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Abstract 

The behavior of rubberized Continuous deep beams (CDBs) under dynamic loads 

were investigated in this dissertation. It is an essential topic since the CDBs are 

highly exposed to dynamic loads and to increase the concrete’s ductility by adding 

rubber. Especially the wastes of scraped tire rubber form a real environmental 

trouble and the engineers nowadays working on recycling the rubber in the 

constructions. 

      The volumetric replacement was corresponded to cast the beams. The adopted 

mix was of 10, 20, and 30% of the crumb was replaced by sand, as well as the 

same percentages for chip versus gravel. 21 continuous deep beams (CDBs) were 

casted and classified into three groups. The first group contains 7 beams tested 

under a monotonic load to discuss their ultimate strength. The second group 

consisting of 11 specimens tested using two dropping weight of 30 and 40 kg at 

single span only. This group have been retested after impact using static load. The 

last group of the experimental work considering by 3 beams tested by repeated 

load. Numerical solution by FEM adopted by using ANSYS V.15.0 and modified 

to apply a reverse repeated load. The final part of the dissertation involves 

developing Timoshenko beam theory to represent the harmonic load and 

comparing the results with numerical 2D model.  

      As a conclusion, converting the rubcrete compressive strength from 100*200 

cylinder to 150*300 cylinder ranged from (0.86 to 0.94) for 10%, 20% and 30 

rubber replacement. Also, the CDBs under impacts still behave in accordance to 

the STM method. STM found to be more suitable for solving rubcrete beams than 

the conventional CDBs.  

      The most effective crack due to hit viewed at the struts position, the positive 

cracks at the upper of middle support also appeared, so as the cumber cracks at 
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mid span of the upper face of the un-impacted span. Retesting the impacted beams 

by static load shows that, the impacted cracks develop and merged till cause the 

final failure. It has been concluded that, the reference CDBs loss a strength equals 

23.8% and 36.5% from them total capacity after hitting by 30 kg and 40 kg 

respectively. 

      For repeated loads, the CDBs after repeated loads lost about 14%, 8% and 9% 

for conventional beam, gravel and sand replacement beams respectively, which 

means that, the presence of rubber enhances the beam capacity for repeated load. 

The numerical analysis of repeated load shows a good agreement with the 

experimental results. 
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1. CHAPTER ONE: INTRODUCTION 

 

1.1. General   

Deep beams are one of the most important members in constructions. It could be 

found usually in bridge support, pile caps, and high rise buildings [1], as shown 

in Plate 1.1. The geometric difference between shallow and deep beams is that, 

for ACI 318 -19 [2], the clear span of deep beams to its depth (L/D) does not 

exceed 4 for simply supported beam and 2.5 for continuous beams. The ACI-318 

code gives another condition to consider the beam as deep, which is the load 

location condition. If the Concentrated load is at a distance does not exceed 2h 

from support then the beam also considers as deep [3]. The American code defines 

continuous deep beams depending on shear behavior, while European code 

definition (L/D is not greater than 1.15) based on flexural behavior [4] [5]. 

The failure mode is one of the most significant difference between shallow and 

deep beams. Shallow beams may fail by flexural besides diagonal shear, while in 

deep beams the control failure is diagonal shear failure, in which the cracks started 

from support into the point of loading [5]. 

 

 

Plate 1.1 Continous deep beams 
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1.2. Dynamic loads and dynamic response of continuous beams 

Dynamic loads usually formed by multi different ways in accordance to the 

applied load exposed on it as explained in Table 1.1.  

Generally, the response of a construction to the dynamic is given by the equation 

𝑀 ∗ 𝑢̈ + 𝐶 ∗ 𝑢̇ + 𝐾 ∗ 𝑢 = 𝐹(𝑡)                                                                       (1-1)                          

Table 1.1: Dynamic loads definitions [6] 

Load type Causes 

Impact load crash or hammer blows 

Seismic loads Earthquake or blast (spectrum analysis) 

Vibration rotating machine 

Transient load It is the initial dynamic load without damping effect 

Model analysis Explains the magnitude of vibration of a structure 

Harmonic loads 

Rotating machines exert steady, alternating forces on 

bearings and support structures. These forces cause 

different deflections and stresses depending on the 

speed of rotation. 

Random vibrations of 

varying frequencies 
caused due to rocket launch, road transport 

 

The dissertation focuses on the impact, harmonic and cyclic loadings. Impact 

loads may be subjected on constructions due to vehicle collisions, terrorist attacks, 

falling rocks in mountain regions, industrial accidents, explosions, pedestrian 

blocks, roadside barriers landslides and impulsive loads which are caused by 

failing objects [7]–[13], as shown in Figure 1.1. It causes a large inertial force 

which accelerates the member.  If the member is ductile, the acceleration can be 

ignored because the failure happened after member accelerated and the 
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oscillations inertia fades away [14]. Impact load is usually higher than the static 

load capacity of brittle beams. The impact load is usually  applied on a very small 

region, sometimes concentrates in a point (in case of spherical shape impactor), 

this concentrate caused a spalling, punching, or may be drilling [15]. The impact 

region is an area where the impactor inertia released on and the failure becomes 

worse when the impacted region is small [16]. 

 

a. pedestrian bridge [17] 

 

b. Vehicle crashes into a structure [18] 

 

c. Rock fall over a tunnel [19] 
Figure 1.1. Some types of impacts applied on structural members 

Repeated loads are exposed on a structure may vary in the magnitude, direction 

and the applied time. In which, usually, the construction weakens due to fatigue 
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strain and failure by a stress smaller than its ultimate load. Repeated load may 

occur with all positive load or with both positive and negative (which named by 

reverse loading). Reverse loading may be subjected on CDBs due to the 

earthquake loading wave [20].  

As Biggs introduced [21], the dynamic response of the continuous deep beams is 

a very complex matter to be understanding because it has several natural modes 

with frequencies, each one of them may contribute the mechanism of failure. The 

modes are shown in Figure 1.2, Figure 1.3 and Figure 1.4. 

 

Figure 1.2. Natural modes of identical two spans [21] 

 

 

Figure 1.3. Natural modes of three identical spans [21] 

 

1st mode 

2nd mode 

3rd mode 

4th mode 

1st mode 

2nd mode 

3rd mode 
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Figure 1.4. Natural modes of failure of four continuous beam [21] 

1.3. Damping factor 

The damping factor can be defined as the ability of the structure to energy 

absorption which exposed from vibration or (it is the way that the structure tries 

to dissipate the vibration energy applied on). This property found naturally in all 

structures but its magnitude varying from type to type in accordance to some 

factors like [6]: 

• Material type 

• Motion velocity 

• Frequency of vibration. 

Damping factor is classified into three categories which are (Viscous damping, 

hysteresis or solid damping and Coulomb or dry-friction damping). This study 

focuses on solid damping because it involves solids in dynamics, in contract to 

viscous damping which deals with bodies moving into a fluid and dry friction 

damping which caused due to sliding between two solids [6].

Solid damping (structural damping, hysteretic damping) involves the internal 

vibrations occurs in material during motion. The frictional forces imbed into the 

material matrix associated with the slipping between particles and its revelation 

to each other during motion.  Structural damping independent on member 

frequency but its approximately has a proportional to member deformed elastic 

body amplitudes [22]. Structural damping is working on reducing the member 

1st mode 

2nd mode 

3rd mode 
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amplitude with respect to the area of hysteresis loop. For rubbers, the hysteresis 

loop (as explained in Figure 1.5) has much more area larger than metallic 

materials, for that reason, rubber used usually as dampers [22]. 

 

Figure 1.5. Stress strain curve of rubber material [22]  

Usually, the coefficient of structural damping ignored for safety and because its 

small enough to be ignored [22]. For concrete structures, damping factor ranged 

from (7-10)%  [23]. Damping factor can be estimated from the response data of 

an experimental dynamic loads subjected on member. Estimating method 

depending on the type of load applied, where each load gets its own method of 

calculating.  

1.4. Rubbers as a waste material  

Environment pollution is one of the most problems that researchers working on it 

to minimize its effect. The world, in general, is going towards recycling the human 

waste especially the not easy biodegradable wastes such as plastics and rubber. 

The world products millions  tons of scraped tire in a year (303 million tire each 

year at united states [24]). The most biggest landfill of waste tires lies at Kuwait 
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in Arhyyah [25]. It is named as tires graveyard and it can be seen from satellites. 

Google map GPS showed it clearly (Plate 1.2).   

In some civil engineering constructions, there is a great necessity to get a concrete 

with low unit weight concrete, high toughness, and high impact load resistance. 

In order to control that, developing mechanical elastic properties is the first step. 

For this purpose, researchers nowadays direct to add the waste tires concrete mix 

in aspecified percentages.  The new concrete forming (rubcrete) has significant 

properties like: light weight, energy absorption, sound and heat isolation, erosion 

control, high toughness and ductility, high deformable under post failure load, 

high fatigue, impact load  resistance and etc. [26][27]. But on the other hand, 

replacing aggregate by rubber has some avoidable negative effects such as 

compressive strength drop. That may be get rid of it by using any mineral or 

chemical additives to rise the strength. Especially the rubber is a chemically inert 

substance i.e. it will not react with any another chemical additives. 

 

Plate 1.2. Arhyyah waste tires graveyard 
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During applying external load on rubcrete member, rubber particles resist a 

smaller amount of load than the surrounding aggregates. That will generate stress 

construction on the surrounding particles and causes to reduce the overall member 

flexural bearing capacity. Rubber particles is working on delaying forming cracks 

by behaving as a small micro imbedded spring units thereby enhance the flexural 

deformation capacity of rubcrete members [28]. Lengthy studies in literature 

investigated the replacement and its effect on concrete mix properties. 

Tires (such as a lot of another pollutant) may be recycled in structural engineering 

constructions by adding crashed cleaned tiers into the concrete mix.  Table 1.2 

[24] shows the recycling tire percentages of different countries in civil 

engineering applications. 

Table 1.2 Tire recycling in civil engineering [24] 

 

Tires cleaned then crashed into small particles in special machines (Plate 1.3 from 

Abbaj alkut factory at Al-Diwahniya for tire recycling). Essentially, rubber 

crashed till reaches the general sizes of sand and gravel particle sizes. Recycling 

factories also product rubberized floors for electrical isolation Plate 1.4). Rubber 

as an aggregate can be classified into four categories in accordance with its size, 

which are: shredded/chips (2-20mm), crumb (0.4- 4.75mm), ground (passing 

through sieve 0.4mm) and shredded fibers [29], [30]. 
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Plate 1.3. Hashing machine 

 

Plate 1.4. Rubberized floor units and crashing machine 
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1.5. Aim of Study 

For environmental sustainability and structural necessity of getting members has 

a high energy absorption, rubberized continuous deep beams under dynamic loads 

has to be investigated especially after the noticeable poor information in literature 

about it. So, this dissertation involves the following axes: 

1. Doing trail mixes to estimate the suitable properties for rubcrete, using 

weight and volume replacement, also study the case of sand or gravel 

replacement. 

2. Experimental tests for continuous deep beams with different percentages of 

rubber replacement under static loading, impact load under different 

loading cases and repeated loading. 

3. Numerical modelling for the repeated load and then simulated the cyclic 

reverse load for the same model using ANSYS APDL (V.15.0) software. 

4. Find a theoretical solution for the conventional CDBs exposed to sinusoidal 

load and changing the properties for matching the rubcrete. 

1.6. Dissertation Layout 

• First chapter introduces a general information about the overall dissertation 

title expressions meanings, discusses the research importance, and shows the 

study program. 

• Second chapter investigates clearly and deeply the progress in literature for 

this subject, explains the main theories of continuous deep beams, the effect of 

rubber on concrete properties and identifies the literature gap in information 

which allows the researcher to experiment this scientific point. 

• Chapter three involves the details of overall experimental tests, method of 

testing, rubcrete mixes details and results, and manufacturing devices systems. 

• Fourth chapter comprises all experimental work results and its discussions. 

• Chapter five shows the numerical simulation for the member under repeated 

and reverse loading. 
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• Chapter six introduces a theoretical and numerical study for rubcrete CDBs 

under the effect of harmonic loads. 

•  Chapter seven denoted to discuss the results conclusions and 

recommendations for future works. 
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2.  CHAPTER TWO: LITERATURE REVIEW 

 

2.1. Overview  

Continuous deep beams are an essential member in bridges, pile caps, foundation 

walls [5] and multi-story buildings. It may exposed to dynamic loads furthermore 

a static ones. Dynamic loads may be generated from machines vibrations 

(harmonic loads) earthquakes (harmonic loads), explosion (impulse loads), car 

accident (impact loads), human moving (transient loads), and etc. The behavior 

of structural members differs depending on the type of load applied. Dynamic 

loads (especially impact and impulse loads) causes a very high rate of straining 

on the material particles and caused a rapid damage.  

On the other side, reinforced concrete members are brittle material, has no or little 

ability to absorb energy. In order to partially convert the concrete behavior from 

brittle to ductile, rubber may be added to the mix as a percentage replacement 

from aggregate in order to increase energy absorption and controlling the high 

rate of straining.  

The following sections in this chapter describe the philosophy of deep beams, 

continuous beams, reviewing the influence of adding scraped tire rubber to 

concrete mix, dynamic and impact loads effect of rubberized deep beams and 

every comparable significant research in literature to this dissertation title. 

Furthermore, a small layout highlights the gap in information literature about this 

dissertation title. 

2.2. Rubberized Concrete Material Properties 

Usually, the material has a density equals to (480 kg/m3 for crumb and 500 kg/m3 

for the chip) [31], no water absorption, and low thermal conductivity (0.14 W/m 

K). Rubcrete is expected to produce a high deformation capacity during post-
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failure load stages, lower unit weight, high impact resistance, high damping 

properties, and high dynamic modulus [29]. The main unfavorable property is the 

dropping in compressive and tensile strength and the plastic state of workability.  

2.2.1. Unit Weight 

Logically, a slight dropping in unit weight occurs due to rubber-aggregate 

replacement. The reduction in unit weight is a result of less rubber density than 

aggregate, where the density of sand (1450 kg/m3), gravel (1650 kg/m3), and 

natural rubber (500 kg/m3). Literature paper results (shown in Table 2.1) indicate 

that the unit weight of concrete mix reduced concerning replacement percentages. 

From the result, almost, there is no significant difference in unit weight between 

using sand or gravel replacement. The right column in Table 2.1 shows the 

percentage of dropping with respect to the normal mix of each reference. 

Table 2.1 Rubcrete unit weight results in the literature 

Ref. 
Replacement type 

(volume or weight) 

Replacement 

percentages 
Unit weight drop (%) 

[32] Gravel (NA) 5-10-15 ⇓(8.8- 17.6- 23-36) 

[33] 
Sand (Cement repl.) 1-2-3-4-5 ⇓(14.7- 3.3- 2.5- 6.4- 8.6) 

Gravel (Cement repl.) 1-2-3-4-5 ⇓ (11.2- 4.2- 7.4- 2.1- 4.5) 

[34] Sand (weight repl.) 3-6 ⇓(1.7-3.8) 

[31] 
Sand (Volume repl.) 5-10-15-20 ⇓(1.2-2.3- 3.5-4.6) 

Gravel (Volume repl.) 5-10-15-20 ⇓(1.2- 2.4- 3.6- 4.8) 

[35] Sand (Additive.) 5-10-20 ⇓(3.3- 5- 10.7) 

[36] 

Sand (Volume repl.) 50 ⇓5 

Gravel (Volume repl.) 50 ⇓9 

Both (Volume repl.) 25-50-75-100 ⇓14- 25.5- 37- 44.7 

 

2.2.2. Workability 

The slump test gives the an indication about workability. In literature, adding 

rubber to concrete mix sometimes decreases workability and sometimes increases 

it. Many researchers (as listed in Table 2.2) observed an incremease in a slump. 

Since the rubber particles have a hydrophobic surface, water particles do not stick 
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on, contrary to aggregate particles which have an absorption capacity[31]. Emam 

[34] investigated that, water covers rubber particles which lead to decrease the 

friction between concrete mix.  

The concrete mix becomes more workable, pump, flow, and compact when 

adding graded rubber as a percentage of sand replacement [37]. References [34], 

[38] witnesses an opposite behavior against rubber adding. In such cases, the 

increment was due to the use of angular (mechanical grinding) which provides 

less fluidity in contract with rounded rubber aggregate [38]. 

Table 2.2. Influence of multi rubber replacement percentages on the slump 

Ref. Replacement type Percentages Slump (%) 

[39] 
Coarse sand (Volume 

repl.) 
10-20-30 ⇓(13.4-19-40) 

[36] 

Sand (Volume repl.) 50 ⇓10.3 

Gravel (Volume repl.) 50 ⇓24.7 

Both (Volume repl.) 25-50-75-100 ⇓(10- 35- 64-71) 

[40] Sand (Volume repl.) 20-40-60-80-100 ⇓(19-52-76-86-93) 

 

2.2.3. Compressive Strength 

Logically, rubber replacement (either by sand or gravel) leads to decrease 

concrete compressive strength in percentages depending on the amount and the 

way of replacement. When replacing one sieve of aggregate with the equivalent 

sieve of rubber, concrete strength will drop fairly. But when replacing a percent 

of the overall graded aggregate by full graded to aggregate a high drop in strength 

occurs because load pursued weak paths in the cube to flow within. Finding the 

rubber in different sizes in the mix will multiple the weakness paths in the cube. 

Thus, the drop is a common behavior but the way of replacement restricts the 

situation. In literature results (Table 2.3) most results refer to the occurrence of 

drop in strength. Each researcher explains their discussion for that decreasing. The 

poor bond between cement paste and rubber is the first achieved cause [41]–[45]. 

The loss of bond happened due to the larger difference between the modulus of 
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elasticity of rubber and cement paste [29]. Some researchers showed that 

reduction in concrete compressive strength may be due to rubber deformability 

which create cracks between cement paste and rubber just like air voids cracks 

[40], [43]. Reduction in compressive strength was happened due to the drop in 

mix density after replacement [43]. As shown in Table 2.3, some results give a 

slight increase in compressive strength, which is may be due to, increase 

compressive strength when adding rubber because of better stress dissipation 

causes better damaged tolerance [37], chemical agents which enhance bond, 

crumb ability to absorbed more energy and ductile behavior before failure [34]. 

Perhaps the presence of the steel wires and beads in edger chips tended to increase 

slightly the tensile strength of the tested cylinders [38].  From the view of the 

authors, rubber enhanced stress distribution and energy absorption and may lead 

to a slight rise in the strength if it is well distributed in the mortar and worked as 

a filling material to the air voids replacing gravel caused more decreasing in 

strength than sand replacement [42]. From table results, sand replacement by 15% 

almost causes to decrease compressive strength in about 30% for sand and 50% 

for gravel. While 10% replacement of sand causes a decrease in compressive 

strength ranged from (20%-40%). The rubberized specimen is capable to resist 

20%-40% of the ultimate compression load for   2-3 min without full 

disintegration [38], [42]. 

Table 2.3. Effect of adding rubber on concrete compressive strength 

Ref. Replacement type 
Percentages of 

replacement 

Compressive strength 

reduction (%) 

[39] 
Coarse sand (Volume 

repl.) 
10-20-30 ⇓ (31.5- 45.2- 62.5) 

[41] Sand (Volume repl.) 5-10-15 ⇓(3.3-10-15) 

[32] Gravel (NA) 5-10-15 ⇓(23- 33- 50) 

[33] 
Sand (Cement repl.) 1-2-3-4-5 ⇓(14.7- 3.3- 2.5- 6.4- 8.6) 

Gravel (Cement repl.) 1-2-3-4-5 ⇓(11.2- 4.2- 7.4- 2.1- 4.5) 

[34] Sand (Weight repl.) 3-6 ⇓(2- 1) 
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[31] 
Sand (Volume repl.) 5-10-15-20 ⇓ (15.3- 19.1 -31.3- 40) 

Gravel (Volume repl.) 5-10-15-20 ⇓ (11.79- 16.92- 29- 37) 

[35] Sand (Additives) 5-10-20 ⇓(30- 46- 68) 

[36] 

Sand (Volume repl.) 50 ⇓78 

Gravel (Volume repl.) 50 ⇓85 

Both (Volume repl.) 25-50-75-100 ⇓(86- 88- 91- 90.5) 

[37] Sand (Weight repl.) 7.5-15 ⇑ (5.9- 0) 

[46] Sand (Weight repl.) 2.5- 5-7.5 ⇓(6- 16- 30) 

[40] Sand (Volume repl.) 
20-40-60-80-

100 
⇓(25-51.5-68-82-90) 

[47] Sand (NA) 0.5-1-1.5-2 ⇓(0-0-12- 21.8) 

[42] 
Sand (Volume repl.) 15-30-45 ⇓(36- 42- 56) 

Gravel (Volume repl.) 15-30-45 ⇓(50- 69- 81) 

[43] Sand (Volume repl.) 5-10-15 ⇓(12.5- 21.6- 34.8) 

[44] Sand (Weight repl.) 4-4.5-5-5.5 ⇓(3.7- 11.6- 15- 17.7) 

[48] Gravel (NA) 15-30 ⇓ (54 − 70) 

[49] Sand (Volume repl.) 
20-40-60-80-

100 
⇓(58- 66- 73- 87- 94) 

• Continued  

2.2.4. Splitting Indirect Tensile Strength 

Every scientific reason mentioned in compressive strength matched with the 

tensile strength. Rubcrete in tensile shows a high capacity of absorbing energy 

[42]. The specimen resists post failure load and undergoing noticeable 

displacement [42], i.e. concrete mass able to resist loads even when cracked, due 

to its capability to undergo a large elastic deformation before failure [50]. From 

previous results of literature as noting in Table 2.4, it can be noticed that the 

tensile strength after 15% fine replacement decreases approximately from 20%-

40%. While 5% of fine replacement leads to minimize tensile strength in a range 

that varies from 5%-15%.  Course replacement by15% leads to minimize strength 

from 20%-50%. 
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Table 2.4. Rubcrete splitting strength 

Ref. Replacement type 
Replacement 

Percentages 
Tensile strength (%) 

[39] 
Coarse sand (Volume 

repl.) 
10-20-30 ⇓ (24.2-25.5-37.6) 

[41] Sand (Volume repl.) 5-10-15 ⇓(14- 27- 43) 

[32] Gravel (NA) 5-10-15 ⇓ (17.17-24.6-39.06) 

[34] Sand (Weight repl.) 3-6 ⇓(19-33) 

[31] 
Sand (Volume repl.) 5-10-15-20 ⇓ (11-14.8- 24- 34) 

Gravel (Volume repl.) 5-10-15-20 ⇓ (8- 11-21- 31.3) 

[37] Sand (Weight repl.) 7.5- 15 ⇓(19- 32) 

[40] Sand (Volume repl.) 20-40-60-80-100 ⇓(15.6-47.8-66-81-92) 

[47] Sand (NA) 0.5-1-1.5-2 ⇓(0-0-15- 20) 

[42] 
Sand (Volume repl.) 15-30-45 ⇓(32-52-64) 

Gravel (Volume repl.) 15-30-45 ⇓(53-67-74) 

[43] Sand (Volume repl.) 5-10-15 ⇓(5.4-8.9-17.8) 

 

2.2.5. Flexural Strength 

The reduction in flexural strength which is observed in Table 2.5 may occur due 

to a drop of overall mix strength after replacement, furthermore, the line of failure 

perhaps passed through rubber particles. 15% of fine replacement causes to 

decrease the flexural strength from 14-23%. 

Table 2.5. Effect of different percentages of replacement on the flexural strength 

Ref. Replacement type Percentages Flexural Strength 

[39] Coarse sand (Volume repl.) 10-20-30 ⇓ (24- 24- 37) 

[33] 
Sand (Cement repl.) 1-3-5 ⇓(7-21-32) 

Gravel (Cement repl.) 1-3-5 ⇓(5.7-14-31) 

[31] 
Sand (Volume repl.) 5-10-15-20 ⇓ (5- 12-23- 35) 

Gravel (Volume repl.) 5-10-15-20 ⇓ (5- 10-22- 32) 

[47] Sand (NA) 0.5-1-1.5-2 ⇓(0-0-14- 19) 

[37] Sand (Weight repl.) 7.5- 15 ⇓(10- 14) 

 

2.2.6. Modulus Of Elasticity  

It is an indication of material stiffness. It is the ratio between stress and reversible 

strain (usually varies between 14000-40000 MPa) [51]. The modulus of elasticity 
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represents the slope of the stress-strain curve. Logically, dropping concrete 

compressive strength leads to minimize modulus of elasticity and that can be 

observed in the literature. Reference [37] shows a slight rise in compressive 

strength (discussed before) and it leads to raise elasticity too. 

Table 2.6. Modulus of elasticity of rubcrete 

Ref. Replacement type Percentages Elastic modulus 

[37] Sand (Weight repl.) 7.5-15 ⇓10-  ⇑11.4 

[49] Sand (Volume repl.) 20-40-60-80-100 ⇓(11- 14.7- 74- 88- 94) 

 

2.2.7. Ductility 

The ductility of concrete logically increases after adding rubber [40], [52]. Since 

ductility is the opposite property of brittleness, researchers studied brittleness to 

get an indication for ductility. Zheng et al. [52] investigate brittleness behavior 

using hysteresis loops of specimens.Figure 2.1 illustrates the brittleness index in 

which the lower brittleness indexes the higher ductility index. Typically, for 

compressive tests specimen, the inelastic strain noticeable at fracture on the order 

of 0.002 [53]. Normal concrete strain at failure load equals 0.0015, while for 7.5% 

replacing sand by crumb the failure occurs at 0.002 strain (to at 15% replacement) 

[37]. 

 

Figure 2.1. Brittleness index [52] 

• GR: is Gravel 

replacement 

 

• CR is Crumb  

replacement 
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2.2.8. Water Absorption 

Almost all references indicate that water absorption of rubcrete mix increases with 

the increment of rubber replacement when comparing with conventional concrete. 

Ganjian et al. [54] investigated that, replacing 10% of course aggregate with 

rubbers, leaded to raise water absorption but replacing ground rubber (range 

0.075–0.475 mm) from cement caused dropping in water absorption. Adding 5% 

rubber replacement may cause an increment in absorption by (40-90%) proportion 

to rubber shape. Rubber addition working on restricting water propagation and 

reducing water absorption [55]. 

Table 2.7. Water absorption of rubcrete mix in literature results 

Ref. Replacement type Percentages Water absorption 

[46] Sand (Weight repl.) 2.5-5-7.5 ⇑(42- 90.82- 547) 

[35] Sand (Additives) 5-10-20 ⇑(14- 30- 41.8) 

[44] Sand (Weight repl.) 4-4.5-5-5.5 ⇑(12.5- 26- 41.8- 68) 

 

2.2.9. Dry Shrinkage 

Dry shrinkage rises by 43% after 15% of rubber replacement [52].  The shape of 

rubber particles showed no effect on shrinkage as concluded by reference [56]. 

An increment in shrinkage in conventional concrete occurs as a result of low 

aggregate stiffness, and consequent reduction in “internal restraint’ which leads 

to strain capacity enhancement [27]. While, for rubber, the softness of rubber 

particles leads to reduce dry shrinkage [57]. Figure 2.2 shows shrinkage values 

for different rubcrete mixes.  
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Figure 2.2. Shrinkage values for different replacement percentages[58] 

2.2.10.  Freeze and Thawing 

Rubber aggregate replacement improves the resistance to freeze and thawing of 

concrete [59]. The amount of increment depends firstly on replacement 

percentage and secondly on rubber particle size. The larger rubber size causes 

dropping in the freezing resistance [60]. Richardson et al. [61] studied the 

optimum particle size which introduces maximum freezing resistance and 

minimum compressive strength dropping. It was found that particles less than 

0.5mm provide the higher freezing resistance and compressive strength dropping 

equals 5.24% only. (10%, 15%, 20%) sand replacement enhances freezing 

resistance by (3.2, 3.1% 2.1%) respectively [62]. 

2.2.11. Thermal Conductivity 

It is the capacity of the material to absorb heat, i.e. the temperature flux in a 

material. Concrete conductivity depends on its composition. In the case of 

saturated concrete, conductivity varies from 1.4 to 3.6 joule/meter square per 

second. Since weight can be reduced by using rubber replacement and thermal 

conductivity improves, so it can be a better option in the partition wall and the 

exterior wall which is exposed to sunlight [13]. Shah et al. [32] replaced gravel 

by (5%, 10%, and 15%). It was concluded that there is a rising in thermal 

conductivity by (4.4% -8% -11.7%) respectively. 
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2.2.12. Fatigue Resistance 

The importance of fatigue strength is an essential property for structures exposed 

to repeated or cyclic loads. For concrete structure design in practice fatigue stress 

level (S) must be less than 0.50. In conventional concrete mixes, the fatigue life 

could be more than 2*106 cycles at a fatigue stress level of 0.55 [63]. Reference 

[28], tested normal concrete by 5–25% of rubber content replacement and got an 

increment in fatigue life within the range of 5–10%. References [64], [65] 

concluded that adding 60 kg of rubber particles in 1m3 of the concrete unit can 

increase the fatigue life up to 10 times. In general, it can be said that rubcrete has 

a fatigue strength up to 15%, more than normal concrete, and may increase more 

by more rubber adding. Reference [43] replaced sand by rubber by (5%, 10%, and 

15%) which causes a dropping in fatigue strength equals (45.7%, 46.3% , 46.6%)  

respectively.                                                                                              

2.2.13. Stress-Strain Curve 

Normal concrete strain at failure load equal to 0.0015, while for 7.5% replacing 

sand by crumb the failure occurs at 0.002 (to at 15% replacement) [37]. Figure 

2.3 and Figure 2.4 show a typical stress-strain curves of rubcrete for two different 

groups of rubber replacement. The author noticed that the average strain of 

rubcrete equals two to three times that of conventional concrete [38] which is due 

to rubcrete ductility. 

In [42], the normal concrete mix reached the maximum strain at 0.002. Similar 

behavior is observed for normal concrete and CR-15 (coarse aggregate 

replacement by 15%). From Figure 2.4, it is clear to notice that, adding rubber 

increases the maximum strain in a range that varies between 0.003-0.005. Stress-

strain curve of rubber concrete behaves more non-linearly than conventional 

concrete. The non-linearity occurs due to the lower compressive strength of 

rubcrete [24]. 
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Figure 2.3. Typical stress- strain curve of rubberized concrete [38] 

 

Figure 2.4. Stress- strain curve for NC, sand (FR) and gravel (CR) replacing [24] 

2.2.14. Impact Resistance 

The most important properties of concrete are rigidity and brittleness. Previous 

researchers noticed that adding rubber enhanced the deformability and ductility 

of the concrete members [66]. Thus, rubcrete may cast in places where 

deformability and toughness are more important than strength, such as in seismic 

areas. Rubber particles delay the forming of new cracks and act as multi 

distributed springs diffused in between cement paste [28]. From Table 2.8, adding 

rubber increases the overall impact resistance by more than 100% for different 

used percentages. Sand has a property of energy absorption contrariwise with 
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gravel. So, for reference [32], gravel replacement shows a significant increase in 

impact resistance than sand. 

Table 2.8. Impact resistance tests result from the literature 

Ref. Replacement type Percentages Impact energy 

[31] 
Sand (Volume repl.) 5-10-15-20 ⇑(138-185-300-396) 

Gravel (Volume repl.) 5-10-15-20 ⇑(150-204-326-426) 

[49] Sand (Volume repl.) 20-40-60-80-100 
⇑(90.8-112-141-165-

160) 

 

2.3. Impact Loads 

Concrete structures response under impact load differs from static one due to two 

reasons. Firstly, the wave propagation effect [8], [67], in which the stress 

transformation within the loaded structure differs in local and global, which 

caused a difference in the negative bending moment and  reaction force [68]–[70]. 

The second is the stain rate effect [71], [72]. Members under impact loading 

exposed to a very high strain rate loading, in such matter, the structure responses 

to the load rapidly from zero to peak external stress applied. The internal work 

develops also rapidly to balance the external one [73]. There are many ways to 

test concrete under high strain rate like, free fall bodies, explosive tests, 

hopkinsin’s split bar test, charpy/ Izod test and fracture machines tests [73].  In 

the case of impact load, the structural member exposed to either compressive 

stresses- strains or tensile stresses-strains [15]. 

The impact load accelerates the concrete beam and attack its inertial force [74], 

[75]. Due to beam large acceleration under the impact load, its inertial force has 

the most significant effect under dynamic loadings [76] especially in the first 

milliseconds of impacting when the beam resist the hit by its inertia only and 

before reaching the load to support [77], [78]. Ignoring inertial force leads to an 

error in calculating reinforced concrete beam fracture if designers equals the 

exposed impact load to the bending load carried by beam [79].  
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The structural response of the member depends on some parameters like impact 

energy, the member stiffness, contact rigidity, and material mechanical properties 

[15], [80]–[83].  

In laboratories, an impact load can be provide easily using several methods –as a 

branch of dropping bodies- like: dropping weight, swimming pendulum and 

rotating flywheel. Dropping weight also may be classified into a single blow, 

repeated blow with a constant value and repeated blows with an increment 

magnitude. There is no effect for the striking face of steel impactor on the dynamic 

response [84].  

2.3.1. Shallow Beam Behavior under Impact Loads 

The duration of impact wave depends in the first degree on velocity of impact. 

For higher ones, the duration may become 6 times the slow impacts [85]. The 

peak point of impact load occurs at the point of time of zero deflection [85]. When 

a stress wave generates due to impact load, the wave flows inside the concrete 

shallow beam till reach to its surface at sides (near support) then the wave reflect 

back as a tensile stress. The generated compressive stress wave intersect with the 

reflected tensile one, that minimize the compressive stress wave and increases the 

tensile amplitude. The concrete beam may be cracked due to this tensile stress. 

This process may be repeated until the resultant stress wave becomes lower than 

the dynamic tensile concrete strength [78], [86]. 

Dynamic loads especially impulsive ones, transported within the member by 

stress wave separation into the solid body particles vertically and laterally. So, 

every discontinuity in beam (caused by opens and shear or flexural cracks) 

obstructs the stress wave and the vibrations to extent the support beam side. This 

matter cause weakens in receiving all real response data at support during failing 

objects impact experimentally tests [87].  
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Shallow beams exposed to statically one point load show a positive flexural cracks 

under loading point, while for impact ones, a negative and positive moment cracks 

generated. The negative ones appears at the top surface of beam besides supports 

[15],[88], [89] as shown in Figure 2.5. Researchers are divided into three opinions 

when discussing the reason behind these cracks. The first, It is due to the beam 

local negative curvature resulting in tensile strength [90]. The second, it is due to 

supporting conditions (i.e. the upper roller support which is very essential to 

prevent the beam from uplifting) [8]. While the third, said it is due to beam 

hogging [91]. 

 

Figure 2.5. Cracked beam due to an  impact load [88] 

Furthermore, the simply supported reactions under impact loads started 

downward, shear and moment diagram differs compacting with the static point 

load as explained in Figure 2.6. It can be also noticed that, the impacted beam 

exposed to negative moment as a result of hogging due to the inertial force of 

beam [91].  
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Figure 2.6. Shear force and bending moment diagrams for static and impacted 

simply supported beams [91] 

Peak impact force can be calculated by an empirical equations concluded from 

other researchers. Like [92]–[94]: 

𝐹𝑑𝑝 = (12.6 𝑣0 − 0.0079𝑣0
3) ∗ 9.8                                                                        (2-1) 

𝐹𝑑𝑝 = 980√
𝑚2

1000
∗

𝑣0

8
                                                                                                  (2-2) 

𝐹𝑑𝑝 = 880√
𝑚2

1000
∗ (

𝑣0

8
)

2

3                                                                                             (2-3) 

The previous equations shows that, concrete beam mass has no effect on the peak 

impact force, but Guo [75] offers an opposite opinion: 

𝐹𝑑𝑝 = (52.5𝑣0 + 30.8)(0.19 𝑙𝑛 (
𝑚2

𝑚1
) + 1)                                                           (2-4) 
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The impact load resisted by supporting and beam inertia [95]. From reference 

[96], it can be noticed that, only 17.5% of the impact load reached to the support 

and the remain 82.5% resisted by beam inertia. This percent is not general but 

depends on concrete beam inertia properties. From Figure 2.7, it can be noted that, 

the beam in the first phase (transient load) resist impact load by its inertia only 

while for the second phase (free vibration) the reactions accompanied slightly.  

 

Figure 2.7. Forced and free vibration for beam resist impact by inertia and 

supporting [97] 

To design the beam to impact load, it may be designed as static load with 

amplification factor 𝑛, static displacement has to be indicated under the same 

weight, thereby finding the maximum stress and displacement from the following 

formulas [15], [98]: 

∆𝑚𝑎𝑥= ∆ ∗ 𝑛 = ∆ ∗ [1 + √1 +
2ℎ𝜂

∆
]                                                                       (2-5)      
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Where 𝜂 is the efficiency of the kinetic energy converting the moving mass, 

equals 1 for collision 100% efficient. If h=0 then n=2. If the mass travels 

horizontally then n calculated from equation (2-6). 

𝑛 = √
𝜂𝑣2

𝑔∆
                                                                                                                      (2-6) 

𝜎𝑚𝑎𝑥 =
𝑤 ∗ 𝑙 ∗ 𝑦

4 ∗ 𝐼
                                                                                                     (2-7) 

Kishi et al. [85] discovered that, the impact shear capacity of RC beam without 

shear rebar equals 1.5 the static one. 

During impacting, the beam deflects downward and getting away from the 

dropping weight (i.e. Impactor), which leads to impact force decreasing due to 

descends of interaction between the beam and impactor, then impactor rebounds 

and contact disappear.  

Generally, it can be concluded from past researches [77], [78], [85], [95], [97] 

that, the crack behavior of shallow beam under impact load classified into three 

categories in accordance to dropping weight velocity. Firstly, if the velocity is 

relatively low, the concrete beam fails in flexural bending cracks, in another word, 

the slow drop weight acts as static load. This response appears also in references 

[90], [87],[9],[99]. Flexural crack width depends also on the impactor 

velocity[85], [87]. The crack width is not affected by the subsequent blows [77].  

The beam collapse due to bending when the residual displacement reaches 1.1% 

of the clear span length [100]. 

Secondly, diagonal shear failure accrued at high velocity rate, and shear plug ,at 

higher, impactor velocities [101]. It is a diagonal collapse happened in beam 

exactly under the impact force point in a very short direction. This ball shape 

collapse may occur also under low velocities of dropping weight if the magnitude 

of transversal reinforcement increases [77]. 
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The philosophy of shear plug can be explained as the following: when the 

dropping weight hits the beam, the travelling stress passes through the beam at a 

velocity equals v. Immediately at the first part of second of impact, an 

infinitesimally little section at the center of the beam will accelerate 

corresponding to the applied velocity [102]. The neighboring points stills at rest. 

Duwez et al. [103] illustrated that, the bottom of the V there is a stationary one 

plastic hinge, while at the top there are two moving plastic hinge travelling away 

from the V center, which effect on the shear plug enlarging.  

The third shape occurred in relatively high speed impactor, in which the cracks 

start diagonally then becomes parallel to the main longitudinal bars. The latter 

may expand or short in accordance to speed.  The RC beams collapsed under shear 

failure due to the flexural cracks connecting [85]. 

Pham speed Figure 2.8 shows typically experimental beams under shear and 

flexural failure. It is worth to mention that, if the high ratio longitudinal 

reinforcement bars forced the beam to fail in shear even when the velocity was 

low [78],[9]. On context, the little or no shear reinforcement cause converting the 

behavior of low velocity impacted shallow beam from flexural behavior to shear 

blog(bell shaped form [86]) [77]. 
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Figure 2.8. Beams crack under impact load [34] 

Fu et al. [97] provided an indication for the high and low speed classification, the 

impactor velocity between 6.9 and 8.4 m/s is a critical speed converts the beams 

behavior from flexural to shear, but the behavior does not depend on the velocity 

only so these numbers cannot be generalized,. Adhikary et al. [104] suggested 

that, the slow loading rate equals 0.04 m/s, medium 0.4 m/s and the high one 

equals 2 m/s.  

Kishi et al [85] suggested that, when the shear-capacity ratio (static shear 

capacity/static bending capacity) is less than one, the shear behavior currents in 

beam. In contrast, if the ratio is larger than one, the flexural behavior shows but 

conditioned by the drop weight velocity. 

Impacting velocity has another significant effect on shallow beams which is 

bended span length Leffective. When the velocity is slow, the beam completely has 
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the enough time to resist the load and bend, while for higher velocities (but still 

within the flexural failure) the bended span minimized till reach a small part below 

the impact point. Regarding to that, the concrete beam deflection under high drop 

velocities has less effected by the beam span than the flexural beams failure [95]. 

This behavior could be understood from reference [21,22] failure. Due to this 

behavior, the support condition changes from hinge to both ends fixed. 

Time lag or time delay (which is the delay of responding the support to the applied 

weight) have to be measured by researchers to get an indication for stress wave 

propagation influence [95]. It seems to be related only on the beam span [95]. The 

reason behind time delay expressed in reference [96], beam initial rising period 

amplitude is very small to provide the sufficient deformation, that leads to 

generate variations in the contact resistance, and therefore, the signal off the 

reaction load disappears a sensible vibrations. 1 ms has been indicated for time 

lag for Fujikake [9] beams. 

A phenomenon observed in past researches worth to be mentioned and discussed, 

which is the amount of reaction load at high velocity impactor is smaller than the 

lower one. This phenomenon may be generated due to two reasons [86]: 

The damaged beam associated with the cracking of concrete and steel yielding 

due to stress wave absorption. The short duration of loading process and time 

delay. 

Few researches investigated the hogging occurs in concrete beam during impact 

hit. Hogging moment changes the expected mechanism of cracked beam [77], 

[86]. The peak value of hogging is proportional linearly with the impactor force 

[75]. Hogging moment for simply supported beam can be calculated from the 

following equation [75]: 

|𝑀𝑝
−| = 0.12 𝐹𝑑𝑝 + 6.84                                                                                     (2-8) 
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Where 𝐹𝑑𝑝 represents the peak impact force.  

The impact energy is reflected back into the rebound in an ideally elastic impact 

while a portion of the impact energy is transformed  in elastic deformation and 

remaining part of the impact energy is consumed in the plastic deformation and 

failure in real impacts [105].  The energy balanced method can be used to verify 

the input kinetic energy and the component energies in a beam. The energy-

balanced equation can be expressed as follows: 

1

2
𝑀(𝑉1

2 − 𝑉2
2) = 𝐸𝑏 + 𝐸𝑠 + 𝐸𝑚 + 𝐸𝑐 + 𝐸𝑘                                                           (2-9) 

Studies like [106]–[108] matched with this theory quietly well. The concrete beam 

after impact hit, loss some of its ductility due to the impact cracks. The magnitude 

of losing depends on the impactor energy. Dok et al. [87] found that, for low 

impact weight the beam lost 24.6%, for medium weight it lost 31.9% and for 

higher one 44%. 

The absorbed energy of impacted beam increases with dropping weight velocity 

increment irrespective to beam type [85]. The deformation energy 𝑊 of simply 

supported beams may be calculated by an equation offered by [9] so as the energy 

loss during impact  𝐸𝑅: 

𝑚2𝑣𝑖𝑏
2

2
− 𝐸𝑅 + (𝑚1 + 𝑚2)𝑔𝛿𝑚𝑎𝑥 = 𝑊                                                              (2-10) 

𝐸𝑅 =
𝑚1𝑚2

2(𝑚1+𝑚2)
𝑣𝑖𝑏

2                                                                                                      (2-11) 

Where: 𝑚1 is the equivalent mass of beams, 𝑚2 weight of impactor, and 𝑣𝑖𝑏
  

impactor velocity. The experimental results of Zhao et al. [95] where verified with 

the pervious equations. It has been found that, for flexural behavior beams, there 

are 10% underestimated caused by neglecting deformation energy strain. While 

for shear behavior beams, a large difference observed reached even to 100% 
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because of the difference between the estimated failure shape and the actual 

displayed one.  

2.3.2. Impact Force History 

The generated shape of impact load – displacement curve is approximately 

triangular, so as the reaction – deflection one. A second peak appears in impact 

history resulting from steel reinforcement re-bearing after the concrete 

cracked[85], but it may occur also due to the impactor reflect after first hit (Zhao 

et al [95] explained the multi peaks for the same reason) , which causes another 

hit per single drop (as shown in Figure 2.9).  

 

Figure 2.9. Load - Time impact wave (A. at 3m/s impactor velocity and B. at 

5m/s dropping velocity) [85] 

The triangular shape of impact load force versus time curve has been appeared at 

the numerical model proposed by [101] and the experimental test of [85]. The 

analytical solutions are better from experimental ones to get the exact triangle and 

the overall behavior [86], [101].  

The higher impact load leads also to higher plastic deformation capacity due to 

the positive effect of the diagonal shear cracks nearby the impacting point. Thus, 

a large part of steel reinforcement may reach the yielding point, consequently, the 

length of plastic hinge increases and the plastic hinge gets larger [90].  
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Impacted structures behaves in two phases, firstly, the impact load phase which 

holds just few milliseconds (10ms) and the free-vibration phase which may 

reaches to 100 ms [78]. 

The beam under impact load has two shapes of displacement depends on the 

dropping weight velocity, the first is a wave fluctuates faintly accompanying by 

drift after the impact loads drops to zero. This phenomenon means that, the main 

steel bars only resist the impact force, free vibration period, after diagonal cracks 

growth [85]. The second is for faster impactor velocities, the deflection wave rises 

from zero then moves within a constant value (Figure 2.10). Impactor velocity 

effects on the beam deflection, where the deflection minimized when applying a 

high loading velocity because the time required to reach the peak displacement 

minimized [95]. 

 

Figure 2.10. Deflection- Time wave of beam under dropping weight (A and B 

are at 3&5 m/s impactor velocity respectively) [85] 

2.3.3.Deep Beams under Impact Loads 

The shallow beam behavior may develop from flexural to shear when supplying 

the impact load nearby the support which may satisfy the second condition of deep 

beam specification in ACI- code (the impact weight applied at a distance equals 

2h from support) [87]. As mentioned before, failure mode in static load is always 

shear failure, for deep beams, it has been noticed that, for impact load and for any 
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loading rate, the failure under impact load occurs also at strut as crashing. Strut 

crashing combined with diagonal splitting for low impactor velocity, bearing at 

medium speed, and massive spalling of concrete at high impact loading rate [104], 

as explain in Figure 2.11 
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Figure 2.11. Strut failure of impacted deep beams [104] 

ACI- code 318 [2]provides an equation to calculate shear resistance strut without 

shear reinforcement but there is no guidelines for those with stirrups [109]. The 

shear reinforcement enhanced deep beam capacity by 25% of equation A-4 in ACI 

318-14 code. It has been found that from reference [104] increasing shear 

reinforcement caused to increment the ultimate shear resistance of beam for low, 

medium and high rate of straining. The load versus deflection curves of deep 

beams under (low, medium and high) impacts has a delay indentation before 

reaching the peak value due to cracking development. Beams (without shear 

stirrups) stiffness increases when raising loading rate and the existence of shear 
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reinforcement has no effect on stiffness [104]. Yielding stress of ties rises when 

increasing load rating.  

If the ultimate shear strength of deep beams is little (due to no or few transversal 

reinforcement) so as longitudinal reinforcement rate, the increment of ultimate 

load carrying capacity is higher when comparing with deep beams has high 

amount of main reinforcement. There is a mathematical model to calculate DIF 

suggested in the same reference for impact load depending on (a/d) ratio and it 

gets a good accuracy with its experimental work for static, low, medium and high 

loading rates as shown in Figure 2.12 [104]. 

 

Figure 2.12. Truss model results versus experimental lab data under different 

loading stages (a. static, b. low impact, c. medium impact, d. high impact) [104] 
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The empirical equation of DIF factor of deep beams without stirrups is given 

below 

𝐷𝐼𝐹 =  [0.45 + 0.09𝜌𝑔 + 0.48 (
𝑎

𝑑
)] 𝑒

[0.3−0.05𝜌𝑔−0.05(
𝑎

𝑑
)]𝛿

                              (2-12) 

If the deep beam has a transversal reinforcement, then the DIF equals: 

𝐷𝐼𝐹 = [1.25 − 0.04𝜌𝑔 − 0.04𝜌𝑣 +

                   0.05 (
𝑎

𝑑
)] 𝑒

[0.22−0.03𝜌𝑔−0.03𝜌𝑣+0.03(
𝑎

𝑑
)]𝛿

                                             (2-13) 

Where 𝜌𝑔and 𝜌𝑣  are main and shear steel reinforcement percentages, (
𝑎

𝑑
) is the 

shear to span depth and 𝛿 is the static deflection. 

2.3.4. Improve Concrete Properties Against Dynamic Loads 

In order to earn concrete enhancement dynamical properties, it has to provide a 

better energy absorption to the mix. Improving the concrete energy absorption is 

by replacing rubber by specific percentages of aggregate (even sand or gravel). 

The generated mix (rubcrete) has a special improvement energy absorption [110]–

[112] (higher impact energy by 10-18% for 15-30% rubber content [78]) but a 

lower mechanical properties due to replacement [31], [33], [35], [36], [40], [42], 

[46], [66], [113]. Rubber in concrete mixes behaves like a small impeded springs 

working on energy absorption. So, it has been evident that, for 15% and 30% 

rubber replacement leads to reduce stress wave velocity by 5% and 26% 

respectively [78].  

2.4. Continuous Deep Beams under Static Loads 

wide researches in literature involved the topic of CDBs made from rubcrete [5], 

[114]. There are many difference in behavior between Simply and continuous 

deep beams[115], [116], as an example: 
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(1) The both spans failure mechanism forms at the CDBs but not at the simply 

supported beam (SDB). 

(2) large shear and negative moment occurs at middle interior support of CDB 

while can not be found at the simply supported. 

(3) Supporting settlement may occurs in the Continuous beam only [117]. 

(4) the CDB strut has a great degree of deterioration than SDB at the same 

parameters and specimen details [118]. 

The diagonal cracks in CDB occurred in higher degree of deterioration and lower 

effected by compressive strength of concrete comparing with SDB of the same 

parameters [118]. The strut tie method provides by ACI 318-14 code showed less 

safety for CDB than SDB [118]. CDB failure amount and type is not warranted 

due to two reasons: the first one is the capability of differential settlement 

accruement and the second, the inflecting point formed nearby the critical shear 

failure zone of strut, so that the empirical equations of the ACI 318-14 code may 

be more accurate foe SDB [5]. The most effective factors on CDB shear ultimate 

capacity are the shear span to depth ratio and the compressive strength of strut 

[119]. The moment at the central support has been found equals 1.17 times the 

moment under the loaded point [120]. This paper involves understanding the 

behaviour of CDB by reviewing the few and limited past researches. 

2.4.1. Web Reinforcement Effect 

Shear reinforcement in deep beams represented by longitudinal and horizontal 

web reinforcement. The improvement in beams shear capacity due to such 

reinforcement depends on bars area and the spacing between the stirrups.  It has 

been found that, for continuous deep beams, adding both types of web 

reinforcement enhanced shear capacity of beams in a magnitude depends on the 

steel amount. But, the vertical web reinforcement provides more significant 

strength than the horizontal one (because of the contribution of this reinforcement 
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with concrete to resist the shear stresses) and allows the beam to show more 

deflection. In contrast with the horizontal reinforcement which reduces the beam 

displacement (due to confinement effect) [121], [122].  Reducing beam deflection 

pushes the beam to fail by diagonal shear faster. Noting that, the effect of 

increasing horizontal shear reinforcement has no significant effect on beam 

strength when a/h ratio is more than 1, while for a/h less than 0.6, beam shear 

capacity increases with horizontal shear reinforcement increment [123]. 

In simply supported deep beams, the horizontal web reinforcement has the 

significant effect on beam strength. Casting continuous deep beams without 

vertical web reinforcement makes the beam collapse as a brittle and in every 

increment in vertical web reinforcement the beam became more and more ductile 

[122], [124]. 

2.4.2. Shear Span To Depth Ratio 

CDB behavior approaches to be flexural with the smaller a/h ratio, and its shear 

strength capacity increased linearly with reduction a/h [115]. The smaller a/h ratio 

shows less deformation capacity of CDB also ductility and beam load capacity 

[124]. Beams tested with the same a/h but with different (a) and (d) values and 

increasing amounts of main steel reinforcement has no impact effect on beam 

stiffness [125]. The crack pattern is affected at the first degree by a/h ratio, for the 

same steel ratio amounts,. The larger a/h the earlier flexural cracks formatting and 

less visible diagonal shear cracks [124]. Both compression and shear stress at the 

strut increases when decreasing the beam depth [126].  

2.4.3. Main Reinforcement Impact 

The percentage of main reinforcement has effects on CDB behavior. Rodiguez et 

al.[127] introduced a load capacity versus main reinforcement percentage Figure 

2.13 lists below for different diameters of steel stirrups to study beam behaviour 

affected. It can be noting that, increasing the amount of main-reinforcement 

greater than 1% leads to steady the failure load, curves tend to be asymptotic, in 
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another word, for high amounts of steel main reinforcement, the failure is limited 

by strut strength capacity[123], [127]. It has been also noted that, for main 

reinforcement amounts less than 0.6%, the structural failure is conditioned by the 

tie. Also, it can be noting that, the load capacity increase when stirrups diameter 

increases. 

 

Figure 2.13. Main steel reinforcement ratio effect on loading capacity [127] 

2.4.4. Cracking Patterns 

At the final stages of loading, the crack patterns at both sides going to be 

symmetric at final failure load [128] as shown in Figure 2.14, but unsymmetrical 

for beams without shear reinforcement [125]. The number and width of cracks 

minimized when increasing beam depth (h) due to the increment of energy 

releasing rate and expansion of crack width which causes a brittle failure. The 

shear failure dominates the collapse types in deep beams [125], [129]. The shear 

failure is brittle which decreases the beam ductility and decreases the structural 

member strength [129]. The diagonal shear exterior span cracks forming suddenly 

just when approaching to the final failure load [124], [125]. After the first diagonal 

crack, at the middle support, the amount of load transfers to the external support 

becomes higher [125]. If a/h ratio is very small, no flexural cracks appeared till 

failure load neither in sagging nor hogging regions [130]. 
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Figure 2.14. Typical shear cracks of CDB [23] 

Since the CDB failure dominates by shear, then the flexural positive cracks has 

little effect on beam stiffness while the diagonal ones have the most effective 

impact [128]. Table 2.9 shows the amount of loading at first visible cracks for the 

pervious researches, it can be concluded that, shear cracks may appear at (33-

40)% of the failure load for beams without any shear reinforcement and this 

variation depends on a/h ratio and main steel reinforcement amount. For beams 

with a/h ratio=1, first diagonal crack occurs at about (23-49%) of the overall beam 

capacity relenting on main and shear steel reinforcement amounts and concrete 

compressive strength. 

Table 2.9. loading stages of apperance shear and flexural cracks for CDB 

Ref. a/d 
𝜌𝑒 

(%) 
𝜌𝑣 𝜌ℎ 

𝑓′𝑐 

 

*1st +ve 

crack % 

** 1st –ve 

cracks 

*** 1st 

shear 

crack 

[121] 1 2.13 0.25 0.34 36 20-23 80 
Larger 

than 23 

[129] 1.4 1.29   25 22 33 26 

[124] 1 4.2 0.33 0.33 25 25 80 30 

[125] 0.5 0.1 0 0 32.4 After 40 80 40 

[131] 

1 1.8 0.56 0.56 35 0 0 32 

0.5 1.3 0.56 0.56 40 0 0 46 

0.33 0.9 0.56 0.56 38 0 0 43 

[132] 1 0.89 0.22 0.22 30 --- --- 48.5 

[133] 
1.67 1.53 0 0 38.1 13 13 33 

1.33 1.53 0 0 38.7 14 14 34 
* Load percentage at first positive flexural visible crack (%) 

** Load percentage at first negative flexural visible crack (%) 

*** Load percentage at first shear visible crack (%) 



 

43 

2.4.5.  Concrete Strain  

It is worth to mention that, the surface strain at first loading stages and before 

cracking, shows a linear relation, but after cracking the behavior transfers to the 

nonlinearity with a significant large and rapid amounts of straining [121]. The 

straining rate increases when the beam is a horizontal web reinforced [121]. The 

maximum compression straining at diagonal strut is about 0.002 at reference 

[129]. Before first cracking, both top and bottom steel reinforcement shows a 

compressive straining, which soon convert into a tensile one after the appearance 

of the first diagonal crack due to tie arch action [125]. 

2.4.6.  Reinforcement bond 

CDB easily to loss the bonding of longitudinal reinforcement and concrete when 

exposed to the same rotational bending moment at the two sequenced spans [126].  

2.4.7. Influence Of Concrete Properties  

Incrementing concrete compressive strength offered more brittle behaviour and 

showed larger load carrying capacity so as stiffness, also rises the ultimate load 

of the CDB due to strut compressing [123], [131]. Doubling concrete compressive 

strength increases CDB capacity in a range 6-21% [128]. 

The aggregate interlock across shear cracks shows an impact effect on CDB and 

SDB mechanisms, because the shear stress transferred by frictional effect and 

aggregate interlocking [134]. 50% of the transferring shear stress is carried by 

aggregate interlock at slender beams [135] but the contribution of aggregate 

interlocking in transferring shear stresses increases as the a/h ratio decreases as a 

result of the steeper angle of diagonal cracks [136]. The contribution certainly 

depends on aggregate specifications like: size, shape, aggregate strength and 

concrete compressive strength [137]. The aggregate size incrementally 

proportional with the ultimate shear capacity of shallow beams[138]. While 

inversely proportion has been found between the smoother aggregates and the 

beam capacity [139].  Increasing beam size without increasing aggregate size 
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causes to minimize the aggregate interlock and thereby the overall shear strength 

of beams [140]. 

Some few researches studying the impact of adding scraped cramped rubber into 

concrete mixes of CDB for dynamic absorption purposes [31], [141], [142]. It has 

been found that, adding rubber as a gravel replacement leads to dropping the 

compressive strength as well as the overall ultimate load of continuous deep 

beams [31], [141] (replacing 10 and 15% of sand by rubber decreases the ultimate 

load failure by 33 and 45% respectively, so it’s not recommended to be replaced 

by more than 10% [141]  ).  

2.4.8. Shear Failure Carrying Capacity 

The most effective factors effects on the shear capacity of section are: ratio of 

flange width to gross width, span/depth ratio and the compressive strength of the 

concrete [143]. Experimental work tests showed that, the design equation 

provides by ACI -318 code (so as EC2-2004 [144]) are a lower bound theory. i.e. 

the failure load showed in experimental tests more than the theoretically 

calculated using the equations [118], [124], [129], [142], [145]. Verification factor 

has been calculated to discuss the difference between experimental tests and 

empirical design equations (of ACI 318-19 and EC2-2004) and found to be 1.004 

and 1.158 % respectively [142]. EC2 is more conservative for CDB [131]. The 

underestimation occurred because the fact that the CDB equations derived from 

SDB tests [124].  

2.4.9. Continuous Deep Beams Capacity Calculation 

Elastic analysis for SDB or even for CDB provides us by an elastic ultimate load 

in an acceptable degree of accuracy but it is not suitable for nonlinear analysing 

due to the deep beam nonlinearity and the contra-flexure point of the CDB. For 

analysing the CDB many methods may be used like: finite element analysis, ACI 

-318 code equations (STM), Kong Robins and sharp and truss model [5]. The 

artificial neural network (ANN) and multi linear regression also used for 
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estimating the ultimate load and deflection of concrete CDB. When calculating 

the capacity of 75 CDB tested experimentally with the ANN method, getting a 

99.13% degree of correlation and a 81.16% for the multi linear regression[146].  

STM depends is a lower bound theory based on material ultimate strength and 

forces equilibrium conditions [125]. For low and medium concrete compressive 

strength, the strut and tie method introduced a good agreement with a different 

design codes procedures [147]. 

There are more than one mode of strut and tie shape per one loading case for CDB 

in contract to SDB (see Figure 2.15). Mode estimation governs a significant effect 

on the failure load calculation, and that one of the reasons which made a difference 

between experimental results of beam and the theoretical calculations. Usually, 

that model is the best in which the loads follow the path with the least force and 

the least deformation [116]. 

 

 

Figure 2.15. CDB Strut and tie models [115] 
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Estimating CDB capacity may determine using strut and tie method STM, in 

which it depends on the plastic theory, balance theory and yielding state theory 

[116]. The discontinuous regions considers as a truss where tension and 

compression forces transfer to support by struts and ties as shown in Figure 2.16. 

The nodes collect struts and ties. The CDB shear capacity represented by both 

internal and external reactions (𝑉𝐸 & 𝑉𝐼) and it can be determined as the 

following: 

𝐹𝐸 = 𝑣 𝑓′𝑐 𝑏 𝑊𝐸𝑆                                                                                        (2-14)                                                                   

𝑉𝐸 = 𝐹𝐸 𝑠𝑖𝑛 𝜃                                                                                               (2-15) 

𝐹1 = 𝑣𝑓′𝑐 𝑏 𝑊1𝑆                                                                                          (2-16) 

𝑉1 = 𝐹1 𝑠𝑖𝑛 𝜃                                                                                                (2-17) 

𝜃 = 𝑡𝑎𝑛−1(
ℎ−𝑐−𝑐`

𝑎
)                                                                                                   (2-18) 

As ACI-318 recommendations, the angle θ must not to be more than 25˚. The 

failure load of beam can be determined by evaluating the average of lower and 

upper strut width: 

𝑊𝐸𝑆 =
𝑊𝐸𝑆𝑡+𝑊𝐸𝑆𝑏

2
                                                                                                       (2-19) 

𝑊1𝑆 =
𝑊1𝑆𝑡

+ 𝑊1𝑆𝑏

2
                                                                                               (2-20) 

The effective width of the strut can be estimated from the following equations. 

It’s clear to note that it depends on bearing plate’s width, depth of ties, and angle 

degree. 

𝑊𝐸𝑆𝑡
= 0.5𝐿𝐿𝑃 𝑠𝑖𝑛𝜃 + 𝑊𝑡𝑛 𝑐𝑜𝑠 𝜃                                                             (2-21) 

𝑊𝐸𝑆𝑏
= 𝐿𝐸𝑃 𝑠𝑖𝑛 𝜃 + 𝑊𝑏𝑛cos𝜃                                                                  (2-22) 

𝑊1𝑆𝑡
= 0.5𝐿𝐿𝑃 𝑠𝑖𝑛𝜃 + 𝑊𝑡𝑛 𝑐𝑜𝑠𝜃                                                              (2-23) 

𝑊1𝑆𝑏
= 0.5 𝐿𝐼𝑃 𝑠𝑖𝑛 𝜃 + 𝑊𝑏𝑛 𝑐𝑜𝑠 𝜃                                                            (2-24) 

𝑃𝑡 = 2(𝑉1 + 𝑉𝐸)                                                                                            (2-25)   
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Figure 2.16. STM of CDB, a-Truss model, b-loading joints, c-intermediate 

supporting joint [142] 

2.5. CDBs Harmonic Load 

Generally, the response of continuous concrete deep beams has not investigated 

by the past researches especially for rubcrete mixes. Mahdi [148] investigated 

experimentally the response of two way bubbled slab under harmonic loads. 

Numerical solutions by different software programs has been interested with the 

reinforced concrete beams [149]. There are also some theoretical studies about 

concrete beams which exposed to harmonic loads [150]–[154] and plate 

foundation with regarding to Winkler model of subgrade reaction [155]–[157]. 

Through reference [152], the cracked and un-cracked concrete cantilever beam 

was investigated under the effect of harmonic load. It was found that, crack 

existing near to the fixed end support of the cantilever beam decreases the natural 

frequency compared with crack existing away from the fixed support. Also, 

displacement will be more for cracked beam compared to unloaded beam because 

of reduction in stiffness. Chen et al.[154] introduced a theoretical study for 

solving deep beams which are exposed to distribute harmonic load. Finite element 
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(FE) method (coded by Mathlab software [158]) has been used for certificating 

the theoretical solution. It is noticed an excellent matching between the derived 

equation and the FE results. CDBs have been studied in many articles with static 

load [1], [131], [159], [160], repeated and cyclic loads on simply supported deep 

beams [160], [161], rubberized continuous deep beams statically tested [141], 

[142], and rubberized deep beams under static loads [30] but not investigated 

under the effect of harmonic loads. So, solving the CDBs under the effect of 

harmonic loads has not been studied yet. 

2.6. Repeated and Cyclic Loading 

The behavior of deep beams in the first cycles matches with the monotonic loads. 

The cracks opened with loading and closed when unloading. The ultimate load 

decreases during repeated load by 8% and the beam deflection also decreases by 

25% [162]. 

For cyclic loading, there are three types of failure mechanisms of fixed ended 

deep beams (i.e., continuous deep beams) depend on four factors (the magnitude 

of top and bottom steel reinforcement, concrete compressive strength, a/d ratio 

and load position and overall beam geometry)[163]. The failure mode are: 

a. Flexure-shear failure: occurs when the top steel reinforcement equals 0.002 

bd. Both diagonal and vertical flexural cracks formed on beam. 

b. Shear failure: occurs after the appearance of the initial vertical bending 

cracks, it forms diagonally till causing spalling and crashing at concrete 

edges. 

c. Bearing failure: Bearing local failure occurs in CDBs when using small 

bearing plate. 

The failure pattern of CDBs under cyclic loads differ when comparing with the 

monotonic static loads. The diagonal cracks orthogonally crossed together as 

shown in Figure 2.17. This phenomenon minimizes the beam capacity by about 
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18% compared with the static load [164]. This is because of the cyclic load effects 

on the beam top and bottom by sequence in positive and negative series of forces, 

each force (positive and negative) has its own struts. 

 

Figure 2.17 CDBs crack pattern [164] 

2.7. Concluded Remarks 

From the previous researches, CDBs investigated under static loads and repeated 

loads, but have not been studied ever against any type of dynamics. So the 

dissertation devotes on rubberized CDBs under impact, repeated, cyclic and 

sinusoidal loading. The presence of rubber enhance the dynamic properties of 

beams. As well as it is focusing on finding the degree of deterioration of impacted 

CDBs and identifying the capacity loss after the impact.  
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3. CHAPTER THREE: MATERIAL PROPERTIES, 

EXPERIMENTAL PROGRAM AND BEAM’S 

PREPARATIONS 

 

3.1. General 

The importance of investigating the response of CDB under dynamic loads has 

been well explained in the previous chapter. The details of rubcrete mixes, mix 

properties’ results, methodology of experimental work, manufacturing devices 

preparation, beams details and molds have been listed and discussed at the present 

chapter. 

3.2. Rubcrete Mixes and Steel Reinforcement Properties 

Two totally different rubcrete mixes have been investigated. The first one is a 

weight replacement of (1:1.5:3) which is listed at Appendix A, while the second 

is a volumetric replacement of (1:1.4:2). The second mix details, preparing, 

mixing, curing and type of tests are listed below.  

Seven mixes were casted to investigate the effect of rubber-aggregate replacing. 

10, 20 and 30% replacements are investigated for sand and gravel separately 

volumetric replacement, the last mix is a normal concrete to be used as a reference. 

All mixes were prepared with (1:1.4:2) percentages and of w/c ratio equals 0.365. 

Supperplasticsizer GLENIUM G54 also utilized with properties shown in Table 

3.5 and Appendix B. Plate 3.1 and Plate 3.2  illustrate the mixing processes, 

casting, curing, and specimens before tests. A rotating mixer of 250 Kg total 

capacity was utilized. Specimens was cured by sinking into water for 28 days. 

Mixes percentages per one cubic meter were listed in Table 3.1. Mixes were 

prepared using a full graded replacement for 14 mm maximum gravel-chip size 

which are matched with the ASTM C33-78, so as for sand crumb replacement. 
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Chemical and physical properties for rubber, sand, gravel, supper-plasticizer and 

cement are listed in Table 3.2 to Table 3.6.  

Its worth to mension that, the sand versus crumb replacement denoted by S letter 

and followed by the percentage of replacement, while the gravel-chips 

replacement denoted by the letter G. 

 

Table 3.1. Mixes weights (kg/m3) 

Mixes Cement Sand Gravel Rubber water GLENIUM G54 

NC 475 760 1119 0 173.3 2.33 

S10 475 684 1119 34.2 173.3 2.33 

S20 475 608 1119 68.4 173.3 2.33 

S30 475 532 1119 102.6 173.3 2.33 

G10 475 760 1008 44.1 173.3 2.33 

G20 475 760 896 88.2 173.3 2.33 

G30 475 760 784 132.3 173.3 2.33 
 

Table 3.2. Chemical and physical properties of rubber 

Composition Value 

Chip density 650 kg/m3  

Crumb density 720 Kg/m3 

Carbon black 20% 

steel 4 % 

Water absorption  0.01 

Specific gravity 1.09 
 

Table 3.3. Chemical and physical properties of fine aggregate 

Properties Test results Limits of  magnitude 

Sulfate content (SO3) 0.01 % 

Specific gravity 2.65 

Fineness modulus 3.19 

absorption 0.1 

Unit weight 1600 Kg/m3 
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Table 3.4. Chemical and physical properties of course aggregates 

Properties Magnitude 

Sulfate content (SO3) 0.08 % 

Specific gravity 2.6 

absorption 0.15 

Unit weight 1650 Kg/m3 

 

Table 3.5. Supper-plasticizer properties [165] 

Chemical name Glenium 54 

Chemical composition Sulphonated melamine and naphthaline 

formaldehyde condensates 

Appearance Whitish to straw colored liquid 

Relative density 1.07 gm/cm3 at 20 ℃ 

Chloride content Nil. 

PH 5-8 

Storage Should be stored in original 

containers and at above 5 ℃ 

Transport Not classified as dangerous 

Labeling Not hazard label required 

Alkali content (as NaO2) equivalent 0.26% 

 

Table 3.6. Cement properties (mass- Basian type) 

Test Result ASTM C150/ASTM 

C150M-17 

Standard texture test w/c=0.25 ------ 

Initial setting time 168 min 45 min (Minmum) 

Final stetting time  3.15 hr 6:15 hrs (max) 

Cement density  1450 kg/m3 ----- 

Finenness 96.2 % ----- 

Mortar compressive 

strength in 3 days 

Area=2500 mm2 

1st  sample =86.01 kN 

2nd sample= 79.48 kN 

3rd sample= 84.15 kN 

Average 84.21 kN 

f’c=33 MPa 

12 MPa (Minimum) 
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Plate 3.1. Specimens before test 

 

 

Plate 3.2. Mixing, excluding specimens from molds and curing 
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In this investigation, the steel reinforcing deformed bars of Ukrainian producer 

were employed. Steel reinforcements of 12 mm and 8 mm are used for 

longitudinal reinforcement and transverse reinforcement, respectively. According 

to the American standard (ASTM A615 / A615M-16, 2016) [166], the yield and 

ultimate strengths are shown in Table 3.7. Material testing at Al-Mussaib 

Technical Institute is carried out in its material laboratory, and the tested samples 

were subjected to a computerized tensile testing equipment until they ruptured, as 

shown in Plate 3.3. 

 

Plate 3.3. Steel tensile test 

Table 3.7. Steel bars tensile stresses 

Steel bar diameter (mm) 𝑓𝑦 (MPa) 𝐹𝑢 (MPa) 

8 432 635.1 

12 570.8 718.1 

 

3.3. Material Mix Testing Procedures 

In accordance to the ASTM standards specifications, the concrete mixes were 

tested to investigate some on its’ properties like: concrete compressive strength 

for 100 and 150 mm cubes, splitting test, rupture strength, stress-strain curves, 

ultrasonic test in addition to the workability and unit weight (as explain in Plate 
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3.4 to Plate 3.8). It’s worth to mention that, the surface of each cylinder was 

smoothed before each stress-strain testing, as explained in Plate 3.9. 

 

 

Plate 3.4. Compressive strength test 

 

Plate 3.5. Splitting strength test 

 

Plate 3.6. Rupture test 

 

Plate 3.7. Greasing samples 
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Plate 3.8. Sample preparing for ultra-sonic test 

 

Plate 3.9. Smoothing rubcrete mixes’ cylinders with different replacement 

percentages 

3.4. Material Mixes Results and Discussions  

3.4.1. Workability 

The workability of concrete mixes were investigated using slump test in 

accordance to the ASTM 143M-12 [167]. It can be concluded from Figure 3.1, 
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which shows the results of slump test, the replacement working on decreasing 

concrete workability in amounts depend on replacement percentages. It can be 

also noting that, the mix has a good workability for civil engineering works. The 

unrounded rubber particles (in comparing with the aggregate) will bound the 

water particles into their irregular shapes, that what causes the low slumps for 

rubcrete. Slump shapes for all mixes are shown in Plate 3.10.

 

Figure 3.1. Slump test values 

 

Plate 3.10. Workability test 
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3.4.2. Unit Weight 

Logically, the unit weight of rubcrete is lower than concrete due to replace the 

heavier aggregate by the lighter rubber, and that what proved as literature in Table 

2.1, and experimentally at Table 3.8. The results based on the mean of three 

samples for each single mix. The unit weight of rubcrete decreases for each 

incrementing in rubber percentages for both sand and gravel replacement. Sand 

replacement specimens heavier than the gravel for the same replacing 

percentages. It is due to that, the unit weight of gravel is greater than that of sand.  

3.4.3. Water absorption 

It is the ability of material to absorb water. It can be stated that, replacement 

increases water absorption of concrete mixes since rubber is a hydrophobic 

material. All results are listed in Table 3.9. and such result matched with 

references [35], [44], [46]. 

Table 3.8. Rubcrete unit weight of specimens 150 mm cubes (All weight in kg) 

Mix Sp.1 Sp. 2 Sp.3 Mean Redaction % 

RF 8.03 8.025 8.034 8.030 ------- 

S10 7.670 7.665 7.625 7.653 4.69 

S20 7.445 7.393 7.375 7.403 7.80 

S30 7.090 7.065 7.16 7.105 11.5 

G10 7.905 7.870 7.850 7.875 1.93 

G20 7.705 7.705 7.660 7.690 4.23 

G30 7.325 7.31 7.345 7.327 8.76 

 

Table 3.9. Water absorption details 

Mix Water absorption (%) Increment (%) 

RF 0.0245 ------- 

S10 0.0273 11.43 

S20 0.0377 53.88 

S30 0.0416 69.80 

G10 0.0277 13.06 

G20 0.0305 24.49 

G30 0.0338 37.96 
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3.4.4. Compressive strength 

The average of three cubes of 150 mm size is tested in 28 day age to get the British 

compressive strength Fcu. Furthermore, the average of three cylinders of 150*300 

mm (diameter * height) is also tested to get the American compressive 

strength 𝑓′𝑐. The converting factor from British to American compressive 

strength is also checked out for rubcrete. Table 3.10 shows the results of the three 

cubes specimens, the means of them, and the difference in accordance to reference 

mix and the converting factor from cylinder to cube. It can be noted that, 

compressive strength drops for each incrementing in rubber percent but still 

structural for this suggested rubcrete mix, such result matches with the literature 

researches listed in Table 2.3. Also, since the replacement is from the volume of 

aggregates, the weight of rubber in cubic meter is more than the gravel, that which 

made the gravel replacement specimens stronger than the sand replacing. The 

failure of the RF mix is as a fully sudden explosion due to its strength in contrast 

to other rubcrete mixes. Relenting on the results, the converting factor (CF) from 

cubes to cylinders was found to be ranged from 0.82 to 0.76 which is matched 

with the normal converting factor, and it is recommended to be used for rubcrete.  

Table 3.10. Cubes compressive strength 

Mix Mean Fcu 

(MPa) 

𝑓′𝑐 

(MPa) 

Redaction 

Depending on Fcu results (%) 

𝐶𝐹

= 𝐹𝑐𝑢/𝑓′𝑐 

RF 53.06 43.20 ------ 1.22 

S10 34.35 26.60 35.25 1.29 

S20 25.97 19.90 51.06 1.30 

S30 22.74 18.11 57.14 1.25 

G10 37.92 29.00 28.53 1.30 

G20 34.30 26.04 35.36 1.31 

G30 27.48 21.00 48.21 1.30 
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To discuss the converting factor from 100*200 mm cylinder into a 150*300 mm 

specimen, an average of 3 specimens are tested and compared with the bigger 

cylinders results. All details are listed in Table 3.11. It can be concluded that, the 

reconverting factor from bigger to smaller cylinder is ranged from 0.8 to 0.94 for 

rubcrete mixes. 

Table 3.11. Cylinders compressive strength 

Mix 𝑓′𝑐 (MPa) 

100*200   

𝑓′𝑐 (MPa) 

150*300   
𝐶𝐹 =

𝑓′𝑐 𝑜𝑓 (100 ∗ 200)

𝑓′𝑐 𝑜𝑓 (150 ∗ 300)
 

RF 34.76 43.20 0.80 

S10 22.88 26.60 0.86 

S20 18.29 19.90 0.91 

S30 15.70 18.11 0.86 

G10 26.08 29.00 0.89 

G20 24.53 26.04 0.94 

G30 18.60 21.00 0.88 

3.4.5. Stress Strain Curve 

Stress versus strain curves are one of the best behavior viewers to the concrete 

mixes. It shows the linear, and nonlinear stages under loading conditions. It was 

tested through evaluating the average of three cylinders of 100*200 mm (diameter 

* height) for all seven mixes. From Plate 3.11, one may conclude that, rubcrete 

mixes have a strain values much more than the conventional concrete mixes due 

to its elasticity under loading with lower compressive strengths. The type of 

failure of cylinders is columnar vertical cracking through both ends. The intensity 

of this behavior becomes more visible at high replacement rates. The brittle 

exploded failure of the reference mix was less gradually after every incrementing 

in rubber percentages and becomes as a ductile failure. All cylinders failed within 

the standard expected failure types listed in ASTM VC39/C39M − 15a [168] 
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specification for type 3 (i.e. columnar vertical cracks from both ends) as shown in 

Figure 3.2 which illustrated the failure mode of three different mixes. 

 

Plate 3.11. Failure mode of cylinders 

 

Figure 3.2. Stress - strain curves for all mixes, cylinder (300mm*150mm) 
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3.4.6. Tensile Strength 

Three samples of 100*200 mm cylinders are tested to investigate the splitting 

tensile strength of the seven mixes in accordance to the ASTM C469-11 

specifications [169] . Table 3.12 lists the tensile strengths in which deduced that, 

the tensile strength of rubcrete decreases for every rising in replacement amount 

due to loss of bonding, less density of rubcrete and/or due to the micro cracks of 

mortar which multiples due to the difference between the rubber elastic modulus 

and the mortar. Specimens after failure can be seen in Plate 3.12. 

Table 3.12. Tensile splitting test details, recorded load 

Mix Sp.1 

(kN) 

Sp. 2 

(kN) 

Sp. 3 

(kN) 
Ft=2* Mean load/(𝜋 ∗

𝐿 ∗ 𝐷) (MPa) 

Redaction 

(%) 

RF 344.8 242.61 341.12 10.98 ------ 

S10 220.86 222.8 224.78 7.88 28.20 

S20 200.24 203.68 200.88 6.42 41.54 

S30 163.78 164.52 162.74 5.21 52.54 

G10 262.30 257.60 260.94 8.28 24.52 

G20 209.70 208.60 211.6 6.68 39.12 

G30 182.55 183.94 185.08 5.85 46.68 
 

 

Plate 3.12. Failure splitting plane 
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3.4.7. Rupture Strength 

A prisms of (100*100*300 mm) dimensions were casted for the seven mixes to 

test the modulus of rupture at 28 days in accordance to the ASTM C133-97 [170]. 

The tested specimens’ results were clarified at Figure 3.3, and accordingly the 

rupture strength of rubcrete reduced due to the reduction in bending strength. It 

possible to conclude that, a dropping in 𝑓𝑟 noted since the flexural strength 

effected in the first degree on compressive strength as well as the bonding strength 

between mortar and rubber particles, which matches with Table 2.4. Results also 

show that, the flexural strengths of sand replacement are slightly higher than the 

gravel replacement, which is due to the sand replacement provides higher ductility 

than gravel replacing. Rupture test for rubcrete also investigated widely at 

reference [171]. Failure shape of all specimens was similar so one specimen was 

considered as to show the failure (Plate 3.13).  

 

Figure 3.3. Flexural strength results 
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Plate 3.13. Flexural failure of specimen G10 

3.4.8. Ultrasonic Test 

It is used for investigating the velocity of passing sound waves through concrete 

mixes to show its deterioration against loads and its cracks. It can also view how 

the sound wave effected by aggregates-scraped rubbers replacements. A non-

destructive test was made for disk specimens (65*152 mm (diameter * length)) 

for the seven concrete mixes. The specimens’ centers were identified in order to 

achieve the extremely direct wave path passing through them. From results which 

are shown in Table 3.13 it can be noting that, the replacements slowed down the 

sound wave which crossed within due to the high energy absorb of rubber. Gravel 

replacement showed more slowly velocity when compared with the same percent 

of replacement of sand due to the larger rubber particles. 

Table 3.13. Sound velocities through rubcrete 

Mixes Velocity (m/s) Decrement (%) 

RF 5191 ------ 

S10 4928 5.066 

S20 4304 17.09 

S30 4224 18.63 

G10 4444 14.39 

G20 4201 19.07 

G30 4172 19.63 
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3.4.9. Impact Test 

In accordance to ACI committee 544 [172], the impact resistance of concrete may 

be gotten by casting a cylindrical specimens of 65*152 mm (diameter * length) 

and applying a drop weight simulated of 4.54 kg. Number of hits which caused 

the first crack were recorded besides the total number of hits at final failure. The 

impact test showed that, replacing causes a higher impact resistance for rubcrete 

mixes comparing with normal concrete as detailed in Table 3.14. Gravel 

replacement mixes shows more impact resistance when comparing with sand 

replacement. The reason was visible and sensible during the test, it is due to that, 

the chips particles bigger than sand which will collect the cracks and prevent them 

to be developed during the test. Failure shapes of the mixes were listed in Plate 

3.14. It is worth to mention that, all the failure modes were local and global expect 

the control mix in which the failure was global only. 

Table 3.14. Impact test results 

No. Number 

of hits till 

1st crack 

Number of 

hits till 

failure 

energy at 

first 

crack = 

𝑁1𝑚𝑔ℎ 

energy at 

failure = 

𝑁2𝑚𝑔ℎ 

Increment of 

impact resistance 

due to rubber 

replacement% 

RF 6 8 122.1 162.8 -------- 

S10 4 17 81.41 346.0 112.5 

S20 7 35 142.4 712.3 337.5 

S30 12 61 244.2 1241.5 662.5 

G10 5 24 101.7 488.4 200 

G20 8 38 162.8 773.4 375 

G30 15 116 305.3 2361 1350 
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Plate 3.14. Specimens after failure due to impact load 

3.5. Experimental CDBs Program 

The selected experimental work was chosen to fill the scientific gap at literature 

that involved the CDBs. By ignoring rubberized concrete temporarily during 

scanning the researches, there is neither an indication about the behavior of CDBs 

under the effect of repeated and cyclic loads nor the response of CDBs exposed 

to an impact load. So, this dissertation deals with impact load effect on CDBs and 

also the repeated load. Beams deterioration and ductility after a single impact was 

also discussed by retesting the hitted beams statically and comparing their results 

with the ultimate capacity of pure statically loading of similar beams. 

3.5.1.  Tested Beams Details 

Three percentages (10, 20 and 30%) of rubber replacement have been selected. 

The replacement is of sand or gravel for the single mix. The total number of mixes 

are seven. One mix without any replacement and the others of the mentioned 

percentages and properties which explains before at section 3.4. The total concrete 

beams are 21 specimen and it is divided into three groups. The first group which 

are 7 beams, tested by statically loading to obtain the ultimate load capacity of 



 

67 

rubberized CDBs. The second group (11 beams, one of them is a simply 

supported, to show the effect of continuity) is for beams which hitted by dropping 

weights (two weights are used, 30 and 40 kg both drop from 1.86 meters). Finally, 

the last group consists of three beams which are exposed to repeated load.  The 

following Table 3.15 sums all details while Figure 3.4 shows the beams sketching.  

The design procedure is illustrated in Appendix C. 

 

 

 

 

Figure 3.4. CDB dimensions and reinforcement, (all dimensions are in mm) 

The first letter of beam sampling refers to the load type which may be Static, 

Impact or Repeated, noting that in the case of impact load it followed by the mass 

a. Static load test supports 

b. Impact load test supports 

c. Beam reinforcement details  
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of impactor. The second part defines the replacement method (Sand or Gravel) 

and finally the replacement percentage. SS sample is an abbreviated for simply 

supported beam. 

Table 3.15. Specimens’ details 

No. 
Beam 

sample 
Load type Beams dimensions 

1 ST 

Monotonic load 

200*100*1500 

2 ST.S10 200*100*1500 

3 ST.S20 200*100*1500 

4 ST.S30 200*100*1500 

5 ST.G10 200*100*1500 

6 ST.G20 200*100*1500 

7 ST.G30 200*100*1500 

8 I30 

Impact weight = 30Kg 

200*100*1500 

9 I30.S10 200*100*1500 

10 I30.S20 200*100*1500 

11 I30.S30 200*100*1500 

12 I30.G10 200*100*1500 

13 I30.G20 200*100*1500 

14 I30.G30 200*100*1500 

15 I30.G30.SS 200*100*750 

16 I40 

Impact weight = 40 Kg 

200*100*1500 

17 I40.S30 200*100*1500 

18 I40.G30 200*100*1500 

19 R 

Repeated load 

200*100*1500 

20 R.S10 200*100*1500 

21 R.G10 200*100*1500 
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3.5.2. Beams Casting and Curing 

The concrete mixes were casted within two sequence days in the same weather 

conditions. All construction materials are saturated surface dry. Crumb and chip 

used were shown in Plate 3.15 and Plate 3.16. Water used was without salt, fit for 

human use. Wooden molds were made to get the specified beams dimensions (as 

clarified in Plate 3.17). Steel mesh was tied and placed within the molds at the 

exact covering lengths using spacers (as presented in Plate 3.18). A mixer of 250 

Kg total weight was used (as exhibited in Plate 3.19). At the beginning, the mixer 

operated to mix the dry materials (gravel, sand, rubber, and then cement) only for 

one minute for unified their colors. Supper-plasticizer was added to the water and 

mixed well then applied on the mixer dry contents and mixed for one minute. 

Fresh concrete applied into molds and vibrated for compacting the mix into the 

molds in order to insure arriving the concrete for corners and underneath the steel 

bars. Beams’ surfaces were smoothed and leaved one day to dry then cured by 

sinking into water for the ruled 28 days (as revealed in Plate 3.20). After curing, 

specimens were painted by white color to enhance observed small cracks. 

 

Plate 3.15. Crumb rubber 

 

Plate 3.16. Rubber chips 
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Plate 3.17. Beams wooden molds 

 

Plate 3.18. Used steel 

reinforcement mesh and Molds 

preparing 

  

Plate 3.19. Dry mixing Plate 3.20. Casting fresh concrete into 

molds 



 

71 

3.6. Testing Systems 

3.6.1. Static and Repeated Device 

CDBs was tested using static universal press system load device as shown in 

Figure 3.5 and Plate 3.21. The device records the load versus deflection 

automatically using LVDTs. For more certainty, digital dial-gages of 25 mm 

capacity were also used as illustrated in Plate 3.22. The DIC technology was 

certificated by the experimental static results. Beams were stippled using black 

spry. The DIC technology based on following the movement of these black points 

to find its displacements. 

With regard to supporting, a rigid steel girder was used with two roller supports 

and one stiff pin. The two point loads were gotten by using a rigid load distributer 

girder.  

 

Figure 3.5. Static load test for CDBs (all dimensions are in mm)
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Plate 3.21. Static universal press system, supports and load distributer 

 

Plate 3.22. Used dial gages 

3.6.2. DIC Technology 

The technics gives the difficulties of experimental works encountered by 

experimental mechanicians during the postprocessing of photographically 

recorded measurement data, and the growth of image processing methods in the 
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vision community, it was natural for researchers to employ the recent progress in 

digital imaging technology [173]. 

A continuous deep beam was prepared to the Video image correlation, in which 

it requires speckling the beam by regular black points and videoing the beam 

under the stepped loading from near distance with a high accuracy camera. 

 

Plate 3.23. Beam speckling 

3.6.3. Impact Loading 

The easiest way to obtain impact loads in laboratory is by the falling mass object, 

see Figure 3.6. A steel spherical surface mass of 30 or 40 kg was dropped from 

1.86m on the CDBs so as to be impacted s shown in Plate 3.24 and Plate 3.25. 

The beam during impact millisecond, uplifted due to the hit and it have to be 

prevented, so uplift supports at both ends were provided as explained in Plate 3.26 

and Plate 3.27. These supports were fixed into the floor by casted them within the 

earth and then crossed over the beam then locked it by steel upper plates. All 

supports were of 100 mm width (as explained in Plate 3.26 and Plate 3.27).  

Six strain sensors were fixed on each beam in order to collect beams’ responses 

due to hits. The sensors placed in the most sensitive and effective points of CDBs 
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as shown in Figure 3.7. Strains were fixed at the middle line of struts or even ties 

zones. The Strut and ties were drawn accurately at the side face of beam Plate 

3.28. Strains G1 and G6 used for calculating the exterior strut strains while G3 

and G5 for the interiors. G2 and G4 strains necessary for investigating the tie 

strains. The left portion of all beams is selected as the impacted span. 

 

Figure 3.6. Sketching CDB under impact load (all dimensions are in mm) 

 

Figure 3.7. Strain gages' positions and numbering 
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Plate 3.24. Impact system 
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Plate 3.25. Dropping weight 

 

Plate 3.26. Steel support 
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Plate 3.27. Uplift preventing hooks 

A uniaxial strain resistance (foil) strain gages of 30 mm size and 120 𝛺 resistance 

were used (as explained in chapter one and Appendix D). A recommended 

adhesive (CN-E and CN-Y) used for fixing the gages into specimens. All the 

strain gauges were connected using quarter bridge circuit. Three processes have 

to be done to put the gages on specimens, which are: 

• Sketching the strut and tie positions on beams to ensure the right exact 

sites, see Plate 3.28 and Plate 3.29. 

• Scraping the strain position by glass-paper to softening it as shown in 

Plate 3.30, then washing the position by thinner liquid. 

• Mixing the adhesive and applying it on the specified position then 

fixing the gage on it as explained in Plate 3.31. 

After completing all strains, the beams left to dry for one day before testing Plate 

3.32. 



 

78 

  

Plate 3.28. Strain gauge positions indicating

 

Plate 3.29. Identifying the exact 

position of the strain gages centers 

 

Plate 3.30. Scraping the strain position 

 

Plate 3.31. Fixing the gage 
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Plate 3.32. Beams after strains’ instillation 

The test program of this research is based on measuring the strain, using the NI 

9235 quarter Bridge strain gauge and data logger as shown in Plate 3.33. NI 9235 

and 9236 quarter_bridge strain gauge modules are designed for 

higher_channel_count, dynamic strain measurement systems based on NI 

Compact DAQ, Compact RIO, or other compatible C-Series hardware, with eight 

simultaneous channels per module. 44 Simultaneous sampling is important for 

higher-speed acquisitions where it is necessary to compare results from different 

locations at a particular instant in time, such as impact tests. Table 3.16 lists more 

details about the used data logger. 

 

Plate 3.33. Data logger details 
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Table 3.16. Impact data logger details [174] 

Number of channels 8 analog input channels 

Quarter_bridge completion 120 Ω, 10 ppm/°C max 

ADC resolution 24 bits 

Type of ADC Delta-Sigma (with analog profiteering) 

Sampling mode Simultaneous 

Frequency 12.8 MHz 

Accuracy ±100 ppm max 

Data rate range using internal 

master time base ƒs 

Minimum 794 S/s 

Maximum 10 kS/s 

Data rate range using external 

master time base ƒs 

Minimum 195.3125 S/s 

Maximum 10.547 kS/s 

Full_scale range ±29.4 mV/V (+62,500 με/–55,500 με) 

Scaling coefficient 3.5062 nV/V per LSB 

Overvoltage protection between 

any two terminals 

±30 V 

 

 

3.6.4. Strain Gauges Properties 

The instrument is a foil strain gauge of a polyester resin backing working in 

accordance the principle of the P series (where P-series is a series where the 

common exponent p is a positive real constant number). The gauge maybe found 

in three different lengths which are 10, 20 and 30mm, so it is suited mainly to 

strain measurement on concrete or mortar [175]. Figure 3.8 shows a sketch for the 

strain used. 

Table 3.17. PFL-30-11-3LJC-F strain sensor properties [175], [176] 

Resistance 120Ω 

Applicable specimen Metal, Concrete, Mortar 

Backing Polyester 

Operational temp. (C°) -20~ +80°C 

Element Cu-Ni 

Bonding adhesive CN-E, RP-2, PS 

Kind:  Single element, for steel, concrete and mortar use 
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Figure 3.8. Strain sensor geometric properties [175] 
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4. CHAPTER FOUR: EXPERIMENTAL RESULTS AND 

DISCUSSIONS  

 

4.1. Introduction: 

After applying all mixing and curing processes, the CDBs have been tested under 

different loading types. This chapter views the results and their discussions for 

statically, repeated and impact loads loaded beams.

4.2. Monotonic Beams Results 

After applying monotonic loads which mentioned previously, CDBs results were 

recorded and listed in Figure 4.1 to Figure 4.7. It can be concluded that, 

sustainable rubberized CDBs results supported the literature conclusions 

especially which involved to the STM, where the experimental load is larger than 

the theoretical one which approves that the STM is a lower bound theorem.  

From figures Figure 4.1 to Figure 4.7, it can be found that, The CDBs lose some 

of its ultimate capacity due to the dropping of concrete compressive strength after 

aggregate-rubber replacement, while an increment in the deflection could be seen 

due to the higher deformability of the rubcrete mix i.e. the concrete gained some 

flexibility after replacing. From Table 4.1, It can be also noted that, 39%, 52% 

and 56% of the concrete conventional beam capacity decreases after replacing 

10%, 20% and 30% of gravel respectively, While the decrement in ultimate 

strength was observed for 10%, 20% and 30% of sand replacement by 30.1%, 

39.1% and 52.38% respectively. One can conclude that, gravel replacement is 

better than the sand replacement according to the ultimate strength.  

The failure load mechanism was pure shear for all specimens. The cracks start to 

form in bending zones then the behavior converts towards the shear failure as 

observed previously in the literature researches [5].  
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Table 4.1. Ultimate load capacities and displacements for static loads group 

Sample Ultimate 

Load (kN) 

Ultimate right 

span deflection 

(mm) 

Ultimate left 

span deflection 

(mm) 

Reduction 

for ult. 

load (%) 

ST 378 5.20 6.55 ------ 

ST.S10 230 1.92 2.30 39.16 

ST.S20 180 2.90 3.70 52.38 

ST.S30 165 3.50 3.90 56.35 

ST.G10 264 1.60 1.92 30.15 

ST.G20 230 6.00 5.10 39.16 

ST.G30 180 7.50 8.15 52.38 

 

 

Figure 4.1. Ultimate load capacity for specimen under monotonic load 

For sand sample replacement, at 165 kN, left span, the deflection for 10%, 20% 

and 30% equals 1.25 mm, 3 mm, and 3.5 mm respectively. Also, for the gravel 

replacement samples, at a fair load like 165 kN, the deflection for the same 

percentages of replacements was 0.65 mm, 4.2 mm, 4.3 mm respectively. That’s 

means the increment in rubber amount rises the ability of beams to deflect under 

the same level of loading due to increase their flexibility after replacement. Also, 
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it appears that the gravel replacement has flexibility greater than the sand 

replacement. 

 

Figure 4.2. Load vs deflection curve for ST sample 

 

Figure 4.3. Load-deflection curves for ST.S10 specimen 
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Figure 4.4. ST.S20 Rubcrete beam statically loading results 

 

Figure 4.5. ST.S30 Rubberized CDB results monotonically loaded 

 

Figure 4.6. Statically loading ST.G10 beam 
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Figure 4.7. Load deflection curve for ST.G20 member 

 

Figure 4.8. ST.G30 static load results 

 

Plate 4.1. Statically test for conventional beam 

 

 

Plate 4.2. ST.S10 specimen crack patern 
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Plate 4.3. ST.S20 cracked beam 

 

Plate 4.4. ST.G30 monotonic failure mechanism 

 

 

Plate 4.5. Failure shape of ST.G10 

 

 

Plate 4.6. ST.G20 failure mode 

 

Plate 4.7. Failure mechanism of sample ST.G30 

DIC technology views the strain energy which appears on the side of 2D face of 

beam, which it also indicats strain transfer and generating during the test. Beam 
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defflection at any point may also gain from this technic. The DIC results for the 

tested beam (ST. G10) were slightly approched to the Dial-gage results (as shown 

in Table 4.2) , the slight difference is because of the farness of camera which could 

not track beam point movement accurately and the camera quality. For the first 

stages of loading, the stress generated along the beam as a red random irregular 

areas (Figure 4.9.a), then the interior strut starts to be appeared at the left span 

(Figure 4.9.b), continued the loading, all over other struts generated during high 

loading as well as the positive bending stress also cleared (Figure 4.9.c), and 

finally, the collapse at the left strut viewed at the collapse load of the member.  

Table 4.2. LVDT and DIC deflections for every load step of ST.G10 

Applied load 

(kN) 

LVDT right span deflection 

(mm) 

DIC right span deflection 

(mm) 

0 0 0 

9.1 0.02 0.042 

9.1 0.02 0.06 

9.1 0.02 0.08 

31.2 0.08 0.12 

50 0.1 0.13 

60 0.12 0.18 

70 0.14 0.19 

82 0.19 0.24 

100 0.22 0.31 

130 0.3 0.38 

160 0.4 0.52 

178 0.5 0.682 

196 0.67 0.856 

210 0.8 0.88 

220 0.92 0.99 

230 1.01 1.08 

240 1.13 1.21 

250 1.28 1.26 

260 1.47 1.53 

263.9 1.6 1.92 
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(a) 

100 

kN 

 

(b) 

160 

kN 

 

 

(c) 

210 

kN  

Figure 4.9. DIC deflection development 

ST.G30 specimen was randomly chosen to investigate the monotonic load versus 

strain, the data-logger contain two channels for the strain data. At the external and 

internal strut, six strain gages were instilled but just two of them could be tested 

which are inside the red circles G1 and G3 (Plate 4.8). Strain results were listed 

at Figure 4.10. The internal points strains larger than the external because of the 

internal stress which develops to form the other span. The data after this stage of 

loading point were lost because the beam starts to be cracked at the strains 

instillation points. 
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Plate 4.8. ST.G30 strain gages 

 

Figure 4.10. Strain versus load curve for the ST.G30 beam 

4.3. Impact Load Results 

After testing device preparing and instillation, the dropping weights were 

subjected on the specimens and the response were recorded using the strain gages. 

All results and discussions were listed in this section. 

4.3.1. Specimen I30 

From Figure 4.11, it can be noted that, the CDB deformed in a manner matches 

with the STM. The impacted panel struts compressed (G1,G3) while the tie in 

between undergoes to tensile strain during the hit. The other span match the first 

natural mode of continuous beams (which mentioned at chapter one), in which the 

unloaded span cumbered during the hit and it causes a tensile strain at its struts. 

G6 is slightly higher than G5 and approached to be equal. The little difference in 
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strain due to the uplifting pressure which concentrated at the external supports. 

G6 is nearer to this stress concentration zone than G5. It is worth to mention that, 

the strain values still the same for full 10 second. The maximum strain value for 

this sample is a tensile strain equals 0.003 for the impacted bending point, 

followed by the negative impacted strut which reads -0.00276 which for G1. The 

crack pattern which shows for such sample viewed a strut cracks at the impacted 

span, negative crack moment, uplifting crack at the farer support and a bending 

cracks at the un-impacted span (Plate 4.9). 

 

Figure 4.11. Strain-time results of I30 member 

 

Plate 4.9. Impacted I30 specimen cracks 
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4.3.2.  Specimen I30.G10 

Adding rubber gained the result some fluctuates when comparing with I30 as 

viewed in Figure 4.12. G3 point shows rising strain from zero to a maximum 

negative strain -0.001875 then suddenly reflect to a maximum positive value 

equals 0.001811, followed by some another positive strains and then reflected 

again to the negative zone and steady there. An approach opposite wave is 

observed from the strut curves at the un-hitted span G6. The impacted span seems 

to be affected by a reverse wave from the right span at the time 0.0002 to 0.002 

seconds, G1 shows the slighter affectivity by the reflecting. G1 dominates the 

higher negative strain value which equals -0.0022545, while the higher positive 

strain was obtained from G6 which equals 0.0029445. 

G6 dominates the higher strain value for this specimen due to the uplifting stress. 

It is effected also by a straight vertical crack occurred due to uplift at exactly the 

middle distance of the farer support. The beam sample bent with hit but cambered 

at the second span due to the continuity till getting small visible crack at the top 

of the un-hit span as illustrated in Plate 4.10. 

Adding 10% of chip replacement decreases the negative strains G1 and G3 by 

21% and 28% respectively and 29% decrement for the impacted tie zone (G2). 

 

Figure 4.12. Strain-time curves of sample I30.G10 
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Plate 4.10. I30.G10 cracks after impact 

4.3.3. Specimen I30.G20 

The same behavior for CDB is observed for I30.G20 in comparing with the 

I30.G10 (Figure 4.13). G3 affected by a reverse strain traveled from the un-

impacted span which cause the curve to bend towards the positive axis noting that 

G5 showed the same opposite behavior. The uplifting pressure dominates the 

higher positive strain values (G6). G6 and G5 were the more sensitive to the hit, 

at the same time the G3 suffers from effective cracks at its strut. G1 also 

introduces higher strain values, by referring to the beam crack pattern, a vertical 

crack observed at the nearby middle support which affects the strain of G1. 

Negative and camber vertical cracks also seen at this sample as shown in Plate 

4.11.  

 

Figure 4.13. Strain-time curves for I30.G20 specimen 
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Plate 4.11. Effect of impact on I30.G20 member 

4.3.4.  Specimen I30.G30 

Figure 4.14 introduced that, the sample reflected slightly after the hit (This could 

be noticed by observing G3 strain values decrementing at 0.0004 sec to 0.0018 

sec, as well as the opposite wave of G5. This behavior appears at this specimen 

due to the high flexibility of G30 rubcrete mix. G2 controlled the higher positive 

moment values with G1 dominate the higher negative strains as usual. Visible 

cracks were noticed at G1 and G3 (see Plate 4.12Plate 4.27). The free vibration 

of G6 settles at 0.4 seconds, G3 and G4 calm down after 0.93 seconds, and G1 

and G2 rest at 0.0068 seconds.  

 

Figure 4.14. I30.G30 Strain-time curves 
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Plate 4.12. Impacted I30.G30 sample 

4.3.5. Specimen I30.G30.SS 

The difference between continuous and simply supported deep beam is the 

focused on goal for this sample. Figure 4.15 shows the large differences, i.e. the 

simply beam resist the impact by bending while the struts opposite the bending 

strain as an attempt to equilibrium the stresses on beam. Such behavior seen at 

I30.G30 due to its high ability to bend due to its flexibility. It may be changed at 

the lower percentages of rubber replacement. The behavior may depend on shear 

wider. Shear visible cracks at struts are observed as shown in Plate 4.13. As 

expected, the positive moment strain for the simply supported specimen is larger 

than the continuous, due to the present of the tie which activates the second span. 

The maximum positive moment observed at the second 0.0008 which was 0.0035, 

while the maximum compressive strains were 0.00210 and 0.00223 for G1 and 

G3 respectively.  
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Figure 4.15. Strain-time results of simply supported beam 

 

Plate 4.13. Simply supported I30.G30 crack pattern  

4.3.6. Specimen I30.S10 

Effective cracks at G3 and G6 can be identified when observing the results of 

I30.S10 specimen at Figure 4.16. G3 suffers from more fluctuates and settles after 

0.4 sec while G6 rests after 0.234 sec. G4 works as a bridge travel the load to the 

un-impacted span. G2 dominates the higher positive strain value of 0.00303 while 

G1 dominates the higher negative strain of -0.002642. G4 convert the load into 

the second span at an approximately constant strain equals 0.00267.  From crack 

pattern shown in Plate 4.14 and Plate 4.22. The specimen suffered from strut 

cracks at impacted span and flexural cumber cracks at the other span.  
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Figure 4.16. Strain-time results of I30.S10 specimen  

 

Plate 4.14. Crack pattern of impacted I30.S10 

4.3.7. Specimen I30.S20 

G3 compressed during the hit as well as G1. G1 controls the higher compression 

strain of 0.002348 and still steady to the end of the free vibration. While G3 waved 

during the hit and settles down after 0.04 sec. G2, G4 and G6 vibrate reversely 

with G3 and so effected by it. All rest after 0.01 sec from the impact. For such 

specimen, the concrete compressive strength and the percentage of rubber allow 

to the beam to still waved totally. The bending strain at G2 shows an effective 

values due to the higher bending capacity of rubcrete beams (0.003278). Diagonal 

strut cracks appears at the impacted span, negative moment vertical cracks and a 

vertical crack at the middle of farer support as shown in Plate 4.15. 
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Figure 4.17. Strain-time curves for I30.S20 member 

 

Plate 4.15. I30.S20 failure mode due to impact 

4.3.8. Specimen I30.S30 

The strength of this sample as well as the amount of rubber allowed the beam to 

vibrate totally with the hit. G1 and G3 compressed in the same behavior and the 

same magnitude of negative strain. G6 strained positively but at the opposite of 

them. G4 opposite the behavior of G6 in spite of they are both in tension. Flexural 

strength of rubcrete mix affects the behavior of CDB by incrementing the strain 

value at the bending zone G2. Asymptotic results can be noticed at G4 which is 

dominates the higher positive strain values of 0.00376 at 0.001 sec. As well as 

I30.S20, G3 and G6 show the same fluctuated (vibrated harmony) till 0.005 sec 

then reversed. G1 strains equals G3 as shown in Figure 4.18 as a one line. G5 

introduce the same value (0.002167) all over the period. Both of the hit strut, 
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negative moment zone and at the half of the upper un-impacted span as explained 

in Plate 4.16 and Plate 4.24. 

 

Figure 4.18. Strain-time results of I30.S30 

 

Plate 4.16. I30.S30 crack mode after impact 

4.3.9. Specimen I40 

Logically, the same behavior which presented by I30 is also presented by the 

specimen I40. Approximately, a constant value of strains appear from G2, G5 and 

G6 while there are some fluctuates at the other strains’ results. G1 and G3 seem 

to vibrate together between 0.004 sec to 0.0024 sec. G4 fluctuates reversely at the 

same period, as explain in Figure 4.19. The maximum strain value is recorded by 

G2 (equals 0.0031) and it is logical results for conventional concrete mix. But it 

appears higher than I30, due to increase the dropping weight. Both impacted struts 
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were cracked due to the hit, upper face of middle support as well us cumber cracks 

at the un-impacted span (Plate 4.17). All vibrations settle after approximately 

0.00068 sec. 

 

Figure 4.19. Strain versus time results of the beam I40 

 

Plate 4.17. Cracks of I40 after impact 

4.3.10. Specimen I40.G30 

G2, G5 and also G4 introduce the same constant value of straining at the hit as 

listed in Figure 4.20. G3 introduce irregular pleats, the strain values drops to the 

negative zone then recovered into the positive, returns back into the negative zone 

and fluctuated there till rest at 0.08 sec. G1 shows a similar tiny behavior but 

without converting to the positive strain zone. G1 and G3 values meet at 0.003 

sec but diverge after that, G1 steady on its higher compression strain (-0.002045) 

and G3 fluctuates above it as explained in Figure 4.21.  For G3, many pleats 
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formed along the curve then undergoes the free vibration and rests after 0.1 sec as 

explained in Figure 4.21. 

A vertical crack formed at the external un-impacted support center, vertical 

negative moment camber cracks, in addition to the diagonal strut shear cracks 

were formed at that sample (as explained in red lines at Plate 4.18) .   

 

Figure 4.20.Strain versus time results of  I40.G30 specimen for 0.004 sec 

 

Figure 4.21. Strain versus time curves for I40.G30 till 0.1 sec  
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Plate 4.18. Crack mode of I40.G30 

4.3.11. Specimen I40.S30 

G1 and G3 are deformed compressively, G3 dominates the higher strain value (-

0.0028) and keep its top for small period of time (till 0.001 sec) then it strain 

minimized and G1 steady at the higher compressive strain which equals 0.0024, 

so appears at Figure 4.22, the same behavior was noticed at I40.G30. A sharp drop 

is investigated due to forming and effective cracks nearby their zones. An opposite 

behavior can be investigated from G4, which means that, it moves the load widely 

to the other span.  As well as, G2 and G5 identify the same constant straining rate 

(0.00302) against the hit. G6 and G4 deform at the same period of the other struts 

then descended to constant values 0.00202 and 0.00245 respectively. The cracks 

form at both impacted strut, cumber cracks and also cracks halved the external 

un-impacted support, as explained in Plate 4.19. 
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Figure 4.22. Strain-time curves of I40.S30 sample 

 

Plate 4.19. Crack pattern of I40.S30 specimen 

4.4. Comparisons between Struts and Ties of Beams 

The maximum absolute value of negative or positive strain for each beam and for 

every strain position were listed in the Table 4.3. 

It can be concluded that, the higher strain value of G1 position observed at I40 

due to the higher hit intensity when comparing with I30. Increasing the impact 

intensity by 33.34% on the reference beams leads to increase the strain by 7.04% 

at G1, %.5.8% for G2, 0.0 % for G3, 6.7 for G5 and 7.4% for G6, while decreasing 

G4 by 4.8%. 
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For the 30kg beams, replacing sand versus crumb by 10%, 20% and 30% leads to 

rising all G2 strains by 2.3%, 10.7% and 10.97% respectively, while decreasing 

G3 strains by 25.6%, 4.2% and 63.1% respectively. 

The variation between such results is not graduated. The strains behave as a one 

body and convert the deformation between each other, so it cannot get an exact 

behavior, besides the fact that, the data in Table 4.3 built up on the maximum 

absolute maximum strain along the hit, which may happen at different times 

between the beams. 

G6 Competes with G2 on the maximum tensile strain value. It can be noted that, 

the impacted tensile strain (G2) in all members is greater than the uplifting strain 

value except at I30.G10 and I30.G20 beams. It’s due to that, these two beams may 

resist the load by uplifting larger than to be bent.  

When discuss the effect of discontinuity of the beams (I30.G30 and I30.G30.SS), 

it can be said that, the simply supported beam prefers to bent to overcome the load 

by shear, G2 is larger for simply by 15% than the continuous beam.  

Table 4.3. Maximum strain values for each specimen 

Specimen  G1 *G2  G3 *G4 *G5 *G6 

I30 0.00277 0.00292 0.00261 0.00238 0.00207 0.00250 

I30.S10 0.00277 0.00299 0.00194 0.002722 0.00290 0.00245 

I30.S20 0.00251 0.00327 0.00250 0.00255 0.00225 0.00235 

I30.S30 0.00281 0.00328 0.00253 0.0037563 0.00229 0.00290 

I30.G10 0.00225 0.00225 0.00150 0.00270 0.00283 0.00279 

I30.G20 0.00251 0.00265 0.00156 0.00260 0.00286 0.00292 

I30.G30 0.00234 0.00296 0.00225 0.00257 0.00286 0.00195 

I30.G30.SS 0.00210 0.0035 0.00223 ------ ------ ------ 

I40 0.00298 0.00310 0.00261 0.00227 0.00222 0.00270 

I40.S30 0.00194 0.00302 0.00160 0.00385 0.00302 0.00274 

I40.G30 0.00210 0.00295 0.00160 0.00320 0.00307 0.00284 

* Tensile strain 
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4.4.1. Impacted Left Strut (G1) 

Under such hit situation, G1 suffer from compression strains their values were 

shown in Figure 4.23 for 0.004 sec. It can be noted that, the strain maximum value 

of reference models (I30 and I40) don’t accede the conventional concrete straining 

point which is 0.003. I40 specimen shows a strain larger than I30 due to its higher 

stress. Replacing gravel by chips leads to rising the strain values for the same 

magnitude of impact due to the dropping in concrete compressive strength and the 

higher strain for rubcrete mixes. Approximately, at the same period of time, G1 

curves have fluctuated after 0.0002 sec, after a peak negative value, and then rest 

after a while of time depending on rubcrete mix details. 

 

Figure 4.23. Strain-time curves at all G1 points 
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Figure 4.24 shows that, the free vibration period generated after the impact 

interval for all specimens which is so logical state. The strain values at free 

vibration period have some fluctuates but settle down after few parts of seconds.  

 

Figure 4.24. Strain-time curves for all G1 for 0.1 sec 

4.4.2. Impacted tie moment (G2) 

Since the beam is governed (as a design geometry – appendix A) by shear strut 

failure, then the curves shown at Figure 4.25 approximately do not show many 

fluctuates, which means that, the CDBs accede the impact using strut strength not 

using the bending strength of the beam. From Figure 4.26, which showed the 

bending strain at 0.05 sec, the waving settling down defers from specimen to 

another. All of them settles within 0.003 sec, expect I30.S20 which settles after 

0.008 sec.  
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Figure 4.25. Strain-time curves for all G2 points 

 

Figure 4.26. Strain versus time curves for G2 for 0.025 sec 
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4.4.3. Impacted Right Strut (G3) 

The reference beams (I30 and I40) show the higher constant strain value along the 

load interval due to their high rigidity (as explained in Figure 4.27).  

 

Figure 4.27. Strain versus time curves for G3 position 

For more visibility, Figure 4.27 shows the strain-time curves for the gravel 

replacement only. It is clear that, the rubberized CDBs deform largely under the 

effect of hit especially for the higher impact weight. The strain values rise 

suddenly from zero to significant points then drops sharply to small values. 

Specimen I40.G30 was the higher fluctuated when comparing with the other 

gravel replacement, and it has significant vibration under the 40 KG dropping 

weight. Simply supported beam deforms under the impact at a manner similar to 

the continuous beams but not at the same values of strain, i.e. I30.G30.SS shows 

higher sensitivity due to its discontinuity which avoid the beam to overlapping a 

load to the Un-impacted span.  

-0.004

-0.003

-0.002

-0.001

0

0.001

0.002

0.003

0 0.0005 0.001 0.0015 0.002 0.0025 0.003 0.0035 0.004

St
ra

in
 (

m
m

/m
m

)

Time (Sec)

I30 I40 I30.G10 I30.G20 I30.G30 I30.G30.SS

I30.S10 I30.S20 I30.S30 I40.G30 I40.S30



 

109 

 

Figure 4.28. Strain- time curves for G3 position for gravel replacement  
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Figure 4.29. Strain-time curves of sand replacement for G3 for 0.004 seconds 

 

Figure 4.30. Strain versus time curves of G3 results for 0.1 sec 
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4.4.4. Positive Moment Strain (G4) 

Figure 4.31, shows the value of conventional concrete strains (I30 and I40) that 

do not accede the logical strain 0.003, the difference between them values is due 

to the load intensity variation. Unfortunately, the data of specimens I30.G10 and 

I40.G30 were lost due to strain gages damaged during the test (see Figure 4.32 for 

more clearness). Specimens I30.S30 and I40.S30 showed the larger tensile strain 

which accede the conventional point of straining due to the high strain for rubcrete 

mixes. A variation in the curves can be observed for the remaining specimens 

depending on it concrete compressive strength and the strain behavior for the 

rubcrete mix itself. Figure 4.33 shows the sand replacement in more legibility. 

Figure 4.34 describes the G4 wave within 0.1 seconds. All specimens 

approximately settles after 30 Milliseconds except I30.G30 and I30.S30 were 

rests after 50 milliseconds. 

 

Figure 4.31. Strain-time curves for G4 points for all beams 
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Figure 4.32. Strain vs time curves for gravel replacement for G4 

 

Figure 4.33. Strain-time curves for sand replacement for G4 
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Figure 4.34. Strain-time curves for 0.1 sec for G4 

4.4.5. Right Un-Impacted Strut (G5) 

As shown in Figure 4.35 strains values’ for all specimens approximately appear 

in a constant value without or with slightly fluctuating as illustrated in specimens 

I30.G30, I40.G30, I30.S30 and I30.S10. Such constant values indicated that, little 

stresses overcome by this portion of CDB. Conventional concrete mixes show the 

lower strain values due to the little energy absorption capacity by the member, 

while for rubcrete beams, the strains growing up independent on the load 

intensity, rubcrete compressive strength and rubberized mix strain. All over CDBs 

rest from vibration after passing 0.035 seconds as explained in Figure 4.36. 
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Figure 4.35. Strain-time curves for G5 for 0.004 second 

 

Figure 4.36. Strain versus time curves for 0.1 sec for G5 
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4.4.6. Left Un-Impacted Strut (G6) 

CDBs fluctuate at the final end strut due to the uplifting stresses. All beams 

approximately suffer from the uplifting wave in which causes the final un-

impacted strut to be sensitive to the applied load on the other span. Figure 4.37 

shows the results for all beams, while Figure 4.38 and Figure 4.39 detaile the 

gravel and sand replacement respectively.  

Since this strain is located nearby the far end of beams, it suffers from the uplifting 

stress wider and larger than any other point, so it shows higher activations toward 

impact then G5. The period of free vibration is also affected for the same reason. 

It clear to inform that, the interval of free vibration continued to 1.3 sec. Another 

pulse is shown in the curves which is due to impactor rebounding (Figure 4.40). 

 

Figure 4.37. Strain versus time curves for G6 for all samples 
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/Figure 4.38. Strain-time curves for gravel versus chip replacement G6 

 

Figure 4.39. Strain versus time curves for G6 sand replacement 
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Figure 4.40. Strain-time curves for G6 full vibration interval for all rubcrete 

mixes 

4.5. Retesting CDBs Result 

Residual impact deflection was identified using dial-gages placed under the mid-

spans before impact. The gages measure the deflection of beam after impact for 

each specimen as explained in Table 4.4 and Plate 4.20. To calculate the 

equivalent static load, kinetic energy was equaled to the potential energy of beam 

and forming equation: 𝑚𝑔ℎ =
1

2
𝑚𝑣2, noting that, dropping velocity is computed 

by 𝑣 = √2𝑔ℎ [177]. The forces for each member were listed in Table 4.4. 

From Figure 4.41, its noted that, the increment in rubber percentage (what ever 

was the type of replacement) leads to increase the deflection due to the more 

flexibility of the rubberized beams. 
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Plate 4.20. Deflection measuring after impact 

Table 4.4. Residual deflection and load after impact 

Beam 

sample 

Deflection 

for 

impacted 

span 

(mm) 

Percentage 

of positive 

deflection 

increment 

(%) 

Deflection 

of un-

impacted 

span 

(mm) 

Percentage 

of negative 

deflection 

increment 

(%) 

Applied 

impact load 

equivalent to 

monotonic 

(kN) 

I30 0.33 ---- -0.13 ----- 55 

I30.G10 0.35 6.06 -0.15 15.38 55 

I30.G20 0.38 15.15 -0.18 38.46 55 

I30.G30 0.42 21.40 -0.21 61.53 55 

I30.S10 0.37 12.12 -0.25 92.3 55 

I30.S20 0.41 24.24 -0.22 69.23 55 

I30.S30 0.45 36.36 -0.26 100 55 

I40 0.54 63.63 -0.3 130.7 73 

I40.G30 0.72 33.40 -0.42 40.00 73 

I40.S30 0.81 50.00 -0.51 70.00 73 
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Figure 4.41. Residual deflection versus rubber percentages curves 

After testing the CDBs by dropping weights, the beams were retested statically in 

order to view the capacity deterioration causing by the impact. The failure loads 

for beams were listed in Table 4.5. 

Its noted that, the STM greatly identify the ultimate load capacity of the rubcrete 

continuous deep beams in a percentage ranged from 1.008 till 1.095. As well as, 

A+B approximately equals the monotonic experimental load which refers that, the 

equivalence impact to static equation gives an approximated logical value to static 

load. In addition, there is little loses in load can be noticed from the Table 4.5. 

 

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

0.45

0.5

0 10 20 30 40

R
es

id
u

al
 d

ef
le

ct
io

n
 (

m
m

)

Rubber replacement

Gravel replacement
positive deflection

Sand replacement
positive deflection

Gravel replacement
negative deflection*

Sand replacement
negative deflection*

*Absolute Value



 

120 

Table 4.5. Static load capacity of CDBs with or without impact 

Specimen * STM 

results 

(kN) 

Ultimate 

static 

load 

(kN) 

(Table 

4.1) 

STM 

to 

Exp. 

% 

Equivalent 

Impact 

load (A) 

static 

after 

hits 

(B) 

A+ B Load 

losing 

(%)  

I30 345 378 1.095 55 288 343 9.25 

I30.S10 228 230 1.008 55 167 222 3.47 

I30.S20 168 180 1.071 55 113 168 6.66 

I30.S30 152 165 1.085 55 106.5 161.5 2.12 

I30.G10 243.6 264 1.083 55 180.4 235.4 10.83 

I30.G20 222 230 1.036 55 155 210 8.69 

I30.G30 175.7 180 1.024 55 120 175 2.77 

I40 345 378 1.095 73 263 336 12.5 

I40.S30 152 165 1.085 73 88 161 2.424 

I40.G30 175.7 180 1.024 73 101 174 3.33 

*Solves at Appendix E.  

Figure 4.42 introduces the monotonic results for I30 sample after the impact. Very 

large deflection is observed for the impacted span due to unify the impact cracks 

under static loads. From Plate 4.21, which shows the crack pattern of the sample 

I30, it can be noted that the impacted span develops the cracks during static load 

and a strut cracks in the other span is also generated. This means that, such hit (30 

kg from 1.86 m) does not weakens the impacted span enough, so the tie success 

to develop the load into the other span, and the beam go on bearing the load by 

STM. In addition, it can be seen that, all impacted crack is doubled after static 

loads. For all plates from Plate 4.21 to Plate 4.30, the red color is for the impact 
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cracks while the black is for the static test cracks. The ultimate load of the 

reference beam decreases by 23.8% due to hit and the deflection of the impacted 

span rises to 25.2 %. 

 

Figure 4.42. I30 Specimen 

 

Plate 4.21. I30 Impacted-Monotonic tests crack pattern 

I30.S10 sample also suffers from large deflection for the impacted span during 

static load, due to the past cracks development. The same behavior of converting 

the load of I30 sample is observed for I30.S10, which refers to, the impacted span 

still strong enough to convert the load into the un-impacted span. Negative crack 

moment and strut shear cracks appears at the other span as shown in Plate 4.22.  

Due to the hit, the ultimate load of the specimen dropped by 27.4% while the 

impacted span deflection rises to 56.5%.  
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Figure 4.43. I30.S10 load- displacement curve 

 

Plate 4.22. Crack mode of specimen I30.S10 

I30.S20, which can see its results at Figure 4.44, coverts the load professionally 

into the other un-impacted span till the final failure cracks appears in the un-

impacted span. The final failure is clarified at Plate 4.23.  The ultimate beam load 

after the hit dropped to 37.22% as well as the deflection drops by 77.8%. 

 

Figure 4.44. I30.S20 CDB results 
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Plate 4.23. Sample I30.S20 crack mode 

Plate 4.24 and Figure 4.45 discuss the behavior of the impacted I30.S30 and then 

monotonically testing results, the sample also is strong sufficiently to overlap the 

load into the un-impacted span but the final failure load stills at the impacted span. 

It is due to the ductility and the rubcrete compressive strength difference between 

the two specimens. The ultimate load capacity of the beam decreases to 35.45% 

while the deflection of the impact span increases to 62%. 

 

Figure 4.45. Load-deflection curves of  I30.S30 

 

Plate 4.24. Failure mode of I30.S30 
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I30.G10 (Figure 4.46) shows a huge different in displacement value when 

comparing between the impacted and un-impacted span, but anyway it stills 

converting the load into the other span in spite of the hit and finally the failure 

appears at the impacted span (as illustrated in Plate 4.25). Strut cracks at both 

spans were generated as well as a few negative and positive moment cracks. The 

ultimate load of this specimen decreases by 31.6% while the deflection rises by 

30.2%.  

The same behavior can be also noticed for I30.G20 (which results are shown in 

Figure 4.47) but it cracked more than I30.G10 and vertical cracks at middle both 

external supports is shown (Plate 4.27). The ultimate load of I30.G20 is dropped 

to the 32.6% while the deflection decreases by 45.68%, the same behavior is 

observed at I30.S20. 

 

Figure 4.46. Load-deflection curves 

of I30.G10 

 

Figure 4.47. Load-displacement 

curves of I30.G20 
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Plate 4.25. Crack pattern for I30.G10 

 

Plate 4.26. I30.G20 failure shape 

I30.G30 sample in spite of the hit, stills able to convert the load into the other span 

but with larger displacement for the impacted span. Strut cracks developed at the 

impacted span and generated in the un-impacted span. The ultimate load of beam 

decreased by 33.34% as well as the deflection dropped to 64.29%. 

 

Figure 4.48. Monotonic load deflection curves for I30.G30 
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Plate 4.27. Failure mode of I30.G30 

For the same load intensity (30 Kg impact), comparing between the group of sand 

replacement and the gravel replacement group, it can be found that, the CDBs 

strength of sand replacements dropped by 42%, 60%, 63% when comparing with 

the conventional concrete, while the group of gravel replacement decreases by 

37%, 46% and 58% respectively. Which means that, the gravel replacement keeps 

the capacity of the beam from higher dropping. 

I40 suffers from cracks more than I30 due to the higher energy of the impactor. 

Logically, the impacted span shows a deflection larger than other span. All struts 

are cracked even the un-impacted, positive moment at the impacted span, negative 

moment at the upper of middle support and uplifting cracks at the external 

supports could be observed at Plate 4.28. 

 

Figure 4.49. Statically result of I40 sample 
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Plate 4.28. Impact and monotonic cracks of I40 specimen 

The total loss in energy for I30 equals 9.25% While equals 17.20% for I40, which 

is due to the higher energy. The deflection also larger at I40 specimen, i.e. for the 

same load value (let use the 250 kN), the deflection of I40 is higher than I30 due 

to the higher stress intensity. 

I40.G30 and I40.S30 show the same crack pattern, all strut are cracked, cumber 

cracks, uplifting cracks and a simple negative moment at the head of the middle 

support (as illustrated in Plate 4.29 and Plate 4.30). The static load develop the 

impact cracks till reach the failure at the impacted span for the samples both. 

When comparing between these two specimens with them past two twins (I30.S30 

and I30.G30), ones can be concluded that, losses increase slightly when 

developing the dropping weight.  The losses of I30.S30 is 2.12% and I40.S30 

equals  2.42%, while I30.G30 and I40.G30 equal  2.77% and 3.33% respectively.  

  

Plate 4.29. Failure mode of I40.G30 

 

Plate 4.30. Failure pattern of specimen I40.S30 
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Figure 4.50. Load-deflection curves 

for I40.S30 specimen  

 

Figure 4.51. Load-displacement 

curve for I40.G30  

When comparing between the totally static tested beams and the impacted-static 

beams, it can be noted that, the CDBs loss a capacity gradually with every rubber 

increment. Taking into account that, the gravel replacement specimens dropping 

is more graduated than the sand replacement as explained in Table 4.6. For higher 

load intensity, I40 losses about 36% while I30 lost 23.8%. For I30.S30 the losing 

capacity is 35% while it is 46% for I40.S30. For I30.G30 and I40.G30, the losing 

capacity for the same specimen is 33% and 43% respectively. 

Table 4.6. Comparison between static loads for hitted and un-hitted beams 

Specimen 
Static 

capacity (kN) 
Specimen 

static after 

impact (kN) 

Dropping % due to 

impacting 

ST.0 378 I30 288 23.81 

ST.S10 230 I30.S10 167 27.39 

ST.S20 180 I30.S20 113 37.22 

ST.S30 165 I30.S30 106.5 35.45 

ST.G10 264 I30.G10 180.4 31.67 

ST.G20 230 I30.G20 155 32.61 

ST.G30 180 I30.G30 120 33.33 

ST.0 378 I40 263 43.72 

ST.S30 165 I40.S30 88 46.67 

ST.G30 180 I40.G30 101 43.89 
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4.6. Experimental Repeated Load Results 

The repeated load series which applied experimentally on the three CDBs, the 

experimental results are illustrated in Figure 4.52. A reference beam, 10% gravel 

replacement and 10% sand replacement are tested, the ultimate loads of the three 

beams respectively are 309.8kN, 243 kN and 220.9 kN. Due to the repeated cycles 

of loading, the ultimate strength of the beams decreases when comparing with the 

static loads by 18%, 8% and 4% for conventional beam, gravel and sand 

replacement beams respectively. One can conclude that, the rubcrete is more 

suitable for repeated loads, as well as the sand replacement is better than the gravel 

replacement according to the repeated load results. The ultimate deflection 

increases by 6.4% and 12.12% for gravel and sand replacement respectively. 

Ultimate load capacity of R.G10 larger than R.S10 due to the higher compressive 

strength of the first, while deflection values for sand replacing beam are slightly 

larger than the R.G10 due the higher flexural capacity of S.R.10 itself as 

investigated in reference [178]. It can be noted that, from Figure 4.52 and Table 

4.7, the residual deflection at the end of each cycle increases gradually due to 

crack developing after each cycle.  

For G10 impacted and repeated beams, (I30.G10 and R.G10), it can be noting 

that, the beam losses about 10.83% of its capacity due to the hit, while 18% due 

to the repeated loads which exposed on it.  Also, for S10 beams (I30.S10 and 

R.S10) the CDB lost 3.47% due to impact and 4% as a result of the repeated load. 
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Figure 4.52. Experimental load-deflection curves of repeated specimens 

Table 4.7. Residual deflection at the end of each cycle for R, R.G10 and 

R.S10 specimens (All values in mm) 

Cycle number R R.G10 R.S10 

1st cycle 0 0 0 

2nd cycle 0.03 0.04 0.05 

3rd  cycle 0.06 0.08 0.14 

4th cycle 0.13 0.18 0.25 

5th cycle 0.19 0.22 0.29 

6th cycle 0.21 0.24 0.31 

7th  cycle 0.24 0.28 0.36 

8th  cycle 0.27 0.3 0.4 

9th cycle 0.39 0.4 0.45 

10th  cycle 0.53 0.6 0.67 

Final loading 2.9 3.1 3.3 
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Plate 4.31. Repeated tested rubcrete beams 
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5. CHAPTER FIVE: NUMERICAL INVESTIGATION FOR 

REPEATED AND REVERSE LOADINGS 

 

5.1. General 

Numerical and experimental investigation were studied to discuss the CDBs under 

different repeated loads. Three CDBs specimens have been tested under repeated 

load experimentally and then simulated using ANSYS software in order to get the 

validation percentages in accordance to the experimentally work. The simulation 

model was used for representing cyclic reverse load.  

The following sections show the details of this work, taking into consideration 

that, the numerical results gives more smooth results and usually higher members’ 

capacities due to the ideal conditions of computer programs. In another word, the 

real beams contain certainly many of dry shrinkage pores which may join by the 

applied load, that cannot to be found at all numerical simulation program which 

allows the higher members capacities for numerical simulations. 

5.2. Model Simulation 

The concrete simulated as Solid 65 which is an eight node isotropic brick element 

(hexahedral brick element). Each node contained three usual degrees of freedom 

[179]. It is suitable for concrete because provides the plastic deformation, creep 

and crash of concrete besides the capability of cracking in the three directions. 

Many element sizes were investigated to get the best results matching. The best 

suitable size is (10*10*20) mm after many trial models (as shown in Table 5.1). 

Supports have been simulated as steel plates and considered as ALL DOF fixed 

at external ends while roller support at the middle support as shown in Figure 5.1. 

Steel reinforcement represented by link 180, which is two nodded line element 

may undergo the yield which is necessary for the imbedded steel (Figure 5.2). 
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Max number of iterations was 100, load increment steps were used, tolerance at 

displacement analysis was considered and equals 0.03. The applied load was 

every 5 kN for maximum load step and 1 kN for minimum load step. All inputs 

details were listed in Table 5.2. 

Table 5.1. Convergence study for R.G10 beam 

Meshing 

size 

Experimental 

load (kN) 

Experimental 

deflection (mm) 

Simulation 

load (kN) 

Simulation 

deflection (mm) 

20*20*20 

266 1.63 

232.7 0.88 

15*15*20 245.5 1.2 

10*10*20 263.9 1.6 

10*10*10 263.9 1.6 

 

 

Figure 5.1. Meshed beam and supports 

 

Figure 5.2. Steel bars simulation 
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Table 5.2. ANSYS input data 

Material model 

number 
Element type Materials properties (MPa) 

1 (For concrete) SOLID 65 

Linear isotropic behavior 

Ex 
Defers from mix to 

another 

ʋ (PRXY) 
Defers from mix to 

another 

Multi-linear isotropic properties  

Expressed by the stress versus strain 

curves which were tested and listed at 

the third chapter for each rubcrete mix. 

Concrete properties 

Open shear coef. 0.2 

Close shear coef. 0.6 

Uniaxial 

cracking str. 

Depending on the 

mix properties 

Uniaxial 

crashing str. 

Depending on the 

mix properties 
 

2 (For bearing 

plate) 
SOLID 185 

Linear isotropic 

Ex 210000 

ʋ (PRXY) 0.25 
 

3 (For steel bars) LINK 180 

Linear isotropic 

EX(MPa) 210000 

ʋ (PRXY) 0.25 

Fy (MPa) 570.8 

Fu (MPa) 718.1 

 

5.3. Monotonic Repeated and Reverse Loading  

Repeated and reverse loads have been inserted into the program using the option 

of adding file. The rainfall style of loading (Figure 5.3) was used for repeated load 

and then converted numerically into reverse cyclic load. Noting that, the load is 
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applied at repeated and reverse as Ps which refers to 70% of the ultimate load 

capacity of monotonically loaded beam. 

 

Figure 5.3.  Repeated rainfall style loading 

5.4. Static Load Simulating Results 

After applying all material properties as input at ANSYS software, a good 

matching obtained from it (as could be seen at Figure 5.4 and Figure 5.5). 

Numerical analysis always produces results higher than the experimental work 

due to the exemplary condition of the concrete and even steel in the software. In 

which there are no creep and shrinkage cracks which exist at the realistic beam 

and develops during test and may cause earlier failure. 

The beams show bending crack at positive and negative moment portions and the 

strut. As expected, the failure mode happened due to shear at strut as can be seen 

in Figure 5.6. First cracks appear firstly at the positive moment then the negative 

bending portions and finally the shear cracks which dominate the failure, other 

details illustrated in Appendix F. 
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Figure 5.4. Experimental and numerical load deflection curves for ST.G10, right 

span 

 

Figure 5.5. Experimental and numerical load deflection curves for ST.S10, right 

span 
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Sign of the flexural crack. 

 
Sign of the compressive crack. 

 

Sign of the diagonal tensile crack. 

 
Sign of two cracks (the diagonal tensile crack is the first crack and the compressive crack that appears 

in the green circle outline is the second crack). 

 
Sign of three cracks (the diagonal tensile cracks are the first and second cracks and the compressive 

crack that appears as blue circle outline is the third crack). [179] 

 

Figure 5.6. Numerical failure mode for ST.G10 (for left span) 

5.5. Repeated Load Simulating Results 

The final loading stage were listed for more visibility at Figure 5.7. It can be 

noting that, there is a matching in behavior between experimental and numerical 

results for the both mixes. There is a slight difference between them caused by the 

material properties simulating and the high ideality of the numerical analysis 

simulant. The difference between numerical and experimental for gravel and sand 

specimens were 3% and 7% respectively. Crack pattern failure is listed in Figure 

5.8. 
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Figure 5.7. Experimental and numerical curves for R.G10 and R.S10 specimens 

 

Figure 5.8. Cracks pattern for samples under repeated load 

5.6. Reverse Loading 

The same loading process of repeated rainfall style depends on to simulate the 

reverse wave using ANSYS solution control options. All modelling data involves 

the static and repeated samples are successfully worked on the reverse cyclic 
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results. The CDBs forms upward and downward struts crossed at the N.A. which 

made a point of high stress intensity due to the negative and positive cracks. The 

presence of rubber plays a significant effect on the cyclically loaded beam’s 

deflection. The amount of deflection increases gradually by rising the weight of 

rubber in the mix.  

The ultimate load capacity of each sample is affected by the concrete compressive 

strength in the first degree, and secondly be the amount of cracks in the beam 

(increasing rubber leads to higher micro cracks inside the concrete mix, and that 

is because of leaking bond between cement paste and the rubber particles). Figure 

5.9 to Figure 5.15 list the behavior of conventional and rubberized CDBs under 

reverse cyclic loading. Noting that, each sample was named initially by the letter 

C which denotes to Cyclic load and then followed by the replacement way and its 

percentage. 

 

Figure 5.9. Load-deflection curve of conventional CDB under cyclic load 
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Figure 5.10. Load versus deflection curve for C.S10 

 

Figure 5.11. Load-displacement curve for C.S20  
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Figure 5.12. Cyclic load-deflection curve of C.S30 

 

Figure 5.13. Cyclic load versus deflection curve of C.G10 
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Figure 5.14. Applied cyclic loading on C.G20 sample 

 

Figure 5.15. C.G30 Applied cyclic loading  

After the cycles, the CDBs are loaded monotonically till failure as explained in 

Figure 5.16. The slope of curves decreases gradually after each percentage of 

rubber replacement, due to the changing of concrete mix behavior from brittle to 

ductile. It is noted that, the replacement method (sand or gravel) has no essential 

significant effect, because S10 and G10 data almost approached, as well as the 

same curves data. It’s clear to notice that from Table 5.3, the CDBs losses between 

-200

-150

-100

-50

0

50

100

150

200

-3 -2.5 -2 -1.5 -1 -0.5 0 0.5 1 1.5 2 2.5 3 3.5

A
p

p
lie

d
 L

o
ad

 (
kN

)

Deflection (mm)

-150

-100

-50

0

50

100

150

-3.5 -3 -2.5 -2 -1.5 -1 -0.5 0 0.5 1 1.5 2 2.5 3 3.5 4

A
p

p
lie

d
 L

o
ad

 (
kN

)

Deflection (mm)



 

143 

34 to 45 % of its capacity after the ten rainfall cycles. It is a logical result and 

matched with a decreasing occurrence at [164]. 

 

Figure 5.16. Numerical load-deflection curves at the final stage of reverse 

loading 

Table 5.3. Decrement percentages of beams capacity after reverse cycles 

 Sample Static test 

(kN) 

Static after cycles 

of reverse loads (kN) 

Dropping 

strength (%) 

ST.0 378 235 37.83 

ST.S10 230 146 36.52 

ST.S20 180 119 33.89 

ST.S30 165 104 36.97 

ST.G10 264 143 45.83 

ST.G20 230 128 44.35 

ST.G30 180 98 45.56 
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6. CHAPTER SIX: CONTINUOUS DEEP BEAMS UNDER 

HARMONIC LOAD 

 

6.1. Introduction 

Concrete deep beams largely exposed to dynamic loads in different intensities and 

since the concrete is a brittle material, then the researches nowadays towards to 

enhance the concrete energy absorption to dynamic loads. The published 

researches confirmed that, replacing scrapped tire rubber by a percentage of 

aggregate (or even adding it into the mix) provides an excellent energy absorption 

(but decreases the mechanical properties of concrete)[32], [41], [113], [180]–

[186]. The enhancement in impact energy of rubberized concrete (rubcrete) mixes 

reached to (138-185-300-396)% for 5, 10, 15, 20% volumetric sand replacement, 

While (150-204-326-426) % for the same percentages of volumetric gravel 

replacement [187]. Too many types of dynamic loads may the CDBs exposed to, 

such as impact, seismic and moving vehicles load.  

The simple form of harmonic load may occur by unbalanced rotating machines in 

building. Also, it may cause by hydrodynamic pressure which is generated due to 

propeller at the stern of a ship or by inertial effects in reciprocating machinery, 

and this types is more complex.  It is worth to mention that the harmonic wave 

may come in different types which are: fundamental wave, 3rd harmonic wave 

and the distorted wave. 

CDBs may exposed to harmonic loads at bridges due to vehicle collision and that 

will cause sin or cosine wave load on it. Adding rubber into concrete mix leads 

mainly to develop the concrete energy absorption of the bridges and enhance the 

overall dynamic properties. It can be noted from the next section that, there is no 

cutting-edge studying results gives us an indication about the CDBs response 
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under harmonic loading. So, the study consists of three parts, the first one is 

deriving a theoretical solution for analyzing the CDBs under harmonic loads. 

While the second involved the theoretical solution for checking the accuracy of 

numerical analysis. The third part studied the effect of adding rubber to concrete 

mix on the behavior of CDBs under harmonic load, using ANSYS V.15.0 

software program. 

6.2. Methods 

The problem has been solved by three solutions. The first two are theoretical 

analyses which depend on deriving new equations for simulating the deflection of 

concrete continuous deep beams under sinusoidal loads. These two methods 

comprised the dynamic general equation and the Timoshenko beam analysis. 

While the third solution involved a simulation of concrete beam by ANSYS 

software and comparing gotten results with the theoretical results then 

investigates some case studies to get the full description of parameter effect on 

the CDBs. Figure 6.1 shows a block diagram of the complete work and Figure 6.2 

shows the selected CDBs model. 

 

Figure 6.1. The adopted study plane of harmonic load 
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Figure 6.2. Studied beam details 

6.2.1. Timoshenko Beam Solution   

It is difficult to get a plastic theoretical solution for CDBs under the effect of 

harmonic load. So, an elastic solution has been derived and adopted. Timoshenko 

beam theory [149] has been used which satisfied the requirement of deep beams, 

which are 

• The plane section does not remain plane after bending . 

• The normal to the neutral plane after bending will not remain normal to the 

neutral but have an additional rotation due to high transverse shear 

deformation.  

• Neglecting normal strain along the width .The deriving equation of deep 

beam deflection shown in equation (6-1). 

𝑑4𝑤

𝑑𝑥4 =
𝑞

𝐸𝐼
−

1

𝑐2𝐺𝐴
×

𝑑2𝑞

𝑑𝑥4                                                                                (6-1)   

Let 𝑤(𝑚) = ∑ 𝑠𝑖𝑛(
2𝑚𝜋𝑥

𝑙
)𝑛

𝑚=1  to satisfy the boundary conditions of continuous 

deep beam. Substitute in equation (6-2), to get the final equation of CDB 

deflection under harmonic load (Equation  

𝑤𝑎𝑡 𝑚𝑖𝑑 𝑠𝑝𝑎𝑛 = 0.09752 𝑠𝑖𝑛(𝑤𝑛 𝑡)                                                                 (6-2) 
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6.2.2. Dynamic Equation Solution 

In general, the structural members resist the dynamic  load by its mass, stiffness and 

the magnitude of damping which depend on the material itself [20]. The damping 

ratio ignored in most structural calculations for safety. For concrete, the damping 

factor does not exceed 6%. For solving the CDBs under sinusoidal loads, the 

dynamic equation response of structures has been derived with ignoring the effect of 

deep beams, as listed below (Equation (6-3)) 

𝑚𝑦̈ + 𝑐𝑦̇ + 𝑘𝑦 = 𝐹(𝑡)                                                                                       (6-3) 

Applying the same details of beam at Figure 6.2, to get the time deflection equation 

for the given beam (Equation (6-4)). The details of all solutions can be found at 

Appendix G. 

      𝑦 =
𝐹(𝑡)

𝑚
𝑘

𝑚
−𝑤𝑛

2
                                                                                                         (6-4)                           

6.2.3.  Numerical Simulation 

Beam 188 element has been used for simulating the CDB in ANSYS software [179] 

(As shown in Figure 6.3 ). After trying some meshing sizes, it was found that, 20 

mm meshing length gives a good agreement with the theoretical model in such fast-

rendering time. External supports were selected to be fixed while the internal was of 

single vertical reaction.  

Seven concrete mixes has been simulated depending on Topcu’s tested mixes [42], 

three percentages has been used which are (15, 30, 45) % for sand and gravel 

replacement besides the ordinary conventional mix. All concrete properties has been 

considered from reference [42] results. Compressive strength, tensile strength, 

concrete unit weight and young’s modulus for all mixes were inserted at Table 6.1. 

The inputted stress versus strain curve shown at Figure 6.4. Young’s modulus has 

been considered using the ACI 318- 19 (Equation (5)) which is proportional to 

rubcrete weight (and as adopted for rubcrete mixes at reference [44]). 



 

148 

Table 6.1 Shows details of elastic modulus values for all selected mixes. The analysis 

was displacement control with a tolerance factor equals 6%. 

 

Figure 6.3. CDB modelling at ANSYS software for harmonic load 

 

Figure 6.4. Inserted stress-strain curve into program [42] 
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Table 6.1. Mechanical concrete properties [42] 

Mix 𝑤𝑐
  (Kg/ 𝑚3) 𝑓𝑐

′ (MPa) 𝑓𝑡
  (MPa) Ec (MPa) 

NC 2300 23.48 3.21 22983 

G15 2220 16.18 1.50 18092 

G30 2140 12.62 1.06 15122 

G45 2010 9.9 0.82 12192 

S15 2220 24.22 2.17 22135 

S30 2140 19.7 1.53 18894 

S45 2010 14.77 1.13 14892 

 

6.3. Results 

6.3.1. Comparison Between the Theoretical and Numerical Results 

The validation between numerical and theoretical solutions have been investigated 

as illustrated in Figure 6.5. A good match in beam response between the numerical 

and the Timoshenko beam solutions with slight difference in the amplitude between 

them caused due to that, the nonlinear simulation gives more accurate results because 

it simulates the problem as it is in the nature in a matter accurate than the theoretical 

solutions. This nonlinear model has been considered to use for simulating a 

parametric study for rubcrete beams. While, the solution using the general dynamic 

equation also gives the same response but with less accurate due to ignore the effect 

of deep beam effect, the same cause make it in difference with the Timoshenko 

equation solution. It causes an error in deflection magnitudes but the good point, it 

also gives the same response. 
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Figure 6.5. Verification of deflection by theoretical and analytical solutions 

6.3.2. Rubberized CDBs Results  

Nonlinear solution has been investigated to study the effect of sinusoidal harmonic 

load for seven beams. One beam was simulated without any rubber replacement in 

order to be the reference model, the first group was of three beams with 15, 30, 45% 

of gravel replacement (GR) and the second group is of the same percentages of fine 

aggregate replacement (FR). The results for the seven beams as illustrated in Figure 

6.6 to Figure 6.8, the displacement, velocity and acceleration have been discussed. 

From Figure 6.6, it can be noting that, the beam of normal concrete (NC) deflects in 

the less magnitude than the other beam due to its higher compressive strength and 

low elasticity. Beam GR45 shows the maximum values of displacement due to the 

sinusoidal load because of its low compressive strength, elastic property, and large 

ability to absorb energy. Also, the negative values of deflection were higher than the 

positive, which refers to that the beam approaches from cracking. In another word, 

if the all-deflection points were in negative zone, then the beam is fully cracked. For 

all beams, the time period does not change in contract with the amplitude. Velocity 

of beams have been also investigated in Figure 6.7. The velocity wave formed as 

distorted wave (the latter is a combination between fundamental and the third 

harmonic wave). The same arrangement of amplitude appears at acceleration 

responses, as shown in Figure 6.8. 
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Figure 6.6. Deflections- time curves for rubcrete beams 

 

Figure 6.7. Velocity-time curves for different rubberized beams (mm/sec) 

 

Figure 6.8. Acceleration versus time curves (mm/𝑠𝑒𝑐2) 
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6.3.3. Case Studies’ Results 

6.3.3.1. a/h Ratio Influence 

The beam GR 45 showed the weakest model due to its low compressive strength and 

its high elasticity, so it has been considered for modelling the effect of changing a/h 

ratio because it represents the more dangerous case of rubcrete. Theoretically, the 

CDB behavior approaches to be flexural with a smaller a/h ratio, and its shear 

strength capacity increases linearly with a/h reduction [19]. The smaller a/h ratio 

shows minimum deformation capacity of CDB also ductility and beam load capacity 

[20], [21]. This fact has been also noticed in the dynamic analysis of the rubcrete 

beams. The model of a/h=0.5 shows less displacement against the same load and 

rubcrete properties. The time durations of waves were still deposit, but there is a 

visible difference in beams’ amplitudes for all the given deep beams due to a/h 

difference, as shown in Figure 6.9. 

But in case of using a shallow beam (a/d=3), the velocity and acceleration amplitudes 

and periods changed (Figure 6.10 and Figure 6.11). The time periods shift to the left 

with staying on the overall general wave shape. While the deflection (Figure 6.9) of 

shallow beam still keeps the periods and the overall general wave shape, but with a 

significant large displacement comparing with the deep beams due to its higher 

bending capacity. 

 

Figure 6.9. Influence of a/h ratio on rubcrete beams’ deflection 
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Figure 6.10. Velocity of CDBs of different beams depth 

 

Figure 6.11. Acceleration of CDBs of different depths (mm/𝑠𝑒𝑐2) 
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concluded that, the vibration amplitude of rubcrete CDBs depends in the first degree 

on a/h ratio, beams’ natural frequency and the load intensity. The last conclusion also 

matches with reference [22] discussions. 

The higher displacement occurs when quadrupling the load, the beam deflects more 

by 92%.  

Figure 6.13 to Figure 6.17 show the stress versus time for CDBs. It can be noting 

that, the stress waves gets bigger when increasing harmonic load intensity on 

beams. 

 

Figure 6.12. Effect of load increment on CDB deflection response 
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Figure 6.13. Von-Misses Stress for 100 𝑠𝑖𝑛 𝑊𝑛𝑡 loading 

 

Figure 6.14. Von-Misses Stress for 200 𝑠𝑖𝑛 𝑊𝑛𝑡 case 

 

Figure 6.15. Von-Misses Stress for 300 𝑠𝑖𝑛 𝑊𝑛𝑡 case 
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Figure 6.16. Von-Misses Stress for 400 𝑠𝑖𝑛 𝑊𝑛𝑡 

 

Figure 6.17.  Stress for 500 𝑠𝑖𝑛 𝑊𝑛𝑡 loading 
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7. CHAPTER SEVEN: CONCLUSIONS AND 

RECOMMENDATIONS  

 

7.1. Rubberized Concrete Mixes Conclusions 

1. The converting factor (CF) from rubberized cubes to rubcrete cylinders is 

found to be ranged from 0.82 to 0.76 which matches the normal converting 

factor, and it is recommended to be used for rubcrete mixes. 

2. Converting the rubcrete compressive strength from 100*200 cylinder to 

150*300 cylinder ranges from (0.86 to 0.94) for 10%, 20% and 30 rubber 

replacement. 

3. Replacing 30% of gravel by chips and 30% of sand by crumb, leads to 

decrease the concrete tensile strength by 46% and 52% respectively. 

4. The impact resistance develops to 662.5% and 1350% when replacing30% 

rubber by sand and gravel respectively. 

7.2. Monotonic, Impacted and Retested Rubberized CDBs Conclusions  

1. STM is more suitable and accurate for rubcrete than the conventional 

concrete CDBs. 

2. Conventional concrete beams losses capacity equals 39%, 52% and 56% 

when replacing sand-crumb by 10%, 20% and 30%, while losing 30%, 39% 

and 52% respectively for the same percentages of gravel-chips 

replacement. One can conclude that, gravel replacement is better than the 

sand replacement according to the ultimate strength.  

3. References continuous deep beams which impacted by 30kg and 40 kg loss 

capacity equal 23.81% and 36.51% respectively. 
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4. Rising the intensity of impact from 30 to 40 kg for G30 beams lead to rising 

the amount of losses from 33.33% to 43.89%, Also, for S30, the magnitude 

of losses in beam capacity rises from 35.45% to 46.67%. 

5. The beams in spite of its deepness, is still has the capacity to cumber and 

behave as a continuous beam. 

6. The value of conventional concrete strains (I30 and I40) do not accede the 

logical strain 0.003. 

7. The effect of rubber allows the CDBs to absorb more energy, replacing 

sand versus crumb by 10%, 20% and 30% leads to rise all G2 strains by 

2.3%, 10.7% and 10.97% respectively. 

8. Rubcrete allows the beams to deform more due to its flexibility when 

comparing with the conventional concrete and gravel replacement product 

CDBs more flexible than the sand replacement. 

9. The conventional CDBs after hit lost 9.25% and 12.5% for 30 kg and 40 kg 

respectively. While for 30% sand replacement, the CDBs loss 2.12% and 

2.42% respectively, and for 30% gravel replacement, the decrement is 

2.77% and 3.33%, respectively. 

10. Adding 10% of chip replacement decreases the negative strains G1 and G3 

by 21% and 28% respectively and 29% decrement for the impacted tie zone. 

11. Due to 30kg of impact, the CDBs loss 42% and 37% for 10% sand and 

gravel replacement respectively, while the decrements of impact are 39% 

and 30%. Thus, the effect of impact on rubber on CDBs decreases by 3% 

and 7% respectively. 

12. For the 30kg beams, replacing sand versus crumb by 10%, 20% and 30% 

leads to rising all G2 strains by 2.3%, 10.7% and 10.97% respectively, 

while decreasing G3 strains by 25.6%, 4.2% and 63.1% respectively. 

13.  Comparing between sand and gravel replacement beams (30kg), it can be 

observed that, the most strains at crumb impacted spans are larger than the 



 

159 

impacted strains at chips beams. For G1 points, the presence of 10%, 20% 

and 30% of crumb increases the strain by 18.7%, 0% and 16.7% when 

comparing with the same percentages of replacement with chips, 

respectively.  

14. Static load after impact develops the impact cracking and causes to collapse 

the beam by strut shear failure. 

15. In discussing the effect of discontinuity of the beams (I30.G30 and 

I30.G30.SS), it can be concluded that, The simply supported beam prefer 

to bent that to overcome the load by shear, G2 is larger simply by 15% than 

the continuous beam.  

7.3. Repeated and Reverse Rubberized CDBs Conclusions 

1. The ultimate strength of the beams decreases when comparing with the 

static loads by 18%, 8% and 4% for conventional, gravel and sand 

replacement respectively. Ultimate load capacity of R.G10 larger than 

R.S10 due to the higher compressive strength of the first, while 

deflection values for sand replacing beam are slightly larger than the 

R.G10 due the higher flexural capacity of S.R.10. 

2. The rubcrete is more suitable for repeated loads, as well as the sand 

replacement is better than the gravel replacement according to the result 

of repeated load.  

3. The dropping in CDBs after many cycles of loading ranged (33% to 

37%) for sand replacement and (44% to 46%) for gravel replacement. 

4. The rubberized CDBs losses 35 to 45% of their capacity when 

comparing with the monotonically loading beams. 

5. For the reverse cyclic load, each load (positive or negative) make its 

own strut, till it’s crossed together. 
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6. CDBs which contains 10%,20% and 30% of rubber, their ultimate 

strength dropped due to the repeated reverse loading which exposed on 

them by 36%, 33%, 37% for sand replacement, and 45%, 44%, 45.5% 

for  gravel replacement. 

7.4. Harmonically Loading Rubberized CDBs Conclusions 

1. Timoshenko beam theory can be used for harmonic loaded with a 

significant degree of exact to obtain the elastic response of CDBs. 

2. When solving the beam by using the general dynamic equations gives a 

correct estimation for the beam response but error values of 

displacement due to ignoring the deep beam effect. 

3. Beam element 188 (in spite of its nonlinearity and it is a 2D model) 

offers a good degree of validation and the exactly same response with 

the theoretical method. 

4. The sensitive of concrete deep beams towards a/h ratio stills 

considerable for harmonic loads, i.e. minimizing the ratio leads to 

decrementing the deflection wave amplitudes. 

5. The vibration amplitude of rubcrete CDBs depends in the first degree 

on a/h ratio, beams natural frequency and the load intensity. 

 

7.5. Recommendations for Future Work 

1. Study the effect of fatigue on rubberized concrete beams. 

2. Discuss the water preventing of rubberized concrete. 

3. Simulate the impact load numerically in order to study extra cases. 

4. Study the case of equaling the rubcrete compressive strength under 

different rubber contain. 
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A. APPENDIX A: TRIAL MIX 

 

Six concrete mixes of three percentages of replacement (10, 20 and 30%) of sand 

and the same percentages of gravel and the seventh mix is considered to be 

reference mix without any replacement. Chip versus gravel replacement also 

chosen to be fully graded and matches the same specifications. A full graded 

crumb versus sand replacement was selected and the grades classified in 

accordance to the ASTM C33-10 [188] and as shown in Figure A.8.2. All seven 

mixes were casted with the same mix proportions (1:1.5:3) with 0.48 w/c ratio. 

Three cubes of 100 mm cubic meter and three 100*200 mm cylinders were casted 

for each mix (Plate A.8.1). Mixes percentages for single cubic meters were listed 

in Table A.1. 

Table A.1. Mixes weights in kg/m3 

Mixes Cement Sand Gravel Rubber water 

NC 394 651 1343 0 189.12 

S10 394 625 1343 26 189.12 

S20 394 599 1343 52 189.12 

S30 394 573 1343 78 189.12 

G10 394 651 1208.7 134.7 189.12 

G20 394 651 1074.4 268.6 189.12 

G30 394 651 940.1 402.9 189.12 
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Figure A.8.1. Course aggregate sizes 

 

Figure A.8.2. Fine aggregate sieve analysis 
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Plate A.8.1. First mix samples before curing 

1. Workability 

Bar chat ,Figure A.8.3, shows the effect of replacement on fresh concrete 

workability using slump test (Plate A.8.2) in accordance to ASTM 143M-12 

[167]. One maybe noting that, slump values drops gradually after each raising in 

replacing percentage due to the rubber particles shape. The irregular shape of 

rubber confines water upon it and avoids to be flow into the paste which will cause 

the low workability. 

 

Figure A.8.3. Rubcrete workability 

 

Plate A.8.2. Slump test for G10 mix 
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2. Unit weight 

Logically, replacement rubber by aggregate leads to minimizing concrete unit 

weight due to the low density of rubber. Rubcrete with sand replacement by 10, 

20 and 30% weight replacement loses (2.52, 4.91 and 11.1%) of its unit weight. 

Gravel replacement for the same percentages causes to larger drop in unit weight 

than sand replacement (6.25, 13.83, and 17.85%) respectively for the three 

percentages. 

3. Compressive strength 

The average of three cubes and cylinders were tested to investigate British and 

cylinder concrete compressive strength for rubcrete mixes. Table A.. lists the 

average values after 28 day of curing. It can be noting that, the drop in concrete 

strength rises gradually for every incrementing depending on rubber percentages. 

Furthermore, the strengths of sand replacement mixes’ are better than gravel 

replacements. The converting factor from cube to cylinder was concluded to be in 

the range between (0.8- 0.87) and such result agrees with reference [189]. 

Table A.2. Mixes compressive strength 

Type Fcu (100 mm 

size) (MPa) 

𝑓′𝑐  

(MPa) 

𝑓′𝑐 drop % Convert factor 

NC 35 28.6 ------ 0.82 

S10 32 27.3 4.6 0.85 

S20 29 23.5 17.8 0.81 

S30 20 17.3 39.5 0.87 

G10 30 25 12.6 0.83 

G20 22 18 37.1 0.82 

G30 18 14.5 49.3 0.80 
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4. Stress-strain curves 

For more accuracy, three cylinders for each concrete mix have been tested using 

universal static compression machine and recording stress versus strain at every 

loading stage. Figure A.8.5 shows the results of one cylinder data for each mix. 

The tested NC stress strain curve found to be matched with the empirical code 

equations as explained in Figure A.8.4 

 

Figure A.8.4. Conventional concrete stress-strain curves experimentally and 

empirically 

Figure A.8.5 allows to be concluded that, the rubcrete mixes have strains larger 

than the conventional concrete by 3 or 4 times depending on the rubber type and 

amount. The more rubber the more strain but the less compressive strength. 

Furthermore, the behavior of rubcrete differs gradually for every incrementing in 

replacement percentage. Sand replacement showed likeness curves in comparing 

with conventional concrete even for high replacements. In contrast with gravel 

curve at high rubber amounts . 

Also, one could be noting that (by thinking in Figure A.8.6.), the behavior of high 

percent’s replacement differs from the normal concrete mix. In another word, the 
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empirical equations of normal concrete are not correct to be used for rubcrete 

mixes. 

 

Figure A.8.5. Stress versus strain curves for one cylinder for each mix 

 

Figure A.8.6. Verifying rubcrete result with empirical equations of NC 

The Time between failure and collapse also has been recorded for each specimen 

as illustrated in Table A.2. It can be clearly seen that, the higher rubber percentage 

the longer collapse time needed. Rubcrete records a longer time than conventional 

concrete because its capacity to still deform after failure. This mechanism 
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occurred due to rubber particles which worked as small micro springs resist load 

and the great ability of rubber straining. 

Table A.2. Resisting time of rubcrete 

No. Time between failure to collapse (Sec) 

NC 0 

S10 5 

S20 12 

S30 28 

G10 9 

G20 14 

G30 42 

 

The failure mode of all samples occurs within the standard expected failure types 

listed in [168] specification for type 3 (i.e. columnar vertical cracks from both 

ends) as shown in Plate A. 8.3. Such type of failure indicates a well stress 

distributed over the top and bottom faces of specimens. 

 

Plate A. 8.3. Types of failure 
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APPENDIX B: SUPPER-PLASTICIZER DETAILS 

 

B.1. Glenium data sheet 
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B.2. Supperplasticizer data sheet 
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APPENDIX C: STM BEAMS DESIGN PROCEDURE 

 

Estimating CDB capacity may determine using strut and tie method STM, in 

which it depends on the plastic theory, balance theory and yielding state theory. 

The discontinuous regions considers as a truss where tension and compression 

forces transfer to support by struts and ties as shown in Figure C. 1. 

 

Figure C. 1. STM of CDB, a-Truss model, b-loading joints, c-intermediate supporting joint [142] 

Total span to overall depth =0.6/0.2=3 

Shear span to depth ratio = 0.3/0.2=1.5  

Flexural steel reinforcement requirement checking: 

𝜌 =
𝐴𝑠

𝑏𝑑
=

2 ∗
3.14

4
∗ 122

100 ∗ (200 − 40)
= 0.014 
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Assume f’c=43.2 MPa & Fy =432 MPa 

𝜌𝑚𝑖𝑛 = 𝑀𝑎𝑥 𝑜𝑓 [

1.4

𝑓𝑦
= 0.0033

√𝑓𝑐
′

4𝑓𝑦
= 0.0037

] Checked 

𝜌𝑚𝑎𝑥 =
3

8
∗ 0.85 ∗ 𝛽1 ∗

𝑓𝑐
′

𝑓𝑦
= 0.025   Checked 

Spacing requirements: 

𝑆 =
100 − 25 ∗ 2 − 2 ∗ 12

2 − 1
= 26 𝑚𝑚      > 𝑑𝑏   > 12   𝐶ℎ𝑒𝑐𝑘𝑒𝑑. 

Effective depth of top (𝑊𝑡𝑛) and bottom (𝑊𝑏𝑛) tie equals: 

𝑊𝑡𝑛 = 𝑊𝑏𝑛 = 𝑐 + 𝑐′ + 𝑆𝑡𝑒𝑒𝑙 𝑑𝑖𝑎𝑚𝑒𝑡𝑒𝑟 = 40 + 40 + 12 = 92 𝑚𝑚 

External loading bearing plate width (𝐿𝐸𝑝) = The internal one (𝐿𝐼𝑝) = 100 mm. 

The effective width of the strut can be estimated from the following equations. 

It’s clear to noting that it depended on bearing plate’s width, depth of ties, and 

angle degree. 

𝜃 = 𝑡𝑎𝑛 −1 [
ℎ − 𝑐 − 𝑐′

𝑎
] = 21 < 25    𝐶ℎ𝑒𝑐𝑘𝑒𝑑 

𝑊𝐸𝑆𝑡
= 0.5𝐿𝐼𝑃 𝑠𝑖𝑛𝜃 + 𝑊𝑡𝑛 cos 𝜃 = 104                                                                                                      

𝑊𝐸𝑆𝑏
= 𝐿𝐸𝑃 sin 𝜃 + 𝑊𝑏𝑛 cos 𝜃 = 122                                                                                                          

𝑊1𝑆𝑡
= 0.5𝐿𝐿𝑃 𝑠𝑖𝑛𝜃 + 𝑊𝑡𝑛 𝑐𝑜𝑠𝜃 =104                                                                                                 

𝑊1𝑆𝑏
= 0.5 𝐿𝐼𝑃 sin 𝜃 + 𝑊𝑏𝑛 cos 𝜃 =104          

 The failure load of beam can be determined by evaluating the average of lower 

and upper strut width: 
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𝑊𝐸𝑆 =
𝑊𝐸𝑆𝑡

+ 𝑊𝐸𝑆𝑏

2
= 113                                                                                  

𝑊1𝑆 =
𝑊1𝑆𝑡

+ 𝑊1𝑆𝑏

2
= 104                                                       

Assuming    𝑓𝑐
′ = 40 𝑀𝑝𝑎 , 𝑎𝑛𝑑 𝑣 𝑓𝑟𝑜𝑚 𝑡ℎ𝑒 𝑡𝑎𝑏𝑙𝑒. 2.           

             Table C.1. ACI 318-19 requirements for Concrete effectiveness factor 

                                                            

𝑣 = 0.85 ∗ 0.6 = 0.51 

The nodes collect struts and ties. The CDB shear capacity represented by both 

internal and external reactions (𝑉𝐸 & 𝑉𝐼) and it can be determined as the 

following: 

𝐹𝐸 = 𝜐 𝑓𝑐
′ 𝑏 𝑊𝐸𝑠 =248.8 kN 

𝑉𝐸 = 𝐹𝐸 sin 𝜃 = 94 kN 

𝐹1 = 𝑣 𝑓𝑐
′ 𝑏 𝑊𝐼𝑠 = 248.8kN 

𝑉𝐼 = 𝐹𝐼 sin 𝜃 = 94 kN 

𝑃𝑡 = 2(𝑉1 + 𝑉𝐸) =377.2 kN.   

Checking bending failure:  

Moment at mid span=0.156 ∗ 𝑝 ∗ 𝑐𝑙𝑒𝑎𝑟 𝑠𝑝𝑎𝑛 = 0.156* 319*0.6= 35.3 kN.m 

𝑎 =
𝐴𝑠 𝑓𝑦

0.85 𝑓𝑐
′ 𝑏

=
2 ∗

3.14
4

∗ 122 ∗ 432

0.85 ∗ 43.2 ∗ 100
= 26.6 𝑚𝑚 
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𝑀𝑛 = 𝐴𝑠 𝑓𝑦  (𝑑 −
𝑎

2
) ∗ 10−6 = 14.3 𝑘𝑁. 𝑚 

The normal strength of Tie 𝐹𝑛𝑡 = 𝐴𝑠𝑡 𝑓𝑦 = 2 ∗
3.14

4
∗ 82 ∗ 350 = 35168 𝑘𝑁 
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Appendix D: Strain gage tool 
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APPENDIX E: STM BEAMS SOLUTIONS 

 

The reference beam was selected as a sample to mention the theoretical solution 

for the CDBs by STM. The beam details are: 

b= 100 mm  
 

h= 200 mm  
 

Clear span =600 mm  
 

C= 40 mm  
 

c' = 40 mm  
 

Diameter of steel =12 mm  
 

Angle = 22 °  < 25° Checked 

 
 

f'c =43.3 MPa 
  

Wtn=Wbn=∁ + 𝐶′ + ∅ = 92 

West = W1st = W1sb= 0.5 𝐿𝐼𝑃 sin 𝜃 + 𝑊𝑏𝑛 cos 𝜃 = 104.25 

Wesb = 𝐿𝐸𝑃 sin 𝜃 + 𝑊𝑏𝑛 cos 𝜃 = 123.2 

Wes = 
𝑊𝐸𝑆𝑡+𝑊𝐸𝑆𝑏

2
 = 113.72 

Interior and exterior struts loading capacities 

Bs = 0.65      

FE= 𝜐 𝑓𝑐
′ 𝑏 𝑊𝐸𝑠= 249.41      

VE=𝐹𝐸 sin 𝜃 = 94.51 kN      

F1= 𝑣 𝑓𝑐
′ 𝑏 𝑊𝐼𝑠  = 249.41 kN      

VI=𝐹𝐼 sin 𝜃 = 94.51 kN      

pt=2(𝑉1 + 𝑉𝐸) = 378.06 kN      
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APPENDIX F: DETAILS OF FINITE-ELEMENT METHOD 

 

F.1. Introduction 

Finite-element method (FEM) is a famous powerful tool used for obtaining an 

approximate solution to a wide range of engineering problems, which is one of 

them is the structural analysis problems. This method works on replacing the 

continuum by multiple finite elements jointed by a finite number of nodal points.  

All the phenomena are nonlinear in solid mechanics. Whilst, for many 

applications, it is practical and suitable way to use the linear formulation for some 

problems for obtaining the engineering solutions. On the other hand, a lot of 

problems absolutely need necessarily a nonlinear analysis when most reality 

results are to be found just like the post yielding case and the large deflection 

behavior of the structures analysis. The finite element programs can be used to 

solve problems involving linear material behaving and nonlinear behavior. 

It has been believed that the use of full three-dimensional analysis provides better 

representation of material nonlinearity and cracking[190]. 

In the present study, the ANSYS V.15 software program has been used to simulate 

the problem. Three-dimensional isoperimetric finite element model was used to 

analyze concrete beams . The finite element formulation, material idealization and 

the material model were used in the analysis are discussed. 

F.2. Constitutive Relationships of Materials 

Any loaded structure responses and reacts with loading in accordance to type 

material built with. In a more accurate word, its response to load in keeping with 

material stress-strain relationship. In this research, three composite material 
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(concrete, rebars, bearing plate) will take shape and work as a reclusive system. 

The stiffness matrix of the total system will be built by exploiting the material 

relationships and properties of each material. The followings are the details of 

relationships behavior of each material [191]. 

F.3. Concrete 

It is the most widely construction material. As all known, this material consists of 

sand and gravel amassed by cement but surly in the help of water. After chemical 

reaction stopped, capillary pores will be formed due to shrinkage. Also, the 

additional water evaporating from the mix, by moving from core member to the 

surface of it bring about capillary paths. Also, a micro cracks will be form 

especially between gravel particles and mortar. These (capillary pores, capillary 

paths, micro cracks) touch on the concrete’s mechanical behavior because it can 

be stretch and linkup during loading. It is insufferable to get rid of these weakness 

points in concrete because it’s formed by thermal expansion, segregation, and 

shrinkage of mortar, and that cannot be avoided. So, these factors should be taken 

in consideration during studying concrete’s behavior [179], [191]. All there micro 

cracks did not found in ANSYS simulation model, so that the value of failure load 

and maximum deflection in numerical analysis, becomes larger than the 

experimental work. 

Concrete at the first stages of loading acts linearly, but in the procedure of the 

loading stages behaves nonlinearly. In more exactly conformity, the uniaxial 

stress- strain curve behaves linearly from (0 to 30%) of uniaxial compressive 

strength (𝑓ʹ𝑐). overhead of (30) %, the nonlinearity stage starts. The increment in 

the non-linearity evidences in the level of stress ranging from (0.75 𝑓ʹ𝑐 ) to (0.9 

𝑓ʹ𝑐). From this limit (0.9 𝑓ʹ𝑐 ) onward, a sharp convexity curvature occurs till 

reaches the peak stress (𝑓ʹ𝑐) [192]. 
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Up to stress stage of about (0.8 𝑓ʹ𝑐), the magnitude of Poisson’s ratio noticed to 

be constant approximately and ranging from (0.15 to 0.22). after this limit (0.8 

𝑓ʹ𝑐), the amount of Poisson’s ratio starts in suddenly increment [193].  

F.3.1. Stress–Strain Relationship of Concrete Comparison 

Usually, the concrete assumed to be a homogenous and isotropic material. The 

adopted stress- strain relation is based on Desayi and Krishnan work [194]. 

The compression uniaxial concrete stress strain relationship has been obtained 

by the use of the following equations in order to compute the multi-linear 

isotropic stress- strain curve. [42] 

 

𝑓ʹ𝑐 =  𝜀 𝐸𝑐                  𝑓𝑜𝑟             0 ≤ 𝜀 ≤ 𝜀1                           Eq.F.1                                  

𝑓𝑐 =
𝜀𝐸𝑐

1+(
𝜀

𝜀°
)

2                 𝑓𝑜𝑟             𝜀1 ≤ 𝜀 ≤ 𝜀°                           Eq.F.2                                   

𝑓𝑐 = 𝑓ʹ𝑐                      𝑓𝑜𝑟             𝜀° ≤ 𝜀 ≤ 𝜀𝑐𝑢                          Eq.F.3                                   

𝜀1 =  
0.3 𝑓ʹ𝑐

𝐸𝑐
                                                                                 Eq.F.4 

   𝜀° =  
2 𝑓ʹ𝑐

𝐸𝑐
                                                                                 Eq.F.5 

Where: 

𝑓𝑐 : stress at any strain, 𝜀 (MPa) 

𝐸𝑐 : the elastic modulus of concrete (MPa). 

𝜀 : stain at stress 𝑓𝑐 

𝜀°: strain at ultimate compressive strength 𝑓ʹ𝑐  
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Figure F. 1. Concrete uniaxial stress- strain curve [195]  

As shown in Figure F. 1, the point number (1) represented the stress at (0.3 fʹc) 

and the curve is linear till this point. The last point is defined as (fʹc). The concrete 

modulus of elasticity (Ec) is defined as “the slope of the line drawn from a zero 

of stress to a compressive strength of (0.3 fʹc)”. The equation is discussed in ACI 

committee 318M-2014. This equation has been used in this research to identify 

the amount of this parameter [194] 

Ec = 4700√𝑓ʹ𝑐                                                                             Eq.F.6                

F.3.2. Concrete in Tension 

The uniaxial tensile stress- strain curve shape does not differ from the uniaxial 

compressive stress-strain curve. The limits of elasticity in tension minimizes the 

uniaxial tensile strength (𝑓𝑡) by about (40%) of the total uniaxial tensile strength. 

The ratio between uniaxial tensile and compressive strength may change a lot but 

usually range from 0.05 to 0.10. The modulus of elasticity under uniaxial tension 

is somewhat higher and the Poisson's ratio somewhat lower is than in uniaxial 

compression [195]. 
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According to above information, the concrete stress-strain curve in tension is 

usually drawn using the same modulus of elasticity, and using (𝑓𝑡) instead of 

(𝑓′𝑐). 

In this study, the amount of (𝑓𝑡) is taken as: 

 𝑓𝑡  = 0.1 * (𝑓′𝑐)                                                                                   Eq.F.7                                                                  

F.4. Finite Element Idealization 

The modeling denoted choosing a suitable element type, real material’s constant, 

an accurate inserting of the material properties, an exact representation of loadings 

and supports boundary conditions as well as choosing sufficient number of the 

finite elements and selecting a proper integration technique. 

F.4.1. Concrete Idealization 

Concrete is usually simulated by a hexahedral brick element (SOLID65). It is an 

eight-node isoperimetric brick element. Each node in this element contains three 

translation degrees of freedom u, v and w respectively in the x, y and z 

coordinates. As shown in Figure F. 2. 

 

Figure F. 2. Geometry of SOLID 65 element[179] 
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The most important property of this element is that how it deals with the 

nonlinearity of the material. The most important properties of concrete are: 

1. Capability of cracking in 3-direction orthogonally 

2. Crushing and creep. 

3. Plastic deformation. 

This element (SOLID65) is capable to simulate these properties accuracy, so that 

it is used in this research for simulating concrete. 

F.4.2. Reinforcement Idealization 

    Steel wires, in this research, are represented in two nodes (as shown in Figure 

F. 3) element which is (LINK180) and included within the properties of 

(SOLID65) element. 

 

Figure F. 3. LINK 180 element [179] 

Link180 is a wedge or truss element, "uniaxial tension- compression element of 

three degrees of freedom at each node".  Creep, plasticity, stress stiffening, 

swelling, and large deformation capacity are included.  

There are three different ways to represent the reinforcement in concrete 

members, they were: distributed representation, embedded representation, and 

distributed representation (Figure F. 4). In discrete representation, the steel bars 

assumed to be spread over the element of concrete. In the embedded 

representation, the steel bars are considered as members built within the concrete 

element so that the amount of displacements are still consistent between the two 

materials. The third representation, the discrete representation, one-dimensional 



 

203 

steel bar contacted with concrete by using the same nodes of concrete mesh, the 

third representation has been used in this study. (LINK 180) is defined by material 

properties, cross sectional area and initial strain value [179]. 

 

Figure F. 4. Steel reinforcement method of idealization [179] 

In the finite element programing, the steel bars simulated to behaves by a bilinear 

behavior, which is represented in bilinear stress-strain curve. The initial value 

(which represents the initial slope) is taken as the steel modulus of elasticity. The 

second slope is represented by the point of yield stress. The uniaxial stress- strain 

curve for the steel bar is shown in Figure F. 5 typically [191]. 

 

Figure F. 5. Stress strain curve of steel wire 

EY 
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F.5. Finite Element Modelling and Materials Properties 

For simulating the experimental models in the finite element program, element 

types, real constant of each element, material properties, and the models’ 

geometry should be defined. 

F.5.1. Element Type 

In this study, five different element types were used. They were for concrete, steel 

wires, and bearing plate. Each material has an element type. They are: SOLID65, 

LINK180 and SOLID185. Concrete element was defined as SOLID65, it is also 

having eight nodes with three degrees of freedom at each translation in nodal x, 

y, and z, but it differs from SOLID185 by its capability of cracking in three 

orthogonal direction, plastic deformation, and crushing. It is defined as an 

isotropic material. LINK180 has been used to represent the main reinforced steel 

wire mesh. The volume ratio, which is meant the ratio between the wire volume 

to the total element volume, is taken equal to zero (for plain concrete). 

Steel plate is also represented as SOLID185 but defined as linear elastic isotropic 

material. Supplementary data of concrete material are described in Table C.1, like 

coefficient of shear transfer, tensile and compressive strength. 

Table F.1. Concrete details 

 

Constant meaning 

1 Uniaxial tensile stress of cracking. 

2 Uniaxial tensile stress of crashing. 

3 Biaxial crashing stress. 

4 Shear transfer coefficients(open crack). 

5 Shear transfer coefficients(closed crack). 

6 crack factor of tension. 
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Exemplary coefficient of shear transfer is ambit from 0.0 to 1.0. The smallest 

value represents small cracks (i.e. the complete losing in shear transfer is 

considered) and the largest range represents the rough cracks (i.e. there is no 

losing in shear transfer). This detailing could be used for closed and shear cracks. 

But, in most, open shear crack coefficient is smaller than the close coefficient.  

LINK180 is a one-dimensional bar element. It is an element with two nodes and 

three degrees of freedom for each node, translations in the nodal x, y, and z 

directions. The element eligible for plastic deformation, it can be defined by 

inserting its requirements which are: two nodes, the area cross- section, and 

material properties [179]. 

F.5.2. Real Constant 

In such modelling cases, and such material used, two sets of real constants have 

to be defined. The first set is set 1 which is associated with SOLID65 element. 

For reinforced concrete beams, the amount of volume ratio has been determined. 

Set2 represented steel wire requirements, area of wires defined in this set. Table 

F.2 shows the details of real constant values.  

Table F.2. Real constant sets 

Set 1 SOLID 65 element Volume ratio 0.014 

Set2 LINK 180 element Steel section area 113 mm2 

 

F.5.3. Material Properties 

The ANSYS program works on formulate a stiffness matrix for the structure form 

its inputted properties information, where elastic modulus of material, moment of 

inertia, Poisson’s ratio, etc. All of them form structures’ stiffness matrix. But it is 

efficient to undefined the parameters which has a little or no-effect because the 
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stiffness matrix of the structure gets bigger and that will increase the speed of 

rendering. 

Material model number 1 points out to concrete material element (SOLID65), 

where this element defined as linear, isotropic, and multilinear isotropic in the 

addition to the parameters of concrete itself. 

Material model number 2 refers to LINK180 element for reinforced steel wires. 

A linear isotropic and bilinear isotropic information has been discussed in this 

material model. 

Material model number 3 shows the information of SOLID185 element which is 

for steel plate details. The plate defined as an elastic- isotropic material with high 

elastic modulus fit with steel. 

F.6. Nonlinear Solution Technics 

Material response under loading is one of the major aims of the finite- element 

analysis for members. The load deflection response of reinforced concrete 

member consists of linear and nonlinear stages. The first linear response is found 

at early stages below a limit point. After this point, a nonlinear load deflection 

response happens. The main sources of material non-linearities are the cracking 

of concrete, yielding of reinforcement and plastic deformation of concrete and 

steel reinforcement. In general, for any structural problem, applying the finite 

element method required passing by a set of algebraic equations as follows [191]. 

[K]{u} ={F}                                                                                    Eq.F.8 

where: 

[K] = system matrix of stiffness. 

{u}= nodal displacements vector. 

{F}= applied loads vector. 
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In the linear elastic problems equation above, it can directly to be solved to obtain 

the unknown displacement vector {u}. In the case of nonlinear system, the 

stiffness matrix [K] represents the function of the unknown displacements {u} (or 

their derivatives). The solution of nonlinear problems by the (FE) method is 

usually have a try by three basic techniques, which are: 

F.6.1. Incremental Technique 

For this technique, loads are applied on the structure as a series of an equal on 

unequal load increments and the change in deformation is obtained using a linear 

analysis. Before appling the next increment step, the values of the material 

properties corresponding to the previous load are showed.  The convergence can 

be achived easily by insreting a very small load increment. Figure F. 6 explained 

a scatch for this technique. 

 

Figure F. 6. Increment technique 

F.6.2. Iterative Technique 

The total load, in this technique, at the first iteration, is applied in one increment 

and the out of balance forces are computed and used for the next iteration so as to 

obtain a gradually improved solution. The iterate solution continues until 

vanishing the difference between the last two iterative results or becomes within 

the acceptable tolerance, and then the final converged solution has been obtained. 

Figure F. 7 showed the progress. 
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Figure F. 7.  Iterative technique 

F.6.3. Incremental-Iterative Technique. 

This technique utilizes a combination of incremental and iterative techniques, it 

implies sub-divisions of the external total load into smaller increments. “Within 

each increment of loading, iterative cycles are performed in order to obtain a 

converged solution corresponding to the stage of loading under consideration”. 

This technique has widely been used for nonlinear analyzing reinforced concrete 

structures. This is due to its ability to trace the history of the structural response 

and to provide information with regard to cracking of concrete that occurs at 

different load levels, yielding of reinforcement, crushing of concrete and load-

deflection curve. This technique is adopted in the present work. 

ANSYS computer program utilizes the "Newton-Raphson" approach for solving 

the nonlinear problems. By this approach, the load is sub-divided into many series 

of load increments. The load increments can be applied over several load steps. 

Figure F. 8 illustrates the use of Newton-Raphson equilibrium iterations for single 

DOF nonlinear analysis. 
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Figure F. 8. Incremental iterative technology 
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APPENDIX G: THEORETICAL HARMONIC LOAD SOLUTIONS 

 

G.1. Timoshenko beam theory solution 

𝑞𝑚 =
2

𝐿
∫ 𝑃 ∗ sin

2𝑚𝜋𝑥

𝐿
 𝑑𝑥

0.6𝐿

0.33𝐿

= −0.213𝑃 

𝑞𝑥 = −0.213 𝑃 sin
2𝑚𝜋𝑥

𝐿
 

𝜕4𝑤

𝜕𝑥4
=

𝑞

𝐸𝐼
−

1

𝑐2𝐺𝐴
∗

𝜕2𝑞

𝜕𝑥2
 

𝑤(𝑥) = ∑ 𝑤𝑚 sin
2𝑚𝜋𝑥

𝐿
 

𝑤𝑚 ∗  sin
2𝑚𝜋𝑥

𝐿
∗ (

2𝑚𝜋

𝐿
)4

=  −0.213 𝑃 sin
2𝑚𝜋𝑥

𝐿
−

1

𝑐2𝐺𝐴
∗ (−0.213𝑃 sin

2𝑚𝜋𝑥

𝐿
∗∗ (

2𝑚𝜋

𝐿
)2 

𝑤(𝑥) = 0.097524 sin 𝑤𝑚𝑡 

G.2. Solving using dynamic equations 

𝑚𝑦̈ + 𝑘𝑦 + 𝑐𝑦̇ = 𝐹(𝑡)  

2 ∗ 66 𝑦̈ + 5570398 𝑦 = 100 sin 𝑤𝑛𝑡 

𝑦̈ + 42200𝑦 = 91 sin 𝑤𝑛𝑡 

𝑦 = 𝐴 sin 𝑤𝑛𝑡 + 𝐵 cos 𝑤𝑛𝑡 

𝑦̈ = (−𝐴 sin 𝑤𝑛𝑡 − 𝐵 cos 𝑤𝑛𝑡) 𝑤𝑛
2 
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By solving the last two equations after substituting them into the general equation, 

gets the value of A, where: 

𝐴 =
91 sin 𝑤𝑛𝑡

(42200 − 𝑤𝑛
2)
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  .13الخلاصة

 

ميكية نظرا الى احمال ديناطاطية المستمرة والمعرضة  ة الملعميقتحرت الدراسة سلوك العتبات الخرسانية ا

مطاط الى اضافة ال. تم  لكثرة تعرض العتبات العميقة المستمرة الى الاحمال الديناميكية في الواقع العملي

  يليته و تحسين امتصاصه للطاقة وخصوصا ان مخلفات المطاط ت كأسلوب من اساليب زيادة مط الكونكري

ة في التلوث  بالتالي فإن مخلفاته تسبب زيادة كبيرل البايلوجي في الطبيعة و تحلغير القابلة للهي من المواد  

 .البيئي

وبثلاثة مقادير وهي    ة اخرىمر  الحصى  مرة ومن حجم  الرملجم  تم اضافة المطاط باستبدال حجمي من ح

وفق ثلاثة مموعات تصنيفه    عتبا خرسانيا مسلحا وتم  21نسب، تم صب  على هذه ال  .% 30% و 20% و 10

رنة النتائج ستاتيكيا اعتياديا وتمت مقا  م فحص العينات فيها فحصاجموعة الاولى ت . المطريقة فحصهتبعا ل

عتبا فقد تم فحصها بواسطة الحمل   11وهي عباره عن  جموعة الثانية  الم. اما  STMبالنتائج النظرية لطريقة  

مرة اخرى   ة فحص عيناتها. هذه المجموعة تمت اعاد 40kgو   30kgمختلفين وهما  الصدمي وبوزنين  

هي  ة. اما المجموعة الاخيرة فبالعينات غير المضروبيادي وتتمت مقارنتها  السكوني الاعت   الحملبواسطة  

سكوني المتكرر وتمت مقارنة النتائج مع نتائج  عتبات خرسانية تم فحصها بواسطة الحمل ال  3من  تتكون  

ة  وتمت نمذجة العتب لدراس  ANSYS APDL V.15.0جريت بواسطة برنامج التحليل العددي  ظرية ان

قارنته مع نتائج  ظريا اخر يتعلق بالحمل التوافقي وتمت مضا تحليلا نحمل الدوري نظريا. تشمل الدراسة ايال

 .حوص ب المفمشتقة للعت نظرية لمعادلات 

-0.86تساوي مايعادل  ملم   200*100ة انضغاط الخرسانة لاسطوانات بقياس  مقاومان    ةنستنتج من الدراس

خرساني المسلح المستمر  وأن العتب ال.  ملم  300*150نضغاط الاسطوانات الاكبر بقياس  من مقاومة ا   0.94

ن اكثر تشقق مؤثر ضهر في العينات  إ  .  STMى حمل صدمي سيستمر يتصرف وفق طريقة  المعرض ال

تشققات نتيجة عن احديداب الفضاء  كذلك  وفي منطقة العزم الموجب وو في مواقع الوتد الداخلي  المضروبة ه

فحص ستاتيكي ان التشققات  ضا ان نستنتج ان اعادة فحص العينات المضروبة بيمكن اي.  غير المضروب 

سيفقدان   40kgو   30kgين المضروبين ب  أثير الحمل السكوني وان العتب ندمج وتتصل وتكبر تحت تسوف ت 

 .حمل الصدميسبب البليتهما بمن قا %  46.7و  %35.5حوالي 

% 9و   %8و   % 14ة فإنه يفقد مايقارب  لعميق المستمر اذا سلطت عليه احمال متكرركما وجد ان العتب ا

تم التوصل الى ان التحليل العددي  المطاطي بالحصى والرمل بالتتابع. كما ودال  ستبطاطية وللااللامنة  للعي

 قع العملي وفق النمذجة المدخلة اليه.للوامقاربة اعطى نتائج 
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 جمهورية العراق 

 وزارة التعليم العالي والبحث العلمي 

 امعة بابل  ج 

 كلية الهندسة 

    قسم الهندسة المدنية

 اطروحة 

 مقدمة الى جامعة بابل / كلية الهندسة 

دكتوراه في اختصاص الهندسة المدنية/الانشاءاتن متطلبات الحصول على درجة الكجزء م  

 بواسطة 

 عُلا مازن مكي علي 

( 5201   بكلوريوس في الهندسة المدنية ) 

(  ( 9201  ماجستير في الهندسة المدنية

 

 : بإشراف 

 أ.د. حيدر محمد كاظم المطيري 

 

 


