports in the 

transverse direction. The deep horizontal members predominantly fail in shear rather 

than flexure. These beams are characterized with small span-to-depth ratio. Pile caps, 

corbel, brackets, foundation walls and off-shore structures are few examples of RC deep 

beams. 

 

 
Figure  2. Load Transferring in Deep Beam [10]. 

2.1.1 Definition of Deep Beams 

Though different codes define deep beams in different clear span-to-depth ratios, 

as a general rule deep beams are recognized by their relatively small span-to-depth ratio. 

In accordance with ACI 318-11 [3], deep beams are defined as members that are loaded 

on one face and supported on the opposite face such that strut-like compression 

elements can develop between the loads and supports and that satisfy (a) or (b): 

a) Clear span does not exceed four times the overall member depth h. 

b) Concentrated loads exist within a distance 2h from the face of the 

support. 

2.1.2 Design of Deep Beams 

According to the ACI 318-11 [3], deep beams shall be designed taking into 

account nonlinear distribution of longitudinal strain over the depth of the beam and 
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strut-and-tie models are deemed to satisfy this requirement. The provisions for design 

of deep beams are as follows. Note that the unit of stress is in MPa. 

 

(1) Dimensional limits: deep beam dimensions shall be selected such that: 

 

 0.83n c wV f b d  (1) 

 

(2) Reinforcement limits: distributed reinforcement along the side faces of  

deep beams shall be at least that required in (a) and (b): 

a) The area of distributed reinforcement perpendicular to the 

longitudinal axis of the beam, Av, shall be at least 0.0025bws, where s 

is the spacing of the distributed transverse reinforcement. 

b) The area of distributed reinforcement parallel to the longitudinal axis 

of the beam, Avh, shall be at least 0.0025bws2, where s2 is the spacing 

of the distributed longitudinal reinforcement. 

 

(3) The minimum area of flexural tension reinforcement, As,min, shall be the 

greater of (a) and (b): 

(a) 0.25
c

w

y

f
b d

f


 (2) 

 

(b)  1.375 w

y

b d

f
 (3) 

 

(4) Reinforcement detailing: spacing of distributed reinforcement required in 

Item (2) shall not exceed the lesser of d/5 and 300 mm. 

 

2.2 Reactive Powder Concrete 

2.2.1 Introduction 

Reactive powder concrete (RPC) is one type of high-strength concrete (HSC) 
and ultra-high-performance concrete (UHPC). It was evolved from the researchers 

finding that the typical concrete breakdown is caused by the junction between the coarse 

aggregate and the mortar. Therefore, coarse aggregate is not used for mixing. And to 

improve ductility of concrete, researchers add some short steel fibers into concrete mix. 
RPC is a cement-based material as a binder to various aggregates. Its outstanding 

properties are achieved by using knowledge of microstructure of concrete together with 

knowledge of chemistry of cement and concrete. The principles of RPC are as follows 

[11]. 

 

 

1) Make the concrete as homogeneous as possible without coarse aggregate. 

2) Improve the density by arranging the mix as tight as possible using a new 

concrete design method. 
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3) Improve microstructure to increase long-term durability by heat curing after 
initial setting which helps to reduce shrinkage. 

4) Improve toughness by mixing with small steel fibers. 

2.2.2 Composition of RPC 

RPC is composed of very fine powders (cement, sand, quartz powder and silica 

fume), steel fibers (optional) and superplasticizer. The superplasticizer, used at its 

optimal dosage, decreases the water to cement ratio (w/c) while improving the 

workability of the concrete. A very dense matrix is achieved by optimizing the granular 

packing of the dry fine powders. This compactness gives RPC ultra-high strength and 

durability. RPC has compressive strengths ranging from 200 MPa to 800 MPa. The 

original RPC compositions, RPC200 and RPC800, are provided by Richard and 

Cheyrezy [11] as listed in Table 1.  

 

Table  1. Original RPC Compositions by Weight [11]. 

Item 

RPC 200 RPC 800 

Non fibered Fibered 
Silica 

aggregates 

Steel 

aggregates 

Portland cement 

Silica fume 

Sand 150 - 600 µm 

Crushed quartz 
d50=10 µm 

Superplasticizer 

(Polyacrylate) 

Steel fiber L=12 mm 

Steel fiber L=3 mm 

Steel aggregates 

<800 µm 

Water 

1 

0.25 

1.1 

- 

0.016 

- 

- 

- 

0.15 

1 

0.23 

1.1 

0.39 

0.019 

- 

- 

- 

0.17 

1 

0.25 

1.1 

- 

0.016 

0.175 

- 

- 

0.17 

1 

0.23 

1.1 

0.39 

0.019 

0.175 

- 

- 

0.19 

1 

0.23 

0.5 

0.39 

0.019 

- 

0.63 

- 

0.19 

1 

0.23 

- 

0.39 

0.019 

- 

0.63 

1.49 

0.19 

Compaction pressure 

Heat treatment 

temperature 

- 

20C 

- 

90C 

- 

20C 

- 

90C 

50 MPa 

250-400C 

50 MPa 

250-400C 

 

2.2.3 Ingredients of RPC and Their Functions 

Each ingredient of RPC has its own functions and selection parameters as 

discussed in [12] and listed below: 

2.2.3.1 Cement 

1) Ordinary Portland cement of medium fineness is suitable for making RPC. The 

cement particle size should be 1 micron to 100 microns. 
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2) The function of cement is to act as binding material and also to generate primary 

hydrants of concrete. 

3) Optimum percentage of principle minerals or Bogues Compounds required to 

make RPC are in Table 2. 

 

Table  2. Optimum Percentage of Principle Minerals of Cement [12]. 

Mineral Percentage 

Tricalcium Silicate (C3S) 60% 

Dicalcium Silicate (C2S) 22% 

Tricalcium Aluminate 

(C3A) 
3.8% 

Tetra-calcium Alumino 

Ferrite (C4AF) 
7.4% 

 

2.2.3.2 Sand 

1) Natural river bed or crushed sand of particle size 150 to 600 micron is 

recommended. 

2) It should be of good hardness and readily available at low cost. 

3) In reactive powder concrete, sand particles are highest sized particle hence, their 

function is to give strength to the concrete mix. 

2.2.3.3 Quartz Powder 

1) Generally, quartz powder is available in crystalline form. It is selected based on 

its fineness. 

2) The particle size should be 5 microns to 25 microns. 

3) The main function of quartz is to give maximum resistance to the concrete 

against heat. 

2.2.3.4 Silica Fume 

1) Silica fume is generally obtained from ferrosilicon industries. It should be 

selected in such a way that it should contain less quantity of impurities in it. 

2) The particle size of silica fume is about 0.1 micron to 1 micron. 

3) Its function is to fill the small voids and also to enhance flow properties of 

concrete. 

4) It also helps to generate secondary hydrates in the concrete. 

2.2.3.5 Steel Fibers 

1) Steel fibers of length 13 to 25 mm and 0.15 to 0.2 mm diameter are selected to 

prepare reactive powder concrete. 

2) It improves ductility of the concrete. 

2.2.3.6 Super Plasticizer 

1) Polyacrylate is used as super plasticizer in RPC. 
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2) The main function of polyacrylate is to decrease the water cement ratio and also 

to improve the workability of concrete. 

 

2.2.4 Advantages of RPC 

RPC has many advantages compared to other types of concretes as follows [12]. 

1) Due to its High ductility property, it always competes with steel. 

2) Fine ingredients make the concrete void proof and no leakage of gas or liquid 

occurs. 

3) There is a reduction of dead load of structure due to higher shear capacity along 

with superior strength. 

4) RPC members have great resistance against seismic forces. 

 

2.2.5 Limitations of RPC 

RPC also has some limitations as follows [12]: 

1) Aggregate replacing materials used in RPC are slightly expensive which 

increases the project cost. 

2) Optimization of principle minerals in concrete also increase the cost of concrete. 

3) Long term properties of reactive powder concrete are not known since it is still 

in developing stage. 

4) There is no official code provided for Reactive powder concrete mix design. 

 

2.3 Finite Element Analysis 

2.3.1 Introduction 

The finite element method (FEM) is a popular method for numerically solving 

differential equations arising in engineering and mathematical modeling. Typical 

problem areas of interest include the traditional fields of structural analysis, heat 

transfer, fluid flow, mass transport, and electromagnetic potential [13].  

The FEM is a general numerical method for solving partial differential 

equations in two or three space variables (i.e., some boundary value problems). To solve 

a problem, the FEM subdivides a large system into smaller, simpler parts that are called 

finite elements. This is achieved by a particular space discretization in the space 

dimensions, which is implemented by the construction of a mesh of the object: the 

numerical domain for the solution, which has a finite number of points. The FEM 

formulation of a boundary value problem finally results in a system of algebraic 

equations. The method approximates the unknown function over the domain. The 

simple equations that model these finite elements are then assembled into a larger 

system of equations that models the entire problem. The FEM then approximates a 

solution by minimizing an associated error function via the calculus of variations. 

Studying or analyzing a phenomenon with FEM is often referred to as finite element 

analysis (FEA). 

2.3.2 Basic Concepts of FEA 

Typical work out of the FEA in stress analysis involves [14]: 
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1) Divide the structure or continuum into finite elements – Mesh generation 

programs, called preprocessors, help the user in doing this work (see Figure 

3). 

2) Formulate the properties (stiffness) of each element. 

3) Assemble elements to obtain the finite element model of the structure. 

4) Apply the known loads: nodal forces and/or moments. 

5) Specify how the structure is supported. This step involves setting several 

nodal displacements to known values. 

6) Solve simultaneous linear algebraic equations to determine nodal degree of 

freedoms (nodal displacement). 

7) Calculate element strains from the nodal degree of freedoms (nodal 

displacement) and finally calculate stresses from strains. Output 

interpretation programs, called postprocessors, help the user sort the output 

and display it in graphical form. 

 

Steps 1, 4, and 5 require decisions by the user and provide input data for the computer 

program. The data controls the selection of problem type, geometry, boundary 

conditions, element selection, and so on. Steps 2, 3, 6, and 7 are carried out 

automatically by the computer program. 

 

 
 

Figure  3. An Example of FE Mesh Created by Using FE Software [13]. 

2.3.3 SOFiSTiK FEA Software 

The SOFiSTiK FEM packages [15] are customized solutions that build upon the 

proven SOFiSTiK finite element technology for structural analysis according to the 

finite element method. Based on an open system architecture, the powerful FE 

programs offer seamless workflows for all needs of modern civil engineering. The 

application area of the finite element solutions ranges from simple 2D slab design to 

3D building and bridge design, from open, native and integrated BIM to big and small 

BIM. 

All FEM packages include suitable code check modules for Eurocodes and many 

other standards, as well as complete and interactive post-processing and high-

performance 64-bit solvers. Versatile input options, from parametric input via the 

AutoCAD® add-on SOFiPLUS to BIM planning with Autodesk® Revit®, round off 
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the FEM packages and provide civil engineers with the appropriate tools to successfully 

implement construction projects of any scale. More details will be given in Chapter 3. 

Figure 4 presents an example of the FEA results of nonlinear analysis of RC beam by 

the SOFiSTiK program using beam elements, beam elements including tension 

stiffening effect, and shell elements. 

 

 
Figure  4. FEA Results of Nonlinear Analysis of RC Beam by SOFiSTiK [16]. 

2.4 Strut-and-Tie Model 

2.4.1 Introduction 

The strut-and-tie model (STM) is a generalization of the truss analogy, a concept 

used in shear design applied to all parts of the structure. The basic concept of the 

generalized truss analogy states that the flow of the force within a reinforced concrete 

structure is the same as the flow of the force within a truss model. Furthermore, this 

truss model comprises a compressive stress field and a tension tie, which connects the 

compressive stress field. Structural members can be divided into B-regions (Beam or 

Bernoulli) and D-regions (Discontinuity or Disturbed) as can be seen in Figure 5 for an 

example. Unlike the B-region, which undergoes beam action, the strain in the D-region 

undergoes arch action and has a nonlinear distribution. Moreover, because the arch 

action significantly increases the shear strength, it cannot be evaluated in the same way 

as the B-region. For this reason, the STM presents a generalized design method for the 

D-region in situations where the evaluation for the design of the D-region is not 

correctly performed, and it is inevitable to rely on the designer’s experience. General 

structural members can be divided into B-region, where linear strain and beam theory 

are applied, and D-region where beam theory is not applied due to applied concentrated 

loads or discontinuous cross-sections [17]. 
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Figure  5. An Example of B-regions and D-regions in A Beam [17]. 

2.4.2 Components of STM 

As shown in Figure 6, the flow of forces after concrete cracking can be expressed 

as a STM composed of compression strut, tension tie, and nodal zones. A description 

of each component is as follows [17]: 

 
Figure  6. Components of A Strut-and-Tie Model in Deep Beam [17]. 

 

2.4.2.1 Strut 

Strut is a STM member that expresses a compressive stress field under 

compressive forces. The strut's shape generally expressed as a prismatic strut or fan-

shaped strut, as shown in Figure 6. However, it can also be expressed as a bottle-shaped 

strut. When bottle-shaped struts are applied to the design, longitudinal cracks may occur 

due to tensile forces acting perpendicular to the struts, so confining reinforcement 

should be placed in the direction perpendicular to the strut axis. For simplification of 

design, bottle-shaped struts are typically idealized as straight struts. 
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Strut capacity is a function of the effective compressive strength of concrete and 

is affected by concrete’s strength, load duration effect, transverse tensile strain, and 

cracking. The nominal strength of the struts applied to the strut design shall be 

determined by the design criteria, and the smaller of the values calculated at both ends 

shall be applied to the design. 

 

2.4.2.2 Tension tie 

Tie is a tensile member subjected to tensile forces in STM. Ties placed in the center 

of the tensile rebar. The location at which the struts and ties meet is expressed as a 

triangular nodal zone. The width of this nodal zone is determined by the ties and is 

referred to as the effective width of the tie. When more than one row of tensile 

reinforcing bars is arranged, the effective width of ties proposed in the design criteria 

is followed, as shown in Figure 7.  

Tie settlement should be reviewed from the location where the extended nodal 

zone and the center of the ties meet. The extended nodal zone refers to the area where 

each effective width overlaps at the location where the struts and ties meet. 

 
Figure  7. Effective Width of Ties (AASHTO and Eurocode) [17]. 

2.4.2.3 Nodes 

In STM, the point at which at least three forces gather for force equilibrium is 

called a node. Nodes can be divided into CCC, CCT, CTT, and TTT as depicted in 

Figure 8 (C is for compression strut and T is for tension tie), depending on the type of 

force applied at the nodes. Conceptually, nodes can be idealized as pinned joints. 
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Figure  8. Types of Strut-and-Tie Model Nodes [17]. 

2.4.2.4 Nodal Zones 

The concrete area at the node position that allows the strut and tie forces to be 

transmitted through the node is called the nodal zone. Hydrostatic nodal zones are zones 

where the sides of the nodes are placed perpendicular to the strut and ties so that all 

sides of the nodes have the same stress. When nodes are arranged in the Hydrostatic 

nodal zones, the ratio of the width of each node (w1: w2: w3) is equal to the ratio of the 

three compressive forces (C1:C2:C3), which can be used to calculate the strut’s width. 

Extended nodal zones consider nodes and struts, bearing faces, and even areas 

where the ties are extended. This method works advantageously in the settlement of 

rebar, considering that reaction forces or compressive forces by struts improve the 

adhesion of concrete and rebar. 

Subdivision of nodal zones is a method that considers the reaction forces acting 

on the nodal zone. As shown in Figure 9, R can be subdivided into R1 and R2 by the 

bearing area ratio, and these values are the vertical components of C1 and C2, 

respectively. This equilibrium relationship is useful for calculating the width of the 

inclined strut. 

 

 
 

Figure  9. Types of Strut-and-Tie Model Nodal Zones [17]. 
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2.4.3 STM Methodology 

The following STM procedure proposed by MacGregor [18] can be summarized 

as follows: 

1) Define and isolate the D-regions. 

2) Compute the internal stress on the boundaries of the element.  

3) Subdivide the boundary and compute the force resultants on each sub-

length. 

4) Draw a truss to transmit forces from boundary to boundary of the D-region. 

5) Check the stresses in the individual members of the truss. 

6)  

2.4.4 Design strength 

ACI 318-11 [3] provides the provisions for calculation of the design strength for 

STM as follows. 

For each applicable factored load combination, design strength of each strut, tie, 

and nodal zone in a STM shall satisfy  nS U , including (a) through (c): 

a) Struts: 

  ns usF F  (4) 

b) Ties: 

  nt utF F  (5) 

c) Nodal zones: 

  nn unF F  (6) 

 

where ϕ for struts, ties, nodal zones, and bearing areas designed in accordance with 

strut-and-tie method shall be 0.75. 

 

2.4.4.1 Strength of struts 

2.4.4.1.1 The nominal compressive strength of a strut, nsF , shall be calculated by 

(a) or (b): 

a) Strut without longitudinal reinforcement 

 

 ns ce csF F A=  (7) 

 

b) Strut with longitudinal reinforcement 

 

 ns ce cs s sF F A A f = +  (8) 

 

where nsF  shall be evaluated at each end of the strut and taken as the lesser value; csA  

is the cross-sectional area at the end of the strut under consideration; cef  is given in 

Eq.(9); sA  is the area of compression reinforcement along the length of the strut; and 

sf   is the stress in the compression reinforcement at the nominal axial strength of the 
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strut. It shall be permitted to take sf   equal to 
yf  for Grade 40 or 60 reinforcement 

according to ASTM A615.  

 

2.4.4.1.2 Effective compressive strength of concrete in a strut, cef , shall be 

calculated in accordance with 2.4.5.3 or 2.4.5.4. 

2.4.4.1.3 Effective compressive strength of concrete in a strut, cef , shall be 

calculated by: 

 0.85ce s cf f =  (9) 

 

where s , in accordance with Table 3, accounts for the effect of cracking and crack-

control reinforcement on the effective compressive strength of the concrete. 

 

Table  3. Strut Coefficient s  [3]. 

Strut geometry and location Reinforcement crossing 

a strut 
s  

 

Struts with uniform cross-sectional area 

along length 

NA 1.0 (a) 

Struts located in a region of a member 

where the width of the 

compressed concrete at midlength of 

the strut can spread laterally (bottle-

shaped struts) 

Satisfying 2.4.5.5 0.75 (b) 

Not Satisfying 2.4.5.5 0.60λ (c) 

Struts located in tension members or the 

tension zones of members 

NA 0.40 (d) 

All other cases NA 0.60λ (e) 

 

2.4.4.1.4 If confining reinforcement is provided along the length of a strut and its 

effect is documented by tests and analyses, it shall be permitted to use an increased 

value of cef  when calculating nsF . 

2.4.4.1.5 Reinforcement Crossing Bottle-Shaped Struts 

2.4.4.1.5.1 For bottle-shaped struts designed using 0.75s = , reinforcement to 

resist transverse tension resulting from spreading of the compressive force in the strut 

shall cross the strut axis. It shall be permitted to determine the transverse tension by 

assuming that the compressive force in a bottle-shaped strut spreads at a slope of 2 

parallel to 1 perpendicular to the axis of the strut as shown in Figure 10.  
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Figure  10. Bottle-Shaped Strut:  (a) Cracking of A bottle-Shaped Strut ; (b) A Model 

to Determine Transverse Tension [3]. 
 

2.4.4.1.5.2 Distributed reinforcement calculated in accordance with Eq.(10) and 

crossing the strut axis shall be deemed to satisfy 2.4.5.5.1, if cf   41.37 MPa (6,000 

psi). 

 sin 0.003si
i

s i

A

b s
   (10) 

 

where siA  is the total area of distributed reinforcement at spacing is  in the i-th 

direction of reinforcement crossing a strut at an angle i  to the axis of a strut, and sb  

is the width of the strut. Distributed reinforcement required shall be placed orthogonally 

at angles 1  and 2  to the axis of the strut, or in one direction at an angle 1  to the 

axis of the strut, see Figure 11.  Where the reinforcement is placed in only one direction, 

1  shall be at least 40 degrees. 

 
Figure  11. Reinforcement Crossing A Strut [3]. 
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2.4.4.2 Strength of Ties 

Tie reinforcement shall be non-prestressed or prestressed. The nominal tensile 

strength of a tie, ntF , shall be calculated by: 

 

nt ts y tp se p
F A f A f f 

 
 

= + +                                   (11) 

 

where se p
f f 

 
 

+  shall not exceed 
pyf , and 

tpA  is zero for non-prestressed members. 

In Eq. (11), it shall be permitted to take 
pf  equal to 413.7 MPa (60,000 psi) for 

bonded prestressed reinforcement and 68.95 MPa (10,000 psi) for unbonded prestressed 

reinforcement. Higher values of  
pf  shall be permitted if justified by analysis. 

 

2.4.3.3 Strength of Nodal Zones 

2.4.3.3.1 The nominal compressive strength of a nodal zone, nnF , shall be 

calculated by: 

 

 nn ce nzF f A=  (12) 

 

where cef  is defined in 2.4.7.2 or 2.4.7.3 and nzA  is given 2.4.7.4 or 2.4.7.5. 

 

2.4.3.3.2 The effective compressive strength of concrete at a face of a nodal zone, 

cef , shall be calculated by: 

 0.85ce n cf f =   (13) 

 

where n  shall be in accordance with Table 4.  

 

Table  4. Nodal Zone Coefficient n  [3]. 

Configuration of nodal zone n  
 

Nodal zone bounded by struts, bearing areas, or both 1.0 (a) 

Nodal zone anchoring one tie 0.80 (b) 

Nodal zone anchoring two or more ties 0.60 (c) 

 

2.4.3.3.3 If confining reinforcement is provided within the nodal zone and its effect 

is documented by tests and analyses, it shall be permitted to use an increased value of 

cef  when calculating nnF .  

2.4.3.3.4 The area of each face of a nodal zone, nzA , shall be taken as the smaller 

of (a) and (b): 
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(a) Area of the face of the nodal zone perpendicular to the line of action of usF  

(b) Area of a section through the nodal zone perpendicular to the line of action 

of the resultant force on the section  

 

2.4.3.3.4 In a three-dimensional strut-and-tie model, the area of each face of a nodal 

zone shall be at least that given in 2.4.7.5, and the shape of each face of the nodal zone 

shall be similar to the shape of the projection of the end of the strut onto the 

corresponding face of the nodal zone. 

 

2.5 Related Research 

Fatehi et al. [4] reported an experimental study of the behavior of RPC deep beams 

with openings externally bonded by carbon fiber-reinforced polymer (CFRP) strips. 

The beam specimens were classified into three categories. The first category contains 

two RPC deep beams without strengthening. The second category has six RPC deep 

beams strengthened with different schemes of CFRP strips without mechanical 

anchorage. The last category includes four RPC deep beams strengthened with CFRP 

strips and using mechanical anchorage (bolts). The results showed that using a CFRP 

system as an external strengthening technique has an important effect on the overall 

response of the tested beam specimens. The ultimate strength of the deep beams with 

openings increased by 11%–94% compared to non-strengthened specimens. 

 Fahmi et al. [5] studied the behavior and shear strength characteristics of RPC 

deep beams subjected to concentrated loads. Seven reinforced deep beams made with 

RPC were cast and tested. The test variables included the shear span to effective depth 

ratio, and percentage of silica fume in the concrete. The effect of these parameters on 

the behavior of the test beams included deflection, concrete strains, failure mode, and 

ultimate loads were investigated. The experimental results are compared with analytical 

results using the strut and tie model of ACI 318M-11 Code and found both results to 

be, in general, in good agreement. 

Makki et al. [6] used ANSYS, a FEA software, to make nonlinear analysis of RPC 

deep beams. The models simulating the test process were established, the calculation 

results of ANSYS are compared with the experimental results. Data of eight RPC deep 

beams tested by researchers were used for comparison with ANSYS models. 

Furthermore, three parametric studies were carried out by changing the size of opening, 

location of openings and CFRP systems configuration. The comparison showed that 

ANSYS analysis results are similar to experimental results (the maximum difference in 

the ultimate load was less than 7.5%), which indicated ANSYS analysis software can 

be used to simulate the mechanical property of RPC structures. 

Hassan [7] presented an experimental investigation consisting of casting and 

testing twelve rectangular simply supported reinforced concrete deep beams. Three of 

the tested beams were made with conventional concrete (CC), three with ultra-high- 

performance concrete (UHPC) and six as hybrid beams of the two concretes (UHPC 

&CC). UHPC was used in compression in the hybrid beams. The effect of these 

parameters on the behavior of the test beams included deflection, failure mode, and 

ultimate loads was investigated. Experimental results generally showed that stiffer load 
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deflection behavior was obtained with the increase of UHPC layer thickness and steel 

fibers volumetric ratio for hybrid beams with UHPC in compression. 

Hasan and Al-Shamaa [8] studied an implementation of bubbles in RPC deep 

beams in order to reduce their weight. An experimental work was carried out to test the 

effect of bubbles on the behavior of the beams. Six simply supported deep beams had 

the same rectangular cross section, flexural and shear reinforcement. They were cast 

with overall height (h) of 340 mm, width (b) of 120 mm and they were classified into 

two major groups (A and B) because of their total length (L) of (1000 mm and 1400 

mm), respectively. The main parameters in this study were existing bubbles, flexural 

behavior and shear span-to-depth ratio. The results showed that increasing layer of 

bubbles caused a decreasing in first load cracking and ultimate loads and increasing in 

mid span deflection for all beams. Also, the result showed the existence of bubbles was 

caused reducing the weight of deep beam and ultimate load. For deep beams with shear 

span-to-depth ratio of 1.11 and with one and two layers the reduction in weight was 

9.35% and 18.7%, respectively, while in other hand, there were reduction in ultimate 

load with 7.31% and 11.7%, respectively. Moreover, the reduction in weight of deep 

beam with shear span-to-depth ratio of 1.67 and with one and two layers were 13.09% 

and 26.18%, respectively resulting reduction in ultimate load of 12.5% and 21.8%, 

respectively. Therefore, the effect of bubbles for deep beam with shear span-to-depth 

ratio of 1.11 more useful than deep beam with shear span-to-depth ratio of 1.67. 

Muhaison et al. [19] reported the experimental behavior of six simply supported 

RPC deep beams designed to be failed in shear loaded under two symmetrical point 

loads and subjected to monotonic and repeated load. All RPC mixes had a same aspect 

ratio of steel fiber, but different value of the volume fraction which was either 1% or 

2%. The tested deep beams had the same overall span of 1200 mm, constant cross 

section; 115 mm wide and 400 mm overall depth, and reinforced with the same amount 

of main tension bars (320), and a same amount of shear reinforcement (4mm @100 

mm c/c). Each deep beam had two typical square opening. There were two different 

sizes of the opening; 40 mm and 80 mm. All deep beams had the same; water/cement 

ratio. Throughout the test operation, the crack patterns were drawn and identified the 

mode of failure of the tested deep beams. And the load deflection curves were plotted. 

It was found from observations of this study; a large opening often interrupted the load 

transfer by concrete struts in deep beams and caused a sharp decrease in strength and 

serviceability. Also, the presence of the opening in the deep beams decayed the ultimate 

load of the RPC specimens with volume fraction 1% under repeated load by 2.27 times. 

In particular, it was shown that the presence of steel fiber, along with the RPC, played 

a crucial role in the transition from flexural to shear dominated failure modes of the 

beam. 

Yang et al. [20] conducted a bending test of UHPC beams. A total of 14 UHPC 

reinforced beams were designed in the test. The main test variables were the 

reinforcement ratio of the longitudinal main reinforcement of the beam and the pouring 

method of the test beam. The test results showed that when the reinforcement ratio is 

between 2% - 4%, there were many fine cracks in the pure bending section of the beam. 

When the beam reached the ultimate bearing capacity, there were many main cracks, 

and the beam showed good bending resistance. The test results also showed that the 

bearing capacity of test beams with different pouring methods was different, because 

the pouring method affected the arrangement of steel fiber inside the beam. It was also 
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suggested that the beam should be poured from one end to the other end to make the 

fiber distribution more uniform.  

Adeline et al. [21] conducted a bending test of UHPC beams. In the test, two 

UHPC beams with a length of 15 m were designed. The two beams were equipped with 

8 or 4 longitudinal tensile steel bars with a diameter of 15.2 mm. The test results showed 

that the failure mode of UHPC beams with four longitudinal tensile reinforcements was 

that the longitudinal reinforcements are broken, while the failure mode of UHPC beams 

with eight reinforcements was that the concrete in the compression zone was crushed.  

Yoo and Yoon [22] conducted an experimental study on the bending performance 

of UHPC beams. The main variable in the test was the type of steel fiber mixed in 

UHPC. A total of 10 UHPC beams were fabricated in the test, and the same beam size 

was selected to maintain the single variable principle. The length of the designed test 

beam was 2.5m, and the cross section of the beam was a rectangular section of 150 × 

220mm. The test results showed that the incorporation of steel fiber did not affect the 

cracking load of the beam, but the steel fiber can effectively improve the post-cracking 

stiffness and ultimate bearing capacity of the beam. Using different length of steel fiber 

and twisted steel fiber, there was no significant difference in the performance and 

ductility of cracked beams. The failure mode of UHPC beam without steel fiber was 

crushing of concrete in compression zone, and the failure mode of UHPC beam with 

steel fiber was tensile failure of steel bar.  

Spasojevic et al. [23] studied the influence of beam width (25-75mm ) and beam 

height (25-500mm) on the flexural performance of ultra-high performance fiber 

reinforced concrete beams. The test results showed that the width of the concrete beam 

had little effect on the flexural strength of the beam. Height only increased the plastic 

deformation capacity of concrete by 2-3%. 

Bărbos [24] analyzed the mechanical properties of ultra-high-strength concrete 

beams reinforced with different proportions of steel fibers, it was found that each type 

of ultra-high-strength concrete beam showed good durability in terms of strain, 

deflection and cracks. It was also recommended to use a volume percentage of 0.50% 

steel fiber to ensure good mechanical performance of the beam.  

Alkaysi and El-Tawil [25] conducted pull-out tests on several groups of UHPC 

specimens. The main parameters of the specimens were the diameter of the steel bar, 

the amount of steel fiber in UHPC, the embedding length of the steel bar in UHPC, the 

pouring direction of the specimen and the curing time of the specimen. The pull-out test 

results showed that the bond strength between steel bar and concrete decreased with the 

increase of embedded length because the bond force was not evenly distributed along 

the length direction of steel bar. When using 1% fiber and 2% fiber, the difference of 

bond strength between steel and concrete was 36%. In the early stage of specimen 

curing, the bond strength of steel bar increased with the increase of curing time. The 

bond strength and compressive strength of UHPC and steel bar cured for 7 days reached 

75% of the ultimate strength. 

Hasgul et al. [26] studied the flexural performance of UHPC beams with different 

reinforcement ratios through experiments. The test results showed that compared with 

the non-fiber beam, the increase of steel fiber increased the flexural capacity of the test 

beam by 23-50%; the flexural stiffness increased by an average of 27% with the 

increase of fiber content, but the reinforcement ratio had no significant effect on the 

flexural stiffness. The use of UHPC can change the failure mode of beam. UHPC with 
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high reinforcement ratio had significant advantages in ductility, flexural capacity, 

stiffness and crack control. 
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Chapter 3 

Research Methods 

3.1 Finite Element Analysis using SOFiSTiK   

In this study, SOFiSTiK FEM code [27] will be adopted for nonlinear analysis of 

deep beam behavior.  

The deep beams will be modeled using four-node plane elements called QUAD or 

shell element, as shown in Figure 12, with the plate structural behavior based on 

Reissner-Mindlin theory. Using plate/shell elements, the contribution of the concrete 

between cracks (tension stiffening) is included in the element. Moreover, the program 

offers a layer material model, as depicted in Figure 13, for cracked concrete analysis 

having an advantage as the numerical stability and robustness exist with a simple 2D 

element by introducing a number of material layers for the element stiffness calculation 

in the Gauss points and a general quadrilateral element with four nodes is sufficient [28, 

29].   

To include the nonlinear behavior of the materials, the 2D stress-strain curves in 

tension and compression zone based on some standard codes and some simple 

assumptions will be input into the program.  

  
 

Figure  12. Shell Element in Local Coordinate System [30]. 

 

  
 

Figure  13. An Example of Layer Material Model in SOFiSTiK [31]. 



 23 

The finite element analysis method is one of the important methods to analyze the 

stress process of the structure. It digitizes the size, material properties and stress 

characteristics of the actual components, and uses the computer to carry out simulation 

operations to simulate the stress of the components. However, the accuracy of the finite 

element results is affected by the material constitutive model. Therefore, it is necessary 

to verify the selected constitutive model by comparing with the experimental results 

before the finite element analysis to ensure the accuracy of the finite element simulation 

results. 

This chapter will introduce the constitutive model of normal strength concrete 

(NSC), high strength concrete (HSC) and RPC and re-bar according to the following 

standard codes. 

 

3.1.1 Constitutive Models: The fib Model Code 2010 

The fib model code 2010 [32] provides constitutive models of NSC and HSC. The 

International Federation for Structural Concrete (fib) is a pre-normative organization. 

'Pre-normative' implies pioneering work in codification. This work has now been 

realized with the fib Model Code 2010. The fib Model Code 2010 is the most 

comprehensive code on concrete structures and the objectives of the fib Model Code 

2010 are to serve as a basis for future codes for concrete structures. 
  

3.1.1.1 The fib Model Code 2010: Compressive Stress-Strain Model 

 In analysis the compressive strength of concrete cf   at an age of 28 days is applied. 

Values for the modulus of elasticity for normal weight concrete with natural sand and 

gravel can be estimated from the specified characteristic strength. If the actual 

compressive strength of concrete cf  at an age of 28 days is known, ciE can be estimated 

from Eq. (14): 

 

                                         

1/3

0
10

c
ci c E

f
E E 

 
=   

 
                                                       (14) 

where: 

      ciE  : the modulus of elasticity of concrete in [MPa] at concrete age of 28 days  

      cf   : the compressive strength of concrete at an age of 28 days                                                                            

       3

0 21.5 10cE MPa=   

       E  : 1.0 for quartzite aggregates (assumed)  

According to the fib model code 2010, the stress-strain relationship in compression 

for concrete can be simulated using Eqs. (15) to (17). 

                                              
( )

2

1 2
c c

k
f f

k

 



  −
=   + −  
                                              (15) 

                                        1c c  =                                                              (16) 
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1c ck E E=                                                            (17) 

 

where: 

 fc: the compressive stress corresponding to compressive strain (c  c,lim) 

c,lim: the maximum compressive strain 

cf  : the maximum compressive stress 

1c  : the strain at maximum compressive stress 

k: the plasticity number 

Ec: the initial elastic modulus 

1cE : the secant modulus from origin to peak compressive stress 

 

The plasticity number k  and the limit strain
,limc  can according to Table 5. The 

relation between stress and strain for uniaxial compression is shown in Figure 14. 

Table  5. Strain 
c,lim  and Plasticity Number k  for Normal Weight Concrete [32]. 

Concrete grade cf  [MPa] εc,lim[‰] k 

C12 12 -3.5 2.44 

C20 20 -3.5 2.28 

C30 30 -3.5 2.04 

C40 40 -3.5 1.82 

C50 50 -3.4 1.66 

C60 60 -3.3 1.55 

C70 70 -3.2 1.47 

C80 80 -3.1 1.41 

C90 90 -3 1.36 

C100 100 -3 1.35 

C110 110 -3 1.24 

C120 120 -3 1.18 

 

 
 

Figure  14. Schematic Representation of The Stress-Strain Relation for Uniaxial 

Compression (According to fib Code 2010) [32]. 
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3.1.1.2 The fib Model Code 2010: Tensile Stress-Strain Model 

The stress-strain relationship in tension can be obtained following the concept shown 

in Figure 15 along with using Eqs. (18) to (20). 

                                             ( )2.12 ln 1 0.1   MPat cf f =  +                                      (18) 

1
1 0.15   mm/mt

c

w

l
 = +                                                (19) 

                                    ( )
0.18

1 ;   0.073   N/mm
f

f c

t

G
w G f

f
= =                       (20) 

where: 

 ft: the peak tensile stress 

t1: the tensile strain corresponding to crack opening w1 

w1: the crack opening when tensile stress = 0.2ft 

lc: the characteristic length taken as total height of section (h) 

Gf: the fracture energy 

 

 
 

Figure  15. Schematic Representation of The Stress-Strain and Stress-Crack Opening 

Relation for Uniaxial Tension (According to fib Code 2010) [32]. 

 

The input parameters and calculated parameters (fib Code 2010) as Table 6 shows. 

 

Table  6. Input Parameters and Calculated Parameters of Constitutive Model for RPC 

Following The fib Model Code 2010. 

Input Parameters Calculated Parameters 

ν Eci 

cf   Ec1 

k εc1 

εc,lim ft 

h GF 
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Input Parameters Calculated Parameters 

- w1 

- wc 

- εc 
 

3.1.2 Constitutive Models: NF P 18-710 (AFGC) 

The NF P 18-710 (AFGC) [33] provides constitutive models of RPC. In April 2016, 

the French Association of Civil Engineering (AFGC) officially promulgated the UHPC 

design specification "National addition to Eurocode 2 - Design of Concrete structures: 

specific rules for NF P 18-710" as a supplementary specification to the European 

concrete structure design specification. In AFGC supplies application for ultimate 

limits of load-bearing capacity (ULS). The application is shown in Figure 16.  

 

Figure  16. Diagrams for The ULS Regarding AFGC [33]. 
 

In the AFGC standard the area of tension in ULS is equally considered. Regarding 

the ULS solely the concrete tensile strength is divided by the load factor γ (1.3 for RPC) 

in the elastic area. 

In this study will take the ULS, and the important behavior of concrete in 

compression and tension is modelled via the following several control points. 

3.1.2.1 NF P 18-710 (AFGC): Compressive Stress-Strain Model 

The strain 𝜀𝑏𝑐  is defined by the following relationship: 

                                                  
c

bc

c

f

E



=                                                                             (21) 

where: 

cf  : the compressive strength of concrete at an age of 28 days 

 𝐸𝑐: Young’s modulus 
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Assuming the ultimate strain  𝜀𝑢 = 0.0052 to be taken into account at ULS and 

the Poisson’s ratio of RPC 𝜈 = 0.19  

 

3.1.2.2 NF P 18-710 (AFGC): Tensile Stress-Strain Model 

  𝜀𝑙𝑖𝑚: limit strain      

lim
4

f

c

l

l
 =


                                                                          (22) 

where: 

 𝑙𝑓 :  fiber length 

 𝑙𝑐: characteristically length 
2

3
cl h=  

 ℎ：height of the section 

    𝜀𝑢1% : ultimate strain where the crack width equals 1% of the height of the 

specimen  

1%
1%

0.01t t
u

c c c c

w f fh

l E l E
 = + = +                                           (23) 

where: 

 ℎ：height of the section  

 𝑙𝑐: characteristically length  
2

3
cl h=   

 𝑓𝑡: maximum tensile stress  

 𝐸𝑐: Young’s modulus 

        𝜀𝑢0.3: ultimate strain where a 0.3mm crack width is obtained 

                                           0.3
0.3

0.3t t
u

c c c c

w f f

l E l E
 = + = +                                                      (24) 

where: 

 𝑙𝑐: characteristically length  
2

3
cl h=  

 𝑓𝑡: maximum tensile stress 

 𝐸𝑐: Young’s modulus 

         𝜀𝑒: ultimate elastic tensile strain at the ultimate limit state 
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1.3

t t
e

bf c c

f f

E E



= =                                                                     (25) 

  where: 

                𝛾𝑏𝑓: load factor for RPC under tension 𝛾𝑏𝑓 = 1.3  

  𝑓𝑡: maximum tensile stress 

 𝐸𝑐: Young’s modulus 

 

The input parameters and calculated parameters (AFGC Code) as Table 7 shows. 

 

Table  7. Input Parameters and Calculated Parameters of Constitutive Model for RPC 

Following AFGC Code. 

Input Parameters Calculated Parameters 

cf   𝜀𝑙𝑖𝑚 

𝑓𝑡 𝜀𝑢1% 

𝐸𝑐 𝜎𝑢1% 

𝜀𝑢 𝜀𝑢0.3 

ν 𝜎𝑢0.3 

ℎ 𝜀𝑒 

𝑙𝑓 𝜎𝑒 

𝛾𝑏𝑓 𝜀𝑏𝑐 

 

3.1.3 Constitutive Models: CECS 2020 

 

The CECS 2020 [34] provides constitutive models of RPC. 

 

3.1.3.1 CECS 2020: Compressive Stress-Strain Model 

 Constitutive law for RPC according China Association for Engineering 

Construction Standardization: Technical Specification for Ultra-High Performance 

Concrete Structures (CECS 2020) is as Figure 17 shows: 
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Figure  17. Constitutive Law of RPC in Compression Regarding CECS 2020 [34]. 

 

                                      
0

1 1

n

c
c cf






  
 = − − 
   

    ( )0c                                                    (26)     

                                      c cf =                  0( )c cu                                                           (27) 

                                    1.2 0.001( 100)cn f = − −                                                                        (28) 

                                     ( ) 5

0 0.0025 0.5 100 10cf −= +  −                                                   (29) 

                                     ( ) 50.0042 0.3 100 10cu cf −= −  −                                                  (30) 

where: 

𝜎𝑐 : the stress in RPC at a compressive strain of 𝜀𝑐 

cf  : the compressive strength of concrete at an age of 28 days 

𝜀0：the compressive strain corresponding to peak stress cf  in RPC 

𝜀𝑐𝑢: the ultimate compressive strain of RPC 

 

3.1.3.2 CECS 2020: Tensile Stress-Strain Model 

    According to the CECS 2020, the tensile stress-strain model can be obtained 

following Figure 18 and using Eqs. (31) to (36). 
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Figure  18. Constitutive Law of RPC in Tension Regarding CECS 2020 [34]. 
 

                                t c tE =           ( )0t t                                                       (31) 

t tf =              ( )0t t tp                                                  (32) 

                           0.15
tp t

t t t

tu tp

f f
 


 

 −
= +   − 

    ( )tp t tu                                  (33) 

 

where: 

𝜎𝑡 : the tensile stress in RPC with tensile strain 𝜀𝑡 

𝑓𝑡:  the peak tensile stress 

𝜀𝑡𝑝 : the tensile strain of RPC when the tensile stress begins to decrease with 

increasing strain. It is advisable to determine this from tests, and when no test data are 

available, it is to be taken as: 

( )20.001 1.27 5.61 3.26tp s f f   = − + −                                    (34) 

𝜀𝑡𝑢: the ultimate tensile strain of RPC. It is advisable to determine this from tests, 

and when no test data are available, it is to be taken as  

( )20.003 0.49 2.24 0.79tu f f  = − + −                                        (35) 

𝛼𝑠: the end type of fiber influence factor (1.30 for end-hooked fiber and 1.0 for 

straight steel fiber). 

𝜆𝑓: the steel fiber characteristic parameter.  

                               
f f

f

f

l

d


 =                                                                         (36) 

where:  
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𝜌𝑓: the steel fiber volume ratio 

𝑙𝑓:  the length of steel fiber 

𝑑𝑓: the equivalent diameter of steel fiber 

And the Poisson’s ratio of RPC ν adopted at 0.20 as suggested by the code. 

Modulus of elasticity of RPC cE shall be adopted from Table 8 or calculated 

from Eq. (37). 

Table  8. Modulus of Elasticity of RPC (×104 MPa) [34]. 

Elastic 

modulus 

Concrete Grade 

C120 C140 C160 C180 C200 

Ec 4.29 4.52 4.71 4.86 5.00  

 

                                           
510

100
1.5

c

c

E

f

=

+


                                                        (37) 

where:  

cf  : the compressive strength of concrete at an age of 28 days 

Tensile strength of RPC tf  can adopted from Table 9 or calculated from Eq. (38). 

 

Table  9. Tensile Strength of RPC tf  Under Typical Parameters (MPa, / 65f fl d = ) 

[34]. 

Steel fiber volume 

ratio 

Concrete Grade 

C120 C140 C160 C180 C200 

1.5  6.5  7.5  8.6  9.7  10.8  

2.0  6.7  7.9  9.0  10.1  11.2  

3.0  7.3  8.5  9.7  10.9  12.1  

4.0  7.8  9.1  10.5  11.8  13.1  

 

                                                   ( )0.047 1 0.15t c ff f = +                                                  (38) 

where: 

        𝜆𝑓: the steel fiber characteristic parameter. 

 

The input parameters and calculated parameters (CECS Code) as Table 10 shows. 
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Table  10. Input Parameters and Calculated Parameters of Constitutive Model for RPC 

Following CECS Code. 

Input Parameters Calculated Parameters 

cf   𝜎𝑐 

𝐸𝑐 𝑛 

ν 𝜀0 

𝜌𝑓 𝜀𝑐𝑢 

𝑙𝑓 𝜀𝑡0 

𝑑𝑓 𝜀𝑡𝑝 

𝛼𝑠 𝜀𝑡𝑢 

𝑓𝑡 - 

 

3.1.4 Constitutive Models for Rebar 

     As an isotropic metallic material, the intrinsic model of steel reinforcement is 

relatively well developed, so in this study all the steel is modeled by an ideal elastic-

plastic model. It should be noted that all codes investigated in this study also use this 

simple model, for example, Figure 19 shows the rebar model according to the EN 1992-

1-1 [35].  

  

Figure  19. Constitutive Law of Rebar Following EN 1992-1-1 [35]. 
 

where: 

𝑓𝑦: yield strength of the rebar 

𝐸𝑠:  modulus of elasticity for re-bar 

𝜀𝑦:  the strain when the stress is 𝑓𝑦,𝜀𝑦 = 𝑓𝑦/𝐸𝑠 

𝜀𝑢: the ultimate limit strain of re-bar, assuming 𝜀𝑢 = 0.0045 

 

The input parameters and calculated parameters (Rebar) as Table 11 shows. 
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Table  11. Input Parameters and Calculated Parameters of Constitutive Model for 

Rebar Following EN 1992-1-1. 

Input Parameters Calculated Parameters 

𝑓𝑦 𝑓𝑦/𝐸𝑠 

𝜀𝑢 - 

𝐸𝑠 - 

 

3.2 Shear Strength Analysis using Strut-and-Tie Model 

3.2.1 STM: ACI 318-11 

According to ACI 318-11 [3], deep beams shall be designed taking into account 

nonlinear distribution of longitudinal strain over the depth of the beam and strut-and-

tie models (STM) are deemed to satisfy the requirement. In this study, the STM will be 

checked how accurate the STM can predict the shear strength (Vu) of RPC deep beams.  

Using STM, the deep beam will be converted into an equivalent truss with a simple 

model where the tension and compression zones were transformed into equivalent ties 

and struts connected at the nodes as shown in Figure 20. The maximum value of Vu can 

be determined using the equations detailed in Chapter 2.  

                                                    

                                                     Vu             Vu 

 

 

 

 

 

 

 

Figure  20. The STM Used in This Study. 
 

In Chapter 2, the Code ACI 318-11 only introduces the design method of deep 

beam’s strut and tie model, and there is no formula for calculating the shear bearing 

capacity of deep beams based on this design method. The following figure shows the 

strut and tie model calculation diagram of the simply supported deep beam with two 

points of symmetric concentrated load. Based on this diagram, the method of 

calculating the shear load capacity of deep beams with the American Standard strut and 

tie model is discussed. 

When the deep beam is calculated by the strut and tie model, if the deep beam is 

bending failure, its bearing capacity depends on the tension tie bearing capacity; if the 

deep beam failure is shear failure, its bearing capacity depends on the compression strut 

bearing capacity. 
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The effective compressive strength of struts and nodal zones in Code ACI 318-11 

has already shown in Chapter 2. 

 

Figure  21. Strut-and-Tie Model for Simply Supported Deep Beam. 

where: 

𝑉𝑢 : shear strength of deep beam 

𝑎 :  shear span 

ℎ0 : effective depth of deep beam 

ℎ  : total depth of deep beam 

𝜃 :  angle of strut with respect to x-axis 

𝑙𝑏:  width of top bearing plate 

𝑙𝑎 : width of bottom bearing plate 

𝛼𝑠  : distance from the centerline of the bottom tensile longitudinal 

reinforcement to the bottom of deep beam 

𝑗ℎ0 : distance between the center of the upper compression strut and the lower 

tension tie 

In general, it may be difficult to determine the true geometry of the struts 

accurately. However, it can be assumed that the struts have a uniform cross-section over 

their length, which is called the “prismatic struts.” as Figure 21 shows. 

Obviously, that: 

                                                           0
b

s s

a

l
jh h

l
 = − −                                                     (39) 

If the bending failure occurs in the deep beam, it means that the tension tie in the 

deep beam is damaged before the compression strut, and the bearing capacity is 

determined by the tension tie bearing capacity. Then, according to the static limit 

equilibrium condition, the moment of the node at the applied load can be obtained: 
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0u y sV a f A jh=                                                                 (40) 

Then the bearing capacity of deep beam is: 

                                                           
0y s

u

f A jh
V

a
=                                                               (41) 

where: 

 𝑓𝑦 : the test value of tensile strength of re-bar 

 𝐴𝑠 : the area of tensile reinforcement re-bar 

If shear failure occurs in the deep beam, it means that the compression bar in the 

deep beam is damaged before the tension bar, and the bearing capacity is determined 

by the compression bar bearing capacity. The load bearing capacity is determined by 

the node (take node B as an example, see Figure 22), the vertical force equilibrium can 

be obtained from the deep beam load bearing capacity force is: 

                                                         sinu ce csV f A =                                                           (42) 

And obviously that:                   

                                                       0tan
jh

a
 =                                                                       (43) 

                                                                 

( )

0

22

0
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jh

a jh
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+
                                                    (44) 

 

Figure  22. Detail Calculating Diagram of Node B. 

 

  𝑓𝑐𝑒  is the effective compressive strength of struts and nodal zones, From the 

previous article, it is clear that: 

                                               ( )' '

nmin 0.85 ,0.85ce c s cf f f =                                          (45) 
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  𝐴𝑐𝑠 is the smaller end cross-section area of the compression strut, calculated as 

follows: 

 

Figure  23. Detail Calculating Diagram of tw and
cw . 

where: 

𝑙𝑏:  width of top bearing plate 

𝑙𝑎 : width of bottom bearing plate 

𝑤𝑐: eight of the node at the load 

𝑤𝑡: height of the node at the support 

𝑤𝑐𝑡: width of the top compression strut 

𝑤𝑐𝑏: width of the bottom compression strut  

In order to calculate  𝑤𝑐𝑡 and 𝑤𝑐𝑏 as shown in Figure 23, we should first define 𝑤𝑡 

and 𝑤𝑐. 

According ACI 318: 

                                              
( )02 2t sw h h = − =

                                                  (46) 

                                                                  
0.8c tw w=

                                                         (47) 

From the geometric condition: 

The width of the top compression strut: 

                                                    sin cosct b cw l w = +                                          (48) 

The width of the bottom compression strut: 

                                                       sin coscb a tw l w = +                                       (49) 

Then the cross-section area of the compression strut: 

                                                            ( )min ,cs ct cbA w b w b=                                               (50) 

Finally, the deep beam bearing capacity is: 
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                                                            0
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3.2.2 STM: EN 1992-1-1 

For reinforced concrete deep beams, the Eurocode EN1992-1-1 [35] also adopts 

the strut and tie model method and the model used in the European code EN1992-1-1 

and the American code ACI318-11 [3] is basically the same, only in some details, such 

as the struts and nodal zones compressive strength values are different. 

The effective compressive strength of struts and nodal zones according to 

Eurocode EN1992-1-1 as the follows: 

For struts: 

1.If the concrete struts without transverse tension, the effective compressive 

strength: 

                                                             ce cf f =                                                                         (52) 

2.If the concrete struts with transverse tension, the effective compressive strength: 

                                                          '0.6ce cf f =                                                                (53) 

For nodal zones: 

1.If in compression nodes where no ties are anchored at the node, the effective 

compressive strength: 

                                                         '

1ce cf k f =                                                                    (54) 

2.If in compression - tension nodes with anchored ties provided in one direction, 

the effective compressive strength: 

                                                           '

2ce cf k f =                                                                   (55) 

3.If in compression - tension nodes with anchored ties provided in more than one 

direction, the effective compressive strength: 

                                                          '

3ce cf k f =                                                                   (56) 

Under the conditions listed below, the effective compressive stress values given 

in above may be increased by up to 10% where at least one of the following applies: 

(1) Triaxial compression is assured. 

(2) All angles between struts and ties are 55 . 

(3) The stresses applied at supports or at point loads are uniform, and the node is 

confined by stirrups 
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(4) The reinforcement is arranged in multiple layers. 

(5) The node is reliably confined by means of bearing arrangement or friction. 

4.If for all three directions of the struts the distribution of load is known, the 

triaxially compressed nodes may be checked according: 

                                                         '

4ce cf k f =                                                                  (57) 

where: 

cf  : the compressive strength of concrete at an age of 28 days   

' : the compressive strength reduction factor of concrete and is given by 

equation: 

                                                       ' 1
250

cf


= −                                                                    (58) 

nk  : the factor. 1 1k = , 2 0.85k = , 3 0.75k = , 4 3k = . 

Therefore, the effective compressive strength of struts in Eurocode EN1992-1: 

                                                     ( )'min ,ce c n cf Kf k v f =                                                   (59) 

Due to the different forms of internal forces, K  is taken as 1 or 
'0.6  

Due to the different constraints, nk  is taken as 1, 0.85 , 0.75  or 3  

Then from the static limit equilibrium condition, the bearing capacity of the deep 

beam based on the struts and nodal zones compressive strength can calculated using Eq. 

(42) and the deep beam bearing capacity can calculated using Eq. (51). 

 

3.2.3 STM: NF P 18-710 (AFGC) 

 The French code NF P 18-710 (AFGC) [33] further describes the RPC deep beams 

using the compression tie model based on the Eurocode EN1992-1-1. The effective 

compressive strength of struts and nodal zones according to NF P 18-710 that the 

present standard fully replaces the part of Eurocode EN 1992-1-1. And in Eurocode EN 

1992-1-1 a non-linear strain distribution exists (e.g., supports, near concentrated loads 

or planar stress) strut-and-tie models may be used. The strut and tie method can be used 

if it is demonstrated that the forces path in the strut and tie model relates to forces path 

in an elastic analysis. Details as the follows: 

For struts: 

1.If the struts are subject to a positive or null transverse stress, the effective 

compressive strength in a compressed strut is: 
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                                                             ce cf Kf =                                                                       (60) 

 2.If the struts are subject to a negative transverse stress (tensile) for consistency 

with the term cef  using in verifying shear, the effective compressive strength in a 

compressed strut is: 

                                                          
2

32.3( )ce cf K f =                                                           (61) 

For nodal zones: 

1.If the nodal zones are subject to compression only, the effective compressive 

strength is: 

                                                         ce n cf k f  =                                                                      (62) 

2.If the nodal zones are subject to compression and traction, the effective 

compressive strength is: 

                                                            
2

32.3( )ce n cf k f  =                                                      (63) 

Then from the static limit equilibrium condition, the bearing capacity of the deep 

beam based on the struts and nodal zones compressive strength can calculated using Eq. 

(42) and the deep beam bearing capacity can calculated using Eq. (51). 
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Chapter 4 

Study Results 

In order to implement the stress-stress models, the fib 2010 [32], the NF P 18-710 

(AFGC) [33], and the CECS [34] codes, described in Chapter 3, the nonlinear finite 

element program SOFiSTiK [27] was adopted. The test results of RPC deep beams 

carried out by Yaseen [36] and Yousef et al. [37] and Li et al. [38] were selected for 

investigating of capability of each stress-strain model in capturing the structural 

behavior of the RPC deep beams. In those tests, different main parameters affecting 

deep beam behavior were investigated and varied including concrete compressive 

strength (f'c), shear span-to-effective depth ratio (a/d), main reinforcement ratio () as 

listed in Table 12. Moreover, the Strut-and-Tie models according to ACI 318-11 [3], 

EN 1992-1-1 [35], and NF P 18-710 (AFGC) [33] detailed in Chapter 3 were also 

examined to predict the shear strength of the RPC deep beams.  

 

Table  12. Test References and Values of Main Parameters Investigated in This Study. 

Ref. 
Parameter and Ref. Beam 

f'c (MPa) Beam a/d Beam 𝜌% Beam 

Yaseen [36] 

43  G11 1.0 G21 1.35 G41 

79 G13 1.5 G22 2.40 G42 

100  G14 2.0 G14 3.76 G43 

- 
2.5 G23 6.11 G15 

3.0 G24 - 

Yousef et al. [37] - 
0.79 DBSU2 

- 
0.94 DBSU4 

Li et al. [38] - 

1.51 L1-1 4.43 L2-1 

2.26 L1-2 6.58 L1-2 

3.02 L1-3 8.04 L2-2 

 

4.1 FEA Results  

4.1.1 RPC Deep Beams Tested by Yaseen [36] 

4.1.1.1 Stress-Strain Curves of Rebar 

All RPC deep beams tested by Yaseen [36] that were investigated in this study 

used the same type of rebar with the properties listed in Table 13. The stress-strain 

points were calculated using the concept described in Section 3.1.4. Figure 24 shows 

the obtained curve. The model incorporated the Poisson’s ratio values of 0.3 for steel 

rebar. 
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Table  13. Parameters for Stress-Strain Models of Steel Rebar. 

Parameter Value 

fy (MPa) 416 

Es (GPa) 200 

 

Figure  24. Stress-Strain Curves for Rebar Used in FEA. 

 

4.1.1.2 Stress-Strain Curves of Concrete 

The concrete properties provide by Yaseen [36] are only compressive strength. To 

be able to obtain the stress-stress curve some properties were determined using the 

equations provided by the code which are generally based on the compressive strength.  

fib 2010 code  
The stress-strain points for concrete in compression and tension zones were 

calculated using the parameters listed in Table 14 and the concept described in Section 

3.1.1. It should be noted that all concrete parameters are dependent on the concrete 

grade, therefore, the concrete grades are also given in Table 14. It is worth noting that 

the input required by the fib 2010 code is only the test value of compressive strength. 

 

Table  14. Parameters for Stress-Strain Models of Concrete (fib Model Code 2010). 

Parameters 

Beam 

G11 G13 G14 G15 G21 G22& 

G23&G24 

G41& 

G42 

G43 

Compression 

cf   (MPa) 43 79 100 119 97 101 122 118 

Concrete 

Grade 

C40 C80 C100 C120 C100 C100 C120 C120 

Ec (GPa) 35.0 42.8 46.3 49.1 45.9 46.5 49.5 48.9 
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Parameters 

Beam 

G11 G13 G14 G15 G21 G22& 

G23&G24 

G41& 

G42 

G43 

k 1.82 1.41 1.32 1.18 1.32 1.32 1.18 1.18 

c,1im (mm/m) 3.5 3.1 3.0 3.0 3.0 3.0 3.0 3.0 

c1 (mm/m) 1.440 2.215 2.625 2.792 2.546 2.490 2.863 2.769 

Tension 

ft (MPa) 3.63 4.63 5.08 5.44 5.03 5.10 5.47 5.41 

t1 (mm/m) 0.345 0.323 0.314 0.309 0.315 0.314 0.308 0.309 

 

The obtained stress-strain curves in compression and tension for concrete are 

illustrated in Figure 25. The stress-strain points were directly inputted into the program. 

The model incorporated the Poisson’s ratio values of 0.2 for concrete as suggested by 

the code. 
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Figure  25. Stress-Strain Curves for Concrete Used in FEA (fib Model Code 2010). 

 

AFGC Code 
The stress-strain points for concrete in compression and tension zones were 

calculated using the parameters listed in Table 15 and the concept described in Section 

3.1.2. In AFGC code, the load factor for RPC under tension  𝜸𝒃𝒇   take 1.3 and the 

Poisson’s ratio 𝝂 take 0.19 and the concrete tensile strength (𝒇𝒕) take 9.7 MPa. The test 

values of concrete compressive strength were used in the model. However, the code 

does not provide the equation to calculate the concrete elastic modulus, therefore, the 

values obtained from the fib code were also used in the models using the AFGC code. 

 

Table  15. Parameters for Stress-Strain Models of Concrete (AFGC code). 

Parameters 

Beam 

G11 G13 G14 G15 G21 G22& 

G23&G24 

G41&

G42 

G43 

Compression 

cf   (MPa) 43 79 100 119 97 101 122 118 

Concrete 

Grade 

C40 C80 C100 C120 C100 C100 C120 C120 

Ec (GPa) 35.0 42.8 46.3 49.1 45.9 46.5 49.5 48.9 

𝜀𝑏𝑐 (mm/m) 1.23 1.85 2.16 2.42 2.12 2.17 2.47 2.41 

𝜀𝑢 (mm/m) 5.20 5.20 5.20 5.20 5.20 5.20 5.20 5.20 

Tension 

𝑓𝑡 (MPa) 9.7 9.7 9.7 9.7 9.7 9.7 9.7 9.7 

𝜀𝑒 (mm/m) 0.21 0.17 0.16 0.15 0.16 0.16 0.15 0.15 

𝜀𝑢1%(mm/m) 15.21 15.17 15.16 15.15 15.16 15.16 15.15 15.15 

𝜀𝑙𝑖𝑚 (mm/m) 75.00 75.00 75.00 75.00 75.00 75.00 75.00 75.00 
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The obtained stress-strain curves in compression and tension for concrete are 

illustrated in Figure 26. The stress-strain points were directly inputted into the program. 

 
Figure  26. Stress-Strain Curves for Concrete Used in FEA (AFGC Code). 

 

CECS Code 

The stress-strain points for concrete in compression and tension zones were 

calculated using the parameters listed in Table 16 and the concept described in Section 

3.1.3. In CECS code, the key parameters needed are the concrete compressive strength, 

the steel fiber volume ratio, the steel fiber length, and the equivalent diameter of steel 
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fiber. The Poisson’s ratio 𝝂 take 0.2 as suggested by the code. It should be noted that 

the rest parameters can be determined from the compressive strength using the 

equations or the values in the table provided by the code, anyway, the obtained values 

are very close to each other. The values in Table 16 are obtained from the table provided 

by the code. 

 

Table  16. Parameters for Stress-Strain Models of Concrete (CECS Code). 

Parameters 

Beam 

G11 G13 G14 G15 G21 G22& 

G23&G24 

G41& 

G42 

G43 

Compression 

cf   (MPa) 43 79 100 119 97 101 122 118 

Concrete 

Grade 
C40 C80 C100 C120 C100 C100 C120 C120 

𝜀0 (mm/m) 2.22 2.40 2.50 2.60 2.50 2.51 2.61 2.60 

𝜀𝑐𝑢 (mm/m) 4.37 4.26 4.20 4.14 4.20 4.20 4.13 4.15 

Tension 

λ 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 

𝑓𝑡 (MPa) 3.02 5.66 7.19 8.58 6.97 7.26 8.80 8.51 

Ec (GPa) 2.61 3.62 4.00 4.27 3.95 4.02 4.31 4.23 

𝜀𝑡0 (mm/m) 0.116 0.156 0.180 0.201 0.176 0.181 0.204 0.200 

𝜀𝑡𝑝 (mm/m) 0.477 0.477 0.477 0.477 0.477 0.477 0.477 0.477 

𝜀𝑡𝑢 (mm/m) 2.771 2.771 2.771 2.771 2.771 2.771 2.771 2.771 

 

The obtained stress-strain curves in compression and tension for concrete are 

illustrated in Figure 27. The stress-strain points were directly inputted into the program. 
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Figure  27. Stress-Strain Curves for Concrete Used in FEA (CECS Code). 

 

 

The obtained stress-strain curves for concrete of all codes for each beam in 

compression and tension are shown in Figure 28 and Figure 29, respectively. 
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Figure  28. Stress-Strain Curves for Concrete in Compression (All Codes). 
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Figure  29. Stress-Strain Curves for Concrete in Tension (All Codes). 
 

4.1.1.3 Structural Model  

   The deep beams studied by Yaseen [36] were tested under two symmetrically 

placed concentrated loads. The total length of the beams was 1200 mm. The overall 

cross section was 100 mm x 200 mm. All the tested specimens were simply supported. 

The details of the tested beams are provided in Figure 30 and Table 17. The tested deep 

beams had a span length of 1000 mm with a point load applied at the midpoint of the 

span. 
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Figure  30. Details and Typical Cross Section of The Tested Beams (Yaseen [36]). 

 

Table  17. Details of The Tested Beams (Yaseen [36]). 

Beam   L (mm) a (mm) d (mm) a/d 𝜌% 

G11(NSC) 1000 334 167 2.00 6.108 

G13(HSC) 1000 334 167 2.00 6.108 

G14(RPC) 1000 334 167 2.00 6.108 

G15(RPC) 1000 334 167 2.00 6.108 

G21(RPC) 1000 167 167 1.00 6.108 

G22(RPC) 1000 250 167 1.50 6.108 

G23(RPC) 1000 418 167 2.50 6.108 

G24(RPC) 1000 500 167 3.00 6.108 

G41(RPC) 1000 334 167 2.00 1.35 

G42(RPC) 1000 334 167 2.00 2.4 

G43(RPC) 1000 334 167 2.00 3.76 

 

 
 

Figure  31. Typical FE Model of The Beams. 
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      Figure 31 depicts the typical FE model employed in this study. The models used 

four-node shell or QUAD elements displaying plate structural behavior according to 

the Reissner-Mindlin theory. The QUAD elements integrated a layer material model to 

aid in cracked concrete analysis and contained. Discrete Kirchhoff conditions as well 

as an optional penalty term to consider shear deformation. The nonlinear analysis was 

executed through an incremental solution technique founded on the modified Newton 

Raphson method.  

4.1.1.4 Numerical Results 

Load-Deflection Response 

Figure 32 presents the comparison between the numerical curves and the 

experimental results based on the fib model code 2010. Figure 33 presents the 

comparison between the numerical curves and the experimental results based on AFGC 

code. Figure 34 presents the comparison between the numerical curves and the 

experimental results based on CECS code. Figure 35 presents the comparison between 

the numerical curves and the experimental results based on all codes. Table 18 shows 

the peak loads from FEA compared to the values from the test results. 

From Table 18, when only HSC and RPC deep beams are considered (except G24), 

it can be observed that the predicted peak loads from the FEA with AFGC code and 

CECS codes are closer to the test values compared to the predicted values with the fib 

code. While for NSC deep beam, the fib code can predict the peak load well. This 

implies that the fib code is suitable for NSC but not for RPC and even for HSC. For 

G24, Yaseen [36] also observed a bad prediction with this beam therefore the test result 

itself might not be good and used for reference. When the predictions of G24 and G11 

and G13 are excluded, the mean value of the FEA value to experimental value ratio for 

the AFGC and CECS codes becomes 1.20 and 1.17 with the corresponding coefficient 

of variation of 0.11 and 0.10, respectively. The predicted range of FEA value to 

experimental value ratio for the AFGC code model is 1.06 to 1.43 and for CECS code 

model is 1.02 to 1.37.  

Nevertheless, from Figures 32 to 35, it can be observed that the current FE model 

employed in the analysis fails to capture other important characteristics such as elastic 

stiffness, inelastic stiffness, and post-peak behavior for all types of deep beams. This 

limitation stems from the inherent characteristics of the FE model itself.    
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fc' = 43 MPa 

fc' = 79 MPa 
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fc' = 100 MPa (a/d = 2.0) 

=6.11% (fc' = 119 MPa) 
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a/d = 1.0 (fc' = 97 MPa) 

a/d = 1.5 (fc' = 101 MPa) 
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a/d = 3.0 (fc' = 101 MPa) 

a/d = 2.5 (fc' = 101 MPa) 
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  = 1.35% (fc' = 122 MPa) 

  = 2.40% (fc' = 122 MPa) 
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Figure  32. Load-Deflection Curves from Numerical (fib Model Code 2010) and Test 

Results of Yaseen [36]. 

 

 

  = 3.76% (fc' = 118 MPa) 

fc' = 43 MPa 
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fc' = 79 MPa 

fc' = 100 MPa (a/d = 2.0) 
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=6.11% (fc' = 119 MPa) 

a/d = 1.0 (fc' = 97 MPa) 
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a/d = 1.5 (fc' = 101 MPa) 

a/d = 2.5 (fc' = 101 MPa) 
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a/d = 3.0 (fc' = 101 MPa) 

  = 1.35% (fc' = 122 MPa) 
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Figure  33. Load-Deflection Curves from Numerical (AFGC Code) and Test Results 

of Yaseen [36]. 
 

  = 2.40% (fc' = 122 MPa) 

  = 3.76% (fc' = 118 MPa) 
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fc' = 43 MPa 

fc' = 79 MPa 
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fc' = 100 MPa (a/d = 2.0) 

=6.11% (fc' = 119 MPa) 



 68 

 

a/d = 1.0 (fc' = 97 MPa) 

a/d = 1.5 (fc' = 101 MPa) 
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a/d = 2.5 (fc' = 101 MPa) 

a/d = 3.0 (fc' = 101 MPa) 
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  = 1.35% (fc' = 122 MPa) 

  = 2.40% (fc' = 122 MPa) 



 71 

 
 

Figure  34. Load-Deflection Curves from Numerical (CECS Code) and Test Results 

of Yaseen [36]. 

 

  = 3.76% (fc' = 118 MPa) 
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fc' = 43 MPa 

fc' = 79 MPa 
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fc' = 100 MPa (a/d = 2.0) 

=6.11% (fc' = 119 MPa) 
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a/d = 1.0 (fc' = 97 MPa) 

a/d = 1.5 (fc' = 101 MPa) 
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a/d = 2.5 (fc' = 101 MPa) 

a/d = 3.0 (fc' = 101 MPa) 
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  = 1.35% (fc' = 122 MPa) 

  = 2.40% (fc' = 122 MPa) 
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Figure  35. Load-Deflection Curves from FEA (All Codes) and Test Results of 

Yaseen [36]. 

 

Table  18. Peak Loads from FEA and Test Results of Yaseen [36]. 

Beam FEXP (kN) 

FFEA (kN) FFEA/FEXP 

fib 

Code 

AFGC 

Code 

CECS 

Code 

fib 

Code 

AFGC 

Code 

CECS 

Code 

G11 (NSC) 130 108.03  347.33  312.00  0.83  2.67  2.40  

G13 (HSC) 264 112.00  403.04  378.28  0.42  1.53  1.43  

G14 (RPC) 311 126.00  417.27  400.00  0.41  1.34  1.29  

G15 (RPC) 345 137.00  430.28  419.89  0.40  1.25  1.22  

G21 (RPC) 716 216.50  784.00  784.00  0.30  1.10  1.10  

G22 (RPC) 520 191.22  556.00  532.00  0.37  1.07 1.02  

G23 (RPC) 241 104.00  344.50  330.59  0.43  1.43  1.37  

G24 (RPC) 145 94.00  313.33  301.28  0.65  2.16 2.08 

G41 (RPC) 170 92.00  180.00  176.00  0.54  1.06  1.04  

G42 (RPC) 225 101.84  248.00  241.30  0.45  1.10 1.07 

G43 (RPC) 257 168.04  324.00  324.00  0.65  1.26 1.26 

Mean value 0.50  1.45  1.39  

Mean value excluding G11 & G13& G24 -  1.20  1.17  

Coefficient of variation 0.30  0.34  0.31 

Coefficient of variation excluding G11 & G13& G24 - 0.11  0.10 

 

  = 3.76% (fc' = 118 MPa) 
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      Cracking and Failure Mode 

Figure 36 depicts the cracking and failure of all beams. The experimental findings 

show that all the beams failed due to diagonal crack. The stress distribution from the 

FEA seems to match the experimental results. Cracks generally formed at regions where 

tensile stresses exceeded the specified strength in the concrete beams. The experimental 

results revealed two types of cracks [39]:  

 1) Flexural cracks resulting from flexural tensile stresses in the cross-sectional 

region of the beam below the neutral axis for positive bending.  

 2) Shear cracks form as diagonal cracks begin at the last flexural crack and 

gradually turn into increasingly inclined cracks under shear loading. These cracks do 

not immediately lead to failure as they encounter resistance while moving into the 

compression zone, becoming flatter and eventually stopping at a certain point. The 

tension crack gradually extends at a flat slope until sudden failure occurs due to the 

inclined or principal tensile stresses in the combined bending and shear region.  
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Figure  36. Crack Patterns from FEA (All Codes) and Test Results of Yaseen [36]. 

 

The crack width corresponding to the peak load of each beam was also obtained 

from the FEA as listed in Table 19. It can be observed that both AFGC and CECS codes 

seem to give a similar crack width for each beam but the fib code give a lower crack 

width due to the lower peak load.  

 

Table  19. Crack Width at Peak Load from FEA Results of Yaseen [36]. 

Beam 
Crack width (mm) 

fib Code AFGC Code CECS Code 

G11(NSC) 0.03  0.10  0.10  

G13(HSC) 0.03  0.10 0.10  

G14(RPC) 0.04  0.09 0.10  

G15(RPC) 0.04  0.09  0.09 

G21(RPC) 0.03 0.09  0.09 

G22(RPC) 0.04 0.09 0.09 

G23(RPC) 0.03 0.09  0.09 

G24(RPC) 0.03 0.09 0.09 

G41(RPC) 0.15 0.15 0.15 

G42(RPC) 0.08 0.07 0.15  

G43(RPC) 0.09 0.11 0.15 

 

4.1.1.5 Conclusions 

In conclusion, the validity of the stress-strain model of concrete, as per the fib model 

code 2010 and AFGC code and CECS code, was evaluated in simulating the behavior 
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of RPC deep beam in comparison to NSC and HSC deep beams. Based on the study 

results, the following conclusions can be drawn: 

1.The fib model code 2010 demonstrates the capability to good predict the loading 

capacity of NSC deep beams. However, it significantly underestimates the loading 

capacity of RPC deep beams, providing conservative predictions. 

2.The AFGC code model and CECS code model demonstrates the capability to 

good predict the loading capacity of HSC deep beams about 1.45 times. But both of 

them significantly overestimates the loading capacity of HSC deep beam. 

3.The AFGC code model and CECS code model demonstrates the capability to 

accurately predict the loading capacity of RPC deep beams. But both of them can’t 

estimate the loading capacity of NSC deep beams. 

 

4.1.2 RPC Deep Beams Tested by Yousef et al. [37]         

4.1.2.1 Stress-Strain Curves of Rebar 

All RPC deep beams tested by Yousef et al. [37] that were investigated in this 

study used the two types of rebar with the properties listed in Table 20. The stress-strain 

points were calculated using the concept described in Section 3.1.4. Figure 37 shows 

the obtained curve. The model incorporated the Poisson’s ratio values of 0.3 for steel 

rebar. 

Table  20. Parameters for Stress-Strain Models of Steel Rebar. 

Rebar diameter Parameter Value 

18(mm) 
 fy (MPa) 491.2 

 Es (GPa) 200 

10(mm) 
 fy (MPa) 407.64 

Es (GPa) 200 

 

 

Figure  37. Stress-Strain Curves for Rebar Used in FEA. 
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4.1.2.1 Stress-strain curves of concrete  

      The concrete properties provide by Yousef et al. [37] are compressive strength. To 

be able to obtain the stress-stress curve some properties were determined using the 

equations provided by the code which are generally based on the compressive strength. 

fib 2010 code  
The stress-strain points for concrete in compression and tension zones were 

calculated using the parameters listed in Table 21 and the concept described in Section 

3.1.1. It should be noted that all concrete parameters are dependent on the concrete 

grade, therefore, the concrete grade is C180. It is worth noting that the input required 

by the fib 2010 code is only the test value of compressive strength. 

 

AFGC Code 
The stress-strain points for concrete in compression and tension zones were 

calculated using the parameters listed in Table 21 and the concept described in Section 

3.1.2. In AFGC code, the load factor for RPC under tension  𝜸𝒃𝒇   take 1.3 and the 

Poisson’s ratio 𝝂 take 0.19 and the concrete tensile strength (𝒇𝒕) take 9.7 MPa. The test 

values of concrete compressive strength were used in the model. However, the code 

does not provide the equation to calculate the concrete elastic modulus, therefore, the 

values obtained from the fib code were also used in the models using the AFGC code. 

CECS Code 
The stress-strain points for concrete in compression and tension zones were 

calculated using the parameters listed in Table 21 and the concept described in Section 

3.1.3. In CECS code, the key parameters needed are the concrete compressive strength, 

the steel fiber volume ratio, the steel fiber length, and the equivalent diameter of steel 

fiber. The Poisson’s ratio 𝝂 take 0.2 as suggested by the code. It should be noted that 

the rest parameters can be determined from the compressive strength using the 

equations or the values in the table provided by the code, anyway, the obtained values 

are very close to each other. The values in Table 21 are obtained from the table provided 

by the code. 

 

 

 

Table  21. Parameters for Stress-Strain Models of Concrete. 

Code Parameters Value 

FIB 

Compression 

𝑓𝑐
′ (MPa) 188.1 

Ec (GPa) 57.18 

k 1.82 

ec,1im (mm/m) 3.5 

ec1 (mm/m) 1.44 
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Code Parameters Value 

Tension 

ft (MPa) 6.33 

et1 (mm/m) 0.224 

AFGC 

Compression 

cf  (MPa) 188.1 

𝐸𝑐(GPa) 51.25 

𝜀𝑏𝑐(mm/m) 3.67 

𝜀𝑢(mm/m) 5.20 

Tension 

𝑓𝑡(MPa) 9.7 

𝜀𝑒(mm/m) 1.27 

𝜀𝑢1%(mm/m) 15.15 

𝜀𝑙𝑖𝑚(mm/m) 23.44 

CECS 

Compression 

cf  (MPa) 188.1 

𝜀0(mm/m) 2.94 

𝜀𝑐𝑢(mm/m) 3.94 

Tension 

λ 3.6 

𝑓𝑡(MPa) 9.35 

𝐸𝑐(GPa) 49.22 

𝜀𝑡0(mm/m) 0.19 

𝜀𝑡𝑝(mm/m) 1.00 

𝜀𝑡𝑢(mm/m) 2.79 

 

The obtained stress-strain curves in compression and tension for concrete are 

illustrated in Figure 38. The stress-strain points were directly inputted into the program. 
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Figure  38. Stress-Strain Curves for Concrete Used in FEA (All Codes). 

 

4.1.2.2 Structural Model 

      The deep beams studied by Yousef et al. [37] were tested under two symmetrically 

placed concentrated loads. The total length of the beams is 1000 mm with a point load 

applied at the midpoint of the span. The overall cross section was 80 mm x 400 mm. 
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Figure 39 shows details and typical cross section of tested beams. Table 22 shows 

details of tested beams.  

 

Figure  39. Details and Typical Cross Section of The Tested Beams (Yousef et al. 

[37]). 

 

Table  22. Details of The Tested Beams (Yousef et al. [37]). 

Beam 

designation 
l(mm) a(mm) d(mm) a/d 

Stirrups (vertical 

reinforcement) 

𝑠𝑣(mm) 𝑑𝑣(mm) 

DBSU2(RPC) 750 275 350 0.79 150 8 

DBSU4(RPC) 750 330 350 0.94 150 8 

 

 
 

Figure  40. Typical FE Model of The Beams. 

 

      Figure 40 depicts the typical FE model employed in this study. The models used 

four-node shell or QUAD elements displaying plate structural behavior according to 

the Reissner-Mindlin theory. The QUAD elements integrated a layer material model to 

aid in cracked concrete analysis and contained. Discrete Kirchhoff conditions as well 

as an optional penalty term to consider shear deformation. The nonlinear analysis was 
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executed through an incremental solution technique founded on the modified Newton 

Raphson method. 

4.1.2.3 Numerical Results 

Load-Deflection Response 

Figure 41 presents the comparison between the numerical curves and the 

experimental results. Table 23 shows the peak loads from FEA compared to the values 

from the test results.  

From Table 23, it can be observed that the predicted peak loads from the FEA with 

AFGC code and CECS codes are closer to the test values compared to the predicted 

values with the fib code. The beam (DBSU2) can be good predicted with the FEA value 

to experimental value ratio 1.00 and 0.85 for AFGC code model and CECS code model, 
respectively. And The beam (DBSU4) can also be good predicted with the FEA value 

to experimental value ratio 0.86 and 0.97 for AFGC code model and CECS code model, 
respectively. The mean value for AFGC code model and CECS code model is 0.99 and 

0.98, respectively. And the corresponding coefficient of variation is 0.13 and 0.01, 

respectively. However, the predicted of fib code model only get about 0.37 times of the 

experimental results which means that fib code model is not suitable for RPC 

applications. 

   In this paper, the authors also used ABAQUS program to simulate the experimental 

results. In this program, concrete is modeled using a three-dimensional reinforced 

concrete element named SOLID C3D8R element, which is capable of cracking in 

tension and crushing in compression. The main and web reinforcement are modeled 

using a bar element (T2D3) within the concrete solid 65 element. The bar element is 

assumed to be smeared within the concrete solid element. The concrete constitutive 

model in the paper also gives good simulation results. 

Nevertheless, from Figures 41, it can be observed that the current FE model 

employed in the analysis fails to capture other important characteristics such as elastic 

stiffness, inelastic stiffness, and post-peak behavior for all types of deep beams. This 

limitation stems from the inherent characteristics of the FE model itself.   

 

a/d = 0.79 
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Figure  41. Load-Deflection Curves from FEA (All Codes) and Test Results of 

Yousef et al. [37]. 

 

Table  23. Peak Loads from FEA and Test Results of Yousef et al. [37]. 

Beam 
FEXP 

(kN) 

FFEA(kN) 

fib 

 Code 

AFGC 

Code 

CECS 

Code 

Yousef’s 

Model 

DBSU2(RPC) 1082.62 364 1220.67 1078 919.94 

DBSU4(RPC) 909.26 361 784 882 988.22 

Beam 

FFEA/FEXP(kN) 

fib 

 Code 

AFGC 

Code 

CECS 

Code 

Yousef’s 

Model 

DBSU2(RPC) 0.34 1.13 1.00 0.85 

DBSU4(RPC) 0.4 0.86 0.97 1.09 

Mean value 0.37 0.99 0.98 0.97 

Coefficient of variation 0.08 0.13 0.01 0.12 

 

Cracking and Failure Mode  

Figure 42 depicts the cracking and failure of all beams. In the experimental results, 

all beams are shear compression failure [39]. The stress distribution from the FEA 

seems to match the experimental results.  

The vertical compressive stress caused by the load minimizes the likelihood of 

additional tension cracks, while the compressive stress above the reaction location 

prevents bond splitting and diagonal cracking along the steel. In shorter shear spans, a 

high shear may initiate a 45° crack across the neutral axis before a flexural crack 

emerges. A crack of this sort concentrates the shear resistance in a small area and creates 

a/d = 0.94 



 88 

rising stress levels. This tends to be self-perpetuating until halted by the load or 

reaction. Regardless of the cause, a compression failure eventually occurs next to the 

load. 

    

Figure  42. Crack Patterns from FEA (All Codes) and Test Results of Yousef et al. 

[37]. 

 

The crack width corresponding to the peak load of each beam was also obtained 

from the FEA as listed in Table 24. It can be observed that both AFGC and CECS codes 

seem to give a similar crack width for each beam but the fib code give a lower crack 

width due to the lower peak load.  

 

Table  24. Crack Width at Peak Load from FEA Results of Yousef et al. [37]. 

Beam 
 Crack width (mm) 

fib Code AFGC Code CECS Code 

DBSU2 0.55 1.43 1.00 

DBSU4 0.63 0.98 0.92 

 

4.1.2.4 Conclusions 

 In conclusion, the validity of the stress-strain model of concrete, as per the fib 

model code 2010 and AFGC code and CECS code, was evaluated in simulating the 

behavior of RPC deep beam in comparison to NSC and HSC deep beams. Based on the 

study results, the following conclusions can be drawn: 

1.The fib model code 2010 demonstrates the capability to good predict the loading 

capacity of NSC deep beams about 0.37 times. However, it significantly underestimates 

the loading capacity of RPC deep beam, providing conservative predictions. 

2.The AFGC code model and CECS code model demonstrates the capability to 

accurately predict the loading capacity of RPC deep beams with an error margin of less 

than 3%. But both of them can’t estimate the loading capacity of NSC deep beams. 
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4.1.3 RPC Deep Beams Tested by Li et al. [38]  

All RPC deep beams tested by Li et al. [38] that were investigated in this study 

used the same type of rebar with the properties listed in Table 25. The stress-strain 

points were calculated using the concept described in Section 3.1.4. Figure 43 shows 

the obtained curve. The model incorporated the Poisson’s ratio values of 0.3 for steel 

rebar. 

 

Table  25. Parameters for Stress-Strain Models of Steel Rebar. 

Parameter Value 

fy (MPa) 500 

Es (GPa) 200 

 

 

Figure  43. Stress-Strain Curves for Rebar Used in FEA. 

 

4.1.3.1 Stress-strain curves of concrete 

The concrete properties provide by Li et al. [38] are compressive strength. To be 

able to obtain the stress-stress curve some properties were determined using the 

equations provided by the code which are generally based on the compressive strength. 

fib 2010 code  
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The stress-strain points for concrete in compression and tension zones were 

calculated using the parameters listed in Table 26 and the concept described in Section 

3.1.1. It should be noted that all concrete parameters are dependent on the concrete 

grade, therefore, the concrete grade is C120. It is worth noting that the input required 

by the fib 2010 code is only the test value of compressive strength. 

 

AFGC Code 
The stress-strain points for concrete in compression and tension zones were 

calculated using the parameters listed in Table 26 and the concept described in Section 

3.1.2. In AFGC code, the load factor for RPC under tension  𝜸𝒃𝒇   take 1.3 and the 

Poisson’s ratio 𝝂 take 0.19 and the concrete tensile strength (𝒇𝒕) take 9.7 MPa. The test 

values of concrete compressive strength were used in the model. However, the code 

does not provide the equation to calculate the concrete elastic modulus, therefore, the 

values obtained from the fib code were also used in the models using the AFGC code. 

 

CECS Code 
The stress-strain points for concrete in compression and tension zones were 

calculated using the parameters listed in Table 26 and the concept described in Section 

3.1.3. In CECS code, the key parameters needed are the concrete compressive strength, 

the steel fiber volume ratio, the steel fiber length, and the equivalent diameter of steel 

fiber. The Poisson’s ratio 𝝂 take 0.2 as suggested by the code. It should be noted that 

the rest parameters can be determined from the compressive strength using the 

equations or the values in the table provided by the code, anyway, the obtained values 

are very close to each other. The values in Table 26 are obtained from the table provided 

by the code. 

The obtained stress-strain curves in compression and tension for concrete are 

illustrated in Figure 44. The stress-strain points were directly inputted into the program. 

 

 

Table  26. Parameters for Stress-Strain Models of Concrete. 

Code Parameters Value 

FIB 

Compression 

𝑓𝑐
′ (MPa) 117.2 

Ec (GPa) 48.8 

k 1.18 

ec,1im (mm/m) 3.0 

ec1 (mm/m) 2.75 

Tension 

ft (MPa) 5.39 

et1 (mm/m) 1.08 
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Code Parameters Value 

AFGC 

Compression 

𝑓𝑐
′ (MPa) 117.2 

𝐸𝑐(MPa) 42.9 

𝜀𝑏𝑐(mm/m) 2.73 

𝜀𝑢(mm/m) 5.20 

Tension 

𝑓𝑡(MPa) 9.7 

𝜀𝑒(mm/m) 1.97 

𝜀𝑢1%(mm/m) 15.17 

𝜀𝑙𝑖𝑚(mm/m) 19.50 

CECS 

Compression 

𝑓𝑐
′(MPa) 117.2 

𝜀0(mm/m) 2.59 

𝜀𝑐𝑢(mm/m) 4.15 

Tension 

λ 1.3 

𝑓𝑡(MPa) 6.7 

𝐸𝑐(MPa) 42.59 

𝜀𝑡0(mm/m) 0.16 

𝜀𝑡𝑝(mm/m) 1.89 

𝜀𝑡𝑢(mm/m) 3.88 
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Figure  44. Stress-Strain Curves for Concrete Used in FEA (All Codes). 

 

4.1.3.2 Structural Model 

     The deep beams studied by Li et al. [38]. The RPC deep beams with high-strength 

steel bars are designed, and their section sizes are all B × h=150mm × 250mm, beam 

length is 2200mm and beam span is 2000mm. The static loading method is adopted in 

this test, and two equivalent and synchronous concentrated forces are obtained by 

distributing the symmetrical position of the steel beam on the test beam. See Figure 45 

for details. Parameters of each test beam are shown in Table 27. 
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Figure  45. Loading Device Diagram (Li et al. [38]). 

 

Table  27. Main Design Parameters of The Test Beams (Li et al. [38]). 

Specimen 

number 

Shear 

span ratio 

λ 

Longitudinal 

reinforcement 

Longitudinal 

reinforcement ratio 

(%) 

Effective 

height of 

concrete 

section(mm) 

L1-1(RPC) 1.51 4D25 6.58 205 

L1-2(RPC) 2.26 4D25 6.58 205 

L1-3(RPC) 3.02 4D25 6.58 205 

L2-1(RPC) 2.26 3D25 4.43 221.5 

L2-2(RPC) 2.26 5D25 8.04 199 

 

 

Figure  46. Typical FE Model of The Beams. 
 

Figure 46 depicts the typical FE model employed in this study. The models used four-

node shell or QUAD elements displaying plate structural behavior according to the 
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Reissner-Mindlin theory. The QUAD elements integrated a layer material model to aid 

in cracked concrete analysis and contained. Discrete Kirchhoff conditions as well as an 

optional penalty term to consider shear deformation. The nonlinear analysis was 

executed through an incremental solution technique founded on the modified Newton 

Raphson method. 

 

4.1.3.3 Numerical Results 

Load-Deflection Response 

Figure 47 presents the comparison between the numerical curves and the 

experimental results based on the fib model code 2010. Figure 48 presents the 

comparison between the numerical curves and the experimental results based on AFGC 

code. Figure 49 presents the comparison between the numerical curves and the 

experimental results based on CECS code. Figure 50 presents the comparison between 

the numerical curves and the experimental results based on all codes. Table 28 shows 

the peak loads from FEA compared to the values from the test results. 

From Table 28, it can be observed that the predicted peak loads from the FEA with 

AFGC code and CECS codes are closer to the test values compared to the predicted 

values with the fib code. The mean value for AFGC code model and CECS code model 

is 0.95 and 0.85, respectively. And the corresponding coefficient of variation of AFGC 

code model and CECS code model is 0.12 and 0.13, respectively. However, the 

predicted of fib code model only get about 0.40 times of the experimental results which 

means that fib code model is not suitable for RPC applications. 

Nevertheless, from Figures 47 to 50, it can be observed that the current FE model 

employed in the analysis fails to capture other important characteristics such as elastic 

stiffness, inelastic stiffness, and post-peak behavior for all types of deep beams. This 

limitation stems from the inherent characteristics of the FE model itself.   
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a/d = 1.51 

a/d = 2.26 （ρ=6.58%） 
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a/d = 3.02 

ρ=4.43% 
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Figure  47. Load-Deflection Curves from Numerical (fib Model Code 2010) and Test 

Results of Li et al. [38]. 

 

 

ρ=8.04% 

a/d = 1.51 
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a/d = 2.26 （ρ=6.58%） 

a/d = 3.02 
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Figure  48. Load-Deflection Curves from Numerical (AFGC Code) and Test Results 

of Li et al. [38]. 

ρ=4.43% 

ρ=8.04% 
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a/d = 2.26 （ρ=6.58%） 

a/d = 1.51 
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ρ=4.43% 

a/d = 3.02 
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Figure  49. Load-Deflection Curves from Numerical (CECS Code) and Test Results 

of Li et al. [38]. 

 

 
 

a/d = 1.51 

ρ=8.04% 
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a/d = 2.26 （ρ=6.58%） 

a/d = 3.02 

ρ=4.43% 
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Figure  50. Load-Deflection Curves from FEA (All Codes) and Test Results of Li et 

al. [38]. 

 

Table  28. Peak Loads from FEA and Test Results of Li et al. [38]. 

Beam FEXP (kN) 

FFEA (kN) FFEA/FEXP 

fib 

Code 

AFGC 

Code 

CECS 

Code 

fib 

Code 

AFGC 

Code 

CECS 

Code 

L1-1(RPC) 1302.69 434.68  999.00 904.58  0.33  0.77 0.69 

L1-2(RPC) 711.52 341.91  725.70 659.69 0.48 1.02  0.93 

L1-3(RPC) 669.75 194.37  566.60  521.04 0.29  0.85  0.78 

L2-1(RPC) 501.22 332.21  662.86  610.25 0.55  1.09  1.01 

L2-2(RPC) 786.87 296.00  835.70  693.39 0.35 0.99  0.83 

Mean value 0.40  0.95  0.85 

Coefficient of variation 0.24  0.12  0.13 

 

Cracking and Failure Mode  

Figure 51 depicts the cracking and failure of all beams. The experimental findings 

show that all the beams failed due to diagonal crack. The stress distribution from the 

FEA seems to match the experimental results. Cracks generally formed at regions where 

tensile stresses exceeded the specified strength in the concrete beams. The experimental 

results revealed two types of cracks [39]:  

 1) Flexural cracks resulting from flexural tensile stresses in the cross-sectional 

region of the beam below the neutral axis for positive bending.  

 2) Shear cracks form as diagonal cracks begin at the last flexural crack and 

gradually turn into increasingly inclined cracks under shear loading. These cracks do 

not immediately lead to failure as they encounter resistance while moving into the 

compression zone, becoming flatter and eventually stopping at a certain point. The 

ρ=8.04% 
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tension crack gradually extends at a flat slope until sudden failure occurs due to the 

inclined or principal tensile stresses in the combined bending and shear region.  

 

 

 

Figure  51. Crack Patterns from FEA (All Codes) and Test Results of Li et al. [38]. 

 

The crack width corresponding to the peak load of each beam was also obtained 

from the FEA as listed in Table 29. It can be observed that both AFGC and CECS codes 

seem to give a similar crack width for each beam but the fib code give a lower crack 

width due to the lower peak load. 
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Table  29. Crack Width at Peak Load from FEA Results of Li et al. [38]. 

Beam 
Crack width (mm) 

fib Code AFGC Code CECS Code 

L1-1 0.11 0.60 0.69  

L1-2 0.14 0.62 0.48 

L1-3 0.12 0.55 0.57 

L2-1 0.19 0.28 0.63 

L2-2 0.14 0.28 0.49 

 

4.1.3.4 Conclusions 

In conclusion, the validity of the stress-strain model of concrete, as per the fib model 

code 2010 and AFGC code and CECS code, was evaluated in simulating the behavior 

of RPC deep beam in comparison to NSC and HSC deep beams. Based on the study 

results, the following conclusions can be drawn: 

1.The fib model code 2010 demonstrates the capability to good predict the loading 

capacity of NSC deep beams about 0.40 times. However, it significantly underestimates 

the loading capacity of RPC deep beam, providing conservative predictions. 

2.The AFGC code model and CECS code model demonstrates the capability to 

accurately predict the loading capacity of RPC deep beams. But both of them can’t 

estimate the loading capacity of NSC deep beams. 

 

4.1.4 Main Parameter Effects on FEA Load-Deflection Curve  

      In this study, different main parameters affecting deep beam behavior were 

investigated and varied including concrete compressive strength (f'c), shear span-to-

effective depth ratio (a/d), main reinforcement ratio (). Thus, the validity of the stress-

strain model of concrete, as per the fib model code 2010 and AFGC code and CECS 

code, was evaluated in simulating the behavior of RPC deep beam under the different 

parameters. 

     The Load-Deflection Curves from FEA (All codes) and Test Results with different 

concrete compressive strength and shear span-to-effective depth ratio and main 

reinforcement ratio are shown in Figure 52 and Figure 53 and Figure 54, respectively. 

     From Figure 52 to Figure 54, we can draw the following conclusions: 

1) When the concrete compressive strength increases, the load capacity of the 

RPC deep beams also increases. The trend of finite element analysis results is 

consistent with the experimental results and the finite element analysis results 

can capture structural behavior of RPC deep beams.  

2) When the shear span-to-effective depth ratio increases, the load capacity of the 

RPC deep beams also decreases. The trend of finite element analysis results is 
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consistent with the experimental results and the finite element analysis results 

can capture structural behavior of RPC deep beams 

3) When the main reinforcement ratio increases, the load capacity of the RPC 

deep beams also increases. The trend of finite element analysis results is 

consistent with the experimental results and the finite element analysis results 

can capture structural behavior of RPC deep beams.  

4) The AFGC and CECS code models are more adequate for capturing the 

unique characteristics and performance of RPC deep beams. While, the fib 

model code 2010 is not adequate for capturing the unique characteristics and 

performance of RPC deep beams. 
 

 

 

 

  

Figure  52. Concrete Compressive Strength Effects on FEA Load-Deflection Curves 

(All Codes). 

f’c = 43 MPa 

f’c = 79 MPa 

f’c = 100 MPa 
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Figure  53. Shear Span-to-Effective Depth Ratio Effects on FEA Load-Deflection 

Curves (All Codes). 

 

  

Figure  54. Main Reinforcement Ratio Effects on FEA Load-Deflection Curves (All 

Codes). 
 

4.2 Shear Strength Prediction Using Strut-and-Tie Model 

The strut-and-tie models (STM) according to ACI 318-11 [3], EN 1992-1-1 [35], 

and NF P 18-710 (AFGC) [33] codes are adopted to predict the shear strength (V) of 

the tested deep beams. The details are as follows: 

a/d = 0.79 

a/d = 0.94 

a/d = 1.0 

a/d = 1.5 
a/d = 2.0 
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 = 8.04% 



 109 

4.2.1 Parameters of Deep Beams for STM  

          According to the details of STM for deep beams given in Section 3.2 and Figure 

21, the parameters used for the STM are listed in Table 30.  

Table  30. Parameters of Deep Beams Using Strut-and-Tie Model. 

Beam a/d a 

(mm) 

h 

(mm) 

d 

(mm) 

b 

(mm) 

lb 

(mm) 

la 

(mm) 

f'c 

(MPa) 

fy 

(MPa) 

G11(NSC) 2.0 334 200 167 100 50 50 43 416 

G13(HSC) 2.0 334 200 167 100  50 50 79 416 

G14(RPC) 2.0 334 200 167 100 50 50 100 416 

G15(RPC) 2.0 334 200 167 100 50 50 119 416 

G21(RPC) 1.0 167 200 167 100 50 50 97 416 

G22(RPC) 1.5 250 200 167 100 50 50 101 416 

G41(RPC) 2.0 334 200 167 100 50 50 122 416 

G42(RPC) 2.0 334 200 167 100 50 50 122 416 

G43(RPC) 2.0 334 200 167 100 50 50 118 416 

DBSU2(RPC) 0.79 276.5 400 350 80 50 50 172.9 491.2 

DBSU4(RPC) 0.94 329 400 350 80 50 50 172.9 491.2 

L1-1(RPC) 1.5 307.5 250 205 150 50 50 117.2 500 

            

It is obvious that for each beam using different STM codes, the calculation of the 

ties is the same, the difference in the calculation is the compressive strengths of the 

struts and of nodal zones. However, the lesser value (the effective compressive strength) 

will be used for both. The calculated effective compressive strength of struts and nodal 

zones under different codes is shown in Table 31. 

Table  31. The Calculated Effective Compressive Strength of Struts and Nodal Zones 

for Different Codes. 

Beam a/d f'c (MPa) 
fce (MPa) 

ACI Code EN Code AFGC Code 

G11(NSC) 2.0 43 29.24  36.62  19.87  

G13(HSC) 2.0 79 53.72  55.58  24.62  

G14(RPC) 2.0 100 68.00  61.71  25.27  

G15(RPC) 2.0 119 80.92  64.13  24.78  

G21(RPC) 1.0 97 65.96  61.06  25.26  

G22(RPC) 1.5 101 68.68  61.91  25.27  

G41(RPC) 2.0 122 82.96  64.24  24.62  

G42(RPC) 2.0 122 82.96  64.24  24.62  

G43(RPC) 2.0 118 80.24  64.08  24.83  

DBSU2(RPC) 0.79 172.9 117.57  54.84  18.71  

DBSU4(RPC) 0.94 172.9 117.57  54.84  18.71  

L1-1(RPC) 1.5 117.2 79.70  64.03  24.87  
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4.2.2 Calculated and Experimental Shear Strengths 

The calculated shear strengths based on different codes are compared with the 

test results as shown in Table 32.  

For RPC deep beams (excluding G11 and G13), it can be observed that with a/d 

< 1.0 (DBSU2 and DBSU4), ACI code can give a good prediction while EN and AFGC 

codes give lower or conservative shear strength with safety of factor at least = 

1/0.60=1.67 and =1/0.78=1.28, respectively. When a/d = 1.0 (G21), ACI, EN, and 

AFGC codes gives a conservative shear strength with safety of factor of 1.19, 1.30, and 

1.61, respectively. When a/d > 1.0 (G14, G15, G41, G42, G43, and L1-1), all codes 

seem to give more conservative shear strengths.  

For HSC deep beam with a/d > 1.0 (G13), ACI and EN codes gave an 

overestimated shear strength, while AFGC code gave an underestimated or 

conservative shear strength. 

For NSC deep beam with a/d > 1.0 (G11), all codes gave an overestimated shear 

strength. 

Table  32. Comparison of Calculated and Experimental Shear Strengths of Deep 

Beams. 

Beam a/d 
VEXP 

(kN) 

VACI 

(kN) 

VEN 

(kN) 

VAFGC 

(kN) 

VACI 

/VEXP 

VEN 

/VEXP 

VAFGC 

/VEXP 

G11(NSC) 2 65 73.62  92.20  71.08  1.13  1.42  1.09  

G13(HSC) 2 132 135.26  139.93  106.62  1.02  1.06  0.81  

G14(RPC) 2 155.5 163.85  155.38  124.76  1.05  1.00  0.80  

G15(RPC) 2 172.5 163.85  161.48  140.11  0.95  0.94  0.81  

G21(RPC) 1 358 299.17  276.93  220.23  0.84  0.77  0.62  

G22(RPC) 1.5 260 218.91  205.20  165.33  0.84  0.79  0.64  

G41(RPC) 2 85 37.75  37.75  37.75  0.44  0.44  0.44  

G42(RPC) 2 112.5 67.11  67.11  67.11  0.60  0.60  0.60  

G43(RPC) 2 128.5 104.87  104.87  104.87  0.82  0.82  0.82  

DBSU2(RPC) 0.79 530 542.48  293.52  382.05  1.02  0.55  0.72  

DBSU4(RPC) 0.94 455 455.91  274.34  357.08  1.00  0.60  0.78  

L1-1(RPC) 1.5 656 479.78  385.48  331.60  0.73  0.59  0.51  

Mean value 0.87  0.80  0.72  

Standard deviation 0.19  0.26  0.17  

Coefficient of variation 0.22  0.33  0.23  

     

4.2.3 Conclusions for Shear Strength Predictions 

        In conclusion, the validities of the strut-and-tie models, as per ACI code and EN 

code and AFGC codes, were evaluated in predicting the shear strength of RPC deep 
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beams in comparison to NSC and HSC deep beams. Based on the study results, the 

following conclusions can be drawn: 

1) For RPC deep beams, when a/d < 1.0, ACI code can give a very 

good prediction while EN and AFGC codes give conservative shear strength; 

When a/d  1.0, all codes give conservative shear strength. 

2) For HSC deep beam with a/d > 1.0, ACI and EN codes give 

overestimated shear strength, while AFGC code give conservative shear 

strength. 

3) For NSC deep beam with a/d > 1.0, all codes give overestimated 

shear strength. 
 

4.3 Comparison of the FEA and STMs Peak Loads  

The peak loads of RPC deep beams obtained from FEA and STMs as Table 33 

shows. From Table 33, we can draw the following conclusions: 

1) The fib model code 2010 is not adequate for capturing the unique 

characteristics and performance of RPC deep beams. The peak loads of finite 

element results based on the fib model code 2010 are only 0.42 times of 

experimental results with the coefficient of variation is 0.24. The fib model 

code 2010 significantly underestimates the loading capacity of RPC deep 

beam, providing conservative predictions. 

2) The AFGC and CECS code models are very adequate for capturing the unique 

characteristics and performance of RPC deep beams. The peak loads of finite 

element results based on AFGC code are 1.09 times of experimental results 

with the coefficient of variation is 0.15. And the peak loads of finite element 

results based on CECS code are 1.07 times of experimental results with the 

coefficient of variation is 0.15. 

3) For strut-and-tie models, the prediction of peak loads based on ACI code are 

0.83 times of experimental results with the coefficient of variation is 0.22. 

The prediction of peak loads based on EN code are 0.71 times of experimental 

results with the coefficient of variation is 0.24. The prediction of peak loads 

based on AFGC code are 0.67 times of experimental results with the 

coefficient of variation is 0.19. The accuracy of the prediction of peak loads 

based on the three codes: ACI code ＞EN code ＞AFGC code. 

 

Table  33. The Peak Loads Obtained from FEA and STMs. 

Deep Beam 

FFEA /FEXP VSTM /VEXP 

fib 

Code 

AFGC 

Code 

CECS 

Code 

ACI 

Code 

EN 

Code 

AFGC 

Code 

G14 (RPC) 0.41  1.34  1.29  1.05  1.00  0.80  

G15 (RPC) 0.40  1.25  1.22  0.95  0.94  0.81  

G21 (RPC) 0.30  1.10  1.10  0.84  0.77  0.62  

G22 (RPC) 0.37  1.07 1.02  0.84  0.79  0.64  

G41 (RPC) 0.54  1.06  1.04  0.44  0.44  0.44  
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Deep Beam 

FFEA /FEXP VSTM /VEXP 

fib 

Code 

AFGC 

Code 

CECS 

Code 

ACI 

Code 

EN 

Code 

AFGC 

Code 

G42 (RPC) 0.45  1.10 1.07 0.60  0.60  0.60  

G43 (RPC) 0.65  1.26 1.26 0.82  0.82  0.82  

DBSU2 (RPC) 0.34 1.13 1.00 1.02  0.55  0.72  

DBSU4 (RPC) 0.40 0.86 0.97 1.00  0.60  0.78  

L1-1 (RPC) 0.33  0.77 0.69 0.73  0.59  0.51  

Mean value 0.42  1.09  1.07  0.83  0.71  0.67  

Standard deviation 0.10  0.17  0.16  0.19  0.17  0.13  

Coefficient of 

variation 
0.24  0.15  0.15  0.22  0.24  0.19  
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Chapter 5 

Conclusions and Recommendations 

In this study, the nonlinear structural behavior of RPC deep beams has been 

studied numerically using SOFiSTiK finite element code with the strain-strain models 

provided by the fib model code 2010 [32], NF P 18-710 (AFGC) [33], and CECS 2020 

[34]. For comparison and validation purposes, some test results with different 

parameters in terms of compressive strength (f'c), shear span-to-effective depth ratio 

(a/d), tensile reinforcement ratio ()  available in literature were used. The strut-and-tie 

models (STM) according to ACI 318-11 [3], EN 1992-1-1 [35], and NF P 18-710 

(AFGC) [33] have also been utilized to predict shear strength of RPC deep beams. 

Based on the research conducted, the following primary conclusions were drawn:  

5.1 FEA with Material Models Provided by Standard Codes  

The findings highlight the critical need for a suitable stress-strain model specific 

for RPC in order to accurately simulate the behavior RPC deep beams. Using the 

existing models can be concluded that: 

1) The fib model code 2010 is not adequate for capturing the unique 

characteristics and performance of RPC deep beams.  

2) The AFGC and CECS code models are more adequate for capturing the 

unique characteristics and performance of RPC deep beams. 

All in all, each model code has its own advantages and disadvantages: 

1) The fib model code 2010 requires only one input parameter for concrete, i.e. 

f'c, while the rest of the parameters can be estimated from f'c.  

2) The AFGC code requires 3 input parameters for concrete including f'c, 

concrete elastic modulus, and concrete tensile strength. 

3) The CECS code requires 3 input parameters for concrete including f'c, 

concrete elastic modulus, and concrete tensile strength. 

5.2 STM and Shear Strength Prediction 

The findings highlight the critical need for a suitable STM specific for RPC in order 

to accurately predict the shear strength of RPC deep beams. Using the existing models 

can be concluded that:  

 

1) For RPC deep beams, when a/d < 1.0, ACI code can give a very good 

prediction while EN and AFGC codes give conservative shear strength. 

When a/d  1.0, all codes give conservative shear strength. 

2) For HSC deep beam with a/d > 1.0, ACI and EN codes give overestimated 

shear strength, while AFGC code give conservative shear strength. 

3) For NSC deep beam with a/d > 1.0, all codes give overestimated shear 

strength.  
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5.3 Recommendations for Future Research 

1) This study determined only three significant parameters (f'c, a/d, ), other 

parameters such as stirrup reinforcement ratio should be considered.  

2) This study examined the shear performance of simply supported reinforced 

concrete deep beams under concentrated loads. Further experimental 

research and simulation analysis are needed for continuous deep beams 

under uniform loads. 
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APPENDIX A 

A.1 Stress-Strain Curves of Concrete in Tension and Compression Zones for 

Deep Beam Tested by Yaseen [36] 
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A.2 Stress-Strain Curves of Concrete in Tension and Compression Zones for 

Deep Beam Tested by Yousef et al. [37] 
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A.3 Stress-Strain Curves of Concrete in Tension and Compression Zones for 

Deep Beam Tested by Li et al. [38] 
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