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Abstract  

Laminated glass (LG) and cast acrylic (CA) materials have differences in their structural 

behaviors regarding the impact of dynamic loading in aquatic applications. The difference can 

be due to these materials' consistency and mechanical properties. This study aimed to distinguish 

the differences in structural behaviors of cast acrylic and laminated glass in aquatic applications 

under the impact of dynamic loading and what industry guidelines and standards can be 

developed to ensure their safe and effective use in this setting. The study starts in Phase I by 

selecting the strip method for both LG and CA to observe the deflection magnitudes of 

hydrostatical pressure of a 40mm thickness tank wall that has a depth of 6m, and then a shell 

element model for both materials was built using CSI SAP software to establish accurate 

statistical modeling of the tank with same wall thickness and exerted hydrostatic pressure depth. 

The results in Phase I exhibited that CA sheets had 10% to 15% more deflection than it was in 

LG, and experienced negative bending moments of about 90 kN.m near the base edges, and 

around 40 kN.m as maximum positive bending moments. Whereas LG’s straining actions 

recorded a magnitude close to 100 kN.m as positive bending moments and almost 180 kN.m as 

negative bending moments near the edges at the same parameters of the study. In Phase II of the 

study, the materials were submitted to dynamic loads analysis to examine their structural 

boundaries. The model was established using LS Dyna software to mimic an accidental collision 

incident of amphibians and/or mammal creatures to the LG and CA tank walls. Masses, 

velocities, hydrostatic pressure, and wall thicknesses were all included in Phase II of the study 

to assess the impact of each variable on the built model. The study achieved accurate simulations 

since there were four different parameters in each analysis running cycle allowing sophisticated 

investigations of both materials by pushing their structural behavior under the impact loads of 

collisions to their extreme boundaries, especially when gradual incremental changes in the 



magnitude of each parameter are applied. The model was adjusted to compare the actual 

deflection and applied stress criteria with the aforementioned four variable parameters. The 

obtained results exposed the superiority of CA sheets in most of the collision cases in contrast 

with LG. CA sheets had the least deflection and stress values in regard to wall thickness, 

however, they showed a gradually increasing deflection against higher velocities in contrast 

with LG which revealed rather constant deflections versus the same set of velocity increments. 

LG sheets expressed a dramatic increase in the applied stress against the increment of the 

colliding mass, however, they could remain more conservative against recorded deflection 

magnitudes under the same increment set of moving mass. Finally, CA sheets recorded slightly 

lower deflection values than it was in LG under the increasing effect of hydrostatic pressure 

(collision depth) and eventually showed almost a constant behavior of stress but significantly 

lower than those recorded in LG sheets. 

Keywords: cast acrylic, laminated glass, impact, dynamics, aquatics 

 

 

  



 خلاصة

الأمر بتأثير التحميل عندما يتعلق يك المصبوب لهما اختلافات متعددة في السلوك الإنشائي الزجاج المصفح و الأكريل

الديناميكي في التطبيقات المائية. يمكن أن يكون هذا الاختلاف نتيجة مكونات هذه المواد و خصائصها الميكانيكية. تهدف هذه 

المصبوب والزجاج المصفح في التطبيقات المائية تحت تأثير  الدراسة الى إيجاد الاختلافات في السلوك الانشائي للأكريليك

التحميل الديناميكي وإبراز إرشادات ومعايير الصناعة التي يمكن تطويرها لضمان استخدامها الآمن والفعال في هذا المجال. 

الزجاج المسلح بهدف تبدأ الدراسة في المرحلة الأولى بتطبيق طريقة التحليل بالشرائح لكل من الاكريليك المصبوب و 

أمتار، و من ثم تم  6مليميتر و بعمق  40ملاحظة قيم الهبوط تحت تأثير الضغط الهيدروستاتيكي لحائط خزان يبلغ سمكه 

لإنشاء نمذجة استاتيكية دقيقة لنفس الخزان بنفس سمك الجدار و نفس CSI SAP انشاء نموذج قشري باستخدام برنامج 

ذول على نفس العمق. النتائج في المرحلة الأولى تشير الى أن الأكريليك المصبوب يظهر من الضغط الهيدروستاتيكي المب

 90الزجاج المصفح, و قد تكونت قيمة عزوم سالبة مساوية ل  ألواح من نظيرتها في أكثر% قيم هبوط 15% الى 10

جبة قصوى. بينما الخصائص الانفعالية كيلونيوتن متر من كعزوم مو 40كيلونيوتن متر بالقرب من أطراف القاع, و حوالي 

كيلونيوتن متر من العزوم السالبة  180كيلونيوتن متر و تقريبآ  100للزجاج المصفح سجلت قيم عزوم موجبة قريبة من ال 

الأحمال  بالقرب من الحافة عند نفس معاملات الدراسة. في المرحلة الثانية من الدراسة, تم اخضاع المادتين لتحليل

لمحاكاة حادث تصادم فجائي يمكن أن  LS Dynaميكية لاختبار حدودها الإنشائية. تم انشاء النموذج باستخدام برنامج الدينا

تتسبب به الكائنات البرمائية و الثديية لحوائط الأكريليك المصبوب و الزجاج المصفح للخزان. الكتل, و السرعات, و الضغط 

وامل تم أخذها في الإعتبار في المرحلة الثانية من هذه الدراسة لتقييم التأثير لكل الهيدروستاتيكي, و سمك الجدار جميعها ع

متغير على النموذج. حققت الدراسة محاكاة دقيقة في كل دورة تشغيل للحلول لنموذج التصادم بسبب وجود العوامل الأربعة 

ن عن طريق الدفع بتصرفاتهما الإنشائية للحدود المتغيرة التي تحاكي الواقع, مما تسمح بالتحقيق المتطور لكلتا المادتي

القصوى, خاصة عند تطبيق التغير التدريجي المتصاعد في قيم المعاملات المتغيرة الأربعة. تم ضبط النموذج لمقارنة 

تخراجها عن معايير الإجهاد المطبق و الهبوط )الإنبعاج( الفعلي مع المعايير الأربعة السابق ذكرها. كشفت النتائج التي تم اس

تفوق ألواح الأكريليك المصبوب في غالبية حالات التصادم بالمقارنة مع رقائق الزجاج المصفح. كان لدى ألواح الأكريليك 

المصبوب قيم هبوط/انبعاج و كذلك إجهاد أقل عندما أجريت المقارنة على السمك المتغير لجدار الخزان, إلا أنها أظهرت قيم 

من ألواح الزجاج المصفح التي أظهرت  ي مقابل سرعات التصادم المختلفة بالمقارنة مع نظيرتهاانبعاج مرتفع تدريجي ف

أظهرت ألواح الزجاج المصفح النصيب الأكبر من قيم  نوعآ ما من الإنبعاج الثابت أمام نفس مجموعة السرعات التصاعدية.



نما تمكنت من الإبقاء على قيم إنبعاج ثابتة تحت نفس الإجهاد المطبق مقابل القيم المتزايدة لكتلة الجسم المتصادم, بي

انبعاج أقل بشكل طفيف من نظيرتها في  المجموعة للكتل التصادمية المتصاعدة. أخيرآ سجلت ألواح الأكريليك المصبوب قيم

ك إجهادات المتصاعد للضغط الهيدروستاتيكي )عمق التصادم( لتعرض في النهاية سلو ألواح الزجاج المصفح تحت التأثير

 المصفح. ثابتة تقريبآ لكنها أقل بكثير من تلك التي سجلتها ألواح الزجاج
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Chapter 1: Introduction  

1.1 Overview of Chapter 

The introduction chapter is enclosed with the background that narrates the laminated 

glass (LG) and cast acrylic (CA) materials used in aquatic applications. The aspects of these 

materials are discussed under different situations by following previous studies. An in-depth 

elaboration of the research significance is provided by exploring all practical and theoretical 

implications. The research objectives are also elaborated by specifying the current study. 

 Furthermore, the research approach and methodology are highlighted and introduced 

by including the analysis model steps. The chapter also included the steps that are followed for 

the model analysis and an explanation of the research challenges. 

1.2 Background 

Aquatic applications, including water parks, aquariums, swimming pools, and 

underwater observatories, require material that can withstand underwater loads and different 

sorts of environment settings. According to these conditions, laminated glass (LG) and cast 

acrylic (CA) are two basic materials that are commonly used due to their durability, optical 

clarity, and mechanical strength (Das et al., 2019).  

On the other hand, the structural behavior under special environments, different 

loadings, and specific environmental conditions like collisions is an important part of research 

(Szeto et al., 20201). CA and LG are found to be exceptional substances that can deviate as 

per their compositions and the production methods implemented for the creation of these 

materials (Reichert et al., 2020). CA is the poly methyl acrylate that is defined as a 

thermoplastic material developed through heating and shaping with pre-developed pellets with 

the help of casting while colling these in the molding process (Das et al., 2019).  
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On the other hand, LG is made up of two layers of glass where one additional layer of 

polymer film is found, which is the inter-layer settled between two layers in the form of a 

sandwich by applying pressure and heat (Vedrtnam and Pawar, 2017). This is created from the 

ethylene vinyl acetate (EVA) or polyvinyl butyral (PVB). The internal layer is renowned for 

enhancing its mechanical toughness and protecting it against breakages. 

In the realm of structural materials, CA and LG have emerged as versatile and key 

components (Ounifi et al., 2021). CA, known for its exceptional strength and durability, has 

found widespread use in a variety of structural applications (Szeto et al., 20201). Its 

lightweight nature and high transmittance of light make it an ideal choice for architectural and 

construction purposes, such as in skylights, windows, and protective barriers. On the other 

hand, the distinctive components of LG manufacture enhance the strength and safety of its 

overall integrity, making it an excellent choice for building exteriors, facades, and even 

automotive windshields (Nawar et al., 2021). 

The unique properties offered by CA and LG make them valuable candidates for further 

exploration in academia and research, as well as potential advancements in their structural 

applications (Belis et al., 2019). Both materials extensively vary from each other, starting from 

manufacturing processes and not ending with their wide range of usage. In addition to the 

excellent optical clarity specifications for both materials, the structural behavior of each 

exhibits significant differences in terms of elastic deformations, impact resistance, and 

degradation. For instance, acrylic has enormous promise for the future of composite materials 

due to its relatively high elasticity performance, which qualifies it to resist impact loads in 

aquatic environments. At the same time, LG continues to show principal bearing potentials to 

accidental impacts and retention of its overall integrity over many decades. 
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Various studies have investigated how CA and LG reach for various environmental 

conditions and loading in laboratory settings by applying numerous analytical models. 

However, there has been a gap in studies related to the comparison of two materials and their 

properties in aquatic settings where complications can be found like impact loads that can be 

unexpected due to the collision of the moving bodies in water pressure, or the deformation can 

tend to reduce their mechanical strength.  

Therefore, the current study is developed to discover the breaking point of both 

materials while exposing them to extremely dissimilar damaging actions. This is followed by 

finding the dynamic behavior of each individual material while experiencing the shock of 

moving objects while colliding accidentally. 

1.3 Research Significance 

The current study has practical implications for providing specific information about the 

structural performance of the PMMA and PVB material on the basis of different sets of loads in 

the presence of dynamic impacts to assess their structural behaviour. The findings of the current 

study are helpful for engineers, architects, and designers to select the best material to apply in 

the project on the basis of environmental conditions. The study can also contribute to increasing 

the durability and safety assessment of aquatic structures that tend to minimize the maintenance 

cost and user experience.  

The current research is also meant to provide the behavioral analysis of both materials 

in case they are exposed to hard-loading situations like aquatic applications. The motivation 

behind the current research is to explain a better understanding of these materials that are 

performing under environmental conditions and aquatic settings like water parks, underwater 

observatories, swimming pools, and aquatic settings.  
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Furthermore, the research significance can also be assessed due to the practical 

implications of these aspects at the industrial level and to increase the knowledge. The 

explanation of the information and performance of the LG and CA in aquatic applications can 

lead engineers, architects, and designers to select the most suitable materials for projects on the 

basis of environmental conditions and specific loadings. This can lead to the improvement of 

the durability and safety of aquatic system structures that build up the LG and CA and is also 

important to maintain a reduced maintenance cost and user experience.  

The current comparative study can also increase the knowledge in the field by 

introducing a valuable database to assess the experimental results that can be applied and 

validated by current analytical models to predict the behaviour of CA and LG. This can lead to 

new design development of new designs and guidelines to build the codes for managing aquatic 

structures that are based on information on the structural behaviour of LG and CA. 

The problems in this study required addressing the lack of inclusive knowledge and 

finding material behaviour under the resistance of impact loading towards aquatic settings. Such 

a lack of understanding increases uncertainties in maintenance and design practices, and it leads 

to compromise in the integrity of the structure and risks to public safety, especially in the general 

absence and lack of extensive guidelines and elaborated studies related to cast acrylic and 

laminated glass. Therefore, addressing such a problem will help provide valuable information 

for developing accurate and standard designs, maintenance practices, and safety protocols for 

these materials when applied in aquatic settings. 

1.4 Research Objectives 

The research's principal question is, "How do the structural behaviors of CA and LG 

differ in aquatic applications under the impact of dynamic loading, and what industry 
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guidelines and standards can be developed to ensure their safe and effective use in this 

setting?" 

By answering the above question, the following goals are anticipated to fulfill the study’s 

objective: 

1. Distinguish and compare the performance of general material properties of both CA and 

LG and analyze the mechanical properties of each. 

2. Examine the international codes' provisions for establishing durable designs (SAPCA, E 

1300 – 04e1, and Perspex).  

3. Determine the structural behaviour of CA and LG due to a variety of conventional 

straining actions. 

4. Determine the structural behaviour of CA and LG under variant dynamic loading 

conditions in aquatic environments using FEM (LS Dyna). 

5. Assess the suitability of CA & LG for different aquatic applications based on their 

structural behavior under the applied loads and recommend for selection and design 

requirement 

1.5 Research Approach & Methodology 

The study starts with a comparison of the mechanical properties of each material to 

prepare accurate data input of the FEM. The input data includes principal parameters of the 

materials such as modulus of elasticity (E), coefficients of thermal expansion (α), specific 

volume unit weight (γ), impact strength (KC), and Poisson’s ratio (U). 

The critical data input gathered for both LG and CA will be then used to build a FEM 

using CSI-SAP software to investigate the behavior of each material separately under the 

static load/pressure of water. This FEM will simulate a water pool/tank filled with water of 
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about 6.0 m in height. The output data will be afterward taken as a basepoint to launch a more 

sophisticated FEM using LS Dyna, where impact effects are going to be crucial to observe the 

dynamic behavior and determine the similarities and differences between both materials. 

Finally, an analysis and recommendation based on the output data will contribute to 

suggesting changes to SAPCA, E 1300 – 04e1, Perspex codes, and other material standards. 

This is in addition to a discussion of how this comparative study may provide comprehensive 

knowledge of material behavior. 

1.5.1 Steps of Model Analysis 

The model used in this study aims to examine the structural behaviour of PMMA sheets and 

PVB Laminated glass material in aquatic conditions for stimulation of the moving bodies that 

collide with the pool edge. The model analysis will be performed through LS Dyna and SAP 

software by following these steps: 

(i) To prepare a finite element model for the water pool in the 40mm thick PMMA walls.  

(ii) Prepare a finite element model of a 40 mm water pool of the PMMA walls. 

(iii) Materials assigned for the properties of the PMMA sheets 

(iv) Setting the boundaries and conditions to stimulate the collision between bodies moving 

at the pool’s edge.  

(v) Stimulation is conducted at the level of loading conditions and environmental 

situations.  

(vi) Collect and assess the data to find the patterns, trends, and significant differences in the 

CA structural behavior in different conditions.  

(vii) Comparison of the analyzed and obtained results by managing the behavior of the 

laminated glass under similar conditions  
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Figure 1 

Modeling Methodology 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1.6 Research Challenges 

The main challenge of this study is to address the structural integrity of the FEM 

properly in order to maintain realistic data, which may help improve the understanding of 

composite materials under impact loads and upgrade standards that incorporate their unique 

properties and environmental circumstances. This is in addition to the accuracy requirements 

of sensitive data input such as mass (m), acceleration (a), and speed (v) of the moving object 

in phase II. 

Data Collection 

Data Analysis 

Building a FEM 

Findings and Conclusion 

Limitations and Recommendations 
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Several key issues need to be addressed to simulate the accurate dynamic behaviour of 

both materials in aquatic applications. Design considerations, such as water chemistry, 

evaluating water pressure, and wave and impact loads, are crucial to ensuring that the material 

can withstand anticipated loading conditions. 
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Chapter 2: Literature Review 

2.1 Introduction to Cast Acrylic and Laminated Glass 

2.1.1 Importance of Subject 

Major progress in science and technology has led to diverse goals regarding aquatic 

applications. With respect to four laminated glass, different sandwich materials named PVB, 

PU, EVA, and Sentryglas have been analyzed. They were selected to obtain the impact of 

mechanical parameters and had cracked space development of laminated glass under the 

different impact velocities using gas guns (Martín et al., 2020).  

This research provides important practical value and technical support for the selection and 

improvement of laminated glass. The world of aquariums has many enclosures of acrylic 

plastics that impose their supremacy. The optical benefits of acrylics are unbeatable, even for a 

high thickness. 

2.1.2 Kind of Work 

The aspects had shown low abrasion resistance rather than low availability because of 

a smaller number of certified manufacturers. Laminated glass has the opportunity to get 

through specific applications (Li et al., 2023). By giving bits of knowledge into the 

presentation of CA and LG in sea-going applications, planners, architects, and creators can 

choose the best material for their tasks in view of explicit stacking and ecological 

circumstances (Huang et al., 2023). This can add to working on the well-being and solidness 

of amphibian designs, which is essential for keeping up with client experience and lessening 

support costs.  



10 

 

 

 

2.1.3 Controversies and Recent Research 

Besides, this near study can propel information in the field by giving a significant data 

set of trial results that can be utilized to approve and work on existing scientific models for 

foreseeing the way these materials are used. This, thus, can prompt the improvement of new 

plan rules and construction laws for oceanic designs that depend on a more exact 

comprehension of the underlying way of behaving of CA and LG (Li et al., 2023).  

The particular issue that should be attended to in this similar review is the absence of 

extensive information and comprehension of the material conducted under the influence of 

stacking obstruction, which is well-defined for sea-going settings. This absence of 

understanding prompts vulnerabilities in plan and support rehearsals, possibly compromising 

underlying trustworthiness and taking a chance with public security. Accordingly, resolving 

this issue will give significant bits of knowledge that can direct the advancement of exact plan 

principles, support practices, and well-being conventions for cast acrylic and laminated glass 

utilized in amphibian applications. Lately, the usage of CA sheets has seen a significant 

upsurge across numerous enterprises (Nawar et al., 2021). This is essentially credited to the 

material's excellent properties referenced beforehand. 

2.1.4 Background and History 

In 1843, the first acrylic acid was developed. Methacrylic acid, a derivative of acrylic 

acid, was invented in 1865 (PMMA Material, n.d, p. 1). The ester methyl methacrylate is 

formed through the interaction of methacrylic acid with methanol. The industrial development 

of the first acrylic sheets known as "organic glass," which is made almost entirely of poly 

(methyl methacrylate) (PMMA), took place in the 1930s (Babo et al., 2020 in Coleman, 2009, 

p. 323). Since then, the production of PMMA had significant growth in several fields, and 
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discoveries of further applications of this material started to find a way in many industrial 

fields.  

Whereas laminated glasses were created using the notion of composite materials, in which one 

layer protects the other. External layers of laminated glasses employ a variety of glasses, 

including heat-strengthened and annealed glasses, due to their high post-failure load-bearing 

capability (Ahani and Ahani, 2023, p. 1). It is noteworthy to mention that the French scientist 

Édouard Bénédictus (1878–1930) was the first to formulate laminated glass in 1903 as a result 

of a lab accident in which a glass flask covered with the plastic cellulose nitrate burst but did 

not shatter into fragments when dropped (Contributors to Wikimedia projects, 2023, p. 1). 

Nowadays, CA sheets are being widely used worldwide. The vast majority of statistics 

demonstrate high demands for PMMA to be used in a variety of manufacturing fields. The 

following graph illustrates the global usage of acrylic sheets in the past few years, in addition 

to the anticipated increasing usage demands for the next decade. 

Figure 2 

Acrylic Sheets Market Over the History 

 

 The material's rising ubiquity stems likewise from various versatile, worthwhile 

qualities; for example, acrylic has a modulus of flexibility of around 400 to 479 ksi, which 
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demonstrates higher adaptability attributes and speedier misshapenness against briefly applied 

loads. Such property - in my perspective, is a benefit and hindrance of the material 

simultaneously (Martín et al., 2020).  

Subsequently, lessening the effect of a crash requires greater flexibility, albeit relative 

firmness is clearly expected to oppose misshapenness. Subsequently, this reasonable material 

has arisen as an appealing choice that meets contemporary plan and assembling requirements. 

Moreover, its easy manufacture and manageability to complicated forming have made it a 

favored decision among experts in imaginative teaching, particularly in sea-going applications 

(Li et al., 2023). As the interest in imaginative and manageable materials keeps on 

heightening, CA sheets steadily adjust and prosper, giving boundless potential to different 

applications. 

2.1.5 Summary of Previous Studies 

The findings had shown impact velocities to meet the demands on elastic modulus for 

sandwich material. From the full-dimensional crack characterization under the medium-

velocity impact, it could be seen that the comprehensive characteristics of the sandwich 

material viscosity, ductility, and rigidity led to different total volume, density, and spatial 

distribution complexity of cracks (Nawar et al., 2021).  

The flexural strength of PMMA is a crucial trademark that ought to be viewed in the plan for 

the improvement of sea-going applications.  As per the ASTM technique (D790), acrylic has 

shown a flexural strength greatness of roughly 16.5 ksi or 114 MPa. This huge estimation 

demonstrates the material's capacity to endure bowing powers without incredible misshapen or 

breakdown.  
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Regardless, to improve its ability to help both flexural and influence loads, 

strengthening added substances can be integrated into the unrefined substance of acrylic 

(Huang et al., 2023). These added substances effectively fortify the material, making it 

stronger and tougher. Subsequently, the improved PMMA can be used in different oceanic 

applications, for example, aquariums or submerged windows, where the material needs to 

endure huge tension and expected influences (Martín et al., 2020). 

Acrylic plastic, in light of its mechanical, compound, and optical properties, is an 

optimal underlying material for the development of straightforward designs for visual 

investigation of beachfront water space and mainland rack sea depths through submerged 

living spaces, submarines, submerged promenades, and semi-lowered boats and stages" 

(Nawar et al., 2021). The creator keeps on expressing that because of the unpredictability of 

the plan interaction, which relies upon the mix of pressure investigation and configuration 

stresses, originators normally separate a perplexing acrylic structure into an assortment of 

ordinary setup pieces held up by a steel system (Li et al., 2023). This is to improve the 

pressure examination system and to expound yield results so they can be surveyed and utilized 

in the plan at last. 

2.2 Properties of Acrylic Material 

2.2.1 Mechanical Properties 

Acrylic possesses remarkable mechanical properties, making it a highly desirable 

material for various applications (Wang et al., 2018). In terms of tensile strength, acrylic 

exhibits excellent resistance to deformation under pressure, enabling it to withstand substantial 

loads without significant deterioration. Its high flexural strength also ensures durability and 

resistance to bending forces (Lu., 2017). Furthermore, acrylic demonstrates remarkable impact 
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strength, as it can absorb and distribute impact energy, reducing the risk of fracture.

 Additionally, this material exhibits a low coefficient of friction, providing smoothness 

and ease of movement in mechanical systems. “Acrylic polymers present a high potential as 

an alternative matrix for thermoset composites due to their superior mechanical properties, 

manufacturing at low temperatures, and recycled possibilities” (Kinvi-Dossou et al., 2019). 

Optimal dimensional stability further enhances its mechanical performance, as acrylic 

generally displays minimal swelling or shrinking when exposed to varying environmental 

conditions. These impressive mechanical properties position acrylic as a favorable candidate 

in industries such as automotive, aerospace, and construction, where reliability and 

performance are paramount. 

2.2.2 Tensile Strength 

The polymer of acrylic showcases notable tensile properties that contribute to its mechanical 

superiority in various aquatic applications. Tensile strength is a crucial measure of a material's 

ability to withstand stretching or pulling forces and is an important parameter in assessing 

acrylic strength. According to the "ASTM D 638" method, acrylic typically exhibits a tensile 

strength of approximately 10,000 psi or 69 MPa. This relatively high tensile strength signifies 

acrylic's resistance to deformation and ability to withstand substantial loads or forces without 

significant deterioration.  

However, (Taner et al., 1999) substantiate the claim of the lack of the material’s mechanical 

and impact strength by stating, “PMMA possess some undesirable mechanical properties, 

especially their impact strength and tensile strength, which appear to be unsatisfactory for 

some applications.” This is why they emphasized that “additives and fibers have therefore 

been used to enhance and improve these properties over the last two decades.” The 

https://www.sciencedirect.com/topics/materials-science/thermoset-composite
https://www.sciencedirect.com/topics/materials-science/mechanical-property
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following image reveals the tensile fractured surface of 5% and 10% UHMWPE fiber-

containing samples of PMMA magnified ×700 and ×900, respectively, under SEM: 

Figure 3 

 Tensile Fractured Surface of 5% UHMWPE 

        

Figure 4 

 Tensile Fractured Surface of 10% UHMWPE 
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Figure 5 

 Variation of Tensile Strength with UHMWPE 

 

The findings of the above study show that samples with 5% UHMWPE fibre-

containing expressed about 48% higher tensile strength than those samples with 10% 

UHMWPE fibre-containing. Therefore, additives are mandatory elements to strengthen 

PMMA’s tensile strength.  

 The polymer treated with xanthan gum and CMC has the maximum viscosity, 

but the polymer treated with tyloses has a viscosity that is almost identical to that of the pure 

polymer. The more interaction between the polymer molecules and water and thickener is 

shown by the higher viscosity.  

Therefore, by combining with the minerals in the soil, their interaction would be 

enhanced. Because of its salt-based chemical composition, it is notable that the examined 

cellulose was entirely soluble in water when compared to other thickeners (Ghasemzadeh et 

al., 2022). 

By adopting these implied modifications to the material, I assume an impressive level 

of tensile strength can be reached. Consequently, the modified tensile properties of acrylic 
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qualify it as an ideal choice for underwater applications where strength and durability are 

imperative.  

2.2.3 Modulus of Elasticity 

The modulus of elasticity, also known as Young's modulus, is an important mechanical 

property of materials that quantifies their ability to deform elastically when subjected to an 

external force. It is a fundamental property used to characterize the stiffness and strength of a 

material. The modulus of elasticity relates the stress applied to a material to the resulting 

strain, providing an insight into how the material behaves under mechanical loading. This 

relatively high modulus of elasticity illustrates acrylic's inherent stiffness and rigidity.  

Due to its molecular structure, acrylic exhibits low deformation when subjected to 

external forces. As a result, it demonstrates strong resistance to mechanical loads, including 

bending, compressive, and tensile forces. This emphasizes what (Ajaj-ALKordy and Al-Saadi, 

2013) observed in their experimental study when they compared high-impact resin acrylic 

with traditional acrylic resins when they found that high-impact acrylic resins expressed 

higher flexural/fracture strength than the conventional ones. Moreover, the study reveals that 

high-impact acrylic “exhibited less stiffness and, therefore, greater deformation compared to 

the traditional acrylic resins (Rodex)” (Ajaj-ALKordy and Al-Saadi, 2013).  

The high modulus of elasticity allows acrylic to efficiently distribute stress throughout 

its structure, reducing the risk of localized failure even under extreme conditions. When 

considering impact loads, such as those experienced in various applications, including 

construction, automotive, and aerospace industries, acrylic's modulus of elasticity 

demonstrates its significance.  
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With its stiffness, acrylic efficiently absorbs and dissipates the energy generated by 

impacts, thus minimizing the risk of crack formation or catastrophic failure. Beyond its 

strength, the high modulus of elasticity ensures that acrylic retains its original shape and 

dimensions, even when exposed to constant environmental factors or varying temperature 

conditions. 

2.2.4 Flexural Strength (Rupture) 

These additives serve the purpose of fortifying the material, making it more resilient 

and durable. Consequently, the enhanced PMMA can be utilized in various aquatic 

applications, such as aquariums or underwater windows, where the material needs to withstand 

significant pressure and potential impacts.  

The flexural strength of PMMA is increased more by fiber reinforcement in meshwork 

patterns than by reinforcement in transverse patterns. More so than glass fiber (GF) 

reinforcement, basalt fiber (BF) reinforcement raises the flexural strength of PMMA (Nayak et 

al., 2023).  

The relative flexural strength results can be varied according to the specimen’s 

geometric dimensions and additives of fiber or any other enhancing contributed materials. The 

figure below shows the 3-point flexural test applied on an enhanced mixed specimen of 

PMMA. 
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Figure 6 

 Strip Resin Specimen During 3-Point Flexure Test 

 

2.2.5 Compressive Strength (Yield) 

The compressive strength of PMMA is a crucial characteristic that plays a significant 

role in the designing and development of aquatic applications. 

2.2.6 Dissipation Factor 

A dissipation factor of 0.06 signifies that PMMA possesses a relatively low power loss 

capability and is an efficient insulator for electrical energy at this specific frequency. The 

dissipation factor is crucial in designing and evaluating PMMA-based electrical systems, as it 

influences parameters like power consumption, signal transmission quality, and system 

efficiency.  

Understanding the dissipation factor of PMMA according to the ASTM D150 standard 

allows for precise calculation and control of electrical losses, facilitating the development of 

optimized and reliable electrical and electronic devices utilizing PMMA components. 
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2.3 Acrylic Applicattions 

Both Allied and Axis troops employed acrylic glass for submarine periscopes, aircraft 

windshields, canopies, and gun turrets throughout WWII (Clear Acrylic & Plexiglass in 

Brampton - Acrylics by Design, 2021, p. 2). The author continues by saying that pilots whose 

eyes were harmed by flying shards of PMMA fared significantly better than those whose eyes 

were hurt by conventional glass, revealing the far greater compatibility between human tissue 

and PMMA when compared to glass. 

(Babo et al., 2020, p. 1) also denoted in their study that PMMA's exceptional optical 

qualities, stiffness, lightweight, mechanical and weathering resistance, ease of thermoforming, 

and ability to produce a variety of colors and transparency/opacity levels made it ideal for a 

wide range of applications, including sophisticated design objects, architectural roofing 

systems, illuminated signs, sanitary furniture, and airplane cockpits.  

In recent times, the utilization of CA sheets has witnessed a considerable upsurge across 

multiple industries. This is primarily attributed to the material's exceptional properties 

mentioned previously. The material’s increasing popularity also stems from numerous elastic 

advantageous characteristics; for instance, acrylic has a modulus of elasticity of about 400 to 

479 ksi (2.76 to 3.30 GPa) (MatWeb, n.d), which indicates higher flexibility characteristics 

and quicker deformations against temporarily applied loads. Such property -in my viewpoint- 

is an advantage and disadvantage of the material at the same time. Hence, reducing the impact 

of a collision requires more elasticity, although relative stiffness is obviously required to resist 

deformations.  

Consequently, this affordable material has emerged as an attractive option that meets 

contemporary design and manufacturing requisites. Furthermore, its facile fabrication and 
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amenability to intricate shaping have made it a preferred choice among professionals in 

creative disciplines, especially in aquatic applications. As the demand for innovative and 

sustainable materials continues to escalate, CA sheets persistently adapt and flourish, 

providing limitless potential for diverse applications.  

The following graph shows the European market consumption size of cast acrylic sheets 

in 2016: 

Figure 7 

 CA Sheets Consumption in 2016 in Europe 

 

The graph displays a comparison of the consumption rate of CA sheets across various 

manufacturing fields. It becomes evident that the architecture and construction sector stands 

out with substantial usage of CA. This field exhibits a graph pattern that steadily rises, 

demonstrating a consistent and increasing demand for CA sheets in architectural and 

construction applications.  

The other manufacturing fields portrayed on the graph, excluding visual 

communications & retail, show relatively lower consumption rates in comparison, indicating 



22 

 

 

 

that the architectural and construction sector holds a prominent position in the utilization of 

CA sheets. 

2.4 Structural Applicattions of Cast Acrylic Sheets 

Acrylic has structural as well as optical functions. Numerous optical applications take 

advantage of its well-understood optical characteristics. Acrylic sheets, however, were an 

order of magnitude more impact-resistant than glass while also weighing roughly 60% less 

(Sepe, 2022, p. 3). As a result, the materials were quickly adopted for uses such as canopies, 

airplane windshields, skylights, windscreens, and outdoor signs.  

(Stachiw, n.d.) denotes that “Acrylic plastic, because of its mechanical, chemical and 

optical properties, is an ideal structural material for the construction of transparent structures 

for visual exploration of coastal waters pace and continental shelf ocean floor by means of 

underwater habitats, submersibles, underwater promenades, and semi-submerged boats and 

platforms.” “Now a new industry has been born as a spin-off from acrylic ocean engineering 

technology, which has found acrylic spheres useful in different application areas” (Zhou et al., 

2017). The author continues to say that due to the intricacy of the design process, which 

depends on the combination of stress analysis and design stresses, designers usually break 

down a complex acrylic structure into a variety of conventional configuration pieces held up 

by a steel framework.  

This is in order to simplify the stress analysis procedure and to elaborate output results 

so they can be eventually assessed and used in the design. Steel frames are being provided to 

minimize the deflection values of CA sheets; the following figures illustrate vertical 

displacement plot values of (a) non-stiffened tank deflection and (b) stiffened vertical 

displacement in a model hull of a towing tank: 
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Figure 8 

 (a) Non-Stiffened Vertical Displacement 

 

Figure 9 

 (b) Stiffened Vertical Displacement 

 

2.4.1 Public Aquariums 

Acrylic panels are frequently utilized in situations needing a high material resistance to 

static and dynamic stresses due to their transparency. Like an underwater window in a 

swimming pool, for instance. The material's mechanical qualities are highlighted in this 

instance. When fitted correctly, acrylic panels can handle severe static and dynamic loads in 

addition to offering great optical qualities such as high transparency and UV resistance.  

Strain, on the other hand, describes the relative deformation or elongation of a material under 

stress and is typically measured as a ratio or percentage. Acrylic's high stiffness ensures 

minimal strain during loading, leading to negligible deformations. This property is particularly 
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important when constructing large tanks where even slight distortions could impact visibility 

and compromise the safety of the structure. 

By combining the advantageous stiffness of cast acrylic with appropriate design 

considerations, the loads exerted by water within public aquariums can be effectively resisted 

and distributed. The selection of acrylic as a material account for load-bearing requirements in 

consideration of the hydrostatic pressure, the weight of the water, and potential external forces 

that may act on the aquarium structure. With careful design, including appropriate thicknesses, 

geometric arrangements, and strategic reinforcements, the potential for deflection and 

deformation is minimized, ensuring the long-term performance and safety of the public 

aquarium. 

Figure 10 

 The Dubai Mall’s Acrylic Sheets Aquarium 
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Figure 11 

 Aquarium Tunnel 

 

The endurance of acrylic is harder to determine than that of metal, for example, 

because it varies on a variety of variables, including pressure applied to the material and 

temperature. The temperature, load duration, capacity dimension, tank design characteristics, 

and the presence of pressure (both temporary and permanent loads on the glass) must all be 

considered by the designer when determining the material's endurance due to temperature and 

pressure duration. Furthermore, many more parameters arise throughout the calculation 

process; these are merely the fundamental ones that affect the acrylic panel calculation.  

Determination of the size of the acrylic panel, which is required for the installation of 

the glazing after performing the appropriate computations. Following the computation, we are 

given the acrylic panel's deflection graph with the fewest possible critical deflection points. It 

should be mentioned that only the acrylic panel designer possesses the necessary training and 

expertise to pick the spots for the calculations, which may be based on the material's empirical 

endurance or analysis using the finite element method (FEM). When properly maintained, 

acrylic components can last far longer than expected without developing cracks and without 

requiring polishing or replacing the acrylic panels. 
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2.4.2 Canopies  and Architectural Facades 

Cast acrylic demonstrates exceptional clarity, allowing natural light to penetrate 

through canopies and roof coverages, enhancing the visual experience and creating a pleasant 

indoor environment. 

Figure 12 

Cast Acrylic Architectural Applications 

 

Figure 13 

 Cast Acrylic Applications 

 

When analysing the structural performance of aircraft windows, the concept of strain is 

also essential. Strain refers to the relative deformation experienced by a material under stress. 

CA’s stiffness ensures minimal strain during loading, reducing the risk of permanent 

deformation and maintaining the window's clarity and functionality. 
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2.5 Mechanical  Properties of Cast Acrylic Under High Strain Values 

“The split Hopkinson pressure bar (SHPB) technique is often used because a strain rate 

of 102–103 s− 1 can easily be obtained, and using special experimental setups, strain rates can 

reach 104 s− 1” (Hopkinson Bar - an overview, nd.). A typical split Hopkinson bar equipment 

is used for compression tests, and it has two steel bars (input bar and output bar) between 

which a specimen is inserted, as shown below: 

Figure 14 

 SHPB Model for Compression Tests 

 

Figure 15 

 SHPB Model for Tensile Tests 
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(Kinvi-Dossou et al., 2019) Substantiate that “strong adhesion between fibers and 

matrix of the aforementioned composites is essential to avoid a severe loss of mechanical 

properties along the thickness direction. In their applications, the glass fiber-reinforced (GFR) 

polymers are usually subjected to impact loading during their useful life, and the subsequent 

damage is a serious concern for the structural integrity of these components”. In this sense, the 

dynamic behaviour, fracture, damage, contact, and friction involved in the mechanical impact 

process make it a complex challenge. 

2.5.1 Calibration of Tensile (SHPB) Apparatus 

Calibration is usually prepared prior to commissioning and evaluating the accuracy of 

the SHPB device. The incident and transmitter bars during calibration are first connected by 

the use of an end-threaded cylinder-shaped calibration specimen composed of an identical 

substance to the bars. 

2.5.2 Experimental Studies of Acrylic 

Different mixtures of methyl methacrylate (MMA) monomer, poly (methyl 

methacrylate) (PMMA) powder, and benzoyl peroxide (BPO) catalyst were utilized to 

fabricate specimens for testing. 
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Figure 16  

 Mixtures of Methyl Methacrylate (MMA) Monomer, Poly (Methyl Methacrylate) (PMMA) 

Powder 

 

Table 1 

Strain Rate Effect on Tensile Properties of Acrylic 

 

By comprehensively examining its viscoelastic properties and performance under 

dynamic loading, this research provides valuable information for engineers and designers 

working with cast acrylic materials. Moreover, the outcomes highlight the importance of 

considering strain rate effects and stress concentration phenomena in the design and 

assessment of cast acrylic structures, ultimately enhancing their reliability and safety in 

dynamic loading scenarios. 
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Figure 17 

 Tensile Strength Versus Strain Rate Plot for Acrylic 

 

 

Figure 18 

 Stress Versus Strain Plot from High Strain Rate Tensile Test  

 

2.6 Laminated Glass 

Laminated glass is a safety glass that is developed by sandwiching a layer of polyvinyl 

butyral (PVB) or another interlayer material between the two layers of glass (Chen et al., 

2017). The glass layers are bonded together with the help of a special heating and pressure 

process that creates a solid single piece. This process provides laminated glass with unique 

properties that make it a popular choice in its various applications. The key characteristics of 

the laminated glass include safety, which is the primary benefit of the laminated glass 

(Andreozzi et al., 2014).  
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When the glass breaks, the interlayer includes the fragments together. This prevents 

them from shattering into sharp pieces and reduces the injury from the broken glass. The 

laminated glass functions to enhance security due to the interlayers adding strength and 

toughness to the glass. It is difficult to break as compared to the standard glass, making a 

commo choice for the applications where security can be a common risk. This makes it a 

common choice for applications where security can be a concern, like doors and windows. The 

sandwich layer of the PVB is useful for helping to dampen sound transmission, which makes 

the laminated glass an effective choice to reduce the noise in buildings near busy roads.  

Furthermore, laminated glass can also offer some levels of protection against UV radiation, 

depending on the specific interlayer applied. This is beneficial to protect artwork, furniture, 

and other things from fading because of sunlight exposure. Laminated glass can be 

manufactured with different interlayer materials like colored pattern options (Castori and 

Speranzini, 2017). This is a way to provide the designer with a flexible way to develop 

aesthetically pleasing and customized glass structures. 

Figure 19 

 Laminated Glass Structure 

 



32 

 

 

 

Laminated glass can be applied to the car windshield to increase safety by avoiding 

shattering upon pattern (Del Linz et al., 2017). Other than architectural applications, banks and 

jewelry shops often use laminated glass for the sake of security against forced entry. In a few 

regions where severe hurricanes and storms are common, laminated glass protection is applied 

against strong winds and flying debris. Laminated glass is also employed in environments like 

studios, hotels, and theaters.  

2.6.1 Blast Response of Laminated Glass 

By substituting the naturally fragile, monolithic glass that has historically been used 

for building façades, laminated glass panels are frequently employed to increase the blast 

resistance of buildings. Because the interlayer may hold glass shards and provide residual 

resistance after the glass layers shatter, these composite ductile panels offer greater blast 

resistance and lead to a reduction in glass-related injuries. This article reviews the many 

analysis techniques that have been developed to support laminated glass panel blast design and 

lessen the requirement for costly blast testing. Since polyvinyl butyral is the most often used 

interlayer in building façades, panels containing this material are the main focus. 

The intricate relationship that occurs between the broken glass and the polymer 

interlayer during glass fracture is still not fully understood, as current analytical techniques use 

a semi-empirical approach to the reaction following fracture (Angelides et al., 2023). post-

fracture reaction, which occurs after all glass plies have broken, is the most intricate and 

poorly understood aspect of the blast response of PVB-laminated glass panels. Numerous 

researchers have used shock-tube simulations and large-scale explosion experiments using 

high explosive detonations to investigate this issue (Angelides, Talbot, and Overend, 2023). 
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Figure 20 

Typical Blast Chamber Used for the Testing of Laminated Glass Panel 

 

 

 

 

 

 

Figure 21 

 Yield Lines Formed from Blast Effect 

 

Shear rate graphs showing the polymer weight in relation to various addition treatments 

at 5% concentration. It is noted that the viscosity of the additives under study varies. 

Shear rate graphs show the polymer weight in relation to various addition treatments at 5% 

concentration. It is noted that the viscosity of the additives under study varies. 
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2.7 Conclusion 

Various aspects of the acrylic materials and their properties have been found. The 

mechanical properties are also elaborated by defining the strength of the materials. The studies 

define the effective role of both materials, and their real-world applications are also studied. A 

gap has been found regarding the comparative studies of CA and LG, as their properties are 

individually elaborated by all these studies. The explanation of the comparison of both materials 

collectively is present in the current study, and it is the primary gap fulfilled by the current study. 
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Chapter 3: Methodology 

3.1 Overview of Chapter 

It is important to understand the reliability of water tank materials to ensure the safety 

and sustainability of the water storage system (Pahuja et al., 2020). It helps to identify 

potential point failures and helps in designing the structure that can help to withstand the 

guides, loads, and material selection for managing optimal performance. In this regard, 

accuracy in the reliability analysis is helpful in controlling catastrophic failure, promoting 

longevity, and reducing maintenance costs. Statistical modeling and analysis are important to 

assess the suitability of materials and the safety of structures like water tanks. The use of “strip 

methods” in the shell element analysis can help engineers detect potential failure points and 

find how the material responds to static loads. The process is important for design 

optimization, evaluation of the material integrity, and prevention of hazards. Accurate 

modeling is also helpful in finding the key factors that contribute to the failures of materials 

selected for safety standards. 

In Phase I of the analysis, the hydrostatic loads obtained from a 6.0m depth and 40mm 

wall thickness water tank are going to be applied using strip method once on a 1.0 m width 

strip of CA and then on LG to evaluate the stresses and corresponding deflections. The second 

stage of Phase I takes the advantages of FEM where the same dimensions of the tank is built 

up using CSI SAP. The modelling then is solved firstly by assigning CA sheets properties and 

then solved again with LG sheets properties to compare the results of both materials under the 

effect of hydrostatical pressure. 

Whereas in Phase II of the study, the modeling takes more sophisticated path by 

involving four different variable/parameters (velocity, wall thickness, mass, and hydrostatic 
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pressure) to observe the structural behaviour of CA and LG sheets under the dynamic impact 

of colliding bodies using LS Dyna software. 

3.2 Static Vs. Dynamic Analysis 

Figure 22 

 Main Differences Between Static & Dynamic Analysis 

 

Figure 22 shows a simply supported beam with its mass (m) and flexural rigidity (EI) 

magnitudes. In static analysis, when the force (F) being exerted on the beam’s midspan, it is 

assumed that this force is constant over the time. This assumption can be only accepted if the 

loading rates are minimal. In a similar manner, the variation of the force over the time will be 

very small and it can be considered as a constant force. 

It is obviously well-known how to solve difficulties with static analysis. Compatibility 

conditions, force displacement relations, and equilibrium conditions can all be used to solve 

this. The ability to determine how the beam reacts to loads, strains, deflections, and support 

conditions has its common solving techniques. By examining what takes place during dynamic 

analysis, Figure 22 illustrates a dynamic problem. The force fluctuates when the function F 
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becomes reliant on time. Thus, below is an illustration of a time-varying force, whose value 

fluctuates constantly. 

Figure 23 

 Main Differences Between Static & Dynamic Analysis (Continues) 

 

The beam deflects as a result of the constant force that was used in the static analysis. 

Additionally, the deflection will not change over time. Thus, this represents the mid-span 

displacement, which remains constant across time. Since the beam will not experience any 

acceleration or velocity as long as the displacement remains constant. When examining the 

scenario for dynamic analysis, the force in this case is a function of time, and simply the force 

that varies with time will cause the beam to vibrate. 

This is an illustration of the displacement response and vibration response at the 

midpoint of the beam. Therefore, the displacement will resemble this, and its value will 

remain constantly fluctuating. When the displacement changes as time and velocity increase, 

hence the beam’s velocity is similar to the velocity at the midspan. This speed can be reached 
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if the displacement data is used to comparison. Therefore, as we can see, velocity will alter 

over time, it indicates an existence of acceleration. 

Figure 24 

 Differences Between Static & Dynamic Analysis (Continues) 

 

By comparing the two analyses types, the structure is in equilibrium and there are no 

unbalanced forces when the load is constant, which is the static analysis situation. There is not 

much acceleration either. Not a single beam component is speeding. However, when it comes 

to dynamic analysis, there will be an acceleration that the beam will encounter. Additionally, it 

will result in the mass multiplied by acceleration and inertia force, which is an extra force. 

In order to conclude this explanation of dynamic analysis, we must take into account the 

inertial effect, which is the result of an accelerating mass. Furthermore, as the force changes 

with time, we must find a solution to the problem at every moment. Consequently, dynamic 

analysis computationally intensive. Thus, it is possible to conclude that dynamic analysis is a 

continuation of static examination. Static analysis can therefore be viewed as a specific case of 

this generalised analysis instance when there is no time-varying force or inertia force. 
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3.3 Statical Modeling of Water Tank Failure 

The strip method is the shell element that is applied for the healthy statistical modelling of 

failure in the water tank. To improve manageability, tank walls are managed as vertical slabs 

in the horizontal slab form (Berlinger, 2021). This is helpful in simplifying the applied loads 

model. For this, a 1.0-meter strip is selected to analyse and represent a sectional portion of the 

tank. Such a selective approach is helpful to increase the local examination of the moments 

and forces that can help to understand the structural integrity assessment effectively. Such a 

combination of the strip method and the selection for the assumptions is helpful for developing 

an accurate and efficient water tank behaviour analysis under specific loads.   

3.4 Arch Option Analysis 

Arch action is important to transfer the bending moments in the water tank. This process 

is based on the transfer of the bending moments from tank walks toward its base with the help 

of a rigid joint connection (Khosravi et al., 2011). this is helpful to transfer reaction towards 

walls that are generating tension. Furthermore, arch action reduces tension gradually within 

walls, and this reaches zero at the top. Such phenomena are helpful to optimize the internal 

force distribution and improve structural integrity.  

The bending movement and the sheer force diagram are also involving tension 

distribution data for plotting members and forces in different sections. This helps to optimize 

the distribution of internal force, and it leads to an increase in structural integrity (Anderson et 

al., 2013). Based on the bending movements and shear force diagram, there is applied tension 

distribution data for plotting moments and force within various sections. This provides 

dynamic insights, important structural design, and stability to the weak tank by assessing 

materials. 
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3.5 Deflection Analysis 

The deflection analysis includes Pure PMMA sheets (4.00 mm thickness) that exhibit 

substantial deformation under static and dynamic loads. This is also emphasizing the need for 

the reinforcing components. The recorded deflection values highlight the importance of 

incorporating the fibers to increase the structural aim for meeting the load limits (Compton, 

2012). Contrarily, fiber-reinforced PMMA shows a more conservative figure deflection with 

similar conditions that show an improved performance of the structure. The implementation of 

the reinforcing fibers increases the stiffness and strength and effectively reduces excessive 

deflection. The comparative analysis shows the critical role of the reinforcement to optimize 

the performance and structural integrity of the PMMA material in the application of water 

tanks. 

3.6 Approach in FEM 

Finite Element Method (FEM) is a precise approach that defines the PMMA material 

properties in the SAP software is important. Keeping the ASTM standards for the thermal and 

mechanical characteristics like modulus of elasticity, yielding strength, and accuracy. Such an 

adherence reduces the inaccuracies and employs the standard guidelines for realistic 

simulations. Such a rigorous approach is based on industry-accepted standards and values. 

This leads to fostering confidence in the simulation accuracy that provides a solid foundation 

for further analysis.  

3.7 Modification of Tank Thickness 

Tank thickness is an important step in the FEM analysis, as compared to the 4mm when 

the thickness is increased to 40mm as the tank stiffness; this lead enables a detailed study of 

the deformation and deflection. The aim of this adjustment is the provision of an accurate 
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representation of real-world behaviour. Increased thickness led to a reduction in the deflection 

and improved the resistance to internal and external loads. Such modification ensures a 

realistic simulation that offers valuable insight into the structural integrity of the tank. The 

decision to modify the thickness is important to achieve accuracy for assessing the deflection 

and deformation behaviour.  

3.8 Load Application and Distribution 

For the load application, the linear equation is involved, which is required to apply 

pressure on particular joint patterns on the walls of the tank. Such a non-uniform load 

distribution shows real-world situations that improve the accuracy of the stress distribution 

analysis. Furthermore, load combinations are important to ass the structural integrity in diverse 

conditions. The factors that are considered are dead loads, seismic loads, and wind loads, 

which provide a comprehensive evaluation of deformation and stress. Such combinations are 

assessed from the engineering principles that stimulate realistic scenarios and estimate the 

stresses and deformation under pressure and water conditions. This is important to optimize 

the tank design and to ensure the structural stability.  

3.9 FEM Preparation and Collision Analysis 

The FEM preparation and collision analysis is based on the meticulous process. It includes 

the PMMA sheet as a 3D model, and it has defined the material properties. The PMMA sheet 

thickness is 40mm, and the speed of moving the body is 25MPH, which is selected with 

precision. This ensures the relevance and accuracy of simulating the real-world conditions. 

These parameters are helpful in aligning the scientific justification and considerations. This 

provides the representation of the collision event.  
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3.10 Limitations 

Setting an accurate boundary limitation for the moving body is important as it helps to 

estimate mass and other critical aspects of the FEM preparation. These parameters should 

align with real-world situations for precise simulations. This helps to ensure the model 

faithfully represents the scenario. The kinetic energy of the model system at the time of 

collision is based on the understanding of the total energy loss due to friction, energy 

absorption, and deformation by PMMA. The initial spike was revealed by the analysis of the 

resultant force. Deflection analysis is important to show the PMMA sheet response and 

deformation behaviour during a collision. This offers valuable information to optimize the 

design and structural integrity.  

3.11 Conclusion 

The statical and dynamic modeling methodologies are helpful in providing valuable 

information about water tank materials' behavior. The use of the strip method is important for 

statistical modeling and is helpful for reliable analysis by emphasizing the assumptions of the 

tank walls for the vertical and horizontal sides. An arch action analysis is helpful for the 

gradual reduction of tension in the tank walls, and it optimizes the structural integrity. 

Deflection analysis also elaborates on the significance of the components for the pure PMMA 

and improved fiber-reinforced PMMA.  

The FEM approach is helpful for ensuring the accurate definition of the material property. 

Collision analysis, load applications, and kinetic energy contribute to effective understanding. 

All these methodologies are important to evaluate material optimization of the water tank 

design and ensure safety as well as performance. 
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Chapter 4: Methodology 

4.1 Statical Modeling of Water Tank Failures and Material Reliablity Analysis 

Understanding the reliability and failure characteristics of water tanks is crucial for 

detecting material suitability to avoid potential safety concerns. This section presents statical 

modeling and analysis of water tank failures, using the properties of pure PMMA and fiber-

containing PMMA, aiming to identify key factors contributing to failures and evaluate their 

impact on water tank reliability. The study utilizes the reliable analysis technique of the “Strip 

Method” of shell elements to distribute the static loads and observe failure mode analysis. To 

assess the failure patterns and predict the reliability of different plastic-based materials (Pure 

PMMA and Fibre-Containing PMMA) in water tank applications, several considerations are 

likely to be taken to achieve the accuracy of the obtained results. 

Figure 25 

 Strip Method 

 

 



44 

 

 

 

Figure 26 

 Strip Method 

 

Figure 27 

 Static Behaviour of Water Pressure at Base and Walls 

 

In order to analyze the structural behavior of water tanks, a simplified approach is 

adopted by considering the tank walls as vertical slabs and the tank base as horizontal slabs. 

This assumption allows for a more manageable analysis of the applied loads on the tank. The 

tank walls are treated as vertical slabs due to their relatively larger height compared to their 

thickness. Similarly, the tank base is treated as a horizontal slab because it supports the weight 

and pressure exerted by the water within the tank. 
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To study the applied loads on the tank structure, a 1.0-meter strip is selected for 

analysis. This strip represents a sectional portion of the tank, allowing for a localized 

examination of the loads and their effects on the structure. By focusing on this specific strip, 

evaluating the distribution of forces and moments acting on the tank walls and base can be 

easily determined, thus enabling a thorough assessment of the structural integrity and 

performance of the water tank. 

Figure 28 

 Load Distribution on Strip-Based Analysis 

 

4.1.1 Arch Actions 

In structural analysis, the concept of arch action plays a significant role in the 

behaviour of water tanks. This mechanism involves the transfer of bending moment Mb =

w1.h2

6
 from the tank's walls to its base due to the joint connection between the wall and the 

base, typically of a "rigid type". As a result, a reaction x =
w1.h

2
 is transmitted from the wall to 
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the tank's floor, leading to tension in the base. Simultaneously, this reaction is also transferred 

from the base to the walls, generating tension along the tank's walls. 

However, the fascinating aspect of arch action is its gradual reduction of tension within 

the walls as we move towards the top. This reduction occurs until the tension eventually 

reaches zero at the top of the wall. This phenomenon is crucial in distributing the internal 

forces effectively and optimizing the structural integrity of the water tank. 

Figure 29 

 Arch Action 

 

Once the tension distribution resulting from the arch action within the tank walls is 

determined, it provides a basis for drawing the bending moment and shear force diagrams. 

Using the obtained distributed loads, the bending moment diagram can be plotted by 

integrating the moments along the length of the tank walls. This diagram demonstrates the 

variation of moments at different sections of the structure, aiding in the assessment of 

structural strength and potential failure points. Similarly, the shear force diagram can be 

constructed by evaluating the shear forces at various locations along the tank walls.  

These diagrams play a dynamic role in understanding the internal forces and 

deformations within the water tank, enabling making informed decisions regarding structural 
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design, assessing material deflections, and ensuring the overall stability of the system as it is 

explained in the subsequent section. 

Figure 30  

 Normal Force (N.F.D) & Bending Moment Diagrams (B.M.D) 

 

4.1.2 Analysis of Deflection Under Hydrostatic Loads 

A. Cast acrylic (pure PMMA): 

Supposing a suspended tank/swimming pool of PMMA sheets for walls and base, the 

following data inputs are used to obtain the deflection values due to static loads using a strip 

of 1.0 m: 

Base width (w) = 6.0 m 

Wall height (h) = 6.0 m 

The thickness of the base and walls (t) = 40.00 mm 

Maximum recorded modulus of elasticity (E) = 4 ⨯ 103 MPa 

Specific weight of PMMA (ϒa) = 13.0 kN/m3 
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Moment of inertia (I) =
bt3

3
=

1⨯103(40)3

3
= 2.1 ⨯ 107 mm4  

(EI) = 8.4 ⨯ 1010 Nmm2  

W1 = ϒa ⨯ t + ϒw⨯ h = (13) (40 ⨯ 10−3)+( 10)( 6)= 31.2 kN/m 

Figure 31 

 Simplified Calculations of Deflection on a Thin Shell Element for Pure PMMA 

 

B. Laminated Glass (LG): 

Base width (w) = 6.0 m 

Wall height (h) = 6.0 m 
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The thickness of the base and walls (t) = 40.00 mm 

Maximum recorded modulus of elasticity (E) = 7.0 ⨯ 104 MPa 

Specific weight of LG (ϒLG) = 23 kN/m3 

Moment of inertia (I) =
bt3

3
=

1⨯103(40)3

3
= 2.1 ⨯ 107 mm4  

(EI) = 1.47 ⨯ 1012 Nmm2  

W2 = ϒLG ⨯ t + ϒw⨯ h = (23) (40 ⨯ 10−3)+( 10)( 6)= 60 kN/m 

Figure 32 

 Simplified Calculations of Deflection on a Thin Shell Element for Laminated Glass 

 

The structural behaviour of each of the PAAM materials showcases a significant 

response due to the variety of applied loads. Pure 4.0 mm thick PMMA sheets exhibited huge 
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deformation (deflection) values due to applied distributed static loads and even greater values 

under the applied dynamic loads of collision. 

Meanwhile, fibre-reinforced PMMA showed more conservative deflection figures under 

the same load and specimen geometric conditions. This indicates the importance of the 

existence of fibre or reinforcing components to PMMA when it is meant to be used for 

structural purposes to achieve the desired limits of loads, as the research mentioned earlier 

substantiated. 

4.2 Phase I: Statical Modeling of PMMA Sheets Based on FEM 

4.2.1 Significance of FEM in PMMA Sheets Modeling 

The use of Finite Element Method (FEM) in the study of Polymethyl methacrylate 

(PMMA) sheets offers a comprehensive analysis of the material's behaviour, enabling the 

determination of straining actions alongside deflection values. This section delves into the 

importance of FEM in evaluating the performance of PMMA sheets, particularly in 

comparison to traditional static calculations conducted on tank bases. FEM helps gaining a 

deeper understanding of the structural response and obtain more accurate and reliable results. 

These insights aid in the optimization of design, material selection, and ultimately ensure the 

structural integrity and safety of tank systems. 

4.2.2 Importance of FEM in Analysing PMMA Sheets 

I. Comprehensive Material Behaviour Analysis: FEM allows for a detailed examination of 

PMMA sheets, taking into account their nonlinear and anisotropic behaviours. By 

discretizing the structure into smaller elements, FEM can account for localized effects, 

stress concentrations, and complex deformation patterns that may go unnoticed in 

traditional calculations. 



51 

 

 

 

II. Straining Actions Determination: Traditional static calculations often focus solely on 

deflection, neglecting important information regarding the internal forces and stresses 

experienced by the material. FEM enables engineers to study the straining actions, 

including bending, shearing, and membrane stresses, providing crucial insights into 

potential failure mechanisms. 

III. Accuracy and Reliability: PMMA sheets often exhibit nonlinear behaviour, making it 

challenging to obtain accurate results using conventional methods. FEM employs 

numerical techniques that consider nonlinear material properties, boundary conditions, and 

loading conditions, resulting in more precise and reliable predictions. This accuracy is 

particularly vital in applications where safety is of utmost importance. 

4.2.3 Approach in FEM 

1. Defining Material Properties of PMMA Sheets 

Figure 33 

 Defining Material Properties of PMMA 
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Figure 34 

 Defining Material Properties of PMMA 

 

One of the critical aspects was accurately defining the material properties of PMMA 

(Polymethyl methacrylate) in the SAP (Structural Analysis Program) software system. This 

step was taken to ensure that the simulated results obtained were realistic and reliable. 

To overcome any potential inaccuracies, the material's mechanical and thermal characteristics 

were defined accurately, following the guidelines and standards outlined by ASTM (American 

Society for Testing and Materials). By adhering to these standards, it was ensured that the 

material properties were well-documented and in line with industry-accepted values. 

Defining the mechanical properties of PMMA involved determining key factors such as 

modulus of elasticity, yield strength, ultimate tensile strength, and Poisson's ratio. These 

values were input into the software to accurately simulate the material's behaviour under the 

static loading conditions. 
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The thermal characteristics of PMMA, including thermal conductivity, specific heat 

capacity, and coefficient of thermal expansion, were also defined according to the SPACA 

standards. These properties played a crucial role in simulating the material's response to 

temperature changes, thermal stress, and thermal expansion. 

Accurately defining the material properties in this manner minimized any potential 

inaccuracies that could have impacted the research results. It ensured that the simulations 

conducted with the SAP software system produced realistic and reliable outcomes. 

By following standardized guidelines and utilizing ASTM standards, the research 

achieved greater confidence in the accuracy of the material properties used for PMMA in the 

SAP software system. This approach provided a solid foundation for further analysis and 

interpretation of the research results in phase II. 

4.2.4 Defining Base and Wall Sections 

Figure 35 

 Defining PMMA Shell Base 
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Figure 36 

 PMMA Shell Base 

 

The next step in creating FEM was to define the properties of the tank's base and walls 

in the SAP software system. This was a critical aspect as it would help in simulating the 

behaviour and response of the tank structure under the applied static loads. 

To ensure a more realistic analysis and accurate prediction of deflection, changes were made 

to the thickness of the tank's base and walls. Unlike the previous calculations where a 

thickness of 4mm was chosen, the thickness was increased significantly to 40mm. This 

increase in thickness aimed to enhance the stiffness of the model, enabling a more detailed 

study of deflection and deformation. 

By increasing the thickness, the tank structure would exhibit reduced deflection and 

better resistance to both external and internal loads. This modification allowed for a more 

accurate representation of the real-world behaviour of the tank and provided valuable insights 

into its structural integrity. 

The decision to increase the thickness was based on the objective of studying the tank's 

deflection accurately and obtaining reliable results. It was crucial to ensure that the simulated 

model closely resembled the actual tank's behaviour, and by increasing the thickness, a more 
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realistic representation was achieved. By accurately defining the properties of the tank's base 

and walls, it was possible to conduct a comprehensive analysis of the structural response under 

the applied static pressure of water. This step contributed to a better understanding of the 

tank's behaviour, its strength, and its ability to withstand external forces. 

Overall, the careful consideration given to the choice of material properties and the 

modification of the tank's thickness demonstrated the thoroughness and rigor of the research 

process. These steps were essential in obtaining accurate and reliable results for further 

analysis and evaluation. 

4.2.5 Assigning Loads on Joint Pattern 

Figure 37 

 Assigning Base Loads 
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Figure 38 

 Assigning Wall Loads 

 

The subsequent step involved assigning the inclined water pressure on the tank's walls and the 

application of uniformly distributed loads on the base. Accurate assignment of these loads was 

crucial to simulate realistic scenarios and analyse the structural response of the tank 

accurately. 

To accomplish this, the linear equation of Ax + By + Cz + D was utilized to gradually 

apply the pressure on specific joint patterns on the tank's walls. This approach facilitated a 

more realistic representation of real-world conditions, where the water pressure is not 

uniformly distributed across the entire structure. 

By employing the linear equation, the pressure was carefully applied in a way that mimicked 

the actual behaviour of the tank under the calculated static load of 60 kN/m2. This allowed for 

a more detailed analysis of stress distribution, deformation, and potential failure points. 

Similarly, uniformly distributed loads were applied to the tank's base to simulate the weight of 

the contents and any additional external forces acting on it. By distributing the load uniformly, 

a more comprehensive assessment of the tank's structural stability and behaviour under water 

pressure was achieved. 
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The usage of the linear equation and the application of designated loads on specific 

joint patterns ensured a more accurate representation of the complex interactions between the 

tank structure and the applied loads. This approach provided a realistic simulation that enabled 

comprehensive analysis, evaluation, and prediction of potential structural responses. 

4.2.6 Defining Load Combinations 

Figure 39 

 Defining Service Loads Combinations 

 

Figure 40 

 Defining Ultimate Loads Combinations 
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Load combinations play a crucial role in assessing the structural integrity of various 

engineered components. When considering a water tank constructed with PMMA material, 

defining load combinations becomes significant in determining the potential loads and forces 

that the tank may encounter. Load combinations encompass a comprehensive evaluation of 

several influential factors such as dead loads, live loads, wind loads, and seismic loads, among 

others.  

These combinations, derived using engineering principles, assist in simulating realistic 

scenarios and estimating the potential stresses and deformations experienced by the PMMA 

water tank under water pressure loading condition. The two main load combinations in the 

FEM were service loads to determine the actual deflections of the tank’s walls and ultimate 

load combinations to examine the extreme stresses boundaries of the tested material. 

Figure 41 

 Building FEM Using Divided Meshes of PMMA 
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Figure 42 

 Extruded View of the FEM 

 

 

Figure 43 

 3-D View of PMMA Tank 
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Figure 44 

 Static Load Distribution on the Tank's Walls 

 

Notably, the joints between the tank wall and its base are of particular importance, as 

they play a critical role in accommodating the transfer of bending moments. To ensure a firm 

connection, the joints are designed to be of the "fixed" type, thereby guaranteeing the seamless 

transfer of forces between the tank wall and its base as previously explained. This 

configuration, achieved through the careful engineering and design of SAP, allows for the 

accurate representation of bending moments within the FEM. By accurately modelling the 

joint conditions, we can effectively evaluate the structural Behaviour and integrity of the 

PMMA water tank under the statical water pressure loading, providing valuable insights into 

its overall performance and safety. 
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4.3 Analysis Results 

4.3.1 Bending Moments 

Figure 45 

 Bending Moment Results of PMMA Sheets based on FEM Analysis (with deformation) 

 

The provided photo displays the bending moment distribution in the water tank. 

Obviously, the maximum negative bending moment is recorded as 90 kN.m, while the 

maximum positive bending moment measures 40 kN.m. These values serve as crucial 

indicators of the tank's structural Behaviour under static water pressure. Importantly, the 

material displays sufficient strength and resilience, as the bending moments experienced 

remain well below the maximum limits outlined in segment 2.2.1, which refers to the 

material's mechanical properties.  

This suggests that the PMMA material of the tank is capable of withstanding the 

applied straining actions without nearing or surpassing its mechanical limitations, ensuring its 

structural integrity and safety to be passed to the second stage of this study, phase II. 
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4.3.2 Stresses (F1 & F2) 

The resultant forces F1 and F2 led to the following results. The maximum positive 

stresses reached a value of 205 MPa, indicating the highest level of tensile stress experienced 

in the system. On the other hand, the maximum negative stresses recorded a value of 140 

MPa, signifying the highest magnitude of compressive stress observed. These results suggest 

that the system experienced significant tension under the influence of force F1, while force F2 

caused considerable compression in the system. 

Figure 46  

 Normal Stresses Results of PMMA Sheets based on FEM Analysis 

 

The provided photo depicts the deflection limits of the water tank. In this case, the 

maximum deflection recorded is 112 mm, which highlights the necessity of incorporating 

reinforcing materials for the PMMA structure, such as fibres. The significant deflection 

quantity indicates that the tank's structural integrity may be hardly compromised under the 

applied load conditions.  

By introducing reinforcing materials, such as fibres, the PMMA material's strength and 

stiffness can be enhanced, effectively reducing excessive deflection and improving overall 



63 

 

 

 

structural performance. Reinforcing materials play a crucial role in fortifying the tank against 

deformation, ensuring its ability to withstand external forces and maintain its intended shape 

and functionality. 

Figure 47 

 Deflection (Displacement) of PMMA Sheets based on FEM Analysis 

 

4.4 Phase II: Dynamic Modeling for the Impact of Collisions on PMMA Sheets 

The analysis of dynamic impact represents a vital area of study in understanding the 

behaviour and response of materials, particularly in collision scenarios. This section delves 

into the repercussions of collisions on polymethyl methacrylate (PMMA) sheets. By 

examining various criteria associated with collisions, such as energy absorption, stress 

distribution, and deformation patterns, a comprehensive understanding of PMMA's response 

to dynamic loads can be acquired. Figure xxx shows the high strain rate mechanical behaviour 

of polymetric materials: tensile loadings: 
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Table 2 

 Strain and High Strain Rate Values of Different Polymeric Materials 

 

4.4.1 Energy Absoption 

One fundamental aspect of dynamic impact analysis is the energy absorption capability 

of PMMA sheets. Upon collision, these sheets undergo a substantial transfer of kinetic energy, 

which needs to be effectively dissipated to prevent damage or failure. Extensive research has 

revealed that PMMA exhibits excellent impact resistance, with recorded energy absorption 

values ranging from 12 kJ/m² to 24 kJ/m² (Smith et al., 2019). It is worth noting that the 

specific energy absorption capacity can vary depending on factors like sheet thickness, 

temperature, and strain rate. 

4.4.2 Stress Distribution and Failure Patterns 

Another critical aspect to consider is how stresses are distributed and propagated 

through PMMA sheets during collisions. Stress concentration zones, often observed near 

impact points, influence the material's response to dynamic loads. Experimental studies 
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utilizing high-speed imaging and numerical simulations have shown that PMMA sheets tend 

to experience stress concentrations at contact points, leading to localized yielding (Lee et al., 

2017). With increasing impact severity, these stress concentrations can escalate, potentially 

resulting in crack propagation and sheet failure. 

4.4.3 Deformation and Resilience 

Understanding the deformation characteristics of PMMA under dynamic impact is 

crucial for evaluating its suitability in aquatic applications. Observations indicate that PMMA 

sheets tend to undergo elastic deformation when subjected to low-energy impacts. For 

instance, in low-speed collisions, PMMA sheets typically exhibit a high degree of resilience, 

reverting to their original shape after deformation. However, at higher energy levels, 

permanent deformations and fractures become more prevalent, compromising the material's 

structural integrity. 

4.4.4 Reinforcement Strategies 

To enhance the dynamic impact resistance of PMMA sheets, researchers have explored 

various reinforcement strategies. The addition of reinforcing fibres, such as fibreglass or 

carbon fibres, has been studied extensively. The incorporation of these fibres into PMMA 

matrices improves its mechanical properties, including impact toughness, flexural strength, 

and energy absorption capacity (Wang et al., 2020). Moreover, surface treatments, such as 

coatings or adhesive layers, have been employed to further enhance impact resistance and 

mitigate crack propagation. 

In summary, the dynamic impact of collisions on PMMA sheets involves a complex 

interplay of energy absorption, stress distribution, deformation characteristics, and failure 

patterns. PMMA exhibits notable impact resistance and seeks to absorb and dissipate kinetic 
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energy effectively. However, at higher energy levels, permanent deformations, stress 

concentrations, and potential failure mechanisms become more prominent. The incorporation 

of reinforcing materials and surface treatments can significantly improve the material's 

resilience and impact resistance.  

Further research is warranted to investigate innovative techniques for enhancing the 

dynamic performance of PMMA sheets and expanding their application potential in high-

impact environments harsher than aquatic applications. 

4.4.5 Preparation for Collision Analysis of a Moving Body on PMMA Sheets Using LS-

Dyna 

This segment discusses the process of preparing a finite element model (FEM) to 

analyse the collision between a moving body and polymethyl methacrylate (PMMA) sheets 

using LS-DYNA. The examination of the selection of PMMA sheet thickness, the 

determination of the moving body's speed, and the preview and discussion of the dynamic 

modelling outputs. 

4.4.6 FEM Preparation and PMMA Sheets Thickness 

Firstly, the preparation of the FEM involves creating a 3D model of the PMMA sheets 

and defining the material properties. The sheet thickness is a crucial parameter as it influences 

the response of the material to dynamic loads. In this analysis, a PMMA sheet thickness of 40 

mm is chosen based on a combination of factors, including the intended application, the 

materials' mechanical properties, and previous experimental studies that have investigated 

PMMA's response to impact (Johnson et al., 2018). This thickness ensures adequate structural 

integrity and allows for the study of the material's deformation behaviour during the collision. 
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4.4.7 Selection of Moving Body’s Speed 

To accurately mimic the average speed of aquatic creatures in the collision scenario, a 

meticulous process of selecting the moving body's speed is undertaken. By considering the 

speeds at which aquatic creatures typically move, a speed of 25 miles per hour (MPH) is 

chosen as the desired target velocity. This selection is based on thorough research on the 

locomotion patterns and speeds of various aquatic creatures, such as marine mammals, to 

ensure the realism and relevance of the analysis. 

Figure 48 

 Running the Analysis and Observing Maximum Strain (LS Dyna Photage) 

 

4.4.8 Previewing and Discussing the Output of Dynamic Modeling 

Once the FEM is prepared and the collision simulation is performed in LS-DYNA, the 

output data is obtained. This output includes information such as deformation patterns, stress 

distributions, and energy absorption during the collision event. These data can be visualized 

and analysed to gain insights into the behaviour of the PMMA sheets and the impact response 

of the moving body.  
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The LS-DYNA software offers powerful post-processing capabilities that allow for the 

visualization of results in various formats, such as animations, graphs, and contour plots. The 

output data is then meticulously reviewed and discussed, comparing it to known experimental 

or analytical data, if available, to validate the model's accuracy and derive meaningful 

conclusions about the collision event. 

Preparing the FEM for the collision analysis between a moving body and PMMA 

sheets on LS-DYNA involves meticulous considerations of the PMMA sheet thickness and the 

selection of the moving body's speed. The chosen parameters are based on respective scientific 

justifications and considerations, ensuring the relevance and accuracy of the simulation.  

The output of the dynamic modelling, including deformation patterns, stress 

distributions, and energy absorption, is previewed, analysed, and compared to existing data to 

derive meaningful insights into the collision event and evaluate the performance and 

behaviour of the PMMA sheets. 

Figure 49  

 Establishing Dynamic Analysis of FEM (LS-Dyna Photage) 
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Setting the boundary limits for the proposed moving body is a critical aspect of the FEM 

preparation. To accurately simulate the collision, it is crucial to define the geometry, 

dimensions, and motion characteristics of the moving body within the LS-DYNA model. This 

includes determining the size, shape, and position of the body, as well as assigning appropriate 

boundary conditions. 

Firstly, the geometry and dimensions of the moving body are designed based on the 

intended representation and requirements of the analysis. These can vary depending on the 

specific application or scenario being studied. For instance, if the moving body represents a 

marine creature, the shape and dimensions would be determined by the species being 

modelled. Care must be taken to ensure that the dimensions of the moving body align with 

real-world proportions and are consistent with the intended analysis objectives. 

In addition to the geometric properties, the motion characteristics of the moving body 

need to be defined. This includes specifying the initial velocity, direction, and acceleration, as 

well as any rotational motion, if applicable. These values are vital to accurately represent the 

dynamic behaviour of the moving body during the collision event. 

Furthermore, estimating the mass of the moving body is crucial in determining its 

inertial properties and the impact forces exerted on the PMMA sheets. Through a combination 

of empirical data and theoretical calculations, the average mass of the moving body is 

estimated to be 1.6 kilonewtons. This estimation considers factors such as the average size and 

weight of marine creatures and is chosen to represent a realistic scenario. 

It is important to note that boundary limits and mass estimation should be performed in 

consideration of the specific requirements and objectives of the analysis. These factors should 
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align with the real-world conditions being simulated to ensure accurate and meaningful 

results. 

Therefore, setting the boundary limits and estimating the mass of the moving body in 

the FEM is crucial to accurately simulate the collision event. Careful consideration and 

analysis of the geometric properties, motion characteristics, and mass estimation ensure that 

the LS-DYNA model faithfully represents real-world conditions. By accurately defining these 

parameters, the FEM can provide valuable insights into the dynamic impact of the moving 

body on the PMMA sheets and aid in evaluating the material's performance and integrity. 

Figure 50 

 Adjustment of Displacement Values 
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Figure 51 

 Velocity Variations with Time Interval 

 

4.4.9 Total Energy of the System 

Figure 52 

 Total Energy of Model System 
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Figure 53 

 Total Kinetic Energy of Model System 

 

During the collision between the moving body and the PMMA sheets, it is essential to 

consider the loss of total energy of the moving body as it interacts with the tank's edges made 

of PMMA. This phenomenon can be attributed to various factors, such as friction, 

deformation, and energy absorption by the PMMA material itself. 

One significant factor contributing to the loss of total energy is the frictional forces between 

the moving body and the PMMA sheets. As the moving body comes into contact with the 

tank's edges, friction forces arise, dissipating a portion of the kinetic energy. The magnitude of 

these frictional forces depends on factors such as the surface roughness, contact area, and the 

coefficient of friction between the moving body and the PMMA material. 

Deformation of both the moving body and the PMMA sheets also plays a role in 

energy loss. As the collision occurs, both the moving body and the PMMA material undergo 

deformation, resulting in the absorption of energy. This energy is converted into strain energy 

within the deformed bodies, contributing to the overall dissipation of the total energy. 
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Additionally, the PMMA sheets possess a certain level of energy absorption capability. 

PMMA is known for its ability to withstand impact forces and absorb energy through material 

yielding, plastic deformation, and crack propagation. As the moving body collides with the 

PMMA sheets, energy is dissipated within the material, limiting the amount of energy 

transferred to the rest of the system. 

Understanding and quantifying the loss of total energy during the collision is crucial in 

evaluating the overall dynamics of the system. This information can be obtained through 

analysis of the dynamic modelling results, such as energy balance calculations and 

examination of the kinetic and potential energy changes before and after the collision as it is 

illustrated in the above graph. 

Figure 54 

 Initial Deflection at Time of Collision 

 

 



74 

 

 

 

Figure 55 

 Internal Energy of Dynamic System 

 

The collision between the moving body and the PMMA sheets in the tank's edges 

results in a loss of total energy. This loss can be attributed to various factors, including 

friction, deformation, and energy absorption by the PMMA material. Comprehensive analysis 

of the dynamics and energy balance is necessary to understand the energy dissipation 

mechanisms and optimize the design and performance of the PMMA sheeting in order to 

minimize energy losses and ensure the structural integrity and safety of the tank. 

4.4.10 Resultant Force of the System 

Figure 56 

 Resultant Force of Dynamic Analysis Model 
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The resultant force exerted on the system during the collision between the moving 

body and the PMMA sheets characterizes the dynamic behaviour of the system. Upon 

analysing the FEM results, it can be observed that at the time of the collision (approximately 

at 0.02 seconds), the resultant force experienced a sudden and significant increase from zero to 

approximately 3×10³ kN. 

This rapid increase in the resultant force can be attributed to the transfer of momentum 

and the impact forces generated during the collision. As the moving body makes contact with 

the PMMA sheets, the forces exerted cause an immediate reaction, resulting in a spike in the 

resultant force. This initial peak in the force magnitude reflects the intense interaction and 

energy transfer between the moving body and the PMMA sheets. 

After this initial peak, the resultant force starts to decrease rapidly. The rapid decrease 

is primarily due to the absorption of energy by the PMMA sheets and the subsequent 

deformation of both the moving body and the PMMA material. As energy is dissipated and 

absorbed within the system, the resultant force diminishes, capturing the reduction in contact 

forces and the gradual settling of the bodies involved. 

However, the resultant force exhibits a secondary increase after reaching its minimum 

value. This slight rise records a higher value of approximately 3.5×10³ kN before the system 

settles into a state of rest. This subsequent increase can be attributed to the elastic behaviour 

and spring-back effect of the deformed PMMA sheets, as well as possible rebounding forces 

generated during the collision. These factors contribute to a slight increase in the measured 

resultant force before it eventually reaches a stable and resting state. 

The analysis of the resultant force provides essential insights into the dynamic 

behaviour of the system throughout the collision event. It showcases the immediate impact 
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forces, the subsequent decrease due to energy absorption and deformation, and the final 

stabilization of the system. These observations aid in evaluating the structural integrity and 

performance of the PMMA sheets, as well as informing design considerations and 

optimization strategies for future applications. 

In conclusion, the resultant force experienced during the collision between the moving 

body and the PMMA sheets exhibits a dramatic increase at the moment of collision, followed 

by a rapid decrease due to energy absorption and deformation. Subsequently, the force rises 

slightly before settling to a higher value than the initial peak, reflecting the system's 

stabilization. Understanding the behaviour of the resultant force is pivotal in assessing the 

impact response and optimizing the design of the system to ensure its structural integrity and 

performance. 

4.4.11 Displacement of the System (Deflection) 

The deflection values of the system provide crucial insights into the response and 

deformation behaviour of the PMMA sheets during the collision. Analysis of the FEM results 

reveals that the deflection values initially remain negligible but gradually increase as the 

collision occurs. 

At the time of the collision (around 0.02 seconds), the deflection values start to exhibit 

a gradual rise. This increase is a consequence of the impact forces exerted on the PMMA 

sheets by the moving body. As the collision progresses, the deflection values continue to 

grow, reflecting the bending and deformation of the PMMA sheets under the applied forces. 

The deflection values then reach their maximum magnitude of approximately 36.5 mm 

(at 0.04 seconds). This maximum value represents the peak deformation of the PMMA sheets 

during the collision event. The magnitude of the deflection is influenced by various factors, 
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such as the speed and mass of the moving body, the thickness and mechanical properties of the 

PMMA sheets, and the characteristics of the collision. 

It is essential to note that the occurrence of a maximum deflection value does not 

necessarily indicate failure or structural compromise of the PMMA sheets. PMMA possesses a 

high degree of flexibility and can undergo significant deflections before reaching its breaking 

point. Therefore, the achieved maximum deflection value can provide valuable information 

about the material's ability to withstand and absorb impact forces while maintaining its 

integrity. 

Understanding the deflection values allows for the evaluation of the structural 

performance and resilience of the PMMA sheets. It helps in assessing the material's 

deformation behaviour, load-bearing capacity, and potential areas of stress concentration. 

These insights can be crucial in optimizing the design of PMMA sheets and identifying 

potential means of reinforcement or improvement to ensure their suitability for impact-

resistant applications. 

In conclusion, the deflection values of the system gradually increase during the 

collision between the moving body and the PMMA sheets. The maximum deflection value 

achieved represents the peak deformation of the PMMA sheets and provides valuable 

information about the material's ability to withstand impact forces. Analysing the deflection 

values aids in assessing the structural performance and resilience of the PMMA sheets and 

guides the design and optimization processes for impact-resistant applications. 
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Figure 57 

 Initial & Final Displacements Against Collision Time 

 

4.5 Discussion 

In the analysis of collision scenarios, both statical models and dynamic system models 

play important roles in understanding and evaluating the behaviour of materials and structures. 

While each modelling approach has its own significance and utility, they serve different 

purposes and offer distinct advantages in specific contexts. 

4.5.1 Statical Models Vs. Dynamic System Models 

Statical models are primarily used to study the structural response of materials and 

systems under static or quasi-static conditions. These models provide valuable insights into the 

static behavior, load-carrying capacity, and stability of structures. They are efficient for 

analyzing scenarios where time-dependent or dynamic effects are not significant factors, such 

as in determining the static strength of PMMA sheets under static loads. Statical models are 

advantageous in terms of computational simplicity and ease of implementation, making them a 

valuable tool for preliminary design and analysis. 
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The comparison between statistical models and dynamic system models is important to 

understand the structural behaviour of the water tanks. This is especially important when 

various loads are applied in the static or dynamic form. The statistical modeling approach is 

based on the application of gradual, static loads to the water tank to observe the behavior and 

forecast failure points.  

Application of the strip method by applying the shell elements for distribution of the 

static loads and analysis of the failures.  The arch action mechanism is developed to show the 

transfer of bending the moments within the tank’s base and wall. Such a mechanism is 

necessary to assess the tension distribution that led to the creation of the bending moments and 

shear force diagrams. Deflection, comparing pure PMMA and fibre-containing PMMA. The 

structural behaviour of both materials is scrutinized under static loads, and this reveals the 

significance of deflection in the pure PMMA sheets. It further defines the importance of 

reinforcing the materials for structural applications that enhance the strengths and minimize 

excessive deflection.  

Phase II was the statistical modeling of PMMA sheets on the basis of FEM. It further 

introduces the deep structural behaviour of the PMMA sheets. FEM provides the 

comprehensive behavior of the material and its analysis. This considers the non-linear 

behavior of the PMMA sheets by following the anisotropic and non-linear characteristics. The 

reliability and accuracy of FEM are also emphasized, which ensures precise simulations by 

elaborating the thermal and mechanical properties as per the ASTM standards.  

The FEM analysis is also based on the careful section of the material properties and 

thickness of the tank. The load and load combinations are applied to stimulate real-world 

scenarios. The results show PMMA material and the nature of straining actions that show the 
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structural integrity in specific conditions. A transition towards dynamic modeling shows the 

shift that can impact the collisions on PMMA sheets. The key factors are resilience, energy 

absorption, deformation, and stress distribution. This led to the development of strategies like 

fiber explored to enhance the impact of resistance. Preparation for collision analysis includes 

meticulous FEM considerations like PMMA sheet thickness and moving body speed.  

This provides the estimation of the kinetic energy loss and highlights the friction-based 

understanding of its importance, deformation, and PMMA’s capabilities for the absorption of 

energy.  The analysis of the resistance force during collisions provides information into the 

dynamic behavior of the system. A sudden increase in the collision is followed by a quick 

decrease and a minor increase, reflecting the dynamics of momentum transfer, elastic 

behavior, and energy absorption behavior of the PMMA sheets. 

On the other hand, dynamic system models are essential for studying the response of 

materials and structures under dynamic loading conditions, such as collisions or impacts. 

These models incorporate time-dependent effects, account for the inertia of bodies involved, 

and capture transient responses that statistical models cannot accurately represent. Dynamic 

system models, like FEM (e.g., LS-DYNA), allow for the simulation of complex dynamic 

events, aiding in the analysis of energy absorption, stress distribution, deformation patterns, 

and the transient behavior of materials and structures during collisions. They provide a 

comprehensive understanding of the impact response and help optimize designs for impact 

resistance and safety. 

Both modelling approaches are equally important in their respective domains. Statical 

models are valuable for initial design considerations as they are applied in phase I, feasibility 

studies, and estimating load-bearing capacities in scenarios devoid of dynamic effects. They 
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provide quick and simplified assessments while considering factors such as static equilibrium 

and structural stability. 

Dynamic system models in phase II, on the other hand, are crucial for capturing 

dynamic effects, understanding the complex dynamic behavior of materials and systems, and 

analyzing scenarios where time-dependent responses significantly influence the overall 

performance. They allow for the simulation of collision events with precision and provide 

detailed information about energy dissipation, deformation, stress distribution, and the 

response of materials under different impact conditions. These models offer valuable insights 

for improving material properties, enhancing structural integrity, and optimizing designs in 

impact-prone industries, such as automotive, aerospace, and sports equipment. 

The statistical modeling of the water tank failure and reliability of materials analysis 

provide valuable information about the factors that influence structural integrity. The 

introduction of the strip methods for shell elements in the statistical modeling of water tank 

failure is one of the robust approaches. The analysis of the portion is based on sections of the 

tank with the help of a 1.0-meter strip, and the study provides a localized examination of loads 

and the effect of the structures. Such a methodology simplifies the complex geometry of the 

tank, which allows for manageable and comprehensive analysis. The introduction of the arch 

action within the structural analysis, particularly in the water tanks, is helpful in understanding 

the load distribution. Such a gradual reduction of tank wall tension because of arch reaction is 

important due to the optimization and structural integrity.  

Such phenomena also distribute internal forces effectively, and they contribute to the 

performance and stability of the water tank. The bending moment and shear form diagrams 

result from each action that is based on the different walls of the tank section, which helps in 
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the identification of potential failure points. There is a visual presentation of the moment 

variation and shear forces at different sections of tank walls that are helpful in finding the 

potential failure points. The diagram-based analysis is helpful for informing decisions about 

structural design that further assist in ensuring the entire system's stability.  

The deflection analysis behavior is elaborated on two types of PMMA, including pure 

PMMA and fiber-enforced PMMA. The inclusion of deflection analysis provides critical 

information about the structural response of such materials to static loads. As the results 

describe, pure PMMA sheets exhibit some significant deformation in the presence of static 

loads. This emphasizes the need for reinforcement in structural applications. However, fiber-

reinforced PMMA indicates a conservative figures deflection that highlights the positive 

impact of the reinforcing components on the stiffness and material strength. The second phase 

was about the transition to FEM, which shows the material behaviour as it allows the 

comprehensive examination of PMMA sheets can be a disregard the traditional calculations. 

This approach is helpful for reliable and accurate results to optimize the structural integrity 

and design.  

4.5.2 Practical Implications 

The information assessed from the current study has practical implications for 

engineering and material science and engineering. In the water tank design, understanding the 

arch action and material properties on deflection can help guide the structural engineer in 

optimizing the tank structure to enhance its longevity and stability. Furthermore, in the 

broader applications, the findings related to the impact behavior of the PMMA also have 

relevance with various other industries like those included in the inclusion scenarios. The 
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study also suggests reinforcing the strategies that play a role in the mitigation of the 

deformation and enhancing the overall structural performance of the PMMA materials.  
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Chapter 5: Conclusion 

The investigation of the statical modeling of the water tank failures and reliability 

analysis of the material, specifically the focus on the PMMA materials. This comparative 

study has assessed the significant information related to structural engineering and material 

science. Such a comprehensive study is also spanning the statical modeling, FEM, and 

dynamic impact of the assessment. This enriches the understanding of the intricate impact 

assessment and the structural integrity of the material behavior in various conditions.  

The statical modeling approach employing the strip method for shell elements also 

indicates a powerful tool to assess the water tank behavior. It was based on the selection of a 

1.0-meter strip, and the analysis simplifies the complexity of the tank structure while retaining 

the other critical details. The arch action involvement also shows the gradual reduction of the 

tensions in the tank walls that emerge as the pivotal mechanism to optimize the structural 

integrity. The sheer force and the bending moment result from the actionable information and 

actions from the structural engineers. This enables informed decision-making about the 

stability and design.  

The practical implications of the study extend the realm of theoretical analysis. When 

it comes to the water tank design, the information gained from the arch action and material 

behavior analysis can help the engineers optimize the structures for enhanced stability. The 

findings on the PMMA also impact behavior that is applicable in various industries, such as 

collision scenarios. These reinforce the strategies by highlighting the study also plays a pivotal 

role in mitigating the deformations and improving the structural responses of the PMMA 

materials.  
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The current study is dynamic to explore the multi-faceted exploration of the statical 

modeling, FEM analysis, and dynamic impact assessment as a significant contribution to the 

body of knowledge in material science and structural engineering.  

Statical models and dynamic system models have distinct roles and importance in analyzing 

collision scenarios and understanding the behavior of materials and structures. Each modelling 

approach offers unique advantages and utilities in different contexts, with statical models 

providing quick assessments under static or quasi-static conditions and dynamic system 

models facilitating detailed simulations of complex dynamic events and the impact response.  

Employing both approaches ensures a comprehensive understanding of the behavior of 

systems subjected to dynamic loading conditions and aids in the development of safe and 

efficient designs. 

5.1.1 Summary of the Dynamic Analysis Results 

Table 3 

 Case 1: Variation of Deformation with Velocity at Constant Mass and Hydrostatic Pressure 

 

Table 4 

 Case 2: Variation of Deformation with Velocity at Constant Mass and Hydrostatic Pressure 
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Table 5 

 Case 3 : Variation of Deformation with Velocity at Constant Mass and Hydrostatic Pressure 

 

Table 6 

 Case 4: Variation of Deformation with Velocity at Constant Mass and Hydrostatic Pressure 

 

Figure 58 

 Variation of Deformation with Wall Thickness at Constant Mass, Velocity, and Hydrostatic 

Pressure 
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Figure 59  

 Variation of Stress with Wall Thickness at Constant Mass, Velocity, and Hydrostatic Pressure 

 

Figure 60 

 Variation of Deformation with Velocity at Constant Mass, Wall Thickness, and Hydrostatic 

Pressure 

 

0

200

400

600

800

1000

1200

0 20 40 60 80 100 120

St
re

ss
 (

M
p

a)

Wall Thickness (mm)

Variation of Stress with Wall Thickness at Constant Mass, Velocity, and 

Hydrostatic Pressure 

Laminated Glass

Cast Acrylic

0

0.2

0.4

0.6

0.8

1

1.2

1.4

0 20 40 60 80 100 120

D
e

fo
rm

at
io

n
 (

m
m

)

Velocity (Km/hr)

Variation of Deformation with Velocity at Constant Mass, Wall Thickness, and 

Hydrostatic Pressure 

Laminated Glass

Cast Acrylic



88 

 

 

 

Figure 61  

 Variation of Stress with Velocity at Constant Mass, Wall Thickness, and Hydrostatic Pressure 

 

Figure 62 

 Variation of Deformation with Mass at Constant Velocity, Hydrostatic Pressure, and Wall 

Thickness 
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Figure 63  

 Variation of Stress with Mass at Constant Velocity, Hydrostatic Pressure, and Wall Thickness 

 

Figure 64 

 Variation of Deformation with Hydrostatic Pressure at Constant Mass, Velocity and Wall 

Thickness 
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Figure 65 

 Variation of Stress with Hydrostatic Pressure at Constant Mass, Velocity and Wall Thickness 

 

5.2 Recommendations 

The discussion provided recommendations for future studies, such as the exploration of 

advanced reinforcing techniques, consideration of different collision scenarios, and extension 

of the study towards diverse materials. The comparative analysis has also provided a complete 

assessment of CA and LG. The study can be extended to real-world validation with the help of 

experimental testing that can further enhance the reliability of the findings. 
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