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[bookmark: _Toc271835678]Abstract 
The current thesis focuses on estimating the damage levels and evaluating the out-of-plane behavior of fully-grouted reinforced masonry (RM) structural walls under blast loading, a load that they are typically not designed to resist. Twelve third-scale RM walls were constructed and tested under free-field blast tests. Three different reinforcement ratios and three different charge weights have been used on the walls, with scaled distances down to 1.7 m/kg1/3 and two different boundary conditions, to evaluate the walls’ performances. In general, the results show that the walls are capable of withstanding substantial blast load levels with different extents of damage depending on their vertical reinforcement ratio and scaled distance.
It worth mention that the current definitions of damage states, specified in ASCE/SEI 59-11 (ASCE 2011) and CAN/CSA S850-12 (CSA 2012) standards, involve global response limits such as the component support rotations that are relatively simple to calculate. However, these quantitative damage state descriptors can be less relevant for cost–benefit analysis. Moreover, the reported experimental results showed that the use of quantitative versus qualitative damage descriptors specified by North American blast standards [ASCE 59-11 (ASCE 2011) and CSA S850-12 (CSA 2012)] can result in inconstancies in terms of damage state categorization. Therefore, revised damage states that are more suitable for a cost–benefit analysis, including repair technique and building downtime, were presented. These damage states are currently considered more meaningful and have been used to quantify the post-earthquake performance of buildings. 
In addition, a nonlinear single-degree-of-freedom (SDOF) model is developed to predict the out-of-plane behavior of RM structural walls under blast loading. The proposed SDOF model is first verified using quasi-static and free-field blast tests and then subsequently used to extend the results of the reported experimental test results with different design parameters such as threat level, reinforcement ratio, available block width, wall height, and material characteristics. In general, brittle behavior was observed in the walls with a reinforcement ratio higher than 0.6%. This is attributed to the fact that seismically detailed structural masonry walls designed to respond in a ductile manner under in-plane loads might develop brittle failure under out-of-plane loads because of their reduced reinforcement moment arm. In addition, increased ductility can be achieved by using two reinforcement layers instead of a single layer, even if the reinforcement ratio is reduced. Also, it is recommended to consider the use of larger concrete masonry blocks for the construction of RM structural walls that are expected to experience blast loads in order to reduce the slenderness ratio and for the placement of two reinforcement layers.
Finally, a probabilistic risk assessment (PRA) framework is proposed in order to develop design basis threat (DBT) fragility curves for reinforced concrete block shear wall buildings, which can be utilized to meet different probabilities of failure targets. To illustrate the proposed methodology, an application is presented involving a medium–rise reinforced masonry building, under different DBT levels. The DBT fragility curves are obtained via Monte Carlo sampling of the random variables and are used to infer the locations, within the building premises, that are most suitable for the erection of barriers for blast hardening.
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[bookmark: _Toc271835684]1.1 Statement of the Problem
In recent years, significant damage to structures due to accidental or deliberate explosions has created a requirement where several types of civilian structures must be designed to withstand this type of extreme dynamic loading. Moreover, the introduction of the new American (ASCE/SEI 59-11) and Canadian (CAN/CSA S850-12) Standards for blast resistance design has led to a situation where the procedures used for detailing structural components to resist in-plane seismic loads, need to be revised to withstand out-of-plane blast loads. Since existing structures are not typically designed to resist such blast loads, recently reported research studies have mainly focused on evaluating and improving the performance of existing reinforced concrete (RC) and steel components under blast loading. The problem is magnified for a structural wall subjected to a blast load. This is attributed to the fact that, compared to RC columns, structural walls are more vulnerable under blast as they attract more load, under the same design basis threat (DBT) level, due to their increased surface area. In addition, it should not be assumed that a reinforced structural wall, designed and detailed to behave in a ductile manner under in-plane loads, would remain ductile under out-of-plane loads. This is due to the reduced moment arm of the steel reinforcement in the out-of-plane direction, compared to the in-plane direction. The reduction in ductility problem is magnified for reinforced masonry (RM) walls as a result of the typical mid-cell placement of steel reinforcement within concrete masonry units (CMU) compared to the typical two reinforcement layers within RC walls. 
Furthermore, the recently introduced North American standards for the design and analysis of structures subjected to blast loading [ASCE/SEI 59-11 (ASCE 2011) and the CAN/CSA S850-12 (CSA 2012)] use quantitative damage indicators (i.e. support rotations) to classify the performance of structural components and the expected level of damage. Such indicators do not lend themselves to qualitative damage assessment and thus, repair cost and subsequently cost–benefit analysis. The current thesis focuses on evaluating (experimentally and analytically) the influence of the DBT level and the design parameters on the behavior of fully-grouted seismically-detailed RM structural walls and the subsequent damage classification specified by ASCE 59-11 (ASCE 2011), CSA S850-12 (CSA 2012). In addition, the four damage states designated by ASCE/SEI 59-11 (ASCE 2011) for reinforced concrete block wall buildings are linked to qualitative local damage descriptors/criteria such as the maximum crack width and amount of spalling experienced by the masonry wall.

[bookmark: _Toc271835685]1.2 Motivation
Review of available literature indicates that few experimental research programs have been carried out to estimate the blast response of structural components. This is attributed to the cost and complex nature of this type of testing. On the other hand, the majority of experimental and analytical research studies have mainly dealt with RC, steel, and unreinforced masonry components under blast loading with only a limited number of studies focused RM walls. In this regard, further development of analytical models is needed in order to extend limited experimental based findings and advance the current level of understanding on the behavior of RM structural walls under blast loads. To evaluate the accuracy of the developed (as well as the current) analytical models, experimental data obtained from free-field blast tests are required. In addition, the use of quantitative versus qualitative damage descriptors stated by ASCE 59-11 (ASCE 2011), CSA S850-12 (CSA 2012) can result in discrepancies in terms of damage state categorization. The work presented in this thesis is expected to significantly affect the development of masonry design approaches under blast loading, while maintaining the advantage of simplicity and cost effectiveness of such a construction system.

[bookmark: _Toc271835686]1.3 Objectives
The objectives of this research are as follows:
1. Introduce the basic definitions and the main characteristics of the blast loading. Also, review the experimental blast methodologies and measurement techniques used in field and laboratory testing. In addition, propose and utilize a new field set-up and compare it with real blast testing.
2. To experimentally evaluate the influence of different blast load levels and different design parameters on the behavior of fully-grouted seismically-detailed RM structural walls and the subsequent damage classification specified by ASCE/SEI 59-11 (ASCE 2011), CAN/CSA S850-12 (CSA 2012).  
3. To develop a simplified analytical model that capable to estimate the dynamic response of masonry walls due to blast loading, which will be vital for decision makers.  
4. To extend, through a parametric study, the results of current experimental test results with different design parameters, such as material characteristics and reinforcement ratio. Therefore, an appropriate conclusion can be drawn and recommendation for future work can be taken.	
5. Utilize the analytical model to develop Performance Design Aids for different RM walls that will contribute to the future development of RM design provisions under blast loading in North America.
6. Revise the current description of damage states presented in the modern blast standards to be more suitable for a cost–benefit analysis, including repair technique and building downtime.
7. Propose probabilistic risk assessment (PRA) framework that can be utilized to identify target performance requirements formulated in terms of the facility stakeholders’ specified tolerable probability of failure and consequent risk management manners. 

[bookmark: _Toc271835687]1.4 Scope
The experimental program focuses on evaluating the damage levels and the out-of-plane behavior of fully-grouted RM shear walls under different levels of scaled-distances representing a wide range of threat levels. Fifteen third-scale walls, with typical dimensions of 1,000 mm length x 1,000 mm width x 63.3 mm thickness, were constructed using third-scale replica of the standard 190 mm concrete blocks and then tested under out-of-plane quasi-static and free-field blast tests. In addition, a nonlinear analytical model, based on a SDOF model, was utilized in the current study to evaluate the out-of-plane response of RM shear walls under blast loads. This model has the capability of predicting the damage states that could occur to RM shear walls in terms of maximum crack width and amount of spalling. The proposed analytical model was validated using the experimental data obtained from quasi-static and free-field blast tests. In order to achieve the research goals, the research program included the following phases: 
1. Design and construction of wall test matrix (fifteen third scale masonry walls that divided into four categories based on reinforcement ratio and boundary conditions).
2. Test twelve specimens under free field blast test (to simulate different damage levels) and develop experimentally the resistance function by applying quasi-static load on the remaining three masonry walls.
3. Analyze both out-of-plane free-field explosions and quasi-static tests. 
4. Develop a nonlinear analytical model that has the capability of predicting both quantitative and qualitative damage states (i.e. predicting maximum support rotation and maximum crack width) that could occur to RM shear walls.  
5. Perform an analytical parametric study with different design parameters, in order to develop recommendation for enhance the blast performance of masonry shear walls.
6. Develop DBT fragility curves using the proposed analytical model. These DBT fragility curves give the probability of failure and thus, they are essential to evaluate different options for blast risk management. 

[bookmark: _Toc271835688]1.5 Summary and Main Conclusions
1.5.1 Chapter 2: Performance Assessment of Reinforced Concrete Block Structural Walls Under Blast Loading
Compared to columns, structural walls are more vulnerable to blast loading because of their increased surface areas. In addition, it should not be assumed that a RM wall, designed and detailed to behave in a ductile manner under in-plane loads, would remain ductile under out-of-plane loads. This is mainly attributed to the reduced moment arm of the reinforcement in the out-of-plane direction, because of the typical mid-cell reinforcement placement within CMU. 
To address the above, twelve third-scale one-way fully-grouted masonry walls were tested under free field explosion to determine their out-of-plane behavior. The influences of explosion level, boundary conditions and reinforcement ratio on the performance of the RM masonry walls were evaluated. None of the tested masonry walls experienced shear failure; instead, they all were dominated by flexural response as is evident by the observed horizontal cracks along the interface between mortar beds and concrete blocks within the mid-span vicinity of the wall. 
The captured out-of-plane displacements were used to calculate support rotations, which are used to describe the damage levels occurred in accordance to the ASCE 59-11 (ASCE 2011) and CSA S850-12 (CSA 2012). Finally, the experimental responses were compared to the predictions of a nonlinear SDOF model presented in the UFC 3-340-02 (2008). The model predictions were in good agreement, with errors generally less than 25%. Increased reinforcement ratio and using fixed-fixed boundary conditions instead of simply supported boundaries enhanced the behavior of tested masonry walls by reducing support rotation and induced damage. Support rotations and the corresponding damage are mainly related to the explosion level and scaled distance, while wall stiffness of structural elements did not significantly affect the post-blast behavior. Based on the experimental study presented previously, the use of quantitative versus qualitative damage descriptors can result in inconstancies in terms of damage state categorization. On the other hand, fully-grouted RM walls can withstand low and medium explosion levels before experiencing excessive damage.  Moreover, increasing the out-of-plane ductility of RM walls, without increasing its capacity does not enhance their response nor reduce the level of damage and thus, both design parameters (ductility and resistance) need to be considered for components designed to resist blast loads.  

1.5.2 Chapter 3: Out-of-Plane Performance Quantification of Reinforced Concrete Block Shear Walls under Blast
With the introduction of the new American (ASCE/SEI 59-11) and Canadian (CAN/CSA S850-12) standards for blast resistant design a method to quantify the performance of different structural components under such extreme loads is needed. As such, there is an urgent need to develop analytical models that have the capability of predicting the response of structural components under blast loads. In this regard, a nonlinear analytical model, based on a SDOF model, was used in the current study to evaluate the out-of-plane response of RM shear walls under blast loads. The proposed analytical model was validated using experimental data obtained from quasi-static and free-field blast tests. First, the analytical model determines the blast load parameters in accordance to CAN/CSA S850-12. Next, the nonlinear resistance of the structural wall using fiber model and load-deflection analysis by double integration of the curvature distribution is carried out. Finally, the peak mid-span deflection and the corresponding support rotation are determined. This model was subsequently used via a parametric study to evaluate various design parameters, such as threat level and reinforcement ratio, on the blast induced damage in RM structural walls. In addition, Performance Design Aids, which can be used in the preliminary design of new structures or the prediction of damage that may occur to an existing masonry component subjected to a certain blast level, were developed and presented in the current study. Based on the findings from the analyses, the following conclusions can be stated:
I. RM structural walls are capable of withstanding blast load from substantial blast loads with different extend of damage depending on the threat level and walls characteristics. 
II. A block thickness of less than 190 mm are not recommended in the construction of masonry walls which are expected to experience blast loading. On the other hand, concrete masonry blocks with a thickness of 240 mm (or higher) perform better under blast loading. 
III. Although TMS 402-13/ACI 530-13/ASCE 5-13 specifies a maximum reinforcement ratio of 1.4% for special RM shear walls, using reinforcement ratios higher than 0.7% is not suggested for RM walls that are expected to experience out-of-plane blast loading in order to ensure that the walls remain ductile. This is due to the reduced reinforcement moment arm. As such, two reinforcement layers, instead of the typical single layer of bars placed at the mid-cell of CMUs can be used to enhance performance. A significant increase in the ductility (up to 2.3) was observed at using two reinforcement layers, compared to the predicted less ductile behavior when a single layer is used. 
IV. Increased masonry compressive strength enhanced the plastic moment, and thus the resistance of the masonry wall. However, an increase in the masonry compressive strength did not result in increased ductility. As such, the enhancement in the compressive strength of the masonry may be suitable as long as the resulting blast strength demand does not exceed the wall capacity, which would typically lead to a brittle failure.
V. The impact of reinforcement yield strength on the RM walls damage is inversely proportional to the support rotation. This relationship is only valid to a certain limit; for yield strengths higher than the certain limit, the support rotation will be slightly affected. This limit is directly related to the blast load level.
VI. For a given blast threat, increasing the reinforcement ratio was found to improve the behavior of RM shear walls under out-of-plane blast loads. However, this enhancement is valid only for reinforcement ratios less than 0.7 %, which indicate a brittle response is expected for RM walls with higher reinforcement ratios. This is attributed to the fact that seismically RM walls that are designed to act in a ductile way under in-plane loads are not guaranteed to behave in the same manner under out-of-plane loads.


1.5.3 Chapter 4: A Simplified Framework for Blast Risk-based Cost-Benefit Analysis for Reinforced Concrete Block Buildings
This study presents a general framework for PRA for RM shear wall buildings considered under blast threats. A simplified PRA methodology is also proposed, which overcomes the need for probabilistic assessment of threat and load parameters and leads to the expedient calculation of DBT fragility curves. The developed DBT fragility curves give the probability of failure as it varies with the selected DBT parameters (charge mass and standoff distance). The use of the DBT fragility curves would expedite the final stage of the PRA framework (decision making), by replacing a rigorous cost–benefit analysis with a simpler process based on the stakeholders’ judgment. The latter formulated in terms of tolerable probability of different damage states. For illustrative purposes, the simplified PRA framework is applied for the preliminary site planning of the premises surrounding a four–storey RM shear wall building archetype, whose vulnerability is analyzed by assuming three DBT blast scenarios, namely, personal attack, car bomb, and truck bomb. The uncertainty in the RM shear wall system characteristics is partly accounted for by modeling both the masonry assemblage compressive strength and the position of the longitudinal reinforcement as normally distributed random variables. The RM shear wall response to out–of–plane blast pressure, including maximum crack width and spalling ratio, is evaluated by stochastic SDOF modeling. The results suggest the erection of fences, anti–ram car barriers, and truck barricades at specific minimum standoff distances from the RM shear wall building, in order to meet the target design requirements in terms of specified probabilities of incurring moderate, heavy, and hazardous damage. Finally, based on the fragility curves results, consideration of a range of potential interventions (e.g. strengthening) as well as the use of more sophisticated means, including a generalized PRA, and a more detailed analytical model for the prediction of the RM shear wall building blast response might be required.

1.5.4 Chapter 5: Additional Information
As the name indicates, this chapter presents a collection of data that covers material characterization, analytical model development, wall damage pattern, and SDOF validation.
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In the glance of the experimental test data; numerical model results and research results, several research topics are suggested for future studies such as follows:
I. In the present experimental study, only one-way masonry walls were examined. Future tests can include the effect of boundary conditions on the out-of-plane performance of masonry walls under blast loading. It is expected that two-way masonry walls and masonry wall systems with boundary elements under out-of-plane loading will possess beneficial characteristics compared with one-way walls, but the relation among the different systems need to be studied.
II. Axial load is neglected in this study, and such load will produce extra deflection due to P-δ effect. The residual axial resistance of damaged masonry walls can be determined experimentally and compared to corresponding axial resistance of undamaged walls. There is a correlation between the drop of axial resistance and damage occurred, but the relation between them is not defined yet for masonry wall. Such relation can be obtained using many methods such as Monte Carlo simulation, while Copula method is more suitable for this case.
III. The SDOF model used in this study is based on the fundamental deformed shape and hence, higher mode effect is neglected. For future research, MDOF and FE models need to be developed. By comparing the analytical results of the three models (SDOF, MDOF, and FE models) to the corresponding experimental results, the accuracy of using the different models can be compared to examine which is the most suitable for such analysis.
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Chapter 2: Performance Assessment of Reinforced Concrete Block Structural Walls Under Blast Loading

ABSTRACT: With the introduction of the new American (ASCE 59-11) and Canadian (CSA S850-12) standards for blast resistant design, there is a need to quantify the performance of different structural components under such extreme loads. This paper focuses on experimentally evaluating the damage levels and the out-of-plane response of fully-grouted reinforced masonry structural walls under blast loading (in their impulsive regime); a load that they are typically not designed to resist. The scaled walls reported in this paper cover a range of design parameters and charge weights that reflect different design basis threat levels. Three different reinforcement ratios and three different charge weights have been used on the walls, with scaled distances down to 1.7 m/kg1/3 and two different boundary conditions, to evaluate the walls’ performances. In general, the results show that the walls are capable of withstanding substantial blast load levels with different extents of damage depending on their vertical reinforcement ratio and scaled distance. However, brittle behavior was observed in the walls with a reinforcement ratio higher than 0.6%. This is attributed to the fact that seismically detailed structural masonry walls designed to respond in a ductile manner under in-plane loads might develop brittle failure under out-of-plane loads because of their reduced reinforcement moment arm. The peak experimental support rotation values were compared to the corresponding values obtained using an available nonlinear single-degree-of-freedom (SDOF) model presented in the Unified Facilities Criteria UFC 3-340-02 (2008) document. In general, the comparison between the experimentally obtained and the analytically predicted support rotation values indicated reasonable agreement. The test results are expected to contribute to the growing masonry blast performance database of experimental results and to the future development of reinforced masonry design provisions under blast loading in North America, where a balance between the wall strength and ductility might be needed to remain below the damage thresholds provided by the performance-based-oriented ASCE 59-11 and CSA S850-12 standards.

Keywords: Blast Loads, Blast Scaling, Experimental Tests, Flexural Out-of-plane Resistance, Reinforced Concrete Masonry, Structural Walls. 
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With the increased demand for higher safety levels and enhanced structural performance under extreme dynamic loading, quantifying the behavior of different structural components under such loading conditions is becoming necessary. Due to the complex nature of and the resulting damage from blast loads, the recent North American blast resistant design standards [ASCE 59-11 (ASCE/SEI 2011), CSA S850-12 (CSA 2012)] have been focused on developing detailing techniques for civilian structures designed to withstand different combinations of blast load levels generated by a range of explosive charges and standoff distances. When a combination of a specific charge weight and a standoff distance is selected for design purposes, it is referred to as the design basis threat (DBT) [ASCE 59-11 (ASCE/SEI 2011)]. Since existing structures are not typically designed to resist such DBT, recently reported research studies have mainly focused on evaluating and improving the performance of existing reinforced concrete (RC) and steel components under blast loading [Wang et al. (2012), Li et al. (2012), Nassr et al. (2012), Stoddart et al. (2014)]. Other recent studies have focused on hardening (retrofit for blast) concrete components using fiber-reinforced polymer (FRP) [Rodriguez-Nikl et al. (2012), Coughlin et al. (2010)]. As far as masonry construction is concerned, the majority of masonry blast research reported in literature has focused either on unreinforced masonry (URM) wall behavior [Dennis et al. (2004), Abou-Zeid et al. (2011-a) Baylot et al. (2004)], or relevant hardening applications attempting to enhance the response of URM walls strengthened with FRP sheets or other external reinforcement systems [Abou-Zeid et al. (2011-b), Al-Salloum and Almusallam (2005), Irshidat et al. (2011)] with only a limited number of studies focused on reinforced masonry (RM) walls [Mayrhofer (2002), Wu et al. (2005)]. 
Within a typical RM building, the resistance to lateral forces, such as those generated from seismic events, and corresponding deformations are typically provided by the in-plane strength and stiffness of the RM structural walls. On the other hand, it should not be assumed that a RM structural wall, designed and detailed to behave in a ductile manner under in-plane loads, would remain ductile under out-of-plane loads. This is mainly attributed to the reduced moment arm of the steel reinforcement in the out-of-plane direction, as a result of the typical mid-cell placement of steel reinforcement within concrete masonry units (CMU) compared to the typical double reinforcement layers within RC walls. The tendency to develop a brittle response is also attributed to the reduced strength of RM construction compared to their RC counterparts, which further increases the depth of the wall cross section’s compression zone under out-of-plane flexure. Moreover, the typical lack of confinement (e.g. using stirrups) in RM walls compared to their RC counterparts may result in significant damage and further reduction of the wall cross-section’s ductility under out-of-plane deformation demands.  
Although blast design is essentially component-based, performance-based standards take a more holistic approach by considering the overall building state following DBT. As such, it is also important to recognize that the failure of a gravity load-resisting component (e.g. structural wall) may seriously impact the overall structural integrity of the building and lead to progressive collapse [ASCE 59-11 (ASCE/SEI 2011), CSA S850-12 (CSA 2012)]. Within this context, although recent research studies have focused mainly on the failure (removal) of columns under extreme loads [Williams and Williamson (2011), Krishnappa et al. (2013), Lew et al. (2013), Sadek et al. (2013), Yu and Tan (2013), Bao et al. (2014)], the problem is magnified for a structural wall subjected to a blast load. This is attributed to the fact that, compared to RC columns, RM walls are more vulnerable under blast as they attract more load, under the same DBT level, due to their increased surface area. As such, the scenario of a structural RM wall with a large surface area attracting more load, combined with the walls’ reduced weak axis moment of inertia and the possibility of brittle failure, might prove to be significantly more critical than a RC column under the same DBT.
The current study focuses on experimentally evaluating the influence of the DBT level and the design parameters on the behavior of fully-grouted seismically-detailed third-scale RM structural walls and the subsequent damage classification specified by ASCE 59-11 (ASCE 2011), CSA S850-12 (CSA 2012). The test results include details of the test protocol, measured support rotations, and the observed wall damage levels and corresponding failure modes. In addition, the experimental results were compared to the predictions of a single degree of freedom (SDOF) model, described in UFC 3-340-02 (2008) and then correlated to code specified damage threshold levels, and corresponding system level of performance.
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Hopkinson-Cranz or cube root scaling is commonly used for explosive scaling where self-similar blast waves are produced at identical scaled distances, , where R is the standoff distance from the detonation source, and W is the charge mass. The scaled distance approach can be used to correlate two explosive charges of similar geometry and of the same type of explosive, but with different charge sizes, detonated under the same atmospheric conditions (Baker et al. 1983) but at different standoff distances. The DBT levels adopted in the current study considered charge weights between 100 and 1,000 kg at a standoff distance of 15.0 m (at full-scale) in order to produce a range of damage based on the preliminary results of a nonlinear SDOF model that is discussed later in the paper.
With third-scale walls being used, keeping the same Z value as that of the full-scale to meet the similitude requirements would result in the same blast peak pressure, while the load duration must be reduced to one-third (Harris and Sabnis 1999). As such, the standoff distance, and subsequently the impulse, should also be scaled accordingly in order to scale down the load duration, while keeping the blast pressures the same as that at full-scale (Harris and Sabnis 1999). The charge weights used in the current test program were scaled to maintain the same scaled distance and thus, to produce the same incident (and reflected pressure). Using a geometrical scale factor of SL=1/3 results in the standoff distance of 5.0 m (compared to 15.0 m at full-scale). The walls were constructed using third-scale replicas of the standard 190 mm CMU available in North America with specified dimensions (63.3 mm thick x 63.3 mm high x 126.6 mm long), as shown in Fig. 2.1-a, and tested under free field explosions. Subsequently, the twelve third-scale walls, had typical dimensions of 1,000 mm length x 1,000 mm width x 63.3 mm thickness. The scaling factors are listed in Table 2.1.
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Each wall consisted of 15 courses high with seven and half blocks in each, as illustrated in Fig. 2.1-b. All walls were constructed in a half-block running bond using third-scale face-shell mortar bedding to simulate common construction practice in North America. In order to simulate the actual construction process, the masonry walls were built in two stages (i.e. to allow for low lift grouting). In addition, in order to reduce the possibility of creating a cold joint, a shear key was introduced by limiting the grout within the first grouting stage to the mid height of the 8th course. 
With typical RM construction utilizing precast RC hollow slab systems, the out-of-plane partially fixed boundary conditions of the walls fall between fixed and simply-supported. In order to simulate the simply supported boundary condition, as shown in Fig. 2.2-a, the walls were built on and capped with steel C-channel sections 101.6 mm (4 in) height by 40.2 mm (1.6 in) width in order to facilitate placing the walls within their setup during the blast tests. Each of the two upper and lower C-channels had mortar beddings at their interface with their corresponding walls for leveling. In addition to the above, the fixed-fixed walls had their vertical reinforcement bars welded to both the upper and lower C-channels, as illustrated in Fig. 2.2-b, to simulate reinforcement going through the RC slabs/foundation.  In addition, two welded steel members were used to connect the top and bottom C-channels, as can be seen in Fig. 2.2-b to provide fixation against their rotation. In addition to the blast-loaded walls reported in the current paper, three identical masonry walls, with identical fixation boundary conditions (i.e. side plates connected to top and bottom steel channels), were tested under quasi-static loading (ElSayed et al., 2014). The experimental wall peak resistances were in good agreements with mechanics-based models considering fixed-fixed boundary conditions.
Unlike RC walls when a two layers of reinforcement exist, the size of concrete block construction that practically limits the reinforcement at mid-wall thickness result in a significantly reduced stiffness, and moment capacity, at RM wall ends compared to their RC counterparts. This is also more relevant to RM walls compared to RC walls because of the weak interface between the RM walls and slab system, unlike RC walls and slabs, where the construction is monolithic. In addition, in RM construction, the floor system is typically constructed of pre-cast hollow-core concrete panels that offer less wall-end restrains than cast-in-place RC slab systems. As such, the current study did not account for possible membrane forces that might have developed by the side plate clamping effect can be conservatively ignored.
It should also be noted that it is almost impossible to apply a constant axial load on a RM wall (or any structural component to that matter) under blast, expect by testing the component as a part of a complete system (building or a part of a building). This became apparent as the use of prestressing was omitted, as the prestressed wires would both change the resistance function of the walls as they deflect, and would not maintain the same level of initial axial forces, which will complicate the wall behavior analysis even further. In addition, the use of hydraulic actuators would not have worked as well as hydraulic actuators would not be capable of maintaining (adjusting) their force level under blast loading within milliseconds increments, while the wall is deflecting

[bookmark: _Toc271835695]2.2.3 Material 
Eighteen scaled blocks were randomly selected and tested in accordance to the CSA A165.1 (CSA 2004-a) to obtain an average compressive strength. The average compressive strength and corresponding coefficient of variation (COV) were 20.3 MPa, and 15.2%, respectively. These values were calculated based on an average net area of 4,789 mm2. Type-S mortar with an average flow of approximately 125% was used in all the batches and proportioned by weight for better quality control. The proportion of portland cement: lime: sand: water was 1.0: 0.2: 3.5: 0.9. Water was added gradually to achieve the workability requirements as determined by the mason. In accordance to the CSA A179-04 (CSA 2004-c), three 51 mm cubes were cast from each mortar batch and tested after 28 days resulting in an average compressive strength of 17.3 MPa and a COV of 17.1 %. The average grout compressive strength was 16.8 MPa with a corresponding COV of 18.5%. Seventeen four-block high by one-block long (270 mm high x 126 mm long x 63 mm thick) fully-grouted masonry prisms were constructed and tested according to the CSA S304.1-04 (CSA 2004-b) with an average compressive strength () of 18.4 MPa (COV= 17.0%). This is equivalent to 21.2 MPa for the standard two-blocks high prisms in accordance to the C1314-11 ASTM Standards (ASTM 2011-a). Finally, two different types of scaled bars were used as vertical reinforcement, D4 and D7 bars (with areas of 26 and 45 mm2, respectively) corresponding approximately to M15 and M25 bars, respectively at full-scale. For the horizontal reinforcement, W1.7 wires (with area of 11 mm2) were used to simulate M10 bars in full-scale. By performing tensile tests on D4 and D7 reinforcement samples, the average yield strengths were found to be 515 and 481 MPa (COV= 3.5 and 2.8%), respectively.  Further details and summaries of research studies pertaining to the use of scaled steel and scaled CMU can be found elsewhere (Harris and Sabnis 1999). 
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The main objective of the current study is to quantify the performance of seismically detailed RM walls that are not designed for out-of-plane loads and to link the wall support rotations to expected damage level specified by the ASCE 59-11 (ASCE 2011), CSA S850-12 (CSA 2012). The minimum vertical reinforcement ratio for RM structural walls, in accordance to both North American blast resistant standards, is 0.25%. The Canadian standard for structural masonry design [CSA S304.1-04 (CSA 2004-b)] specified a maximum reinforcement ratio of 2.0% for moderately ductile RM shear walls. On the other hand, the maximum reinforcement ratio for Special RM shear walls is evaluated as 1.4% per the requirements of the MSJC (2013) [TMS 402-13/ACI 530-13/ASCE 5-13]. As such, three different reinforcement ratios, as shown in Fig 2.2-c, representing low (0.33%), moderate (0.62%), and high reinforcement ratios (1.07%), were used in this study.
 The damage expected from a DBT is typically a function of the severity of the blast impulse, which increases as a function of the size (mass) of explosive charge and/or the proximity of the charge (i.e. the standoff distance). Therefore, far-field explosions (i.e. scaled distances higher than 1.2 m/kg1/3) (Dusenberry 2010) were adopted in this study to ensure uniform pressure distributions on the RM wall surface and to avoid localized failure mechanisms (e.g. breaching) that might develop under close-in explosions (Dusenberry 2010). 
The three charge weights selected aimed at producing three damage levels: Moderate, Heavy, and Hazardous failure (in accordance to both ASCE/SEI 59-11 and CSA S850-12). As such, three wall groups: Group I (subjected to 5 kg), Group II (subjected to 10 kg) and Group III (subjected to 25 kg) of Pentex-D explosive charge (with a TNT pressure equivalency factor of 1.2) were tested under the same standoff distance of 5.0 m, which all fell within the 1.2 m/kg1/3 scaled distance threshold of far-field explosions as presented in Table 2.2. The designation of the masonry walls given in Table 2.2 consisted of two letters followed by two numbers representing the charge weight in lbs. The first letter represents the support conditions (S: Simply supported or F: Fixed-fixed), while the second letter represents the vertical reinforcement ratio (L: Low, M: Moderate or H: High). For example, Wall SL11 represents a Simply supported wall with Low vertical reinforcement ratios (0.33%) that is subjected to 5 kg (11 lb) of Pentex-D explosive charge at the same standoff distance of 5.0 m as the rest of the walls.
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As shown in Fig. 2.3-a, the main components of the steel bunker used in testing the RM walls consisted of the reaction frame, the displacement transducers mounting system, and the bunker walls. The reaction frame as illustrated in Fig. 2.3-b consisted of six welded rectangular hollow steel sections (HSS) with the dimensions of 101.6 mm (4 in) x152.4 mm (6 in) x 11.1 mm (3.5/8 in). The flange side of the C-section members on the top and the bottom of the walls were in direct contact with two 50.8 mm (2 in) diameter solid steel rods that were welded to the two upper and lower HSS forming the bunker frame. Another six HSS members were welded to form the mounting system used to fix the displacement transducers and string potentiometers needed to measure wall displacements. The reaction frame and the displacement transducer mounting system were welded to a 6.4 mm (0.25 in) base steel plate. The two sides, bottom and rear face of the bunker had plates that were welded to the built-up steel frame of the bunker. Additionally, the upper side of the bunker had a steel hatch, which provided access to the displacement transducers between the blast shots. To reduce the clearing effects, three steel plates (two-side and an upper parapet wing walls) were installed on the test bunker, as shown in Fig. 2.3-c thus ensuring uniform pressure on the wall surface. The dimensions of the wing walls were selected based on ConWep (Hyde 1990) analysis to minimize variation in the pressure and the impulse for the specific range of scaled distance utilized.
Three displacement transducers were used to monitor the out-of-plane displacement behavior with two 300 mm stroke connected at the quarter points of each wall specimen, as shown in Fig. 2.4, and one, with a 360 mm stroke connected to each wall’s central point to record the wall mid-span deflection response history. In addition, two strain gauges were installed on the middle vertical steel reinforcement bar at its half and three-quarter height. To measure the reflected pressure, three piezoelectric pressure transducers were used around the tested wall. An additional pressure transducer was placed inside the steel bunker to measure any pressure variation that might result from possible over pressure leakage, as shown in Fig. 2.5.    
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Group I walls (see Table 2.2), tested under 5 kg (11 lb) of Pentex-D, generally developed tension cracks within the bed joints of the mid-height zone of the walls on the rear face. Wall SL11 cracked between the 6th and 10th courses, as shown in Fig. 2.6-a, while Wall FL11 cracked above the 7th course, as illustrated in Fig. 2.6-b. For Wall FM11, two horizontal cracks formed in Fig. 2.6-c, occurring above the 7th and 8th courses. On the other hand, there were no compression or tension cracks observed in Wall FH11. Spalling/scabbing was not observed in the front face of Group I walls, except for Wall SL11 where spalling occurred above the 8th course. In addition, the practical limitation of concrete block construction, which limits the reinforcement at mid-wall thickness, results in tension cracks propagating well into the grout cells for more than half the wall thickness.
Group II walls, tested under 10 kg (22 lb) of Pentex-D, was subjected to double the charge weight at the same standoff distance. As shown in Fig. 2.7, the majority of the cracks occurred horizontally in mortar joints with some minor cracks propagating through the concrete blocks in Wall SL22. The full length horizontal bed joint cracks on the top or the bottom of the mortar joints indicated loss of bond between the mortar and the block. The cracks were visible and more extensive compared to the corresponding cracks in Group I walls. Moreover, the extent of cracking and deflection reduced significantly from Wall SL22 to Wall FH22 due to the changes in the boundary conditions and reinforcement ratio. Wall SL22 cracked between the 5th and 12th courses, compared with Wall SL11 where it experienced horizontal tension cracks extended between the 6th and 10th courses. Similar behavior was observed in Wall FL22 where three full length horizontal bed joint cracks on the top and the bottom of the mortar joint above the 6th, 7th, and 8th course occurred compared to a single crack above the 7th course in Wall FL11. On the other hand, two cracks were observed in Wall FM22 above the 7th and 8th courses compared to two hair cracks above the 6th and 7th courses in Wall FM11. Finally, Wall FH11 did not suffer any visible tension cracks, while Wall FH22 had two horizontal cracks above the 7th and 8th courses.

Group III walls were tested under a relatively high blast load in order to quantify the wall damage under high strength and ductility demands. Walls SL55, FL55, FM55, and FH55 were all subjected to 25 kg (55 lb) of Pentex-D (five times the charge weight used in the Group I) while maintaining the same standoff distance as in Groups I and II. As illustrated in Fig. 2.8, generally more damage developed in Group III compared to Groups I and II with the extent of damage depending on the tested specimen. Walls SL55 and FL55 were split into two halves and both tensile cracks and compressive spalling were observed in both parts. In Wall SL55, only one failure surface occurred above the 7th course (almost at wall mid-height), while on Wall FL55 there were two cut surfaces above the 8th course (almost the wall mid-height), and between the wall top and the upper steel C-channel. Wall splitting occurred due to excessive plastic strains in the vertical reinforcement bars, as the necking of steel bars was observed at the failure edge, as shown in Fig. 2.8-b. In spite of the fact that Wall FH11 did not suffer cracking or visible deformation in Group I and only two horizontal cracks were observed in Wall FH22, a significant amount of tension cracks occurred in mortar joints and propagated through the concrete blocks in Wall FH55, as shown in Fig. 2.8-d. The face shell and parts of the grout on the compression side of the walls also spalled off leaving the vertical and horizontal reinforcement at the corresponding areas exposed. In addition, full length tension cracks propagated along the wall width in both mortar joints and concrete blocks. The same behavior was observed in Wall FM55, in which several tension cracks propagated along the wall width in both mortar joints and concrete blocks from the 6th to the 10th. In addition, vertical reinforcement was exposed due to splitting of the compression face shell. The deformed shape of both Walls FM55 and FH55 were characterized by large permanent deformations.
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Based on visual observations following the blast shots, it was noted that the walls with reinforcement ratio higher than 0.6% responded in a brittle manner under the highest DBT evaluated. This is attributed to the fact that seismically detailed walls, which are designed to be ductile under in-plane loading, might not necessary behave in the same way under out-of-plane loads. Subsequently, further analysis is necessary to study the response of the walls under different levels of DBT. 
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As can be seen in Table 2.3, the ASCE 59-11 (ASCE/SEI 2011) and CSA S850-12 (CSA 2012) classify four damage levels ranging between Superficial (where visible permanent damage is unlikely), Moderate (where permanent damage might be visible, but reparable and component failure is unlikely), Heavy (where significant, mostly non-repairable, damage develops yet component failure remains unlikely), and Hazardous (where component fails). 
According to the qualitative damage descriptions in Table 2.3, the damage of Group I walls could be classified as Superficial as none of the walls exhibited permanent damage. For Group II walls, the extent of cracking and the significant permanent deflections in Wall SL22 would classify it under the Heavy damage category. On the other hand, the permanent deflection and cracks propagated only within mortar joints in Walls FL22, FM22 and FH22 and thus, these walls could be classified under the Moderate damage category in accordance to ASCE 59-11 (ASCE 2011) and CSA S850-12 (CSA 2012). Finally, Group III wall damage would be classified as Hazardous failure or higher in according to ASCE 59-11 (ASCE 2011) and CSA S850-12 (CSA 2012). Because of the complete collapse of Walls SL55 and FL55 they were designated under the blowout category according to the CSA S850-12 (CSA 2012), which is also a damage category not permitted in the ASCE 59-11 (ASCE 2011) and CSA S850-12 (CSA 2012).
Within the low range of DBT, there was no significant influence of the wall boundary conditions or the flexural reinforcement ratio on the wall performance as all walls fell within the superficial damage state. On the other hand, at the highest DBT considered, the reinforcement ratio played a major role on the wall performance and its post-blast structural integrity. The hazardous failure mode of Group III walls indicate that a balance between ductility and strength should be carefully considered in blast resistant RM walls as increased ductility with reduced strength might result in a wall displacement demand, under a specific range of DBT levels, that might exceed the displacement capacity of the wall or result in permanent deformations that might be detrimental to the wall. On the other hand, having a less-ductile, stronger wall is expected to result in less permanent deformation and increased capacity. However, this is only valid as long as the resulting blast strength demand does not exceed the wall capacity, which would typically lead to brittle failure. To explore this behavior, the following sections, will attempt to quantitatively categorize wall damage levels in accordance to the ASCE 59-11 (ASCE/SEI 2011) and the CSA S850-12 (CSA 2012). Prior to the wall quantitative categorization, and in order to validate the experimental wall support rotation results through comparisons to analytical predictions, a simplified SDOF will be utilized to analytically predict the response of the tested RM walls using a blast pressure history curve fitting technique based on the modified Friedlander equation (Baker et. al 1983), as will be explained next. 
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A typical reflected blast pressure wave signature resulting from high explosive charge consists of two main phases: a positive and a negative pressure phases, and the peak incident pressure, Pso, and the positive phase duration depend on the characteristics of the DBT level (Baker et al. 1983). The reflected pressure wave is a function of several blast environment parameters such as the characteristics of the ground surface and the surrounding atmospheric condition. In order to predict the air blast parameters, sets of empirical equations or charts are available [UFC 3-340-02 (2008)]. In addition, software such as ConWep (Hyde, 1990) can be also utilized to determine blast parameters, based on experimental data collected from TNT blast test database. 
In addition to the typical variability in blast profile measurements, the aim of the paper is to introduce a simplified SDOF model to predict the experimental data. This model includes an idealized load profile that can be re-developed by design engineers. Based on the above, the simplified analytical model presented in the study neglected the effect of negative impulse, not only because it is considered even more uncertain in terms of blast load profile (Baker et al. 1973) but because ignoring the negative phase effects would also result in a more conservative estimate of the wall displacements.
For the current study, the peak reflected overpressures and the corresponding impulses are predicted using the simplified formulation of the CSA S850-12 and listed in the 5th and 8th columns in Table 2.4, respectively. The peak overpressures and the corresponding impulses are predicted also using ConWep software and are presented in the 6th and 10th columns in Table 2.4. The experimental pressure values were recorded using a high-speed data acquisition system with a sampling rate of 1 MHz. Figures 2.10-a, 2.10-b and 2.10-c illustrate the recorded pressure histories for Groups I, II and III walls, respectively. To evaluate the positive phase duration required for the Friedlander equation (Baker et. al 1983), the blast pressure histories were numerically integrated, to yield the corresponding impulse values. The point of maximum impulse would then represent the end of the positive phase duration. Consequently, least square regression using the Modified Friedlander Equation (Baker et. al 1983) were performed to determine the peak reflected pressure and the corresponding impulse values (the 4th and 8th columns in Table 2.4, respectively) in order to facilitate their inclusion in the SDOF. 
In general, the recorded blast parameters were close to the corresponding values determined using ConWep (Hyde, 1990) and the CSA S850-12 (CSA 2012) equations. The difference between the measured and predicted reflected pressure is about 10%, except at the 9th shot in which the difference was around 15%. The same difference was observed from comparing the recorded impulses to the corresponding values determined using Conwep software and the CSA S850-12 (CSA 2012), except the 11th shot in which the difference was around 17%.  Based on the recorded pressure response histories and according to ConWep and CSA S850-12 (CSA 2012) predictions, the reflected blast pressure and impulse analytical predictions are considered in a reasonable agreement with the obtained experimental data, considering the typically high level of uncertainty in blast load parameter predictions.  

[bookmark: _Toc271835702]2.3.3 Simplified SDOF Model
As stated previously, a simplified equivalent SDOF model would facilitate analytical prediction of the RM wall response reported in the current study. Such SDOF model would serve two purposes. The first purpose was to preliminary predict the response of the walls within the test matrix and ensure that different damage levels can be achieved under the selected scale distances. The second purpose was to verify the application of this SDOF model by comparing the experimental test results to their corresponding analytical predictions. The UFC 3-340-02 (2008) provides guidelines to develop a simplified SDOF to predict the response of reinforced concrete-type components, under blast, responding mainly in flexure. The material properties used within the SDOF model, such as the compressive strength of the grouted masonry prisms and the yield strength of the reinforcement accounted for the dynamic increase factors specified by the ASCE 59-11 (ASCE 2011). Because of the very weak bond strength at the interface between the concrete block and mortar, such tensile bond strength was not included in the analysis, which conforms to the CAN/CSA S304.1-04. In this study, the plastic moment (Mp) of a RM wall was determined using the fiber model, in which the typical cross-section of the RM wall was divided into 125 layers. For each extreme upper fiber’s strain value ([image: ]), the stress distribution along the wall cross-section is determined considering Euler-Bernoulli bending theory; in which a linear strain profile is assumed; and the position of the natural axis is allocated to satisfy the equilibrium condition (which was satisfied by equating the difference between tension and compression forces to the external applied axial load). As illustrated in Fig. 2.11-a, walls within the FH group are expected to behave in a brittle manner under out-of-plane loads, although designed to respond in a ductile manner under in-plane loads. The slopes of the moment-curvature curves in their elastic zones (Em I) and the plastic moment (Mp) of wall category SL and FL; FM; and FH wall are presented in Table 2.5. This elastic slope is defined as the average slope developed until the yield of reinforcement point on the moment-curvature diagram. Due to the uncertainty associated with quantifying the membrane action induced through the use of the side plates, the SDOF model utilized in this study did not account for such effects which would have resulted in a flat-arch mechanism in addition to the RM wall flexure.  This is consistent with the MSJC 2013 approach, which consider either the arching or the flexure independently even though they might develop simultaneously.
The deformed shape of one-way RM walls can be expressed as shown in Fig. 2.11-b for the simply-supported walls and Fig. 2.11-c for the fixed-fixed walls. For the fixed-fixed walls, the typical resistance functions can be expressed as piecewise linear two-step elasto-plastic functions, while elastic-perfectly-plastic resistance functions can be used to represent the simply-supported walls according to UFC 3-340-02 (2008). The resistances and stiffness of the equivalent SDOF systems representing four wall categories are presented in Table 2.5. A load-mass factor (KLM), for the SDOF system used in this study, is used to transform the walls into equivalent SDOF systems as described in Biggs (1964) and the corresponding values utilized within the SDOF model are listed in Table 2.5. The values in Table 2.5 account for the different material strength- and dynamic-increase-factors as given in the ASCE/SEI 59-11 and CSA S850-12 standards. In addition, the average measured weight of the RM structural walls, which is accounted for in the SDOF model, was 1.45 kN (148 kg mass). As it can be observed from Table 2.6 and Fig. 2.11-d, the SDOF model results indicate that, at low DBT, changing the boundary conditions is more effective than increasing the flexural reinforcement ratio in terms of reducing the maximum support rotations. Support rotation is defined as the angle through which a flexural element subjected to blast loading has rotated at its supports when it achieves its maximum dynamic deflection. Support rotation is calculated assuming straight segment between hinge or yield line locations and the point of maximum deflection. (ASCE 2011).

[bookmark: _Toc271835703]2.3.4 Comparison Between the Walls’ Analytical and Experimental Support Rotations
The experimental deflection response histories of the walls under different scaled distances were captured using the displacement transducers measurements (see Fig. 2.4). Using these measurements, each wall’s maximum support rotation, defined as the chord angle, as can be seen in figures 2.11-b and c, is used to classify the performance of structural components under blast loads, in accordance to the ASCE/SEI 59-11 (ASCE 2011) and the CSA S850-12 (CSA 2012). Figures 2.12-a and b show sample wall chord rotations based on displacement transducer measurements of Walls FL11 and FM22, respectively. Figure 2.12-b shows permanent shifts in the support rotation responses, following the first cycle, corresponding to wall damage. The peak experimental support rotations for the twelve walls are presented in Table 2.6. The displacement under out-of-plane profiles of Walls SL11 and SL22 could not be captured due to a data acquisition and triggering mechanism malfunction. In general, the SDOF predicted peak support rotations for the different walls are in agreement with the corresponding measured support rotations (see Table 2.6), with a maximum difference of approximately 20%.

[bookmark: _Toc271835704]2.3.5 Quantitative Wall Damage Classification according to ASCE 59-11 and CSA S850-12
Figure 2.13 shows the effect of test matrix parameters on the observed support rotations along with the standards damage thresholds. As mentioned earlier, Wall FL55 split into two halves and thus, its support rotation was outside the maximum support rotation limit specified by the standards for Hazardous failure, as shown in Figs. 2.13-a and 1.13-b. As can be observed from Table 2.6 and Figs. 2.13-a and b, the experimental support rotations vary with the charge weight (under the same standoff distance), and vary with the inverse of the vertical reinforcement ratio. Based on the quantitative (numerical) damage threshold specified by ASCE 59-11 (ASCE 2011) and CSA S850-12 (CSA 2012), and listed in Table 2.3, the damage experienced by Group I walls (with Z = 2.75 m/kg1/3) is classified as a Moderate damage. As illustrated in Table 2.3, the Moderate damage region is identified by an upper response limit of support rotations equal to 2° in accordance to ASCE/SEI 59-11 and CSA S850-12. However, the minor cracks that propagated only within the mortar joint-CMU interfaces would classify Group I damage as Superficial, in accordance to the ASCE/SEI 59-11 (ASCE 2011) and CSA S850-12 (CSA 2012) qualitative description, even though the average support rotations developed in Group I walls is close to the upper limit of the Moderate damage specified by the ASCE/SEI 59-11 (ASCE 2011) and CSA S850-12 (CSA 2012). Regardless of the damage classification, the maximum support rotation for Group I walls decreased negligibly as the wall reinforcement ratio increased. 
According to post blast observations, there was a clear difference in terms of both the deformed shapes and the extent of cracks between Group I and Group II walls. As mentioned earlier, the qualitative damage state of Group II of walls (except Wall SL22) were considered as Moderate. In addition to blast, there are other attempts to define and correlate qualitative damage states to universally-applicable numbers (and thus quantitative damage states), such as inter-story drift ratios, in the area of seismic performance [FEMA P58, 2012]. Such numbers are usually based on experimental observations or post-event damage surveys. However, because of the complex response and the spectrum of design variables of any type of structural components, the codified correlations between qualitative and quantitative damage states might not be applicable in all cases, similar to the cases reported in the current paper. However, as the code quantitative damage thresholds are based on the maximum, rather than the permanent support rotations, the damage of all Group II walls is considered Heavy according the standards’ numerical damage thresholds. 
Walls FM55 and FH55 had support rotation values between approximately 11° and 12°, which is within the Hazardous failure threshold of 15° (see Table 2.3) specified by the ASCE 59-11 (ASCE 2011) and CSA S850-12 (CSA 2012), within which the walls should fail but the probability of debris is minimal. This is also consistent with the qualitative damage threshold of the standards where both walls experienced extensive spalling/scabbing and permanent deflections, in addition to a significant amount of tension cracks. Walls SL55 and FL55 (Group III) split into two halves and thus, they are designated under the blowout category according to the CSA S850-12 (CSA 2012), as their damage presented a case where the support rotation would exceed the 15° threshold for Hazardous failure in the ASCE 59-11 (ASCE 2011) and CSA S850-12 (CSA 2012).
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The above discussion shows that the use of quantitative versus qualitative damage descriptors listed in Table 2.3 can result in inconstancies in terms of damage state categorization, especially at damage levels that are below complete specimen failure. In addition, although seismically detailed RM structural walls possess reinforcement ratios that fall within the limits specified to ensure a ductile performance under in-plane loads, such ratios might result in an under-reinforced, a balanced or an over-reinforced wall section in the out-of-plane direction. Such change of behavior would need to be considered when a RM wall could be subjected to blast loading. It might then be argued that an under-reinforced section behavior would be desirable to safeguard against hazardous failure that would develop in the case of an over-reinforced section. However, the typically reduced strength associated with an under-reinforced section (compare to an over-reinforced one) and the expected subsequent large support rotations would be indicative of damage and proportional to the DBT levels. As such, a thorough DBT-specific analyses would be required to balance between the RM wall capacity and ductility for blast-resistant design.  
Both the CSA and ASCE standards utilize the maximum support rotations as the quantitative measure of specimen damage state. In addition, both standards identify other qualitative damage state indicators that are implicitly related to permanent deformations, although no limits are explicitly stated. As such, the use of “ductility” was intended to reflect the fact that some (less stronger) walls might experience excessive deformation demands (that will be satisfied by their ductility capacity) that would designate these walls as heavily damaged. On the other hand, some other (stronger) walls might experience only very little deformation demands (and thus their limited ductility might not be even mobilized) under blast loading, which would designate their damage as superficial.
Unlike seismic performance assessment when the overall system-level behavior determines the response, blast analysis is essentially component-based. However, it is well understood that the overall building structural integrity remains influenced by the individual response of its key component. Subsequently, the ASCE 59-11 (ASCE 2011) and CSA S850-12 (CSA 2012) standards correlate the component-level response to different system (i.e. building) target performance levels as can be seen in Table 2.3. Within this context, the qualitatively assessed superficial damage established in Group I walls is associated with High to Medium Level of Protection (LOP) corresponding to the Operational-Immediate Occupancy performance targets, in which temporary evacuation of occupants might be necessary but re-entry and return to operation is likely since building contents are likely to remain at least partly operational. The Moderate damage state established for Group II walls is associated with Low LOP, which corresponds to the Life Safety performance targets. With this performance target, progressive collapse is unlikely although repairs might be costly. In addition, building occupants could be evacuated and their temporarily return is likely. Finally, as both the ASCE 59-11 (ASCE 2011) and the CSA S850-12 (CSA 2012) do not allow damage higher than heavy damage for primary structural components, Group III walls essentially experienced a range of hazardous failure to complete blowout and indicating a LOP that falls below the Very Low LOP which is associated with the Collapse Prevention performance level. As such, progressive collapse might develop in this case for buildings with main RM structural walls experience such severe blast load combinations.

[bookmark: _Toc271835706]2.4 Conclusions
In this paper, twelve third-scale one-way fully-grouted masonry walls were tested under free field explosion to determine their out-of-plane behavior. The influences of explosion level, boundary conditions and reinforcement ratio on the performance of the RM masonry walls were evaluated. None of the tested masonry walls experienced shear failure; instead, they all were dominated by flexural response as is evident by the observed horizontal cracks along the interface between mortar beds and concrete blocks within the mid-span vicinity of the wall. 
The captured out-of-plane displacements were used to calculate support rotations, which are used to describe the damage levels occurred in accordance to the ASCE 59-11 (ASCE 2011) and CSA S850-12 (CSA 2012). Finally, the experimental responses were compared to the predictions of a nonlinear SDOF model presented in the UFC 3-340-02 (2008). The model predictions were in good agreement, with errors generally less than 25%, for walls experiencing superficial and moderate damage states. However the SDOF model support rotation predictions did not correspond well with those of the corresponding experimental results for RM walls that experienced hazardous failure and complete blowout. 
Based on the experimental results, the use of quantitative versus qualitative damage descriptors can result in inconstancies in terms of damage state categorization, especially at damage levels that are below complete specimen failure. On the other hand, fully-grouted RM walls can withstand low and medium explosion levels before experiencing excessive damage.  
Compared to columns, structural walls are more vulnerable to blast loading because of their increased surface areas. In addition, it should not be assumed that a RM wall, designed and detailed to behave in a ductile manner under in-plane loads, would remain ductile under out-of-plane loads. This is mainly attributed to the reduced moment arm of the reinforcement in the out-of-plane direction, because of the typical mid-cell reinforcement placement within CMU. Finally, increasing the out-of-plane ductility of RM walls, without increasing its capacity does not enhance their response nor reduce the level of damage and thus, both design parameters (ductility and resistance) need to be considered for components designed to resist blast loads.  
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The following symbols are used in this paper: 
	E
	Explosion energy (J)

	Em
	Masonry’s Young's modulus (MPa)

	I
	Second moment of inertia (m4)

	IR
	Reflected impulse (kPa.msec)

	Mp
	Plastic Moment (MPa)

	L
	Length (m)

	M
	Mass (kg)

	P
	Blast pressure (kPa)

	PR0
	Peak reflected pressure (kPa)

	PS0
	Peak incident pressure (kPa)

	R
	Standoff distance from the detonation source (m)

	SL
	Geometric scale factor

	W
	Charge mass (kg)

	Z
	Scale distance (m/kg1/3)

	
	Support rotation (degree)
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[bookmark: _Toc263444507]Table 2.1: Scale factors for blast loading
	Characteristics
	Quantity
	Dimension
	Model

	Geometry
	Linear dimension, l
	L
	1/3

	
	Area, A
	L2
	1/9

	
	Displacement, 
	L
	1/3

	
	Support rotation, θ
	Degree
	1

	
	
	
	

	Loading
	Pressure, P
	M L-1 S-2
	1

	
	Force, F
	M L S-2
	1/9

	
	Time, t
	T
	1/3

	
	Impulse, I
	M L S-1
	1/3

	
	Velocity, v
	LT-1
	1





[bookmark: _Toc263444508]Table 2.2: Experimental test matrix of free field blast tests
	Shot No.
	Group
	Specimen
	Pentex-D charge weight in kg (lb)
	Equivalent TNT (kg)
	Scaled Distance Z (m/kg1/3)

	1
	I
	SL11
	
5.0 (11)

	6.0
	
2.75

	2
	
	FL11
	
	
	

	3
	
	FM11
	
	
	

	4
	
	FH11
	
	
	

	5
	II
	SL22
	10.0 (22)
	12.0
	2.18

	6
	
	FL22
	
	
	

	7
	
	FM22
	
	
	

	8
	
	FH22
	
	
	

	9
	III
	SL55
	25.0 (55)
	30.0
	1.61

	10
	
	FL55
	
	
	

	11
	
	FM55
	
	
	

	12
	
	FH55
	
	
	



[bookmark: _Toc263444509]Table 2.3: ASCE/SEI 59-11 and CSA S850-12 Response Limits 
	RM Wall Damage State
	Qualitative Damage Description In Accordance to
	Quantitative Damage Description in the ASCE/SEI 59-11 and CSA S850-12 Standards
	Expected Building LOP
	Building Performance

	
	ASCE/SEI 59-11
	CSA S850-12
	
	
	

	Superficial Damage
	The wall is unlikely to exhibit any permanent deflection or visible damage.
	Ductility level less than 1
(elastic response)
	Medium/High
	Immediate Occupancy/
Operational

	Moderate Damage
	The wall likely will have permanent deflections and visible cracks. Damaged wall is generally repairable, although replacement may be more economical and aesthetic.
	Support rotation less than 2°
	Low
	Life Safety

	Heavy Damage
	The cover over the reinforcement has scabbed. The wall has not failed but likely will have significant permanent deflections.
	Support rotation between 2° and 8°
	Very Low
	Collapse Prevention

	Hazardous Failure
	The wall is likely to fail and produce significant spalling and scabbing.
	The wall has failed with no significant velocities.
	Support rotation between 8° and 15°
	N.A.
	N.A.

	Blowout
	N.A.
	The wall has overwhelmed causing debris with significant velocities.
	Support rotation greater than 15° a
	N.A.
	N.A.


a Not applicable in the ASCE/SEI 59-11





[bookmark: _Toc263444510]Table 2.4: Theoretical and measured reflected pressure and impulse of hemispherical air blast
	Shot No.
	Specimen
	Scaled Distance (m/kg1/3)
	Fitted reflected pressure (kPa)a
	Predicted Reflected pressure
(kPa)b
	Predicted Reflected pressure (kPa) c
	Average pressure prediction error (%)
	Fitted reflected impulse (kPa.msec)a
	Predicted Reflected impulse (kPa.msec)b
	Predicted Reflected impulse (kPa.msec)c
	Average impulse  prediction error (%) 

	1
	SL11
	2.75
	417.0
	412.4
	416.2
	0.7
	483.6
	450.3
	449.3
	7.5

	2
	FL11
	
	372.5
	
	
	-10.1
	431.2
	
	
	-4.1

	3
	FM11
	
	380.8
	
	
	-8.1
	494.7
	
	
	10.0

	4
	FH11
	
	421.5
	
	
	1.7
	462.1
	
	
	2.7

	5
	SL22
	2.18
	N.A.
	814.7
	807.3
	N.A.
	N.A.
	747.3
	745.3
	N.A.

	6
	FL22
	
	872.8
	
	
	7.6
	685.2
	
	
	-8.2

	7
	FM22
	
	785.0
	
	
	-3.2
	726.3
	
	
	-2.7

	8
	FH22
	
	775.7
	
	
	-4.4
	784.0
	
	
	5.1

	9
	SL55
	1.61
	1747.8
	2067.6
	2032.4
	-14.7
	1365.6
	1478.1
	1474.2
	-7.5

	10
	FL55
	
	N.A.
	
	
	N.A.
	N.A.
	
	
	N.A.

	11
	FM55
	
	1941.8
	
	
	-5.3
	1225.4
	
	
	-17.0

	12
	FH55
	
	2077.0
	
	
	1.3
	1529.6
	
	
	3.6
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	Wall category
	EmI
(kN.m2)
	Mp
(kN.m)
	Elastic Resistance (kN)
	Elasto-Plastic Resistance (kN)
	Elastic Stiffness (kN/m)
	Elasto-plastic Stiffness (kN/m)
	Fundamental Period (msec)a

	SL
	18.8 ×103
	4.0
	032.2×103
	N.A.
	01.4×103
	N.A.
	64.6

	FL
	18.8×103
	4.0
	048.3×103
	064.4×103
	07.2×103
	1.4×103
	28.5

	FM
	31.6×103
	6.8
	082.0×103
	109.3×103
	12.1×103
	2.4×103
	22.0

	FH
	41.1×103
	8.5
	102.1×103
	136.2×103
	15.8×103
	3.2×103
	19.2



a Fundamental period is calculated based on the elastic stiffness of the RM structural wall









[bookmark: _Toc263444512]Table 2.6: Wall support rotations and corresponding damage states and LOP
	Shot No.
	Wall ID
	Scaled distance (m/kg1/3)
	Measured support rotation (degree)
	Code-Qualitative Damage State 
	Code-Quantitative Damage State 
	SDOF Predicted support rotation (degree)
	 

	
	
	
	Maximum
	Permanent
	
	
	
	

	1 a
	SL11
	2.75
	N.A.
	N.A.
	Superficial Damage
	N.A.
	4.5
	N.A.

	2
	FL11
	
	1.8 (8 msec.)b
	0.2
	Superficial Damage
	Moderate Damage
	2.0 (9 msec.)b
	1.09

	3
	FM11
	
	1.7 (7 msec.)b
	0.1
	Superficial Damage
	Moderate Damage
	1.7 (7 msec.)b
	1.00

	4
	FH11
	
	1.6 (6 msec.)b
	0.1
	Superficial Damage
	Moderate Damage
	1.3 (5.5 msec.)b
	0.79

	5 a
	SL22
	2.18
	N.A.
	N.A.
	Heavy Damage
	N.A.
	8.6
	N.A.

	6
	FL22
	
	4.3 (9 msec.)b
	0.2
	Moderate Damage
	Heavy Damage
	4.1 (8.5 msec.)b
	0.95

	7
	FM22
	
	3.7 (8 msec.)b
	0.7
	Moderate Damage
	Heavy Damage
	3.0 (7 msec.)b
	0.80

	8
	FH22
	
	2.7 (6 msec.)b
	0.2
	Moderate Damage
	Heavy Damage
	2.7 (6 msec.)b
	1.00

	9
	SL55
	1.61
	Failure
	Failure
	Blowout
	Blowout
	23.8
	N.A.

	10
	FL55
	
	Failure
	Failure
	Blowout
	Blowout
	14.7
	N.A.

	11
	FM55
	
	8.7 (12 msec.)b
	7.4
	Hazardous Failure
	Hazardous Failure
	7.2 (10 msec.)b
	0.83

	12
	FH55
	
	7.9 (11 msec.)b
	4.8
	Hazardous Failure
	Hazardous Failure
	7.0 (9 msec.)b
	0.88



a  Displacement data acquisition module malfunctioned  
b Timing of peak response
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	[bookmark: _Toc271324574]Fig. 2. 1(a): Third-scale concrete block dimensions, and (b): typical wall dimensions in meters
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	[bookmark: _Toc271324575]Fig. 2. 2 Specimens characteristics: (a) hinged-hinged, (b) fixed-fixed boundary conditions, and (c) cross section of typical masonry specimens
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	[bookmark: _Toc271324576]Fig. 2. 3 Testing frame: (a) main skeleton, (b) reaction structure, (c) final shape after installing wing walls and specimens, and (d) concrete blocks
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	[bookmark: _Toc271324577]Fig. 2. 4: Displacement transducers layout for wall specimens
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	[bookmark: _Toc271324578]Fig. 2. 5: Pressure transducer location (a) inside the frame, and (b) on the front side of the frame
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	[bookmark: _Toc271324579]Fig. 2. 6: Crack Pattern for Walls (a) SL11, (b) FL11, (c) FM11 and (d) FH11. Rear face (tension cracks), Front Face (mortar or block spalling/scabbing)
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	[bookmark: _Toc271324580]Fig. 2. 7: Crack Pattern for Walls (a) SL22, (b) FL22, (c) FM22 and (d) FH22. Rear face (tension cracks), Front Face (mortar or block spalling/scabbing)
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	[bookmark: _Toc271324581]Fig. 2. 8: Crack Pattern for Walls (a) SL55, (b) FL55, (c) FM55 and (d) FH55. Rear face (tension cracks), Front Face (mortar or block spalling/scabbing)
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	[bookmark: _Toc271324582]Fig. 2. 9: Sample of qualitative damage states experienced by RM shear walls subjected to blast loading: (a) Superficial damage of specimen SL11; (b) Hazardous failure of specimen FH55, extensive scabbing; (c) Hazardous failure of specimen FL55, fracture of the steel reinforcement
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	[bookmark: _Toc271324583]Fig. 2. 10: Reflected pressure-time history developed from: (a) 11 lb explosive charge, (b) 22 lb explosive charge, and (c) 55 lb explosive charge
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	[bookmark: _Toc271324584]Fig. 2. 11: (a) Moment-Curvature curves for different wall sections, and the definition of support rotation in according to ASCE/SEI59-11 for (b) simply supported boundary conditions, and (c) fixed-fixed boundary conditions, and finally (d) the influence of changing on the maximum support rotation
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	[bookmark: _Toc271324585]Fig. 2. 12: Rotation-time profiles from (a) Wall FL11, and (b) Wall FM22
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	[bookmark: _Toc265142221][bookmark: _Toc271324586]Fig. 2. 13: Effect of Test Matrix Parameters on Support Rotation: (a) scaled distance, and (b) reinforcement ratio



[bookmark: _Toc271835709]Chapter 3: Out-of-Plane Performance Quantification of Reinforced Concrete Block Shear Walls under Blast

ABSTRACT: An increasing demand for structures with high levels of performance under the action of blast loads has resulted in an urgent need to quantify the performance of both existing and new buildings under this type of extreme loading. It is often necessary to employ computational analysis to investigate the blast behavior of structural elements through parametric studies because experimental studies utilizing live explosives are both challenging and costly. This study focuses on analytically estimating the damage levels and the out-of-plane response of fully-grouted reinforced masonry (RM) walls subjected to blast load. This type of a wall is not typically designed to resist such loads. In this paper, an advanced nonlinear single-degree-of-freedom (SDOF) model is developed to predict the out-of-plane response of RM walls subjected to blast loading. This proposed SDOF model is first verified using quasi-static and free-field blast tests and then subsequently used to extend the results of currently experimental test results with different design parameters such as threat level, reinforcement ratio, available block width, wall height, and material characteristics. In general, the parametric study shows that RM walls are capable of withstanding substantial blast load levels with different levels of induced damage depending on wall width and reinforcement ratio. In addition, increased ductility can be achieved by using two reinforcement layers instead of a single layer, even if the reinforcement ratio is reduced. This is a consequence of the reduced reinforcement moment arm for the single reinforcement layer case compared to the two reinforcement layer arrangement. Also, it is recommended to consider the use of larger concrete masonry blocks for the construction of RM structural walls that are expected to experience blast loads in order to reduce the slenderness ratio and for the placement of two reinforcement layers. Finally, the proposed SDOF model was utilized to develop performance aids for different RM walls that will contribute to the future development of RM design provisions under blast loading in North America. In general, findings from this study indicate that seismically detailed RM walls, designed to behave in a ductile way under in-plane loads, might not respond in a ductile manner under out-of-plane loads. Therefore, the procedures used for the design and the construction of RM walls, which are expected to experience out-of-plane blast loads, need to be revised and implemented in the future versions of current blast standards.  

Keywords: Blast Loads, Single Degree of Freedom, Nonlinear Analysis, Pushover Analysis, Out-of-plane Resistance, Reinforced Concrete Masonry, Strain Rate Effect, Shear Walls. 

[bookmark: _Toc271835710]3.1 Introduction 
The introduction of the new American (ASCE/SEI 59-11) and Canadian (CAN/CSA S850-12) Standards for blast resistance design has led to the situation where the procedures used for detailing structural components to resist in-plane seismic loads, need to be revised to withstand out-of-plane blast loads. Furthermore, few experimental research programs have been carried out to estimate the blast response of structural components due to the cost and complex nature of this type of testing. In this regard, analytical models capable of simulating the structural behavior under blast loading are required. Recently reported studies have primarily focused on analytically predicting the performance of reinforced concrete (RC) [Krauthammer et al. (1986), Krauthammer et al. (1990), Silva and Lu (2009), Li and Hao (2014), and Stolz et al. (2014)] and steel components [Warn and Bruneau (2009), Nassr et al. (2012), and Nassr et al. (2013)] under the action of blast loads. With regards to masonry construction, the majority of studies reported in the literature have mainly focused on either typical un-reinforced masonry (URM) walls [Hamed and Rabinovitch (2008), Hrynyk and Mayers (2008), and Abou Zeid et al. (2014)], or hardening URM components using fiber-reinforced polymers (FRP) [Davidson et al. (2005), Coughlin et al. (2010, and Urgessa and Maji (2010)], with only a limited amount of research work focusing on reinforced masonry (RM) walls [ElSayed et al. (2014)].
For typical RM buildings, the resistance to lateral loads, such as seismic and wind, is provided by the RM shear walls. Although the RM components are designed to behave in a ductile manner under in-plane loads, they may not exhibit sufficient ductility when subjected to out-of-plane loads. This is primarily due to the reduced moment arm associated with the wall width under out-of-plane loads compared to that associated with the wall length for the case of in-plane loading. Furthermore, the typical mid-cell placement of vertical reinforcement within concrete masonry units (CMU), in comparison to the two reinforcement layers in RC walls, also leads to reduced ductility in the out-of-plane direction. 
Under the action of blast loads, the dynamic properties of materials used in typical masonry construction (e.g. reinforcement and concrete) differ from the corresponding static properties due to strain rate effects. As a result, strain rate effects should be considered in the analytical model. For the case of pure axial deformation, stresses (and subsequently strain) are uniformly distributed over the entire specimen allowing the strain rate to be considered constant at every point within the specimen. Under such circumstances, experimental studies have focused on evaluating the effect of higher strain rates on both concrete [Bischoff and Perry 1991] and steel [Malvar (1998)]. Figures 3.1-a and 3.1-b illustrate the effect of strain rate on the dynamic compressive strength of concrete and the dynamic yield and ultimate strengths of steel reinforcement, respectively [CEB 1988, ASCE 2011, and Malvar 1998]. For flexural one-way RM walls subjected to out-of-plane loads, which is the focus of this study, the strain rate varies over the entire specimen as a result of the variation of both moment along the wall height and strain within the wall depth. In this regard, both ASCE/SEI 59-11 (ASCE 2011) and CAN/CSA S850-12 (CSA 2012) suggested constant dynamic increase factors (DIFs) and strength increase factors (SIFs); based on the material and the predicted failure mode; to simulate the influence of higher strain rates.
The current study focuses on analytically evaluating the response of fully-grouted RM shear walls under blast loading, which is a load that this type of shear wall is typically not designed to resist. A nonlinear single-degree-of-freedom (SDOF) model is developed and subsequently verified using experimental results obtained from quasi-static and free-field tests. Next, this model is used to extend the results of experimental work with different design parameters such as threat level, reinforcement ratio, block width, wall height, and material characteristics. Finally, sample Performance Design Aids for different RM walls that are expected to contribute to the future development of RM design provisions under blast loading are presented. 


[bookmark: _Toc271835711]3.2 Analytical Model
Further development of analytical models is needed in order to extend limited experimental based findings and advance the current level of understanding on the behavior of RM structural walls under blast loads. In this study, a SDOF model is employed to predict the out-of-plane behavior of RM shear walls corresponding to a pre-defined design basis threat (DBT). A DBT refers to a combination of specified charge mass (W) and standoff distance (SD) in accordance to ASCE/SEI 59-11(ASCE 2011). As illustrated in Fig. 3.2, the blast load parameters [e.g. peak reflected pressure (Pr) and impulse (Ir)] are evaluated using the CAN/CSA S850-12 (CSA 2012). 
For a typical one-way fixed-fixed wall, such as the RM shear walls considered in this study, the resistance function due to an external uniform load can be expressed as a piecewise linear two-step elasto-plastic function (UFC 3-340-02 2008), as shown in Fig. 3.3-a. The stiffness and resistance corresponding to each loading stage can be defined as a function of wall height (H), plastic moment (Mp), and stiffness (E I), as follows (Biggs 1964): 
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	(Elastic Stiffness)
	 (3.1-a)
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	(Elasto-Plastic Stiffness)
	(3.1-b)
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	(Plastic Stiffness)
	(3.1-c)
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	(Elastic Resistance)
	(3.2-a)
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	(Elasto-Plastic Resistance)
	(3.2-b)


In this study, the nonlinear resistance function is determined by load-deflection analysis, which involves the computation of the moment-curvature relationship of the typical wall cross-section, the bending moment distribution resulting from the applied blast pressure, the curvature distribution along the wall span, and the deflection curve by double integration of the curvature distribution. As such, the moment-curvature relationship is developed using a fiber model (Prisetly et al. 2007), in which a linear strain profile is assumed, as shown in Fig. 3.3-b. The rate dependent material properties are accounted for by adopting both SIF and DIF values recommended by CAN/CSA S850-12 (CSA 2012) for masonry and steel reinforcement assuming a flexural type failure mode. The load-mass factor (KLM), which is used to transform the real structure into an equivalent SDOF system (Biggs 1964, Baker et al. 1983, and UFC 3-340-02 2008), is determined for each value of mid-span deflection by numerical integrating of the shape function ([image: ]) using Eq 3.3.
	[image: ]
	 (3.3)


The proposed equivalent SDOF model, which simulates the RM shear wall, is then analyzed under the action of the DBT, where	 the peak mid-span deflection and corresponding support rotation (chord rotation in accordance to ASCE/SEI 59-11) are determined. The maximum support rotation experienced by each wall (see Fig. 3.3-a) is used to classify the performance of structural components and the expected level of damage, in accordance with both ASCE/SAI 59-11 (ASCE 2011) and CAN/CSA S850-12 (CSA 2012). To evaluate the accuracy of the model, the predicted resistance functions are compared to results obtained from quasi-static tests. In addition, the predicted analytical support rotations are compared with experimental results obtained from free-field blast tests.  

[bookmark: _Toc271835712]3.2.1 Quasi-Static Test Set-up and Instrumentation
In this study quasi-static tests were performed on three third-scale one-way fully-grouted RM shear walls. All walls had typical dimensions of 1,000 mm height x 1,000 mm length x 63.3 mm thickness (see Fig. 3.4-a) and were built using a third scale replica of the standard 190 mm CMU available in North America. Each wall was 15 courses high and constructed in a half block running bond using 3.5 mm face-shell mortar bedding to simulate common construction practice in North America. The experimental work presented herein is considered an extension of a previous experimental research study (ElSayed et al. 2014) that aimed to experimentally evaluate the damage levels and the out-of-plane behavior of fully-grouted RM shear walls when subjected to blast loading. In order to facilitate the placement of the RM walls within their setup during the quasi-static tests, the masonry walls were built on and capped with two steel C-channel sections 101.6 mm (4 in) height by 40.2 (1.6 in) width. The vertical reinforcement was welded to both the upper and lower C-channels in order to simulate reinforcement going through the RC slabs/foundation. Moreover, two steel plates were welded to the ends of the two C-channels to prevent rotations simulating fixed-fixed boundary conditions (see Fig. 3.4-b). 
The average compressive strength ([image: ]), obtained from masonry prism tests in accordance with C1314-11 ASTM Standards (ASTM 2011), was 21.2 MPa, while the average yield strengths of the D4 and D7 reinforcement bars (with areas of 26 and 45 mm2, respectively) were 515 and 481 MPa, respectively. Additional details on construction of the specimens and their material properties are presented in ElSayed et al. (2014).
Three vertical reinforcement ratios were selected for this study (shown in Fig. 3.4-c), which represent low (0.33%), moderate (0.62%), and high reinforcement ratios (1.07%), according to both North American blast standards and the MSJC (2013) [TMS 402-13/ACI 530-13/ASCE 5-13]. The masonry wall specimens are identified using a three letter designation system. The first letter represents the support condition (F: Fixed-fixed), the second letter represents the vertical reinforcement ratio (L: Low, M: Moderate, or H: High), and the third letter refers to the loading type (S: Quasi-Static). As shown in Fig. 3.5-a, the load was transferred from the actuator to the masonry wall specimen through sixteen contact points in order to represent a uniform-like load. In this regard, sixteen rubber pads (50.8 mm depth x 150 mm width x 150 mm length) were arranged in a regular pattern above the tested masonry wall, as illustrated in Fig. 3.5-b. Each row of rubber pads (four pads in the perpendicular direction to wall span) was loaded by a 50.8 mm (2 in) diameter steel rod, which was attached to two rectangular hollow steel sections [HSS 152.4 x 101.6 x 11.1 (mm)]. A second 600 mm HSS section was used to transfer the load from the actuator to the two HSS members through three 50.8 mm (2 in) steel balls at contact points between actuator and HSS members. The setup consisted of multiple statically determinate sub-systems, thus the applied load was expected to be divided equally to the sixteen rubber pads.    
Four displacement transducers (LVDTs) were used to monitor the out-of-plane displacement behavior, as shown in Fig. 3.5-c. In addition, a load cell was attached to the actuator in order to measure the applied load. As illustrated in Fig. 3.5-a, masonry specimens were placed horizontally during the quasi-static test, and therefore their self-weight resulted in an additional uniformly distributed load of 1.45 kN (148 kg), which was accounted for. 

[bookmark: _Toc271835713]3.2.2 Comparison Between Experimental and Analytical Wall Responses 
As shown in Fig. 3.6-a, Wall FLS experienced horizontal cracks in the mortar joints on both rear and front faces, but no spalling was observed. On the other hand, spalling was observed on the front face of Wall FMS, as illustrated in Fig. 3.6-b, and the level of spalling increased significantly in Wall FHS (see Fig. 3.6-c). This is similar to what was observed in the free field blast tests (ElSayed et al. 2014), in which the level of spalling is directly proportional to the vertical reinforcement ratio. This is attributed to the fact that seismically detailed walls, which are designed to be ductile under in-plane loading, might not exhibit the same ductile behavior under out-of-plane loads. The peak experimental resistances for the three RM walls are presented in Table 3.1 along with predicted values obtained from load-deflection analysis, which was described earlier in the analytical model section, and the UFC 3-340-02 (2008). In general the predicted peak resistances, determined using the load–deflection analysis for the three walls, are in good agreement with the corresponding measured values with a maximum difference of approximately 9%. As shown in Table 3.1, a larger maximum difference of 20% exists between the peak resistance values obtained using the UFC 3-340-02 (2008) (Eq 2-a and 2-b) and the corresponding measured values. 

[bookmark: _Toc271835714]3.2.3 Validation of the Analytical Model Using Free-Field Blast Test Results
The equation of motion for the equivalent nonlinear SDOF system shown in Fig. 3.7 can be written as follows (Biggs 1964): 
	[image: ]
	 (3.4)


where M, C and R(X) are the total mass of the real structure, the damping and the nonlinear resistance function of the system at a particular displacement, and [image: ],[image: ], and [image: ]are the displacement, velocity and acceleration of the equivalent SDOF system, respectively. The load-mass factor (KLM) is defined using Eq 3.3. In accordance with ASCE/SEI 59-11 (ASCE 2011) and CAN/CSA S850-12 (CSA 2012), the damping ratio of reinforced concrete, and subsequently reinforced masonry, components is assumed to be 0.05. In order to verify the accuracy of SDOF model, the recorded peak reflected pressures and the corresponding impulses (the 6th and the 7th columns in Table 3.2) were used. Eq 4 is solved using Newmark’s method (Linear Acceleration) to evaluate the nonlinear peak dynamic reposes; such as support rotation. 
For typical RM construction utilizing a RC slab, the out-of-plane partially fixed boundary conditions of the wall fall between fixed and simply-supported. Based on the comparison between the experimental and the analytical resistances of the scaled RM walls under quasi-static loading (Table 3.1), it was considered acceptable to assume fixed-fixed boundary conditions to simulate the actual out-of-plane behavior. In addition, mid-cell placement of the vertical reinforcement was assumed. In an effort to provide relevant experimental data, ElSayed et al. (2014) studied the out-of-plane behavior of RM shear walls under free-field explosions. Nine third-scale RM one-story shear walls, matching the wall specimens tested under quasi-static loading, were constructed and tested using three blast scenarios: 6, 12 and 30 kg of explosives at a typical standoff distance of 5.0 m (with scaled distances 2.75, 2.18, and 1.61 m/kg1/3, respectively). The test matrix and test results are listed in Table 3.2. The support rotation, which is defined as the chord angle [ASCE/SEI 59-11 (ASCE 2011) and the CAN/CSA S850-12 (CSA 2012)] (see Fig. 3.3-a), is used to classify the performance of structural components under blast loading. Additional details of the experimental program and the damage that occurred to the RM components following the free-field explosion tests can be found elsewhere (ElSayed et al. 2014).
It can be observed from Table 3.2 that the SDOF predicted peak support rotations for the different walls are in agreement with the corresponding measured support rotations, with a maximum difference of approximately 20%. Discrepancies between the experimental and analytical results can be partially attributed to the assumed boundary conditions and actual rebar allocation, combined with the influence of utilizing constant SIF and DIF values to account for strain rate effects.     
[bookmark: _Toc271835715]3.3 Wall Damage Classification According to ASCE/SEI 59-11 And CAN/CSA S850-12
The maximum deflections at the mid-height of the RM walls under different scaled distances were determined using the validated SDOF model. Using the mid-height deflection value, the maximum support rotation, defined as the chord angle (see Fig. 3.3), is defined and subsequently used to identify the damage that could occur under blast loading, according to ASCE/SEI 59-11 (ASCE 2011) and CAN/CSA S850-12 (CSA 2012). As can be seen in Table 3.3, both North American Standards for blast resistance design consist of four damage levels: Superficial (where the RM wall is unlikely to exhibit any permanent deflection or visible damage), Moderate (where the RM wall will likely have permanent deflections, but this damage is generally repairable; although replacement may be more economical), Heavy (where RM wall has not failed but will likely have significant permanent deflections), and Hazardous (where the RM is more susceptible to failure). 
[bookmark: _Toc271835716]3.4 Effects of Different Parameters on Wall Performance
An objective of this study is to use the validated analytical model to predict the out-of-plane response of RM shear walls under blast load and to develop Performance Design Aids. Design aids such as these are expected to be implemented in future masonry design provisions and guidelines covering such extreme loads. Simulations were performed using the SDOF model to evaluate the maximum support rotations, which were then used to classify the performance of the RM shear walls under blast loads, according to ASCE/SEI 59-11 (ASCE 2011) and CAN/CSA S850-12 (CSA 2012) performance definitions. This parametric study was designed to explore the influence of different design parameters such as threat level, reinforcement ratio, and the different concrete masonry block sizes used in North America. By considering a set of default design parameters, which are specified in Table 3.4, and monitoring the change in peak support rotation with respect to the variation of each design parameter, the impact of such parameters were evaluated. Using this information, a design optimization procedure could be performed to reduce the damage expected to occur in a RM wall under blast loading.
	The default masonry wall was a 3.0 m fully-grouted RM shear wall, constructed from standard 190 mm CMU with an average grouted masonry prism compressive strength of [image: ]= 13.5 MPa and a mass density of 2,300 kg/m3. In addition, 15M reinforcement bars (area = 200 mm2 and yield strength = 400 MPa) were assumed to be located at the center of each cell, providing a longitudinal (vertical) reinforcement ratio of [image: ]= 0.53%. The default masonry wall was analyzed under the detonation of 300 kg of TNT at a standoff distance 20.0 m resulting in a scaled distance of 3.0 m/kg1/3. 

[bookmark: _Toc271835717]3.4.1 Influence of Charge Weight and Standoff Distance
The selected blast scenarios employed in this study cover a range of charge weights and standoff distances that reflect different DBT levels. The threat scenarios were modeled as hemispherical surface bursts of different magnitude, while charge weights were selected in accordance to FEMA 428 (2003) to account for different types of attacks. As such, four charge weights, as illustrated in Table 3.5, representing personal attack (50 kg of TNT), car bomb (300 kg of TNT), and truck bombs (1,000 and 2,000 kg of TNT) were selected. For each charge weight, four different standoff distances were chosen in order to perform a parametric study with scaled distances ranging from 1.4 to 5.4 m/kg1/3. Smaller scaled distances were used to ensure a far-field type explosion (i.e. scaled distances higher than 1.2 m/kg1/3) (Dusenberry 2010) that results in an uniform pressure distribution on the RM wall surfaces and avoids local modes of failure (e.g. breaching). 
	As can be observed from Fig. 3.8-a, the peak reflected pressures are inversely proportional to the scaled distance (under different charge weights). For example, the peak reflected pressure that results from the detonation of 1,000 kg of TNT at a standoff distance 30.0 m (Z=3.0 m/kg1/3) is 331 kPa, which is the same as the peak reflected pressure due to the detonation of 300 kg of TNT at a standoff distance 20.0 m (Z=3.0 m/kg1/3). Conversely, the reflected impulses are directly proportional to the charge weight, and inversely proportional to the scaled distance, as illustrated in Fig. 3.8-b. It can also be observed that increasing the value of the scaled distance when the original value is small (1-2) can lead to a significant reduction in both the reflected pressure and reflected impulse.    
As shown in Fig. 3.9, the support rotation obtained from different threats is dependent on the charge weight and as such is typically a function of the severity of the reflected impulse. The default RM shear wall investigated in this study is expected to experience Moderate damage when subjected to a blast load resulting from the detonation of 50 kg of TNT at standoff distances of less than 8.0 m. For the detonation of 300 kg of TNT, the RM wall is expected to experience Hazardous failure at standoff distances less than 11.0 m, while Heavy damage is expected to occur at standoff distances ranging from 11.0 to 20.0 m. Moreover, the detonation of 1,000 kg of TNT is expected to cause Hazardous failure at standoff distances less than 22.0 m, while Heavy damage is expected to occur at standoff distances less than 38.0 m. Finally, the damage state of the RM wall is considered Hazardous failure when subjected to blast loads from 2,000 kg of TNT at standoff distances less than 30.0 m, while it is considered Heavy damage under the same charge weight at standoff distances ranging between 30.0 m to 50.0 m. Based on these results, fully-grouted RM shear walls are expected to be capable of withstanding blast loads, albeit with different levels of induced damage that will be dependent on the charge weight and the standoff distance. 

[bookmark: _Toc271835718]3.4.2 Influence of Reinforcement Ratio and Block Size 	
The effect of different concrete masonry blocks sizes and reinforcement ratios on the response of typical fully-grouted RM shear walls was investigated for two threat scenarios (with the same scaled distance): 300 kg of TNT at standoff distance 20.0 m and 1,000 kg of TNT at a standoff distance of 30.0 m. Four concrete blocks, with thicknesses (bw) of 140, 190, 240, and 290 mm, representing the standard hollow concrete blocks used in North America (Drysdale and Hamid 2005) were considered. To facilitate a comparison, the height of all the walls was held constant at 3.0 m and thus, the slenderness ratio ([image: ]), which is the ratio of wall height (H) to the concrete block thickness, varied from 10 to 21. The North American blast resistant standards specify a minimum vertical reinforcement for RM structural walls of 0.25%, while the MSJC (2013) [TMS 402-13/ACI 530-13/ASCE 5-13] specifies a maximum reinforcement ratio of 1.4% for special RM shear walls and the maximum reinforcement ratio for moderately ductile RM shear walls is evaluated to be 2.0% by the Canadian standard for masonry design [CAN/CSA S304.1-04 (CSA 2004)]. As such, 27 different reinforcement ratios, as shown in Table 3.6, representing low, moderate, and high reinforcement ratios, were considered in this study.    
Figures 3.10-a and 3.10-b illustrate the relationship between reinforcement ratio and peak support rotation for different block sizes for the two blast threats considered. As mentioned earlier, blast induced support rotations are directly proportional to the charge weight (for a given scaled distance). The use of larger concrete block was found to enhance the wall behavior by reducing the support rotation and related damage. Fig. 3.10-a indicates that walls with 290 mm ([image: ]) or 240 mm ([image: ]) thickness are expected to experience Moderate damage, and the impact of increasing the reinforcement ratio on reducing support rotation was found to be insignificant. Increasing the reinforcement ratio was found to lead to a reduction in support rotation for walls with 190 mm ([image: ]) or 140 mm ([image: ]) thickness and reinforcement ratios less than 0.7 %. In general, increasing the reinforcement ratio enhanced the out-of-plane behavior of RM walls, particularly for lower block width values, by reducing the support rotation and subsequently the expected damage. Similar trends were found for the higher threat level, as shown in Fig. 3.10-b. As such, RM shear walls that are designed to withstand blast loads constructed using concrete masonry blocks with thicknesses of 240 or 290 mm are expected to exhibit enhanced performance. In addition, using reinforcement ratios less than 0.7% should ensure that the wall cross-section remains under-reinforced and values above this ratio are not expected to lead to substantial improvement in wall performance.

[bookmark: _Toc271835719]3.4.3 Influence of Different Reinforcement Layer Configurations
This section focuses on the effect of using two reinforcement layers (as in reinforced concrete walls), compared to the typical mid-cell placement of steel reinforcement within CMU, on the support rotation and corresponding blast induced damage. CMUs with a thickness of 240 mm were used as this block size provides sufficient width for the placement of two reinforcement layers. As can be seen from Fig. 3.11-a and Table 3.7, three reinforcement layouts (Rft-I, Rft-II, and Rft-III) were considered. The first distribution of the reinforcement (Rft-I), which represents the typical construction of RM structural walls in North America, a single layer of 25M bars ([image: ]= 1.0%) was placed at each mid-cell within the CMUs. In the second layout (Rft-II), the reinforcement area was held constant at but two reinforcement layers of 15M and 20M bars, as shown in Fig. 3.11-a, and therefore the value of [image: ] is 0.5%, as only the tensile reinforcement is considered in calculating the reinforcement ratio according to the Canadian standard for masonry design [CAN/CSA S304.1-04 (CSA 2004)]. Finally, Rft-III represents double the reinforcement area of Rft-I, in which two layers of 25M bars were used. As such, the vertical reinforcement ratio in this case is 1.0 %. Fig. 3.11-b illustrates the calculated moment-curvature relationship for the three RM walls, having a block strength of 30 MPa and height of 3.0 m, considering the three reinforcement layouts. Using Rft-II instead of Rft-I increased the maximum plastic moment capacity of the wall cross-section by approximately 30%, while using Rft-III instead of Rft-I increased the plastic moment by approximately 240%. In addition, there is a notable increase in the ductility for two reinforcement configurations compared to a single layer configuration. For example, using Rft-II instead of Rft-I resulted in an increase in the curvature ductility from 1.0 to 2.8 (see Fig. 3.11-b).  In this study, the curvature ductility is calculated from bi-linear idealization technique of moment-curvature relationships using equal energy principal (Tomaževič 1999).

[bookmark: _Toc271835720]3.4.4 Influence of Compressive Strength and Wall Height 
A total of 27 RM shear walls (see Table 3.7), with three different heights and three masonry compressive strengths were investigated. The three wall heights were selected to represent a RM wall in: a typical residential building with floor height of 3.0 m ([image: ]), a mezzanine story in a commercial building with a typical height of 4.6 m ([image: ]), and finally a loft building with height 6.0 m ([image: ]). It should be noted that CAN/CSA S304.1-04 (CSA 2004) specifies an upper limit of 30.0 for the slenderness ratio of RM walls. In addition, the three values of [image: ] used in this study (see Table 3.7) represent minimum ([image: ]= 10.0 MPa), moderate ([image: ]= 13.5 MPa), and high ([image: ]= 17.0 MPa) strengths of concrete masonry blocks. As expected, an increase in the masonry compressive strength results in an increase in the cross sectional plastic moment capacity (see Fig. 3.12-a) and subsequently the overall resistance of the wall. However, the ductility of the wall is not affected by the variation of the masonry compressive strength, as illustrated in Fig. 3.12-a where using three different masonry compressive strength resulted in the same brittle type response. As shown in Fig. 3.12-b, the maximum uniform distributed load (and blast pressure) that can be applied on a RM shear wall is inversely proportional to the wall height. In addition, the expected ductility is proportional to wall height. For example, an increase in the wall height from 3.0 m to 6.0 m results in an increase in the wall ductility from 1.7 to 2.3. (see Fig. 3.12-b). The ductility is calculated from bi-linear idealization technique of resistance function using equal energy principal (Tomaževič 1999).
	The shear walls presented in Table 3.7 were tested under 2,000 kg of TNT at standoff distance 30.0 m and the calculated peak support rotations for all 27 walls are listed in Table 3.8-a. Fig. 3.13 illustrates the variation of support rotation with respect to the wall height and the masonry prism compressive strength considering the three previously mentioned reinforcement layouts. The three surfaces shown in Fig. 3.13 from top to bottom refer to reinforcement layouts Rft-I, Rft-II, and Rft-III, respectively. Table 3.8-b list the related reduction in the predicted peak support rotations when Rft-II or Rft-III layouts relative to Rft-I. As expected, either increasing the reinforcement ratio or the masonry compressive strength results in a reduction in support rotation and corresponding blast induced damage. On the other hand, increasing the wall height results in an increase in the support rotation obtained under the same DBT. 
These results show that the use of two reinforcement layers instead of a single layer (even at lower reinforcement ratios) can result in a significant reduction in support rotation, which is a damage indicator in both North American blast resistant standards. In addition, although seismically detailed RM structural walls possess reinforcement ratios that fall within the limits specified to ensure a ductile response under in-plane loads, such ratios might result in a brittle type response under out-of-plane loads.     

[bookmark: _Toc271835721]3.4.5 Influence of Yield Strength of Reinforcement Bars 
As the yield strength of the steel reinforcement ([image: ]) directly influences wall strength, this component of the parametric study considered three values of [image: ]= 400, 500 and 600 MPa in order to investigate the effect of [image: ] on the peak support rotation under blast loads. Four blast loads were selected in order to produce different impulse values and subsequently different damage levels. As such, four blast scenarios: 50 kg of TNT, 300 kg of TNT, 1,000 kg of TNT, and 2,000 kg of TNT were simulated at standoff distances of 8.0 m, 15.0 m, 22.5 m, and 28.0 m, respectively. All RM walls in this part of the parametric study were 3.0 m height with a 190 mm wall thickness. The compressive strength of the grouted masonry prisms was 13.5 MPa not considering reinforcement, while 15M bars were placed at the center of every cell. 
Fig. 3.14 illustrates the effect of changing the reinforcement yield strength on the out-of-plane peak support rotation of one-way fully-grouted RM shear walls under different threat levels. As can be observed from the results, peak support rotation is inversely proportional to the yield strength of the reinforcement up to a certain limit. This limit is related to the blast load level. For example, a 35 % reduction in the support rotation for charge size of 2,000 kg of TNT at a standoff distance of 28.0 m is expected when fy is increased to 500 MPa from 400MPa, however the reduction in support rotation is expected to be only 8% when fy is increased to 600 MPa from 500MPa. 

[bookmark: _Toc271835722]3.5 Performance Charts
Fig. 3.15 illustrates the effect of charge weight and reinforcement ratio on peak support rotation considering two concrete block widths: 190 mm (the upper surface) and 240 mm (the lower surface). It can be observed from Fig. 3.15 that the support rotation of a RM shear wall is proportional to the charge weight (under the same standoff distance), and inversely proportional to the vertical reinforcement ratio. Wall height is also an important parameter which influences wall resistance and subsequently the peak support rotation and blast induced damage, as shown in the compressive strength and wall height component of the parametric study. (As such, the current study proposes Performance Design Aids that can serve two purposes. First, the design aid scan be used for preliminary design of RM walls to ensure that the expected damage after an explosion would not exceed the wall damage demand. Secondly, the design aids can be used to predict the damage that could occur in an existing wall when subjected to a blast load. Fig. 3.16 presents a sample of the proposed Performance Design Aids, which illustrate the effect of wall height and reinforcement ratio on the predicted peak support rotation. These samples of Performance Design Aids were developed for different threat scenarios and wall width values. It can be observed from these charts that using reinforcement ratio higher than 0.7 % does not result in any appreciable reduction in either support rotation or damage. This indicates that the increased strength (with reduced ductility) might not enhance the blast response of RM walls and thus, a balance between the ductility and strength should be carefully considered in blast resistant design.    

[bookmark: _Toc271835723]3.5 Conclusions
With the introduction of the new American (ASCE/SEI 59-11) and Canadian (CAN/CSA S850-12) standards for blast resistant design a method to quantify the performance of different structural components under such extreme loads is needed. As such, there is an urgent need to develop analytical models that have the capability of predicting the response of structural components under blast loads. 
In this regard, a nonlinear analytical model, based on a SDOF model, was used in the current study to evaluate the out-of-plane response of RM shear walls under blast loads. The proposed analytical model was validated using experimental data obtained from quasi-static and free-field blast tests. First, the analytical model determines the blast load parameters in accordance to CAN/CSA S850-12. Next, the nonlinear resistance of the structural wall using fiber model and load-deflection analysis by double integration of the curvature distribution is carried out. Finally, the peak mid-span deflection and the corresponding support rotation are determined. This model was subsequently used via a parametric study to evaluate various design parameters, such as threat level and reinforcement ratio, on the blast induced damage in RM structural walls. In addition, Performance Design Aids, which can be used in the preliminary design of new structures or the prediction of damage that may occur to an existing masonry component subjected to a certain blast level, were developed and presented in the current study. Based on the findings from the analyses, the following conclusions can be stated:
1. The model predictions were in good agreement with both the quasi-static test results (with a maximum difference of about 9%) and the free-field blast support rotation (with a maximum difference up to 20%). 
2. RM structural walls are capable of withstanding blast load from substantial blast loads with different extend of damage depending on the threat level and walls characteristics. 
3. A block thickness of less than 190 mm are not recommended in the construction of masonry walls which are expected to experience blast loading. On the other hand, concrete masonry blocks with a thickness of 240 mm (or higher) perform better under blast loading. 
4. Although TMS 402-13/ACI 530-13/ASCE 5-13 specifies a maximum reinforcement ratio of 1.4% for special RM shear walls, using reinforcement ratios higher than 0.7% is not suggested for RM walls that are expected to experience out-of-plane blast loading in order to ensure that the walls remain ductile. This is due to the reduced reinforcement moment arm. As such, two reinforcement layers, instead of the typical single layer of bars placed at the mid-cell of CMUs can be used to enhance performance. A significant increase in the ductility (up to 2.3) was observed at using two reinforcement layers, compared to the predicted less ductile behavior when a single layer is used. 
5. Increased masonry compressive strength enhanced the plastic moment, and thus the resistance of the masonry wall. However, an increase in the masonry compressive strength did not result in increased ductility. As such, the enhancement in the compressive strength of the masonry may be suitable as long as the resulting blast strength demand does not exceed the wall capacity, which would typically lead to a brittle failure.
6. The impact of reinforcement yield strength on the RM walls damage is inversely proportional to the support rotation. This relationship is only valid to a certain limit; for yield strengths higher than the certain limit, the support rotation will be slightly affected. This limit is directly related to the blast load level.
7. For a given blast threat, increasing the reinforcement ratio was found to improve the behavior of RM shear walls under out-of-plane blast loads. However, this enhancement is valid only for reinforcement ratios less than 0.7 %, which indicate a brittle response is expected for RM walls with higher reinforcement ratios. This is attributed to the fact that seismically RM walls that are designed to act in a ductile way under in-plane loads are not guaranteed to behave in the same manner under out-of-plane loads.  

The above findings are limited to the range of walls considered in this study. It is recommended that further studies be carried out in order to expand the applicability of the above conclusions.

[bookmark: _Toc271835724]Appendix 3.1 Notation
The following symbols are used in this paper: 
	SDOF
	=
	Single degree of freedom

	MDOF
	=
	Multi degree of freedom

	FE
	=
	Finite element

	DBT
	=
	Design basis threat

	W
	=
	TNT charge mass in kg

	SD
	=
	Standoff distance from the detonation source to target (meters)

	Pr
	=
	Peak reflected pressure (kPa)

	Ir
	=
	Reflected impulse (kPa.msec)

	Z
	=
	Scale distance (m/kg1/3)

	t0
	=
	Positive phase duration (msec)

	Em
	=
	Masonry’s Young's modulus 

	Ieff
	=
	Effective second moment of inertia

	Mp
	=
	Plastic Moment

	SIF
	=
	Strength increase factor 

	DIF
	=
	Dynamic increase factor 

	[image: ]
	=
	Extreme upper fiber’s strain value

	Ke
	=
	Elastic stiffness

	Kep
	=
	Elasto-plastic stiffness

	Kp
	=
	Plastic stiffness

	Re
	=
	Elastic resistance

	Rep
	=
	Elasto-plastic resistance

	H
	=
	Wall height (m)

	[image: ]
	=
	Out-of-plane deformed shape 

	[image: ]
	=
	Average compressive strength of the grouted masonry prisms (MPa)

	X
	=
	Displacement of SDOF system (m)

	
	=
	Velocity of SDOF system (m/sec)

	
	=
	Acceleration of SDOF system (m/sec2)

	KLM
	=
	Transformation load-mass factor

	M
	=
	Total mass of the RM wall (kg)

	R(X)
	=
	Resistance function as a function in the mid-height deflection

	P(t)
	=
	Pressure response history

	[image: ]
	=
	Vertical reinforcement ratio

	TNT
	=
	Trinitrotoluene

	[image: ] 
	=
	Yield strength of reinforcement
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[bookmark: _Toc265140142][bookmark: _Toc265141725]Table 3. 1: Experimental and theoretical RM wall peak resistances
	Wall ID
	Vertical Reinforcement Ratio (%)
	Experimental Peak Resistance (kN)
	UFC 3-340-02 (2008) Model
	Load-deflection Analysis

	
	
	
	Rep (kN)
	Error (%)
	Rep (kN)
	Error (%)

	FLS
	0.33
	063.1
	050.9
	-19.3
	060.5
	- 4.1

	FMS
	0.62
	087.4
	079.9
	-08.6
	095.1
	+ 8.8

	FHS
	1.07
	139.1
	123.2
	-11.4
	145.5
	+ 4.6






[bookmark: _Toc265141726]Table 3. 2: Experimental and analytical wall support rotations
	Shot No.
	Group
	Wall ID
	Equivalent TNT charge mass in (kg)
	Scaled distance (m/kg1/3)
	Reflected pressure
(kPa)
	Reflected impulse (kPa.msec)
	
Measured support rotation  (degree)
	
Analytical support rotation   (degree)
	


	1
	I
	FL11
	6.0
	2.75
	372.5
	431.2
	1.8
	2.0
	1.09

	2
	
	FM11
	
	
	380.8
	494.7
	1.7
	1.7
	1.00

	3
	
	FH11
	
	
	421.5
	462.1
	1.6
	1.3
	0.79

	4
	II
	FL22
	12.0
	2.18
	872.8
	685.2
	4.3
	4.1
	0.95

	5
	
	FM22
	
	
	785.0
	726.3
	3.7
	3.0
	0.80

	6
	
	FH22
	
	
	775.7
	784.0
	2.7
	2.7
	1.00

	7
	III
	FL55
	30.0
	1.61
	N.A.
	N.A.
	Failure
	---
	N.A.

	8
	
	FM55
	
	
	1941.8
	1225.4
	8.7
	7.2
	0.83

	9
	
	FH55
	
	
	2077.0
	1529.6
	7.9
	7.0
	0.88






[bookmark: _Toc265141727]Table 3. 3: ASCE/SEI 59-11 and CSA S850-12 Response Limits
	RM Wall Damage State
	Quantitative Damage Description in the ASCE/SEI 59-11 and CSA S850-12 Standards
	Expected Building LOP
	Building Performance

	
	
	
	

	Superficial Damage
	Ductility level less than 1
(elastic response)
	Medium/High
	Immediate Occupancy/
Operational 

	Moderate Damage
	Support rotation less than 2° 
	Low
	Life Safety

	Heavy Damage
	Support rotation between 2° and 8°
	Very Low
	Collapse Prevention

	Hazardous Failure
	Support rotation higher than 8° 
	N.A.
	N.A.






[bookmark: _Toc265141728]Table 3. 4: Default values used in the parametric study
	Parameter
	Symbol
	Units
	Default Value

	Charge Mass
	W
	kg
	300

	Standoff Distance
	SD
	m
	  20.0

	No. of Reinforcement Layers
	
	
	1.0

	Wall Height
	H
	m
	    3.0

	Block Width 
	bw
	mm
	190

	Reinforcement
	Rft
	
	15M each cell (0.53%)

	Yield Strength of reinforcement
	Fy 
	MPa 
	400 

	Compressive Strength of masonry Prism
	[image: ]
	MPa
	13.5a  


a Assumed block strength of 30 MPa
[bookmark: _Toc265141729]Table 3. 5: Scaled distances (m/kg1/3) for different threat scenarios
	Charge Weight (kg TNT)
	Standoff Distance (m)

	
	5
	10
	15
	20
	30
	40
	50

	0,050
	1.4
	2.7
	4.1
	5.4
	
	
	

	0,300
	
	1.5
	2.2
	3.0
	4.5
	
	

	1,000
	
	
	1.5
	2.0
	3.0
	4.0
	5.0

	2,000
	
	
	
	1.6
	2.4
	3.2
	4.0



[bookmark: _Toc265141730]Table 3. 6: Reinforcement ratios (%)
	Reinforcement
	Block Width (mm)

	
	140
	190
	240
	290

	10M each cell
	0.4
	0.3
	 
	 

	10M each other cell + 15M each other cell
	0.5
	0.4
	0.3
	

	15M each cell
	0.7
	0.5
	0.4
	0.3

	15M each other cell + 20M each other cell
	0.9
	0.7
	0.5
	0.4

	20M each cell
	1.1
	0.8
	0.6
	0.5

	20M each other cell + 25M each other cell
	1.4
	1.1
	0.8
	0.7

	25M each cell
	
	1.3
	1.0
	0.9

	25M each other cell + 30M each other cell
	
	
	1.3
	1.0

	30M each cell
	 
	 
	 
	1.2



[bookmark: _Toc265141731]Table 3. 7: Wall configurations
	Masonry Compressive Strength (MPa)
	Rft-I
	Rft-II
	Rft-III

	
	H=3.0m
	H=4.6m
	H=6.0m
	H=3.0m
	H=4.6m
	H=6.0m
	H=3.0m
	H=4.6m
	H=6.0m

	10.0 (Block 20 MPa)
	Wall #1
	Wall #2
	Wall #3
	Wall #4
	Wall #5
	Wall #6
	Wall #7
	Wall #8
	Wall #9

	13.5 (Block 30 MPa)
	Wall #10
	Wall #11
	Wall #12
	Wall #13
	Wall #14
	Wall #15
	Wall #16
	Wall #17
	Wall #18

	17.0 (Block 40 MPa)
	Wall #19
	Wall #20
	Wall #21
	Wall #22
	Wall #23
	Wall #24
	Wall #25
	Wall #26
	Wall #27













[bookmark: _Toc265141732]Table 3. 8: (a) Walls’ support rotation, and (b) corresponding reduction (%) in response

(a)
	Masonry Compressive Strength (MPa)
	Rft-I
	Rft-II
	Rft-III

	
	H=3.0m
	H=4.6m
	H=6.0m
	H=3.0m
	H=4.6m
	H=6.0m
	H=3.0m
	H=4.6m
	H=6.0m

	10.0 (Block 20 MPa)
	3.3
	5.8
	8.1
	2.1
	4.5
	6.3
	1.1
	2.3
	3.1

	13.5 (Block 30 MPa)
	2.7
	4.9
	6.6
	2.1
	4.6
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[bookmark: _Toc265145533]Fig. 3. 1: Effect of strain rate on material characteristics: (a) concrete, (b) reinforcement bars
Design Basis Threat (DBT)
· Charge mass (W)
· Standoff distance (SD)
· Load-mass factor KLM(x) and total mass M
· Damping C
· Resistance function R(x)
· Stiffness (K)
Blast Load Parameters 
· Reflected pressure (Pr)
· Reflected impulse (Ir)
· Load duration (td)
· Dynamic compressive strength of masonry prisms (fmd’)
· Dynamic yield strength of reinforcement bars (fyd) 
· Dynamic ultimate strength of reinforcement bars (fud) 
· Typical cross-section dimensions
Blast Load Model 
(CSA 2012)
Moment-Curvature Model (Using fiber model)

· Moment-Curvature relationship considering strain rate effect
Resistance Function Model (Using load-deflection analysis)

· Wall length (L)
· Boundary conditions
SDOF Model
· SDOF response parameters:
· Maximum mid-span deflection
· Peak support rotation (in accordance to ASCE/SEI 59-11 and CSA S850-12)
· Quantitative Damage (in accordance to ASCE/SEI 59-11 and CSA S850-12)

[bookmark: _Toc265145534]Fig. 3. 2: Algorithm used to develop the peak RM wall response under out-of-plane blast loading
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[bookmark: _Toc265145535]Fig. 3. 3 (a): The behavior of one-way RM wall with fixed-fixed boundary conditions and the definition of support rotation in according to ASCE/SEI 59-11, and (b): fiber model
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[bookmark: _Toc265145536]Fig. 3. 4: (a) Typical wall dimensions (mm), (b) the construction of fixed-fixed boundary conditions, and (c) cross section of typical masonry specimens
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[bookmark: _Toc265145537]Fig. 3. 5: Quasi-static test setup
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[bookmark: _Toc265145538]Fig. 3. 6: Crack Pattern for Walls (a) FLS, (b) FMS and (c) FHS
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[bookmark: _Toc265145539]Fig. 3. 7: Nonlinear Single Degree of Freedom System
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[bookmark: _Toc265145540]Fig. 3. 8: Impact of scaled distance on (a) the peak reflected pressure, and (b) the peak reflected impulse
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[bookmark: _Toc265145541]Fig. 3. 9: Effect of changing standoff distance and charge weight on support rotation of one-way RM walls
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[bookmark: _Toc265145542]Fig. 3. 10: Impact of reinforcement ratio and block size on RM wall support rotation considering two threats: (a) 300 kg of TNT at standoff distance 20 m (Z=3.0 m/kg1/3), and (b) 1,000 kg of TNT at standoff distance 30 m (Z=3.0 m/kg1/3)
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[bookmark: _Toc265145543]Fig. 3. 11: (a) Different Distributions for reinforcement bars, and (b) the corresponding moment-curvature relationships having a block strength of 30 MPa
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[bookmark: _Toc265145544]Fig. 3. 12: (a) Effect of using different prism compressive strength on the plastic moment of typical RM wall having Rft-I configuration, and (b) Effect of wall height on the resistance function of RM wall having a block strength of 30 MPa
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[bookmark: _Toc265145545]Fig. 3. 13: Effect of wall height and masonry compressive strength on the peak support rotation using three different reinforcement layouts
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[bookmark: _Toc265145546]Fig. 3. 14: Effect of yield strength of reinforcement on the peak support rotation of 3.0 m height RM shear wall under different blast threats
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[bookmark: _Toc265145547]Fig. 3. 15: Predicted support rotation of 3.0 m height RM shear wall considering two block thicknesses: 190 mm (the upper surface), and 240 mm (the lower surface) under blast loads from typical standoff distance 20.0 m
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[bookmark: _Toc265145548]Fig. 3. 16: Sample of design aids for reinforced masonry walls under different blast scenarios and wall width
[bookmark: _Toc271835726]Chapter 4: A Simplified Framework for Blast Risk-based Cost-Benefit Analysis for Reinforced Concrete Block Buildings 

ABSTRACT: Probabilistic risk assessment (PRA) is essential to evaluate different options for blast risk management. However, a rigorous blast PRA study can be quite demanding depending on the risk management approach being considered. To expedite this process, a simplified PRA framework is proposed in order to determine design basis threat (DBT) fragility curves for reinforced concrete block shear wall buildings. The current definitions of damage states by North American standards (ASCE/SEI 59-11 and CAN/CSA S850-12) for blast resistant design involve global response limits such as the component support rotations that are relatively simple to calculate. However, these quantitative damage state descriptors can be less relevant for cost–benefit analysis. Therefore, revised damage states are presented that result in metrics that are more suitable for a cost–benefit analysis, including repair technique and building downtime. These metrics are currently considered more meaningful and have been used to quantify the post-earthquake performance of buildings. To illustrate the proposed methodology, an application is presented involving a medium–rise reinforced masonry building, under different DBT levels. The DBT fragility curves are obtained via Monte Carlo sampling of the random variables and are used to infer the locations, within the building premises, that are most suitable for the erection of barriers for blast hardening. As such, the proposed PRA framework can be utilized to identify target performance requirements formulated in terms of the facility stakeholders’ specified tolerable probability of failure and consequent risk management manners.

Keywords: Blast performance, Concrete block, Qualitative damage state descriptors, Probabilistic risk assessment, Reinforced masonry, Shear wall, Site planning, Risk, Uncertainty.

[bookmark: _Toc271835727]4.1 Introduction
The recently introduced North American standards for the design and analysis of structures subjected to blast loading [ASCE/SEI 59-11 (ASCE 2011) and the CAN/CSA S850-12 (CSA 2012)] adopt damage criteria based on metrics that are related to the overall structural component response (e.g. ductility ratios and support rotations). However, developed methodologies for the assessment of the seismic performance of buildings, as laid out in the Federal Emergency Management Agency document FEMA P-58 (FEMA 2012a) and its background reports (FEMA 2012b–2012e), make use of local damage descriptors (e.g. maximum crack width, deformation of the steel reinforcement, etc.) that can be easily linked to various repair techniques – as described in FEMA 308 (FEMA 1998) – and consequent costs. Subsequently, linkage between seismic– and blast–induced damage and associated repair costs would be of significant benefit to stakeholders and analysts tasked with the cost–benefit analysis for potential blast hardening and short- and long-term risk management.
	In order to evaluate different risk mitigation options, probabilistic risk assessment (PRA) methodologies, such as those used by Stewart et al. (2006) and Stewart and Netherton (2008) for the assessment of window glazing under explosive loading, are currently considered as the most comprehensive procedures. A rigorous PRA study is needed when the consequences of failure are exceedingly severe (Ellingwood 2006; and Pekau and Cui 2006), however, carrying out every step in a PRA can be very demanding, as it requires the assessment of threat (likelihood of an explosion), load uncertainty (caused by systematic and random errors in the blast load descriptor characteristics), response uncertainty (caused by variability in the material properties, geometry, etc.), probability of damage limit state violation, consequences (e.g. economic losses), and finally risk evaluation and subsequent risk management (Stewart et al. 2006). If the latter is considered intolerable, the cost of several interventions of risk mitigation can be weighed against the benefit of the corresponding increased safety, in order to find a financially viable solution that entails an acceptable level of risk. Such an acceptable risk level would in turn be correlated to a target facility level of protection (LOP) described in ASCE/SEI 59-11 (ASCE 2011) and CAN/CSA S850-12 (CSA 2012).
	A key element in this laborious PRA process is meaningful definitions of the pertinent component damage states, which are based on the modes of failure that the component being considered is expected to experience under a specific design basis threat (DBT). The response and failure mechanism of masonry walls subjected to out–of–plane blast pressure have been the subject of several recent studies. However, most of these studies have been focused on unreinforced masonry walls (URM) (e.g. Myers et al. 2004; Carney and Myers 2005; Milani and Lourenço 2009; Seyedrezai 2011; Abou-Zeid et al. 2014), while fewer research programs have addressed the dynamic behavior of reinforced concrete block walls (Mayrhofer 2002; Browning et al. 2014) or walls with near–surface–mounted reinforcement (e.g. Mierzejewski 2010). 
The scope of the current study is to propose a simplified PRA framework for blast risk management by adapting the methodologies currently adopted for quantifying buildings damage following seismic events (FEMA 2012a–e) to the expected damage under blast loads. In accordance to previous experimental research conducted by the authors (ElSayed et al. 2014a), quantitative damage indicators traditionally used by modern blast standards such as ASCE/SEI 59-11 (ASCE 2011) and CAN/CSA S850-12 (CSA 2012) (i.e. support rotation) do not lend themselves to qualitative damage assessment and thus, repair cost and subsequently cost–benefit analysis. As such, the four damage states designated by ASCE/SEI 59-11 (ASCE 2011) for reinforced concrete block wall buildings as superficial, moderate, heavy, and hazardous will be linked to qualitative local damage descriptors/criteria such as the maximum crack width and amount of spalling experienced by the masonry wall. In addition, each damage state can be associated with a recommended repair technique and an estimate of building downtime, which would have a direct impact on cost–benefit analyses. Subsequently, the lower bounds of each damage state are adopted as a limit state within a simplified framework proposed for blast performance assessment, which is largely based on a more general PRA methodology. 
Finally, an application is presented to illustrate how such simplified framework can be utilized to establish the likelihood of experiencing a certain damage state given a DBT scenario, namely, the surface detonation of explosive charges over a range of standoff distances from the target. The example presented considers the case of a four–story structure featuring fully–grouted, reinforced masonry shear walls (RMSW) that may represent an archetypical low and medium–rise building (NIST 2010). The probability density functions (PDFs), used to assess the probability of a specific (qualitative) level of damage, are obtained by Monte Carlo sampling of the random variables that describe the wall resistance. DBT fragility curves showing the probability of experiencing moderate, heavy, and hazardous damage versus the standoff distance for several DBT scenarios, are generated and used to evaluate the different risk mitigation options. For the current application, the developed DBT fragility curves are employed to determine the best allocation of blast protection barriers, in order to meet the tolerable probabilities of failure targets. As a result, the building’s premises can be classified into four zones characterized by increasing level of security and access restrictions as their distance from the building diminishes.

[bookmark: _Toc271835728]4.2 Summary of Previous Research 
In an effort to provide relevant data to meet the scope of the current paper, ElSayed et al. (2014a) conducted arena testing of RMSW under out-of-plane loading resulting from surface explosions. In their study, ElSayed et al. (2014a) tested nine third-scale RMSW; considering three different reinforcement ratios and three different explosion weights. The test results consistently showed a flexural mode of failure, with both ductile and brittle responses observed. This experimental study showed that use of qualitative versus quantitative damage descriptors could result in inconsistent, and in fact ambiguous, damage state classification that might lead to inaccurate cost–benefit analysis in terms of estimating post–blast repair and replacement costs. ElSayed et al. (2014b) also developed a Single-degree-of-freedom (SDOF) model to predict the out-of-plane response of RMSWs subjected to blast loadings. This SDOF model was subsequently used to extend the results of the experimental work with different design parameters in order to further study the influence of these design parameters on the out-of-plane response of RMSW under blast loads. In general, findings from both studies (ElSayed et al. 2014a and 2014b) indicate that seismically–detailed RMSW designed to behave in a ductile manner under in-plane loads might be exhibit a brittle-type response (fracture critical) under out–of–plane loads. The proposed SDOF model developed by ElSayed et al. (2014b) is revised in the current study to facilitate quantification and prediction of different level of damage states that could occur to RMSW in terms of maximum crack width and amount of spalling.

[bookmark: _Toc271835729]4.3 Methodologies for Probabilistic Risk Assessment of Blast Damage
[bookmark: _Toc271835730]4.3.1 Generalized PRA Framework
Even with the assumption of deterministic knowledge of the parameters defining a range of DBT Θij, given a combination of charge mass (mi) and standoff distance (Rj), there is still a considerable degree of uncertainty affecting the prediction of the subsequent component structural response. This is attributed to the numerous sources of variability pertaining to both the blast load and the structural system, which can be designated under parameter uncertainty, model error, and inherent variability (Stewart et al. 2006). Therefore, a rational approach for building safety assessment under blast loads requires probabilistic evaluation of limit state violation (Melchers 1987), in which the pertinent limit states are represented by the lower bounds of different damage states of the RMSW system components. A generalized PRA framework is illustrated in Fig. 4.1, for building with ordinary RMSW, adapted from the methodology introduced by Stewart et al. (2006) and Stewart and Netherton (2008) for PRA of window glazing under explosive loading. As Fig. 4.1 shows, the generalized PRA framework can be utilized as a risk–based decision support system (DSS) tool developed to facilitate optimal allocation of the available resources for blast risk mitigation. This DSS tool can be used, for example, to select the best strategy for protecting a building’s perimeter by erecting a number of barriers (or barricades). The generalized PRA framework is structured in three levels: 
Level I considers the variability associated with the structural component/system, including material properties, geometry, systematic and random errors in the model, etc., and has the objective of determining the fragility of the structural system, i.e. its probability of exceeding a predefine damage state (probability of failure) given the probability distributions associated with the component properties and a range of assumed load parameters (e.g. the peak pressure, specific impulse, peak ground acceleration, etc.) (Twisdale et al. 1994; Low and Hao 2001, 2002; FEMA 2009; Netherton and Stewart 2009; Kelliher and Sutton–Swaby 2012). The fragility curves developed in this level can represent the different LOP, described in ASCE/SEI 59-11 (ASCE 2011) and CAN/CSA S850-12 (CSA 2012) by considering the influence of component damage on the overall building structural integrity, designated as “system–level” in Fig. 4.1 (Bishop and McInerney 2014, and Mohamed et al. 2014). 
Level II is concerned with the analysis of load uncertainty and the first step of risk evaluation. The load uncertainty is quantified by estimating the probability distributions associated with the blast wavefront parameters (Campidelli et al. 2013, and 2014; Netherton and Stewart 2010; Bogosian et al 2002; Low and Hao 2001). Subsequently, the load PDFs and fragility curves are used to determine blast reliability curves, which show the probability of failure (the probability of exceeding a predefined damage state) Pf|Θij conditional on the occurrence of the specified DBT scenario Θij.

Level III involves threat assessment, the conclusion of risk evaluation, cost–benefit analysis of possible measures for risk mitigation, and the subsequent selection of the most appropriate risk mitigation option, which might involve hardening and/or zoning of the premises, as will be illustrated later in the current study. Finally, this can be followed by a long–term risk management plan that involves different insurance options and risk mitigation. Threat assessment is based on statistical analysis of intelligence and/or historical data by blast analysts, other expert as well as the stakeholders’ judgments. Threat assessment provides the probability of occurrence of a number of possible DBT P(Θij). The risk is then quantified on the basis of the aggregate probability of failure  and the consequences of an attack. The latter includes the cost of repair and reconstruction, building downtime, the expected number of casualties, etc. If the resulting risk is deemed intolerable by the stakeholders several options of risk mitigation can be considered and their cost can be weighed against the benefit of enhancing safety through detailed cost-benefit analysis. Finally, a risk management plan has to be implemented in order to select the best available option with tolerable risk level. 

[bookmark: _Toc271835731]4.3.2 Simplified PRA Framework
The process outlined above is expected to be quite laborious as well as resource demanding. Alternatively, a simplified PRA framework (Fig. 4.2) can be used, which is organized in two levels:
Level A merges both Levels I and II of the generalized PRA and is focused on the probability of failure Pf |Θij, for which the blast load is calculated from assumed DBT scenarios Θij (i.e. in a deterministic manner). As such, the subsequent structural response and probability of damage state violation are evaluated using the same approach utilized for fragility analysis. The result of this process consists of DBT fragility curves, which is defined herein as blast reliability curves obtained from the deterministic model adopted for blast loading prediction. In practice, the curves would show how the probability of exceeding a predefined damage state increases as a result of increasing the charge mass or reducing the standoff distance.
Level B presents a simplified version of Level III of the generalized PRA and its objective is the decision making process through a risk–based cost–benefit analysis where risk management is guided by cost–benefit analysis for different risk mitigation options. However, in this case, the executive decision can be realized in a more basic manner, on the basis of the viable risk mitigation options and the stakeholders’ best judgment, the latter being linked to the information provided through the DBT fragility curves.

[bookmark: _Toc271835732]4.3.3 Threat Scenario 
In the simplified PRA framework, different levels of DBT (ASCE 2011 and CSA 2012) are considered to represent different threat scenarios using charges of different weights. In accordance with FEMA 428 (FEMA 2003), the different levels of DBT scenarios vary from charge masses that can be delivered by a single person (e.g. using an explosive belt i.e. a personal attack) to larger charge masses delivered by a passenger vehicle or a truck. 

[bookmark: _Toc271835733]4.3.4 Uncertainty in the Structural Component and System Response
There is considerable level of uncertainty, as shown in Level I in the generalized PRA framework (Fig. 4.1) and in Level A in the simplified PRA framework (Fig. 4.2). This is particularly relevant in terms of prediction of damage level and risk following a blast event attributed to the RMSW component response. This is attributed to the fact that the response of different RMSW components are subjected to various sources of uncertainties including:

1. Input parameter (materials): uncertainty in the characteristics of used materials, such as the compressive strength of masonry prisms and the yield and ultimate strengths of reinforcement, combined with uncertainty in other input parameters like the position of the longitudinal reinforcement within the concrete masonry units comprising the RMSW,   
2. Model error: uncertainty in the accuracy of the used model, such as assuming the consistency of workmanship and construction technique, and
3. Inherent variability: influence of weather condition and blast environment on blast loading parameters from specified DBT scenarios.

[bookmark: _Toc271835734]4.3.5 Structural Response Model
Nonlinear dynamic analysis approaches are necessary for determining the structural response of RMSW under blast loads due to the nature of such extreme loading, where the load duration is significantly less than the fundamental period of the RMSW target (Biggs 1964). Dynamic analysis methods may be categorized under two major types, which are: Finite Element (FE) models and analytical (macro) models such as simple Single-Degree-of-Freedom (SDOF) and more elaborate Multi-Degree-of-Freedom (MDOF) models (El-Dakhakhni et al. 2009). As mentioned earlier, qualitative; rather than quantitative; damage descriptors are more meaningful in terms of cost–benefit analysis for PRA analysis. Therefore, the structural response model utilized in the PRA framework should be capable of qualitatively describing damage as will be discussed next. 

[bookmark: _Toc271835735]4.4 Damage States Identification
For the design and assessment of buildings subjected to blast loads, the ASCE/SEI 59-11 (ASCE 2011) and CAN/CSA S850-12 (CSA 2012) adopt performance criteria based on the target facility LOP, which is defined in terms of the potential level of damage that can be tolerated for the structure considered, be it superficial, moderate, heavy, or hazardous. In turn, these damage categories are identified by a range of allowable values for response parameters such as the displacement ductility level and support rotation (ASCE 2011) where, for example, the heavy damage level for a RMSW is associated with support rotations between 2˚ and 8˚.
Quantitative descriptors of the overall structural response/damage such as those traditionally used for blast resistant design (ASCE 2011, CSA 2012), although relatively simple to calculate, do not readily lend themselves to available damage identification, method of repair (MOR) and thus cost–benefit analysis. This is critical as the latter aspects are key for selecting the appropriate risk mitigation and hardening strategies, including strengthening, fencing, enhanced security, etc. As stated previously, ElSayed et al. (2014a) illustrated experimentally that quantitative damage descriptors proposed by the current North American blast resistant design standards may need to be revised for better definition of damage states and thus, facilitate linkage to the overall possible losses. On the other hand, well established guidelines for the damage identification and repair of reinforced concrete components, such as FEMA P-58/BD-3.8.6 (FEMA 2012b) and FEMA P-58/BD-3.8.8 (FEMA 2012d), provide more detailed metrics, e.g. the maximum crack width, amount of crushed and spalled concrete, and deformation of the steel reinforcement, including yielding, fracture, and buckling. The damage thresholds that identify each damage state (e.g. a maximum crack width between 0.5 and 3.0 mm) are then associated with the appropriate MOR, which are extensively discussed in FEMA 308 (FEMA 1998). This latter approach constitutes the backbone of performance-based damage evaluation (PBDE) as described in FEMA 1998, and its outcomes can be more easily translated into practical metrics, such as building downtime and repair cost. Such metrics are more meaningful to the stakeholders (owners, insurance companies, authorities having jurisdiction, etc.) and individuals tasked with performing cost–benefit analysis of potential interventions of risk mitigation and subsequently risk management. 
Therefore, in the present study, the four damage states designated by ASCE 59-11 as superficial, moderate, heavy, and hazardous are redefined in terms of qualitative damage descriptors such as the maximum crack width and amount of spalling experienced. A summary description of each of the following damage state (DS), as well as the recommended MOR and a preliminary estimate of the associated downtime is included in Table 4.1.

[bookmark: _Toc271835736]4.4.1 Damage State I (DS-I): Superficial Damage 
Superficial damage is unlikely to produce any permanent deformation (ASCE 2011), loss of stiffness, or load–bearing capacity. As indicated in Table 4.1, post blast visual inspection may reveal hairline cracks in the mortar beds or concrete masonry units with a maximum width (Wm) not greater than 0.5 mm. Therefore, buildings experiencing superficial damage (DS-I) are expected to remain safe and fully operational, and their downtime is expected to be in the order of days. In accordance with FEMA P-58/BD-3.8.8 (FEMA 2012d), cosmetic repair, consisting in simple surface coating, is the proper MOR when Wm ≤ 0.5 mm. Such MOR would be adequate in order to ensure fire resistance, restore the aesthetic appearance by concealing the cracks, and prevent water infiltration (FEMA 1998; FEMA 2012e).

[bookmark: _Toc271835737]4.4.2 Damage State II (DS-II): Moderate Damage 
In accordance to ASCE/SEI 59-11 (ASCE 2011) and CAN/CSA S850-12 (CSA 2012), moderate damage of one-way flexural components is associated with a maximum support rotation not greater than 2˚. In Table 4.1, moderate damage (DS-II) is redefined in terms of initiation of yielding in the steel reinforcement and a maximum crack width in the range 0.5–3.0 mm; accompanied by negligible concrete masonry unit crushing and spalling. One way of distinguishing between DS-I and DS-II is to evaluate Wm with sufficient accuracy. A visual example of RMSW that had sustained moderate damage is shown in Figure 4.3-a, which shows the crack pattern resulting from a field test conducted by ElSayed et al. (2014a). The cracks are generally expected to (mainly) propagate in the mortar joints as well as the masonry blocks, thereby causing significant reduction in wall stiffness and strength. To restore both, FEMA 308 (FEMA 1998) and FEMA P-58 (FEMA 2012b–e) recommend either grout or epoxy injection as the appropriate MOR whereas epoxy is best suited for small cracks (0.5 ≤ Wm ≤ 1.0 mm), whereas grout is more appropriate for larger ones (1.0 ≤ Wm ≤ 3.0 mm). This type of intervention is classified in FEMA 308 as structural repair (SR), and includes in removal of loose material, sealing of the cracks as appropriate, and subsequent application structural binding agent (cementitious grout or resin epoxy) into the crack by pressure injection through the entry ports, thereby filling the voids and adhering to the substrate material. The time required for repair completion is estimated in the order of weeks (generally less than a month), because this type of intervention is intended to address minor damage, as the lateral displacement of the structure did not exceed its displacement at peak resistance.

[bookmark: _Toc271835738]4.4.3 Damage State III (DS-III): Heavy Damage 
As per ASCE/SEI 59-11 (ASCE 2011) and CAN/CSA S850-12 (CSA 2012), heavy damage in RMSW is characterized by significant permanent deflection and maximum support rotation between 2˚ and 8˚. Conversely, by following the description given for severe flexural damage in FEMA P-58/BD-3.8.10 (FEMA 2012e), Table 4.1 associates heavy damage (DS-III) with initiation of concrete masonry unit spalling at the compression side of the member accompanied by buckling of the steel reinforcement, as illustrated in Figure 4.3-b. To better identify DS-III, the associated level of spalling is assumed in accordance with the definition of heavy damage given by FEMA P-58/BD-3.8.6 (FEMA 2012b). In the current study, DS-III is defined for RMSW when spalling starts to occur up to spalling ratio (S/h) not greater than 10%, where S represents the spalling height per RMSW unit width while h is the wall height. In addition, a widespread array of flexural cracks, having maximum width Wm greater than 3.0 mm, is expected to form at the tension side of the wall and the lateral displacement is likely to have exceeded the displacement corresponding to peak resistance. 
Unlike DS-I and DS-II, DS-III should be considered a major damage state as spalling may expose the longitudinal reinforcement leading to buckling and possible long-term damage. Adequate MOR side can be undertaken following the procedure laid out in FEMA 308 (FEMA 1998), which consists of the removal of loose material; the treatment of the exposed reinforcement; and subsequent the application of mortar mix, the latter comprised of pea gravel in case of deep spall (deeper than the thickness of the face shell of the concrete masonry unit). On the RMSW tension side, where wide cracks have opened, epoxy and/or grout injections is deemed insufficient to restore pre–blast stiffness and strength. In this case, the most appropriate repair method is best left to the engineering judgment. However, as a general rule, partial wall replacement and structural enhancement (SE) procedures (FEMA 1998), which would involve the application of concrete overlay and fabric sheets of composite fibers, may be necessary. The building downtime for this type of intervention may extend to several months.

[bookmark: _Toc271835739]4.4.4 Damage State IV (DS-IV): Hazardous Failure
Both ASCE/SEI 59-11 (ASCE 2011) and CAN/CSA S850-12 (CSA 2012) define hazardous failure in reinforced masonry components as a state characterized by large deformations, quantified by a maximum support rotation greater than 8˚, which may possibly cause structural collapse. On the other hand, the description given by FEMA P-58/BD-3.8.8 (FEMA 2012d) of the most sever damage state pertaining to reinforced concrete components involves Wm > 3.0 mm of maximum width, initiation of sliding, widespread crushing of concrete, and fracture of the steel reinforcement. There is no similar definition of such damage state pertaining to RMSW under out-of-plane loads, and thus the former description is utilized to define DS-IV. However, as this study is only focused on the out–of–plane behavior of flexurally dominated RMSW, Table 4.1 includes only damage descriptors associated with the flexural mode of failure, i.e. rupture of steel reinforcement (as in Figure 4.3-c) and extensive concrete masonry spalling on the compression side. The formation of fragments (USDOD 2008), although quite common as a result of extensive blast induced damage, is not included among the damage criteria as the limited tests reported by ElSayed et al. (2014a) suggest that negligible flying debris are produced under blast when typical seismic reinforcement is provided in RMSW. Nevertheless, a more comprehensive list of damage criteria should probably include secondary fragmentation, owing to the facility occupant life threatening possibility under such failure mode.
	The extreme nature of the hazardous failure (DS-IV) level renders intervention and structural enhancement, including partial replacement, unlikely to be financially sound. Restoration of the full capacity of the damaged RMSW is probably best achieved, in a cost–effective manner, by its complete replacement.
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The fragility curves are calculated on the basis of several assumed blast threats. Given the scaled distances , where R is the standoff distance and m is the charge mass in kg, associated with each threat Θij, the normally reflected peak pressure and specific impulse are obtained from the polynomial expression provided by the CAN/CSA S850-12 and are used to draw the pressure history experienced by the target structure. Also, for simplicity, a number of assumptions are made, including planarity of the produced shock waves, which entail uniform overpressure distribution over the reflecting target surface, normal reflection (angle of incidence equal to zero), and linear pressure profile. 
Such input is implemented with the SDOF model of an archetypical RMSW to determine its response and the resulting damage descriptors. These include the maximum crack width and spalling that are statistically analyzed to determine the probabilities Pm|Θij, Ph|Θij, PH|Θij, of exceeding the damage states DS-II, DS-III, and DS-IV, respectively, conditional on the occurrence of the given threat Θij. The probability of incurring superficial damage (DS-I) is not evaluated in this study as it is assumed to have less importance. For any of the three remaining damage states, the computation of the probability of failure is defined as follows,

		 (4.1)
where Pf = Pm, Ph, and PH for the damage states DS-II, -III, and -IV, respectively, and Wlim = 0.5, 3.0, and 3.0 mm, for damage states DS-II, -III, and -IV respectively; also, (S/h)lim = 0% and 10% for the damage states DS-III and –IV, respectively, while it is not applicable for DS-II. Equation (4.1) is numerically evaluated by using the following (Melchers 1987)

		 (4.2)
where I denotes the indicator function, which has value one when its argument is “true” and zero otherwise; N is the number of variates randomly sampled from the normal distributions associated with different design parameters (e.g. compressive strength of masonry prisms); Wm,k and Sk are the k-th values of Wm and S obtained from the k-th variate; N’ is the result of the summation, i.e. the number of variates that cause limit state violation and thus trigger the indicator function (I = 1); N’/N can be termed as frequency of exceedence, which provides better approximations of Pf as N becomes larger. By noting that, the limit state for spalling while the moderate damage state is not defined, Eq. (4.2) can be reduced to the following: 
	[image: ]	 (4.3)
which may be evaluated by direct sampling as:

		 (4.4)
On the other hand, when the computed Wm is normally distributed, its probability of exceeding the limit state Wlim can be more easily estimated by using the standard normal distribution Φ,
	[image: ]	 (4.5)
where μ and σ are the maximum likelihood estimators (MLEs) of the mean and standard deviation associated with the normal distribution representing Wm. 
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The objective of this section is to illustrate one application of the simplified PRA framework shown in Fig. 4.2 to blast risk mitigation of low– to medium–rise RMSW buildings. In this respect, it should be noted that options that may be considered by the analyst for reducing blast risk can be classified in two categories, namely, interventions (capacity enhancement) and DBT reduction (Stewart et al. 2006). Capacity enhancement may involve the retrofit of existing RMSW or their replacement with new ones in order to withstand large out-of-plane pressure. On the other hand, DBT reduction (i.e. through increasing the standoff distance) may require the acquisition of considerable area of land surround the facility in order to setup protected perimeters and prevent explosions at close distance from the building.
	A demand reduction (DBT reduction) strategy is greatly beneficial, as shown in Figures 4.4-a and 4.4-b, which show the variation of the normally reflected peak pressure and specific impulse generated by a surface detonation of several TNT charges of different weight. The rapid variation in both wavefront parameters is particularly evident at close distances, where for example, the peak pressure generated by a 50.0 kg TNT charge detonated at 5.0 m (Z=1.4 m/kg1/3) is approximately 75% higher than the corresponding values when the standoff distance is increased to merely 6.0 m (Z=1.6 m/kg1/3), while the impulse developed from the detonation of the 50.0 kg TNT charge at 5.0 m is approximately 25% higher than the corresponding value when the standoff distance is increased to 6.0 m.   
The difficulty faced by the analyst as well as the stakeholders while considering the cost–benefit of strengthening versus perimeter protection is represented in Figure 4.4-c, which gives a conceptual appraisal of the costs of intervention versus increasing standoff distance: as the distance increases, the cost of strengthening is expected to diminish while the cost of perimeter protection (cost of land, barriers, security, etc.) is significantly increased. Therefore, it seems reasonable to seek an optimum standoff distance that for the selected LOP should entail the minimum overall cost of protection. For demonstration, the example presented in the next section considers only one strategy of risk mitigation, namely, DBT reduction by land acquisition and construction of protective barriers and barricades (i.e. for zoning purposes).
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In the current example, three DBT scenarios are considered, namely, a personal attack, a car bomb, and a truck bomb. As a first approximation, the three scenarios are modeled as hemispherical surface bursts of different magnitude, the latter selected in accordance with FEMA 428 (FEMA 2003): the maximum charge mass that can be delivered by a single person on foot, who is using an explosive belt and/or a bomb briefcase, is assumed to be equivalent to 50 kg of trinitrotoluene (TNT). In the case of a car bomb, the amount of explosive can be as large as 300 kg of TNT equivalent and for a truck it can reach up to 2000 kg of TNT equivalent.
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This study takes into consideration the uncertainty affecting some of the most relevant input parameters of the RMSW structural system, namely, the compressive strength of fully-grouted prisms ([image: ]), as inferred from standard prism tests (ASTM 2011), and the position of the longitudinal reinforcement, as indicated by the distance (d) of the steel bars from the wall side directly exposed to the blast. Both [image: ] and d are modeled as random variables whose probability distributions, represented in Figure 4.5, are estimated on the basis of the experimental results reported by ElSayed et al. (2014a, 2014b), which include seventeen masonry prisms built under the same conditions as the specimens subjected to blast loading and tested in accordance with ASTM standard C1314-11a (ASTM 2011). The results revealed a compressive strength ranging from 12 to 23 MPa, with sample mean value 18.4 MPa, sample standard deviation 3.1 MPa, and coefficient of variation COV = 17.0%. A normal distribution is found to fit the data adequately: the MLEs for and  are found to be virtually identical to the sample mean and standard deviation, and the Chi–square (Chi2) goodness–of–fit–test shows a p–value = 62% (Ang and Tang 1975, The MathWorks 2011). It should be noted that number of data points used herein may be considered insufficient for a normal distribution fit and more data would be required to utilize such distribution. Nevertheless, the normal distribution is utilized for illustrative purposes.  
To determine the position of the longitudinal steel reinforcement, six walls were cut after being tested: the depth d of 46 bars was measured and found ranging between 23 and 40 mm, with sample mean value and standard deviation equal to 32.1 mm and 4.4 mm, respectively, and COV = 13.6%. The dataset is well represented by a normal distribution and no significant discrepancies are found between the foregoing estimates of and  and their MLEs. In addition, the depth–to–wall–thickness ratio (d/t) features = 0.51 and  = 0.07.
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The archetypical building selected to illustrate the simplified PRA methodology is adapted from one of the archetypes used in NIST (2010) to evaluate the seismic performance of a typical hotel, condominium, or college residence constructed with RMSW system. Several schematic views of the RMSW building’s structural system, including building layout, lateral view, and typical cross–section of one of the RMSW are shown in Figure 4.6. The building is constructed as four storey high, with 3.0 m storey height, and features eight identical, 9.0 m long, RMSWs in both the longitudinal and transverse directions. 
Each RMSW is constructed of standard 190×190×390 mm concrete blocks and the average compressive strength of the masonry prisms is assumed to be 20.0 MPa. In addition, longitudinal reinforcement is provided in the form of 15M bars (area = 200 mm2) placed approximately in the centre of each block cell (one bar per cell); the steel average yield stress and tensile strength are equal to 420 and 620 MPa, respectively. The resulting reinforcement ratio (0.53%) can be qualified as intermediate, based on the minimum (0.13%) and maximum (2.00%) ratios given by CAN/CSA S304.1-04 (CSA 2004c) for in–plane seismic loading. 
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To predict the structural response of RMSW, the single–degree–of–freedom (SDOF) model described in ElSayed et al. (2014b), which was calibrated on the basis of the test results presented in ElSayed et al. (2014a), was adopted. This SDOF model was further improved in the current study to determine the maximum crack width and spalling ratio in RMSW when subjected to out–of–plane blast loading.
A simplistic approach is adopted to calculate the width of the flexural cracks. The typical tensile failure mechanism is assumed to be debonding of the mortar from the masonry unit along the bed joint (Drysdale and Hamid 2005, ElSayed et al. 2014a). Furthermore, a crack is assumed to open as soon as the tensile normal strain (ε) at the extreme fiber of a mortar joint cross–section exceeds the strain associated with the flexural tensile strength normal to the bed joint. The strain profile is calculated by strain compatibility, given the curvature and the position of the neutral axis. The crack width is then calculated as W = ε∙ΔL, where ΔL denotes the distance between adjacent mortar joints; at the wall ends, for both the first and last mortar joint, ΔL is replaced with ΔL/2. 
To illustrate the results of this simple model, Figure 4.7 shows the crack width calculated at the mortar joints of a RMSW, utilized in the previous building, subjected to four out-of-plane, static, uniformly distributed loads of magnitude equal to 25%, 50%, 75% and 100% of the wall resistance. The spalling ratio is also calculated in a straightforward manner as the ratio of the number of failed mortar joints to the total number of joints. While evaluating this ratio, a mortar joint is considered to have failed when the compressive strain at the extreme fibre exceeds the critical value of 0.0035 mm/mm (ElSayed et al. 2014b). Also, the joints at both ends of the wall are counted as 1/2, so that if n is the actual number of mortar joints, the number assumed for calculating the amount of spalling is (n-1). The foregoing definition of spalling, although not consistent with the spalling ratio defined in FEMA P-58/BD-3.8.6 (FEMA 2012b), appears to empirically match the S/h ratio observed in the specimens tested by ElSayed et al. (2014a). Therefore, the definitions of different damage states (see Table 4.1) are adopted for illustrative purposes, in order to predict the level of damage in the archetype building wall as follows. 
The number N of randomly sampled variates cannot be established beforehand as it depends on the number of variables and associated degree of uncertainty which characterize the problem at hand (Melchers 1987). For the building archetype considered herein, N = 250 is found to yield sufficiently accurate estimates of Pf. As Fig. 4.8 shows, the estimator N’/N resulting in a reasonable rate of convergence for several blast scenarios as N increases, and for most scenarios the frequency of exceedence does not change significantly when N > 250. Also, a comparison between Pf estimates from Eqs. (4.4) and (4.5) is reported in Table 4.2 for nine DBT scenarios, which shows reasonable agreement when the probability of failure is greater than 50%; for smaller values of Pf, a greater random sample is needed.
Finally, the probability of exceeding each damage limit state is estimated by direct sampling of the random variables, using Monte Carlo simulation (Melchers 1987). Given the PDFs in Figure 4.5 obtained for [image: ] and d, a number N of values are randomly sampled from each distribution and the resulting maximum crack width and level of spalling are computed by SDOF analysis. Subsequently, the probability of failure, i.e. the probability of exceeding the limit states established in terms of crack width or amount of spalling, is estimated by calculating the of DBT fragility curves.
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A total of 27 threat scenarios Θij are considered in order to draw the building’s DBT fragility curves, on the basis of the three DBT categories described earlier. For each category, nine standoff distances are selected, in order to perform a parametric study in the far range (ASCE 2011), i.e. with scaled distances Z ranging from 1.2 to 20 m/kg1/3. Smaller scaled distances are intentionally avoided as the resulting uneven pressure distributions and the possible subsequent modes of failure (e.g. breaching) that may be engaged are beyond the scope of the current investigation. The resulting charge mass and standoff distance combinations Θij = (mi, Rj) are reported in Table 4.3, and for each combination, the probability of exceeding the lower bounds of damage states DS-II, -III, and -IV is calculated by using Eq. (4.2). 
The same results are plotted in Figures 4.9-a, 4.9-b, and 4.9-c in the form of DBT fragility curves associated with personal attack, car bomb, and truck bomb scenarios, respectively.  In general, a decrease in the probability of limit state violation as the standoff distance becomes greater is observed. Although the same information can be represented in a more compact form by selecting the scaled distance as the independent variable, the use of charge mass and standoff distance may be preferable as it facilitates a clearer picture of the archetype building response, which can be more easily utilized by decision makers. 
For example, under the threat Θ50,5 the probability of exceeding the lower bounds of DS-II, -III, and -IV is approximately equal to 100%, 55%, and 55%, respectively. Therefore, the probability of experiencing moderate damage (DS-II) is given by the difference 100%-55% = 45%. In addition, heavy damage (DS-III) is unlikely to occur, as its probability is about 55%-55% = 0%, although the latter result may be a consequence of the adopted model. Finally, hazardous failure (DS-IV) has a probability of occurrence of 55%. Similarly, the Θ2000,50 blast scenario leads to a probability of moderate, heavy, and hazardous damage equal to 100%-8%=92%, 8%-6%=2%, and 6%, respectively. Hence, if the objective pursued by the stakeholders is a probability of incurring DS-III to be limited to 2%, a truck barrier at 50 m and a car barrier at 5 m from the building may suffice.
It should be pointed out that the estimates in Table 4.3 and Figure 4.9 are considered accurate – in terms of random sampling – only for N’/N > 0.5; as anticipated earlier with reference to Table 4.2, accurate estimates of smaller probabilities of failure would require a greater sample size N, which would impose an unnecessary computational burden, particularly considering that the calculations presented herein are solely for illustrative purposes. Furthermore, even in the case of relatively large probabilities of failure, owing to the oversimplified nature of the SDOF model adopted for predicting the crack width and amount of spalling, the number of significant figures that can be reasonably assumed for the estimate of Pf is usually limited to two.
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In the current application, the final stage of risk mitigation and decision making pertains to the locations where protective barriers shall be utilized, i.e. the selection of their distances from the building. This decision can be based on the DBT fragility curves as well as the design requirements or the target LOP criteria established by the stakeholders in terms of tolerable probability of damage. For instance, the building owner may decide to accept a probability of incurring moderate, heavy, and hazardous damage not greater 10%, 1%, and 0.1%, respectively. Given these thresholds, from the curves in Fig. 4.9 it is clear that when hazardous damage is considered, pedestrian fences, car barriers, and truck barricades should be erected at a minimum standoff distance of 7.5, 20, and 75 m, respectively. In addition, for preventing heavy damage (or greater) with a 99% confidence, the results in Table 4.3 demand that the same barriers be placed at a minimum distance of 15, 40, and 100 m, respectively. Finally, to avoid moderate damage (or grater) with a 90% confidence, the barriers should be erected at a minimum distance of 35, 100, and 250 m, respectively. Hence, if all three criteria are applied, the last set of prescribed minimum distances would determine the position of the blast barriers.
	The result of this process can be presented as the partition of the building’s premises in four zones, A, B, C, and D, as depicted in Figure 4.10. Zone–A, the innermost area, is delimited by a security fence located at a minimum distance of 35 m from the building and is provided with check points in order to grant access to authorized pedestrians only. Zone–B extends to an outer perimeter located at a minimum distance of 100 m and provided with anti–ram barriers in order to prohibit access to cars but grant entrance to all pedestrians. Zone–C has an outer perimeter at a minimum distance of 250 m from the building that features anti–ram barricades for trucks and gates of entry for small vehicles (cars) and pedestrians. Finally, Zone–D includes all the areas within the premises on the outside of the truck barricades and access to it is unrestricted.
	It can be noticed that the adopted framework constitutes a very expedient DSS tool, owing to its heavy reliance the stakeholders’ judgment in order to establish acceptable levels of protection. Such a DSS tool may be very useful for the purpose of preliminary site planning; however, to finalize the decision, a more comprehensive approach may be advisable, especially for urban areas where the cost of land is particularly high. In such a case, site planning should be based on cost–benefit analysis, which considers, at the very least, the costs of land acquisition and potential repairs; if the result if found to be unsatisfactory in terms of the safety–to–cost (benefits) ratio, alternative strategies should be considered, including measures for strengthening the building, so as to reduce to overall cost to a minimum, given the target facility LOP.

[bookmark: _Toc271835748]4.7 Conclusions
This study presents a general framework for probabilistic risk assessment (PRA) for RMSW buildings considered under blast threats. A simplified PRA methodology is also proposed, which overcomes the need for probabilistic assessment of threat and load parameters and leads to the expedient calculation of design basis threat (DBT) fragility curves. The developed DBT fragility curves give the probability of failure as it varies with the selected DBT parameters (charge mass and standoff distance). The use of the DBT fragility curves would expedite the final stage of the PRA framework (decision making), by replacing a rigorous cost–benefit analysis with a simpler process based on the stakeholders’ judgment, the latter formulated in terms of tolerable probability of different damage states. For illustrative purposes, the simplified PRA framework is applied for the preliminary site planning of the premises surrounding a four–storey RMSW building archetype, whose vulnerability is analyzed by assuming three DBT blast scenarios, namely, personal attack, car bomb, and truck bomb. The uncertainty in the RMSW system characteristics is partly accounted for by modeling both the masonry assemblage compressive strength and the position of the longitudinal reinforcement as normally distributed random variables. The RMSW response to out–of–plane blast pressure, including maximum crack width and spalling ratio, is evaluated by stochastic SDOF modeling. The results suggest the erection of fences, anti–ram car barriers, and truck barricades at specific minimum standoff distances from the RMSW building, in order to meet the target design requirements in terms of specified probabilities of incurring moderate, heavy, and hazardous damage. Finally, based on the fragility curves results, consideration of a range of potential interventions (e.g. strengthening) as well as the use of more sophisticated means, including a generalized PRA, and a more detailed analytical model for the prediction of the RMSW building blast response might be required.


[bookmark: _Toc271835749]Appendix 4.1 Notation
COV	=	Coefficient of variation
d	=	Position of vertical reinforcement (mm)
DIF	=	Dynamic increase factor
[image: ]	=	Prism average compressive strength (MPa)
LOP	=	Level of protection
mi	=	i-th explosive charge mass (kg of TNT)
MLE	=	Maximum likelihood estimator
n	=	Number of mortar joints
Pf	=	Probability of failure
Pm	=	Probability of experiencing moderate damage or greater
PH	=	Probability of experiencing hazardous damage or greater
Ph	=	Probability of experiencing heavy damage or greater
PBDE	= 	Performance–based damage evaluation
PDF	= 	Probability density function
PRA	=	Probabilistic risk assessment
Rj	=	i-th standoff distance (m)
RMSW	= 	Reinforced masonry shear wall
S	=	Amount of spalling, i.e. length along the wall span of the region experiencing
		spalling (mm)
Sk	=	k-th amount of spalling (mm)
SDOF	=	Single–degree–of–freedom
SIF	=	Strength increase factor
t	=	Concrete block wall thickness, i.e. cross-section depth (mm)
W	=	Crack width (mm)
Wlim	=	Crack width limit state (mm)
Wm	=	Maximum crack width (mm)
Wm,k	=	k-th maximum crack width (mm)
Z	=	Scaled distance
ε	=	Strain normal to the cross–section
εcr	=	Normal strain corresponding to the flexural tensile strength
Θ	=	Threat scenario
Θij	=	Threat scenario resulting from the combination (mi, Rj)
μ	=	Mean value
ρv	=	Vertical reinforcement ratio
σ	=	Standard deviation
Φ	=	Standard normal cumulative distribution function
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[bookmark: _Toc265152197]Table 4. 1: Description of damage states and recommended repair techniques (adapted from FEMA (1998) and FEMA (2012a–e))
		Damage State
	Damage State Description
	Approximate Building Downtime
	Method of Repair (MOR)

	DS-I: Superficial Damage
	· Initiation of cracking in mortar joints
	Days
	Cosmetic repair

	
	· Initiation of flexural cracking in masonry units
	
	

	
	· Maximum crack widths less than 0.5 mm
	
	

	DS-II: Moderate Damage
	· Initiation of yielding in the steel reinforcement
	Weeks
	Epoxy or grout injections

	
	· Maximum flexural crack width larger than 0.5 mm but less than 3.0 mm.
	
	

	DS-III: Heavy Damage
	· Initiation of masonry spalling at the compression side (0 < S/h ≤ 10%).
	Months
	Partial wall replacement

	
	· Buckling of longitudinal reinforcement
	
	

	
	· Maximum flexural crack width larger 3.0 mm
	
	

	DS-IV: Hazardous Damage
	
	N/A1
	Wall replacement

	
	· Extensive masonry spalling (S/h > 10%)
	
	

	
	· Fracture of longitudinal reinforcement 
	
	

	
	· Maximum flexural crack width larger 3.0 mm
	
	


1Not Applicable




[bookmark: _Toc265152198]Table 4. 2: Comparison between different estimates of the probability of exceeding the lower bound of moderate damage state (DS-II) as a sample
		Threat Scenario 
(kg of TNT)
	Threat
Scenario Θij
	Standoff Distance R (m)
	Scaled Distance Z (m/kg1/3)
	Probability of Exceeding the Lower Bound of DS-II

	
	
	
	
	
	Frequency N’/N

	Personal Attack (50)
	Θ50,20
	020
	05.43
	0.84
	0.90

	
	Θ50,25
	025
	06.79
	0.50
	0.42

	
	Θ50,30
	030
	08.14
	0.17
	0.13

	Car Bomb (300)
	Θ300,50
	050
	07.47
	0.92
	0.96

	
	Θ300,80
	080
	11.95
	0.36
	0.27

	
	Θ300,100
	0100
	14.94
	0.04
	0.06

	Truck Bomb (2000)
	Θ2000,125
	125
	09.92
	0.86
	0.91

	
	Θ2000,150
	150
	11.91
	0.71
	0.67

	
	Θ2000,200
	200
	15.87
	0.24
	0.18


















[bookmark: _Toc265152199]Table 4. 3: Threat scenarios and corresponding probabilities of exceeding damage limit states
	
	Threat Type
(kg of TNT)
	Threat
Scenario Designation
	Standoff Distance R (m)
	Scaled Distance Z (m/kg1/3)
	Probability of Limit State Violation
(Lower Bounds of Damage States)

	
	
	
	
	DS-II
	DS-III
	DS-IV

	Personal Attack (50)
	Θ50,5
	5
	1.36
	1.00
	0.55
	0.55

	
	Θ50,7.5
	7.5
	2.04
	1.00
	0.06
	0.00

	
	Θ50,10
	10
	2.71
	1.00
	0.05
	0.00

	
	Θ50,15
	15
	4.07
	1.00
	0.00
	0.00

	
	Θ50,20
	20
	5.43
	0.90
	0.00
	0.00

	
	Θ50,25
	25
	6.79
	0.42
	0.00
	0.00

	
	Θ50,30
	30
	8.14
	0.13
	0.00
	0.00

	
	Θ50,35
	35
	9.50
	0.07
	0.00
	0.00

	
	Θ50,40
	40
	10.86
	0.02
	0.00
	0.00

	Car Bomb (300)
	Θ300,10
	10
	1.49
	1.00
	0.60
	0.60

	
	Θ300,15
	15
	2.24
	1.00
	0.58
	0.58

	
	Θ300,20
	20
	2.99
	1.00
	0.05
	0.00

	
	Θ300,30
	30
	4.48
	1.00
	0.03
	0.00

	
	Θ300,40
	40
	5.98
	1.00
	0.00
	0.00

	
	Θ300,50
	50
	7.47
	0.96
	0.00
	0.00

	
	Θ300,60
	60
	8.96
	0.66
	0.00
	0.00

	
	Θ300,80
	80
	11.95
	0.27
	0.00
	0.00

	
	Θ300,100
	100
	14.94
	0.06
	0.00
	0.00

	Truck Bomb (2000)
	Θ2000,25
	25
	1.98
	1.00
	0.55
	0.55

	
	Θ2000,50
	50
	3.97
	1.00
	0.08
	0.06

	
	Θ2000,75
	75
	5.95
	1.00
	0.07
	0.00

	
	Θ2000,100
	100
	7.94
	1.00
	0.00
	0.00

	
	Θ2000,125
	125
	9.92
	0.91
	0.00
	0.00

	
	Θ2000,150
	150
	11.91
	0.67
	0.00
	0.00

	
	Θ2000,175
	175
	13.89
	0.42
	0.00
	0.00

	
	Θ2000,200
	200
	15.87
	0.18
	0.00
	0.00

	
	Θ2000,250
	250
	19.84
	0.06
	0.00
	0.00







Uncertainty in structural response
· Input parameters (materials)
· Model error
· Inherent variability
Structural response model
· Crack width 
· Spalling 
Fragility curves

(probability of exceeding a damage limit state)
Assumed DBT scenario Θij
Sources of uncertainty
· Input parameters
· Model error
· Inherent variability
Blast load model
· Peak pressure
· Specific impulse
· Load duration
Probability distributions of the blast load parameters
Blast reliability curves
Pf |Θij
Judgment call by stakeholders 


Risk Management

Threat assessment
P(Θij)
Aggregate probability of failure Pf
Risk Analysis
Cost–benefit analysis
(e.g. cost of repairing and building downtime)
Consequences
(e.g. cost of reconstruction)
Damage states
(DS-I, -II, -III, -IV)
· Method of repair
· Building downtime
Assumed range of load parameters 
(peak pressure, specific impulse, duration)
Intelligence
Expert opinion
Risk mitigation options
(e.g. fencing)
PRA Level I
PRA Level II
PRA Level III

System–Level response evaluation
· ASCE 2011
· CSA 2012
· GSA 2013















[bookmark: _Toc265153916]Fig. 4. 1: Framework for decision making in land acquisition and perimeter protection of buildings subjected to blast threats (based on Stewart and Netherton (2008)): blue = fragility analysis; red = analysis of load uncertainty; green = threat assessment; grey = risk evaluation; orange = cost–benefit analysis; black = executive decisions

Uncertainty in structural response
· Input parameters (materials)
· Model error
· Inherent variability
Structural response model
· Crack width 
· Spalling 
Assumed DBT scenario Θij
Blast load model
· Peak pressure
· Specific impulse
· Load duration

DBT Fragility curves Pf |Θij
Cost–benefit analysis (e.g. cost of repairing and building downtime)
Risk
Damage states
(DS-I, -II, -III, -IV)
· Method of Repair
· Building downtime
Risk mitigation options
Level A: performance assessment
Level B: decision making













[bookmark: _Toc265153917]	Fig. 4. 2: Simplified framework for decision making in land acquisition and perimeter protection of buildings subjected to blast threats
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[bookmark: _Toc265153918]Fig. 4. 3: Damage states experienced by RMSWs subjected to blast loading: (a) Moderate damage of specimen FL11, maximum crack width ≤ 1.0 mm; (b) Heavy damage of specimen FH55, extensive spalling (ElSayed et al. 2014a); (c) Hazardous failure of specimen FL55, fracture of the steel reinforcement (ElSayed et al. 2014a)
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[bookmark: _Toc265153919]Fig. 4. 4: Effect of standoff distance: (a) Normally reflected peak pressure; (b) Normally reflected specific impulse; (c) Costs of protection.

[bookmark: _Toc265153920]Fig. 4. 5: Normal distributions associated with masonry assemblage compressive strength and position of steel reinforcement (depth)
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                           Building layout                                                      3D view
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                          Typical wall cross–section                                   Lateral view

[bookmark: _Toc265153921]Fig. 4. 6: Prototypical four–storey RMSW building







[bookmark: _Toc265153922]Fig. 4. 7: Crack widths along the mortar bed joints of RMSWs subjected to out–of–plane uniform static pressure






[bookmark: _Toc265153923]Fig. 4. 8: Effect of the number of randomly sampled variates on the estimator N’/N of the probability of exceeding the lower bound of DS-III
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[bookmark: _Toc265153924]Fig. 4. 9: Fragility curves of fictitious RMSW subjected to three threat scenarios: (a) Personal attack – 50 kg TNT; (b) Car bomb – 300 kg TNT; (c) Truck bomb – 2,000 kg TNT
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[bookmark: _Toc265153925]Fig. 4. 10: Blast protection of four storey RMSW building by “zoning” of the premises: Zone–A, access restricted to authorized pedestrians; Zone–B, access granted to all pedestrians (no vehicles); Zone–C, access granted to small vehicles (cars); Zone D, unrestricted access
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[bookmark: _Toc271835753]5.1.1 Concrete Masonry Units (CMU)

	
	CMU No.
	Load (kN)
	Stress (MPa)

	1
	93.50
	19.52

	2
	87.00
	18.17

	3
	95.50
	19.94

	4
	101.50
	21.19

	5
	103.75
	21.66

	6
	107.50
	22.45

	7
	72.50
	15.14

	8
	80.00
	16.70

	 9
	102.00
	21.30

	 10
	106.00
	22.13

	11
	103.75
	21.66

	12
	111.00
	23.18

	13
	80.00
	16.70

	14
	92.00
	19.21

	15
	86.75
	18.11

	16
	129.50
	27.04

	17
	117.50
	24.54

	18
	79.50
	16.60



	
Mean= 20.3 MPa
COV = 15.2 %
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	Fig. 5.1: Testing of Concrete Masonry Units
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	Fig. 5.2: Testing of Mortar Cubes
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	Fig. 5.3: Testing of Grout Cylinders
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Fig 5.4: Testing of fully-grouted masonry prisms
	

Mean = 18.4 MPa
COV = 17.0 %
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Fig. 5.5: Two 50.8 mm (2 in) diameter solid steel rods were used to prevent the movement of the masonry structural walls way from the blast source
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Fig. 5.6: Steel framing elements within the wing walls and top parapet were used to prevent the movement of the masonry structural walls toward the blast source
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	Fig. 5.7: (a) Sample of compression cracks on the first sample, and tension side crack pattern (b) SL11, (c) FL11, and (d) FM11
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	Fig. 8: Compression cracks in the front face of SL11 after the first shot 
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	(d)

	Fig. 5.9:  Sample of compression cracks on the first wall, (a) Shot No. 5 (b) Shot No. 6, (c) Shot No. 7, and (d) Shot No. 8
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	(d)

	Fig. 5.10: Sample of compression cracks on the first wall, (a) Shot No. 9 (b) Shot No. 10, (c) Shot No. 11, and (d) Shot No. 12





[bookmark: _Toc271835901]5.4 Measuring Peak Support Rotation
The experimental deflection response histories of the RM structural walls under different scaled distances were captured using the displacement transducers measurements at their three-quarter height when the mid-height experimental deflection histories were not available. Subsequently, the mid-height deflection histories were generated assuming an elasto-plastic deformed shape (Eq. 5.1), for Group I and Group II walls, and a plastic deformed shape (Eq. 5.2), for Group III walls. Using these measurements, each wall’s maximum support rotation was obtained as the cord angle (see Fig. 5.11), as specified by the ASCE/SEI 59-11 (ASCE 2011) and the CAN/CSA S850-12 (CSA 2012).
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Elasto-Plastic                    Plastic  
Fig. 5.11: Elasto-plastic and plastic deformed shape
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[bookmark: _Toc271835903]5.5.1 Moment-Curvature Relationship 
Moment-curvature analysis of the masonry wall section was used to define the wall section strength, curvature and stiffness (Em Ieff) at all stages of loading. The tested masonry walls were subjected to pure bending resulted from out-of-plane blast loading while the axial load due to self-weight was neglected, and therefore fiber model is used in order to develop moment-curvature relationships for different masonry cross-sections. The following assumptions were considered in the analytical model:
· An average strain rate was considered for the concrete blocks, the grout and the reinforcing bars.
· The concrete block and grout layers were incapable of providing tensile strength.  
· The non-linear stress-strain relationship of grouted masonry specimens was based on the test results from 17 fully-grouted masonry prisms, and hence the relationships used were: 
	
	at 
	(5.3-a)

	                
	at 
	(5.3-b)


where  is the average compressive strength of masonry, which equals 21.18 MPa, and  is the strain at the center of each fiber. Coefficients C0 to C3 are listed in Table 5.1, and they were determined by averaging experimental results of prism tests, as illustrated earlier.

Table 5.1: Coefficients of the fitting polynomials obtained for stress-strain relationship of grouted masonry
	Strain range
	C0
	C1
	C2
	C3

	

  
	0.0
	        144
	193,700
	-44,000,000

	

	4.8
	-2,975
	783,700
	-69,500,000



As mentioned earlier, axial force due to the masonry wall self-weight was neglected, and then equating compression to tension forces (resulting from stress resultants) satisfies the equilibrium at any level of response. Analytically, adjusting the position of neutral axis by trial and error until equilibrium is satisfied satisfies equilibrium. Hence, the moment and the corresponding curvature were given by (Priestley et al. 2007):     
	
	(5.4)



	
	(5.5)


where  and  were the strain at the centroid of layer i and the level of the reinforcing bars, respectively. bi and hi are the width and height of layer i, respectively, while As is the total area of all reinforcing bars. Finally, yi and ys are the distances from neutral axis to layer i and reinforcing bars, respectively.
	The algorism used for developing the moment-curvature relationship using the fiber model technique is shown in Fig. 5.12. This algorism consisted of three main parts: the input section, creating the fiber model part, and finally developing the moment-curvature curve. Creating the fiber model was carried out on masonry specimens, in which typical wall cross-section was divided into N1 (for face-shell) and N2 (for grout) layers. The stress-strain relationship for each layer was used to determine the stress distribution along wall cross-section considering an initially assumed natural axis location. The location of neutral axis was then adjusted, using a trial and error approach, to satisfy the equilibrium condition (which was governed by equating the difference between tension and compression forces to the external applied axial load), and thus the moment-curvature relationship associated to this cross-section could be developed. Starting with a low value of extreme fiber compression strain and adjusting the position of neutral axis that satisfy the axial equilibrium, moment and curvature corresponding to this strain were determined. After this, the compression strain of extreme fiber was incrementally increased and hence the moment and the curvature corresponding to this strain were calculated. Moreover, the maximum value of the moment, which represents the plastic moment, was updated automatically after each moment and curvature determination loop.
[image: ]
Fig. 5.12: Algorism used to develop Moment-Curvature relationship using the fiber model
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	(a)
	(b)

	Fig. 5.13: Experimental versus analytical resistance functions for walls (a) FMS and (b) FHS
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	Shot # 8

	Fig. 5.14: Sample of the experimental versus analytical wall response histories



W = 50 kg TNT	1.357208808297453	1.492929689127199	2.714417616594907	4.07162642489236	5.428835233189814	3414.1	2566.3	434.8	155.9	85.8	W = 300 kg TNT	1.493801582185722	2.240702373278583	2.987603164371444	4.481404746557165	2561.5	753.9	334.9	126.3	W = 1,000 kg TNT	1.5	2.0	3.0	4.000000000000001	2530.2	1056.6	331.1	162.4	W = 2,000 kg TNT	1.5874010519682	2.3811015779523	3.174802103936399	3.968502629920499	2132.2	631.0	285.4	165.3	 	1.357208808297453	1.493801582185722	1.5	1.5874010519682	2.0	2.240702373278583	2.3811015779523	2.714417616594907	2.987603164371444	3.0	3.174802103936399	3.968502629920499	4.000000000000001	4.07162642489236	4.481404746557165	5.428835233189814	3414.1	2561.5	2530.2	2132.2	1056.6	753.9	631.0	434.8	334.9	331.1	285.4	165.3	162.4	155.9	126.3	85.8	Scaled Distance (m/kg1/3)
Reflected Pressure (kPa)

W = 50 kg TNT	1.357208808297453	2.714417616594907	4.07162642489236	5.428835233189814	2180.3	929.4	582.2	422.5	W = 300 kg TNT	1.493801582185722	2.240702373278583	2.987603164371444	4.481404746557165	3504.5	2122.6	1509.3	949.8	W = 1,000 kg TNT	1.5	2.0	3.0	4.000000000000001	5207.8	3638.7	2243.7	1612.7	W = 2,000 kg TNT	1.5874010519682	2.3811015779523	3.174802103936399	3.968502629920499	6108.2	3713.6	2646.9	2050.1	Scaled Distance (m/kg1/3)
Reflected Impulse (kPa.msec)

W = 50 kg TNT	5.0	10.0	15.0	20.0	3.859706208429146	0.996845969953236	0.626408896962781	0.454536981781308	W = 300 kg TNT	10.0	15.0	20.0	30.0	10.1336611986078	3.582041623320642	1.748887782557768	0.970115817225836	W = 1,000 kg TNT	15.0	20.0	30.0	40.0	19.00029299576482	9.10144969600618	3.471689009698716	1.684010832269034	W = 2,000 kg TNT	20.0	30.0	40.0	50.0	21.1165608083612	8.665202012273553	4.224575898497857	2.28298276837527	Standoff Distance (m)
Support Rotation (Degree)

Block Width = 140 mm	0.357142857142857	0.535714285714286	0.714285714285714	0.892857142857143	1.071428571428571	1.42857142857143	6.518724471725831	4.452447149471188	3.380343166811367	3.193792471289664	3.056691385756501	2.90050588515395	Block Width = 190 mm	0.263157894736842	0.394736842105263	0.526315789473684	0.657894736842105	0.789473684210526	1.052631578947368	1.31578947368421	3.174752807343135	2.042683589439148	1.748887782557768	1.588595752328732	1.481720423651375	1.393922225965791	1.329023674350478	Block Width = 240 mm	0.3125	0.416666666666667	0.520833333333333	0.625	0.833333333333333	1.041666666666667	1.25	1.306117480226706	1.111398707871907	1.00448307724771	0.943385242161047	0.874647619758373	0.836458951072296	0.805907479352375	Block Width = 290 mm	0.344827586206897	0.431034482758621	0.517241379310345	0.689655172413793	0.862068965517241	1.03448275862069	1.206896551724138	0.77153652669601	0.710431255485141	0.668420435603894	0.618770361697874	0.584396684718667	0.561480664820849	0.54620321796706	Reinforcement Ratio (%)
Support Rotation (Degree)

Block Width = 140 mm	0.357142857142857	0.535714285714286	0.714285714285714	0.892857142857143	1.071428571428571	1.42857142857143	13.42709155763722	8.32145460152023	5.96764521094221	5.392740591777398	5.222324140520977	5.070764931055565	Block Width = 190 mm	0.263157894736842	0.394736842105263	0.526315789473684	0.657894736842105	0.789473684210526	1.052631578947368	1.31578947368421	7.33928949832344	4.687765847628174	3.471689009698716	2.584195783243662	2.458389049673197	2.332558591937698	2.22577564944262	Block Width = 240 mm	0.3125	0.416666666666667	0.520833333333333	0.625	0.833333333333333	1.041666666666667	1.25	2.652807207109726	1.98927370939601	1.584778962280772	1.432096184164646	1.302299740409056	1.237396421527854	1.187762319840626	Block Width = 290 mm	0.344827586206897	0.431034482758621	0.517241379310345	0.689655172413793	0.862068965517241	1.03448275862069	1.206896551724138	1.256485970127651	1.065578627750575	0.981571649358819	0.874647619758373	0.821183273587597	0.782993573840017	0.756260368011192	Reinforcement Ratio (%)
Support Rotation (Degree)

Rft-I	0.0	0.00804662516368281	0.0169195847167242	0.0260982149228777	0.035166525863194	0.0436803119866284	0.0514764284206187	0.0587193672988174	0.0634495159650817	0.0683101422772182	0.0732411467618115	0.0783509135978066	0.0834663986612772	0.0887106146728636	0.0940130920575463	0.0	11.6223353588745	28.3781137746627	46.8790095565688	64.2279806121833	77.38578906756319	85.5092724889729	89.8158119851077	75.0979699388851	63.3200155128028	53.5239059817108	46.03164046412009	39.502018948381	34.3435234385453	29.94477612312528	Rft-II	0.0	0.006539660332086	0.0141000616381991	0.0220199445647896	0.0362732983324343	0.0551079612318937	0.0735523968887336	0.0906721069930863	0.0913370060799763	0.0918609302067445	0.0915913292205964	0.091893510823561	0.0916658714532962	0.0914741325830695	0.091801383403816	0.0	26.3814237292769	62.7043626043749	102.310837133035	118.180718977517	120.307314213288	120.898624971467	120.818788819488	115.85654846157	110.895547956225	105.63622922148	100.692136986001	95.432116059375	90.1707355646152	85.2145383981718	Rft-III	0.0	0.00535903291059565	0.0113984332586335	0.0176901232172364	0.0238851796495564	0.0296267903955501	0.036989932669653	0.0455334528586471	0.0458436794996735	0.0458951892519204	0.0475175160515468	0.0502933274381552	0.0531549486478554	0.0560904995941023	0.0590472631824168	0.0	30.8636116941017	74.47320693763405	122.380313886324	167.498385779087	202.466799248574	215.027291919581	214.629115271186	194.775790535095	174.336599172254	152.380924701617	131.94890302726	115.170441155773	101.572524700599	89.4213592784695	  	0.0	0.0318719115985716	0.0455334528586471	0.0	214.629115271186	214.629115271186	  	0.0	0.0318719115985716	0.0906721069930863	0.0	120.818788819488	120.818788819488	Curvature (1/m)
Moment (kN.m/m)


10.0 MPa	0.0	0.00759696892810033	0.0158674374770279	0.0244003099601875	0.0328234795580883	0.0408005709529898	0.0482017998476748	0.0551142112854959	0.060042363874902	0.0650551952672346	0.0701832303202521	0.075372936779611	0.0806588504774744	0.0860437235524786	0.0915301535543465	0.0	8.96725661132799	22.0313640075025	36.5121878961406	50.0196548478093	60.1329108132298	66.2121045788151	69.19388758367035	57.23924309284629	47.6515855039709	40.1269529414204	33.9685089035435	29.0211996593746	25.1195403587979	22.1202789501539	13.5 MPa	0.0	0.00804662516368281	0.0169195847167242	0.0260982149228777	0.035166525863194	0.0436803119866284	0.0514764284206187	0.0587193672988174	0.0634495159650817	0.0683101422772182	0.0732411467618115	0.0783509135978066	0.0834663986612772	0.0887106146728636	0.0940130920575463	0.0	11.6223353588745	28.3781137746627	46.8790095565688	64.2279806121833	77.38578906756319	85.5092724889729	89.8158119851077	75.0979699388851	63.3200155128028	53.5239059817108	46.03164046412009	39.502018948381	34.3435234385453	29.94477612312528	17.0 MPa	0.0	0.00845979235836209	0.0178738122816829	0.0276551361313273	0.0372880109213088	0.0462805279740482	0.0544825751529662	0.0619794693007941	0.0667030145984498	0.0713807054607169	0.0762257305908745	0.0810664382067045	0.0861644613669352	0.0912897057415684	0.0964738978752189	0.0	14.1123195182143	34.2759450150352	56.5174118908808	77.3924015294851	93.39006039343568	103.56448288383	109.108021699021	93.06814295241215	78.73234589387442	67.47599135522778	57.56988748746614	50.2112676111317	43.8351405341803	38.37668111434376	Curvature (1/m)
Moment (kN.m/m)

3.0 m	0.0	4.33849589299456	7.918930636398265	11.2204013115772	14.3430881635613	17.5003794164009	19.1968029745984	20.25668257376956	21.3216814662316	22.3888630630439	23.4507024187151	24.5119714802072	25.5789347215351	26.6481285074193	27.7178866302211	28.8368351640391	29.9829803631185	31.1465215333971	32.3251449678103	33.51065347940026	34.7292499326472	36.08369324137249	37.4985220446487	38.9705934847897	40.6280671308629	42.5359110748684	43.23290755024336	0.0	29.63921795508553	59.278435910171	88.9176538652567	118.556871820342	140.0719185022947	143.8213183409923	146.1558503160307	148.490382291069	150.824914266107	153.1594462411453	155.4939782161836	157.828510191222	160.16304216626	162.4975741412983	164.8321061163367	167.1666380913747	169.501170066413	171.8357020414513	174.1702340164897	176.5047659915273	178.839297966566	181.1738299416043	183.5083619166423	185.8428938916807	188.177425866719	189.0063383524993	4.6 m	0.0	10.211948650771	18.6368012318321	26.4086971666761	33.7655768647501	41.1939026066503	45.1783584514401	47.6729110752542	50.17434050080649	52.6821533479576	55.1831344044477	57.6886666449428	60.1965052580055	62.6992346227397	65.2203010972661	67.85387613844385	70.55076705106075	73.2908623131123	76.06187479379361	78.85185749452828	81.7248220454872	84.9015705203023	88.2377684531455	91.6838654397224	95.5683994950703	100.086143778796	101.703410584096	0.0	12.60647266520652	25.21294533041304	37.81941799561942	50.42589066082608	59.57690295466217	61.17163823577175	62.16458661834955	63.15753500092717	64.15048338350464	65.14343176608241	66.13638014865992	67.12932853123795	68.12227691381545	69.11522529639347	70.10817367897108	71.10112206154892	72.09407044412651	73.0870188267041	74.07996720928195	75.07291559185937	76.0658639744374	77.05881235701463	78.05176073959281	79.04470912217043	80.03765750474826	80.3902195261102	6.0 m	0.0	17.38072996522908	31.7199616513291	44.9493597316612	57.4686779684937	70.1042726872748	76.8808897680783	81.1268248249322	85.38170841013944	89.6474024386373	93.9075977914226	98.17122479189688	102.430312179874	106.69538663332	110.979255593887	115.46484726381	120.05535614597	124.711271511549	129.423539596962	134.170285348426	139.063457403325	144.466804718893	150.135107000336	155.99880867208	162.62380204002	170.301380606503	173.038857757355	0.0	7.409804488771382	14.81960897754277	22.22941346631416	29.6392179550855	35.01797962557367	35.95532958524799	36.53896257900767	37.12259557276717	37.70622856652683	38.28986156028609	38.87349455404569	39.45712754780536	40.040760541565	40.6243935353245	41.20802652908417	41.79165952284367	42.37529251660332	42.95892551036282	43.54255850412233	44.126191497882	44.70982449164128	45.29345748540101	45.87709047916044	46.46072347292017	47.04435646667984	47.25158458812484	  	0.0	25.36	43.2	0.0	180.0	180.0	  	0.0	50.0	101.7	0.0	71.65058670143389	71.65058670143389	  	0.0	75.0	173.0	0.0	40.55571955719557	40.55571955719557	Mid-span deflection (mm)
Load (kN/m)

50 kg @ 8 m	400.0	500.0	600.0	1.329023674350478	1.302299740409056	1.302299740409056	300 kg @ 15 m	400.0	500.0	600.0	3.582041623320642	2.870025561693922	2.812870586337067	1,000 kg @ 22.5 m	400.0	500.0	600.0	6.91430707117323	5.036654225557688	4.657410880687343	2,000 kg @ 28 m	400.0	500.0	600.0	10.4405863567424	6.831476659006904	6.28107251484456	Yield Strength (MPa)
Support Rotation (Degree)

Rft = 0.25%	3.0	4.6	6.0	9.4603	14.5849	21.1503	Rft = 0.50%	3.0	4.6	6.0	4.2461	6.319999999999998	8.69	Rft = 0.75%	3.0	4.6	6.0	2.78	4.28	5.85	Rft = 1.00%	3.0	4.6	6.0	2.65	4.07	5.53	Wall Height (m)
Support Rotation (Degree)


Rft = 0.25 %	3.0	4.6	6.0	7.78	13.72	18.58	Rft = 0.50 %	3.0	4.6	6.0	3.82	5.92	8.08	Rft = 0.75 %	3.0	4.6	6.0	2.66	4.05	5.5	Rft = 1.00 %	3.0	4.6	6.0	2.46	3.86	5.17	Wall Height (m)
Support Rotation (Degree)


Rft = 0.25 %	3.0	4.6	6.0	3.5	6.119999999999997	8.6	Rft = 0.50 %	3.0	4.6	6.0	1.64	2.97	3.96	Rft = 0.75 %	3.0	4.6	6.0	1.34	2.34	3.09	Rft = 1.00 %	3.0	4.6	6.0	1.25	2.18	2.91	Wall Height (m)
Support Rotation (Degree)


Rft = 0.25 %	3.0	4.6	6.0	1.07	2.35	3.35	Rft = 0.50 %	3.0	4.6	6.0	0.71	1.44	2.0	Rft = 0.75 %	3.0	4.6	6.0	0.6	1.24	1.7	Rft = 1.00 %	3.0	4.6	6.0	0.55	1.16	1.6	Wall Height (m)
Support Rotation (Degree)


10 kg TNT	1.0	2.0	3.0	4.0	5.0	6.0	7.0	8.0	9.0	10.0	11.0	12.0	13.0	14.0	15.0	16.0	17.0	18.0	19.0	20.0	21.0	22.0	23.0	45403.97	9920.379999999805	3162.28	1322.9	678.9299999999994	404.45	268.4799999999989	192.9800000000003	147.07	117.21	96.6	81.7	70.6	61.98	55.16000000000001	49.64	45.09	41.23000000000001	37.99	35.16000000000001	32.75	30.61000000000003	28.68	25 kg TNT	1.0	2.0	3.0	4.0	5.0	6.0	7.0	8.0	9.0	10.0	11.0	12.0	13.0	14.0	15.0	16.0	17.0	18.0	19.0	20.0	21.0	22.0	23.0	77800.92	20747.29	7598.09	3334.17	1699.07	978.02	620.25	424.7199999999996	309.02	235.87	187.05	153.06	128.3800000000008	109.9	95.7	84.53	75.5	68.12	61.98	56.81	52.4	48.61	45.3	50 kg TNT	1.0	2.0	3.0	4.0	5.0	6.0	7.0	8.0	9.0	10.0	11.0	12.0	13.0	14.0	15.0	16.0	17.0	18.0	19.0	20.0	21.0	22.0	23.0	114370.29	33669.3	13810.68	6500.51	3413.46	1970.59	1233.27	825.8499999999979	585.02	434.16	334.88	266.76	218.29	182.64	155.8200000000008	135.0	118.66	105.49	94.66999999999998	85.77	78.26	71.91000000000002	66.47	100 kg TNT	1.0	2.0	3.0	4.0	5.0	6.0	7.0	8.0	9.0	10.0	11.0	12.0	13.0	14.0	15.0	16.0	17.0	18.0	19.0	20.0	21.0	22.0	23.0	165803.04	51997.7	23489.60999999988	12001.91	6645.03	3942.42	2488.11	1658.67	1159.9	845.5	638.73	497.66	398.24	325.9799999999989	272.2	231.25	199.4	174.23	153.96	137.34	123.69	112.18	102.53	250 kg TNT	1.0	2.0	3.0	4.0	5.0	6.0	7.0	8.0	9.0	10.0	11.0	12.0	13.0	14.0	15.0	16.0	17.0	18.0	19.0	20.0	21.0	22.0	23.0	261572.8	88207.45	43291.97	24402.75	14697.76	9275.03	6093.17	4153.06	2928.55	2130.34	1594.21	1223.89	961.54	771.1800000000005	630.04	523.38	441.26	377.07	326.05	284.9599999999996	251.52	223.94	200.91	500 kg TNT	1.0	2.0	3.0	4.0	5.0	6.0	7.0	8.0	9.0	10.0	11.0	12.0	13.0	14.0	15.0	16.0	17.0	18.0	19.0	20.0	21.0	22.0	23.0	354513.02	129111.35	65529.35000000001	38902.49	24817.95	16504.8099999999	11319.81	7972.96	5754.85	4250.2	3207.23	2469.29	1936.94	1545.87	1253.6	1031.52	860.3299999999994	726.4299999999994	620.39	535.3099999999994	466.2899999999989	409.76	362.94	Standoff Distance (m)

Peak pressure (MPa)



10 kg TNT	0.4	1.0	2.0	3.0	4.0	5.0	6.0	7.0	8.0	9.0	10.0	11.0	12.0	13.0	14.0	15.0	16.0	17.0	18.0	19.0	20.0	21.0	22.0	23.0	25856.17	5715.89	2108.21	1233.61	858.88	654.59	527.1700000000005	440.51	377.9	330.74	293.85	264.3400000000003	240.14	220.01	202.91	188.3	175.61	164.58	154.79	146.1	138.31	131.3500000000008	125.0	119.28	25 kg TNT	0.4	1.0	2.0	3.0	4.0	5.0	6.0	7.0	8.0	9.0	10.0	11.0	12.0	13.0	14.0	15.0	16.0	17.0	18.0	19.0	20.0	21.0	22.0	23.0	61397.88000000001	12497.78	4380.58	2499.42	1712.86	1291.04	1031.04	855.98	730.57	636.52	563.58	505.39	457.95	418.51	385.28	356.87	332.33	310.95	292.13	275.45	260.4799999999989	247.11	235.04	224.08	50 kg TNT	1.0	2.0	3.0	4.0	5.0	6.0	7.0	8.0	9.0	10.0	11.0	12.0	13.0	14.0	15.0	16.0	17.0	18.0	19.0	20.0	21.0	22.0	23.0	22971.05	7724.75	4316.88	2919.58	2180.12	1728.93	1427.35	1212.72	1052.69	929.07	830.89	751.05	684.99	629.42	582.12	541.3099999999994	505.8	474.6400000000004	446.9899999999989	422.37	400.31	380.45	362.46	100 kg TNT	1.0	2.0	3.0	4.0	5.0	6.0	7.0	8.0	9.0	10.0	11.0	12.0	13.0	14.0	15.0	16.0	17.0	18.0	19.0	20.0	21.0	22.0	23.0	42879.53	13799.85999999991	7542.31	5029.04	3717.38	2925.38	2400.410000000001	2029.26	1754.16	1542.63	1375.37	1239.95	1128.19	1034.56	954.99	886.53	827.1	775.04	728.98	688.1	651.49	618.53	588.6700000000005	250 kg TNT	1.0	2.0	3.0	4.0	5.0	6.0	7.0	8.0	9.0	10.0	11.0	12.0	13.0	14.0	15.0	16.0	17.0	18.0	19.0	20.0	21.0	22.0	23.0	100348.36	30356.58	16074.92	10502.09	7650.150000000002	5953.14	4841.43	4062.870000000002	3490.4	3053.410000000001	2709.850000000002	2433.23	2206.12	2016.58	1856.07	1718.66	1599.65	1495.75	1404.19	1322.97	1250.43	1185.35	1126.6	500 kg TNT	1.0	2.0	3.0	4.0	5.0	6.0	7.0	8.0	9.0	10.0	11.0	12.0	13.0	14.0	15.0	16.0	17.0	18.0	19.0	20.0	21.0	22.0	23.0	194793.7	56069.27	28939.85	18595.3	13383.96	10319.31	8330.309999999823	6948.120000000004	5938.320000000002	5171.83	4572.190000000001	4091.56	3698.49	3371.470000000001	3095.68	2860.01	2656.62	2479.42	2323.67	2185.78	2062.98	1952.87	1853.72	Standoff Distance (m)

Specific Impulse (MPa-ms)



 Compressive Strength 	9.0	10.0	11.0	12.0	13.0	14.0	15.0	16.0	17.0	18.0	19.0	20.0	21.0	22.0	23.0	24.0	25.0	26.0	27.0	28.0	0.00139206704362969	0.00345105809915282	0.00772748769339075	0.015628536301999	0.0285490868715975	0.047104247562334	0.0701975333715439	0.094488197794753	0.1148754463153	0.126145217609652	0.125114689171974	0.112082999509694	0.0906911942296942	0.0662802944623054	0.0437519757917773	0.0260858410363398	0.0140477234599593	0.00683283585033762	0.00300185671256259	0.00119116757106375	Depth 	18.5	19.0	20.0	21.0	22.0	23.0	24.0	25.0	26.0	27.0	28.0	29.0	30.0	31.0	32.0	33.0	34.0	35.0	36.0	37.0	38.0	39.0	40.0	41.0	42.0	43.0	44.0	45.0	45.5	0.000729128086766419	0.00103496521325966	0.00200449315316793	0.00368295745110484	0.0064195136381002	0.0106150208154622	0.0166514813150091	0.0247798229236109	0.0349829816895317	0.0468520660524681	0.0595269965929791	0.0717484453240463	0.0820397482566255	0.0889916876807452	0.0915773067475812	0.0894004265347118	0.0827950961259478	0.0727416149233037	0.0606281843234901	0.0479379530841643	0.0359581806333777	0.0255875811719581	0.0172732499322158	0.011061962467297	0.00672053123862538	0.00387336414130761	0.00211780686178972	0.00109849396305439	0.000775658978095425	Compressive Strength f'm (MPa)
Probability Density Function (PDF)
Depth d (mm)

25% of wall resistance	0.375033247776656	0.483285291578174	0.0853927388025497	0.0784761123948645	0.0819344255987078	0.13309438055939	0.339074066522006	0.3819268906696	0.3819268906696	0.339074066522006	0.13309438055939	0.0819344255987078	0.0784761123948648	0.0853927388025499	0.483285291578174	0.375033247776656	50% of wall resistance	0.652625547336344	0.839117901045069	0.427491163717512	0.0793061075637865	0.0855310713307035	0.463628401044503	0.603692996730273	0.671412202140883	0.671412202140882	0.603692996730273	0.463628401044503	0.0855310713307037	0.0793061075637868	0.427491163717513	0.83911790104507	0.652625547336344	75% of wall resistance	2.66243040269608	1.201561668277687	0.65859397709642	0.0831065911137337	0.085281384168198	0.53211854234395	0.717282193958119	0.808507282154813	0.808507282154813	0.717282193958119	0.53211854234395	0.085281384168198	0.0831065911137337	0.658593977096422	1.201561668277687	2.66243040269608	100% of wall resistance	2.66243040269608	1.12991140302371	0.417315607340896	0.0852984211697177	0.733479682313487	1.08338947805011	1.317839697931467	4.30536012503287	4.30536012503287	1.317839697931467	1.08338947805011	0.733479682313487	0.0852984211697177	0.417315607340898	1.12991140302371	2.66243040269608	Mortar Joint No.
Crack Width (mm)
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Probability of Exceeding the 
Lower Bound of DS-III

DS IV	4.0	4.5	5.0	6.0	7.5	10.0	15.0	20.0	25.0	30.0	35.0	40.0	0.604000000000001	0.592	0.552	0.00800000000000002	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	DS III	4.0	4.5	5.0	6.0	7.5	10.0	15.0	20.0	25.0	30.0	35.0	40.0	0.604000000000001	0.592	0.552	0.084	0.06	0.048	0.0	0.0	0.0	0.0	0.0	0.0	DS II	4.0	4.5	5.0	6.0	7.5	10.0	15.0	20.0	25.0	30.0	35.0	40.0	1.0	1.0	1.0	1.0	1.0	1.0	1.0	0.9	0.416	0.128	0.072	0.024	Standoff Distance (m)
Probability of Exceeding 
Limit State


DS IV	8.0	10.0	15.0	17.5	20.0	30.0	40.0	50.0	60.0	80.0	100.0	110.0	0.605000000000001	0.604000000000001	0.584	0.04	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	DS III	8.0	10.0	15.0	17.5	20.0	30.0	40.0	50.0	60.0	80.0	100.0	110.0	0.605000000000001	0.604000000000001	0.584	0.096	0.048	0.032	0.0	0.0	0.0	0.0	0.0	0.0	DS II	8.0	10.0	15.0	17.5	20.0	30.0	40.0	50.0	60.0	80.0	100.0	110.0	1.0	1.0	1.0	1.0	1.0	1.0	0.996	0.960000000000001	0.664000000000004	0.268	0.0640000000000001	0.028	Standoff Distance (m)
Probability of Exceeding 
Limit State


DS IV	20.0	25.0	45.0	50.0	75.0	100.0	125.0	150.0	175.0	200.0	250.0	0.584	0.548	0.328000000000002	0.056	0.0	0.0	0.0	0.0	0.0	0.0	0.0	DS III	20.0	25.0	45.0	50.0	75.0	100.0	125.0	150.0	175.0	200.0	250.0	0.584	0.548	0.392000000000002	0.084	0.068	0.0	0.0	0.0	0.0	0.0	0.0	DS II	20.0	25.0	45.0	50.0	75.0	100.0	125.0	150.0	175.0	200.0	250.0	1.0	1.0	1.0	1.0	1.0	0.996	0.912	0.668000000000004	0.424	0.184	0.056	Standoff Distance (m)
Probability of Exceeding 
Limit State


12.0	13.0	14.0	15.0	16.0	17.0	18.0	19.0	20.0	21.0	22.0	23.0	24.0	25.0	26.0	27.0	28.0	29.0	0.00354168992608885	0.00799993779758962	0.0162760874599424	0.0298263939782451	0.0492310179870053	0.0731921007925349	0.0980114783346437	0.118216200700666	0.128429380025967	0.125672167381538	0.110764643694828	0.0879327256360403	0.0628763388930391	0.0404959216561094	0.0234921442995521	0.0122749960949868	0.00577706689016955	0.00244895474734512	Compressive Strength (MPa)
Probability Density Function (PDF)

7.0	8.0	9.0	10.0	11.0	12.0	13.0	14.0	15.0	16.0	17.0	18.0	19.0	20.0	21.0	22.0	23.0	24.0	25.0	26.0	27.0	0.000320870849231785	0.000977233481924548	0.00265702710679213	0.00644945777767006	0.0139759067696405	0.0270374891383376	0.0466962809411241	0.0719992214820725	0.0991066690634876	0.121788850510422	0.133610858684251	0.130859588678013	0.114419203117568	0.0893144768536723	0.0622406860260295	0.0387218818147758	0.0215064194315015	0.010663734897187	0.00472041455115282	0.00186543668475728	0.000658128135949886	Compressive Strength (MPa)
Probability Density Function (PDF)

7.0	8.0	9.0	10.0	11.0	12.0	13.0	14.0	15.0	16.0	17.0	18.0	19.0	20.0	21.0	22.0	23.0	24.0	25.0	26.0	27.0	0.000919929616965202	0.00240668223847445	0.00567437558269451	0.0120573696818557	0.0230899104610586	0.0398498870120799	0.0619822180302319	0.0868844999338966	0.109762166802512	0.124967824995273	0.128226835375104	0.118575457883178	0.0988202322262141	0.0742219061093089	0.0502404487697865	0.0306485611201362	0.0168500752148624	0.00834889061087234	0.00372812848549679	0.00150033467075755	0.000544152454891477	Compressive Strength (MPa)
Probability Density Function (PDF)

 Compressive Strength 	9.0	10.0	11.0	12.0	13.0	14.0	15.0	16.0	17.0	18.0	19.0	20.0	21.0	22.0	23.0	24.0	25.0	26.0	27.0	28.0	0.00139206704362968	0.00345105809915282	0.00772748769339073	0.015628536301999	0.0285490868715975	0.047104247562334	0.0701975333715434	0.094488197794753	0.1148754463153	0.126145217609652	0.125114689171974	0.112082999509694	0.090691194229694	0.0662802944623054	0.0437519757917773	0.0260858410363397	0.0140477234599593	0.00683283585033762	0.00300185671256257	0.00119116757106373	Compressive Strength (MPa)

Probability Density Function (PDF)
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f'm/f'mmax.



UFC 3-340-02	0.0	7.681421178806625	20.48378981015092	50.0	0.0	59.958	79.944	79.944	Numerical Model	0.0	0.77185	1.4832	2.125	2.7259	3.302599999999999	3.8619	4.4065	4.9431	5.47	5.9889	6.514099999999996	6.9091	7.4382	8.3109	9.1772	10.039	10.902	11.763	12.631	13.502	14.387	15.287	18.051	20.212	20.746	21.327	31.9905	0.0	5.9958	11.992	17.987	23.983	29.979	35.975	41.971	47.966	53.962	59.958	63.288	66.904	70.839	73.2	75.561	77.923	80.284	82.645	85.007	87.368	89.729	92.091	94.452	94.472	94.531	94.631	95.104	Experimental 	0.0	-0.000387000000000026	-0.000773999999999913	0.00116199999999997	-0.00116099999999994	-0.00154799999999997	-0.00270599999999996	-0.0034809999999999	-0.00309400000000001	-0.00193199999999991	-0.00231899999999993	-0.00154799999999997	-0.000387000000000026	0.000774000000000052	-0.000773999999999913	-0.00116099999999994	-0.000773999999999913	-0.000773999999999913	-0.00154799999999997	-0.00193199999999991	-0.00154799999999997	-0.00154799999999997	-0.00116099999999994	-0.00231899999999993	-0.00193199999999991	-0.00231899999999993	0.000774000000000052	0.00618800000000002	0.0	0.00541399999999997	0.00309400000000001	0.00154899999999999	0.000387000000000026	0.00928200000000004	0.011989	0.00928200000000004	0.00966900000000006	0.00850799999999999	0.00966900000000006	0.0123760000000001	0.011602	0.010443	0.00966900000000006	0.00966900000000006	0.00812400000000005	0.011989	0.01315	0.00734899999999996	0.00773700000000002	0.00425599999999998	0.00464300000000001	0.00309400000000001	0.00348100000000004	0.00425599999999998	0.00309400000000001	0.00889500000000001	0.00618800000000002	0.00734899999999996	0.00541399999999997	0.00386900000000009	0.00657500000000005	0.00773700000000002	0.000774000000000052	0.00116199999999997	-0.000387000000000026	0.005801	0.00348100000000004	0.00309400000000001	0.00348100000000004	0.00386900000000009	0.00425599999999998	0.00386900000000009	0.00348100000000004	0.00734899999999996	0.010443	0.01315	0.0143120000000001	0.0112180000000001	0.0112180000000001	0.010831	0.010443	0.010443	0.016631	0.019725	0.0181770000000001	0.0174060000000001	0.016244	0.0185640000000001	0.017793	0.0185640000000001	0.017018	0.0143120000000001	0.0143120000000001	0.013537	0.0123760000000001	0.0127630000000001	0.011602	0.0123760000000001	0.010831	0.00734899999999996	0.00734899999999996	0.00889500000000001	0.00618800000000002	0.00309400000000001	0.00309400000000001	0.00425599999999998	0.00502700000000009	0.00464300000000001	0.00425599999999998	0.00425599999999998	0.00154899999999999	0.055694	0.060336	0.05763	0.0564680000000001	0.055307	0.054149	0.053762	0.052987	0.053762	0.054149	0.055307	0.0545330000000001	0.05763	0.05763	0.0672980000000001	0.059175	0.06343	0.064976	0.0653630000000001	0.06575	0.058401	0.059949	0.0595620000000001	0.058788	0.059175	0.058401	0.060336	0.061495	0.0642050000000001	0.074645	0.078126	0.069618	0.069231	0.0703920000000001	0.07078	0.0703920000000001	0.07078	0.0758060000000001	0.07658	0.089343	0.099399	0.100173	0.101719	0.100945	0.100945	0.097851	0.103267	0.104038	0.104813	0.1052	0.103267	0.10288	0.103654	0.106361	0.103654	0.104038	0.102493	0.104813	0.1052	0.104425	0.106361	0.106361	0.1052	0.105587	0.103267	0.107132	0.103654	0.104425	0.103267	0.105974	0.104038	0.1052	0.104813	0.104038	0.104813	0.104425	0.104038	0.103654	0.10288	0.100557	0.10288	0.102106	0.103267	0.10288	0.100557	0.100557	0.100945	0.102106	0.099399	0.103654	0.103267	0.103267	0.104038	0.104425	0.103654	0.111388	0.105587	0.103654	0.104425	0.1052	0.105587	0.107907	0.106361	0.107132	0.111388	0.107907	0.111775	0.105974	0.107132	0.110229	0.10288	0.110229	0.111388	0.104425	0.111001	0.112936	0.111775	0.112549	0.107132	0.104038	0.102493	0.104425	0.103654	0.103654	0.108681	0.109455	0.107519	0.106361	0.107132	0.107132	0.106748	0.107907	0.107519	0.107907	0.106748	0.106748	0.106361	0.106748	0.104038	0.1052	0.103267	0.104425	0.103267	0.104038	0.103654	0.104038	0.10288	0.104425	0.104813	0.104813	0.104425	0.104813	0.106361	0.106361	0.105587	0.105974	0.1052	0.106748	0.106748	0.104425	0.105587	0.106361	0.105974	0.105587	0.105587	0.105587	0.104038	0.1052	0.105587	0.104425	0.104425	0.105587	0.104813	0.105587	0.104813	0.104813	0.104813	0.105974	0.105587	0.105587	0.105974	0.105587	0.104425	0.106361	0.106361	0.105974	0.105587	0.105974	0.105974	0.1052	0.103654	0.104425	0.104038	0.104425	0.102106	0.104813	0.10288	0.103654	0.10288	0.104813	0.104038	0.10288	0.104038	0.1052	0.104038	0.103267	0.104038	0.105587	0.104425	0.103654	0.103654	0.104425	0.1052	0.104425	0.105587	0.105587	0.103654	0.104813	0.104813	0.104813	0.104038	0.104813	0.104425	0.1052	0.1052	0.105587	0.105587	0.105974	0.106748	0.105974	0.106748	0.107519	0.106748	0.105974	0.106361	0.106361	0.104813	0.1052	0.104425	0.104038	0.103654	0.104425	0.104425	0.104425	0.104813	0.1052	0.104425	0.104813	0.105587	0.104425	0.104425	0.104038	0.103654	0.10288	0.103654	0.103654	0.1052	0.104425	0.124925	0.118737	0.112162	0.121444	0.121831	0.12067	0.122992	0.126086	0.124925	0.120285	0.116417	0.115643	0.127244	0.131113	0.120285	0.117575	0.117575	0.11835	0.118737	0.119511	0.11835	0.117963	0.117575	0.118737	0.119898	0.119898	0.119124	0.117575	0.117963	0.117963	0.117575	0.11835	0.118737	0.117963	0.11835	0.117188	0.117963	0.224711	0.405329	2.431586	5.012460000000001	8.413666	12.302594	16.497824	21.477034	29.532574	40.722444	48.896324	0.0	0.00132595	0.000914210000000002	0.00258564	0.00193312	0.000984000000000002	0.00145857	-6.62999999999983E-5	0.00157022	-0.000488530000000001	-0.000432679999999998	0.00165397	0.00100844	-0.000160520000000001	0.00355221	0.00497587	0.00186682	0.00114103	-0.01083809	-0.00194013	-0.03057411	-0.03350169	-0.02547609	-0.03324349	-0.05877546	-0.04598682	-0.02888523	-0.03558489	-0.02150166	0.022838091	0.0186856989	0.011741801	-0.00371971	0.026494966	0.04833867	0.04994028	0.06511219	0.06539483	0.031757	0.04522607	0.03110797	0.014854343	0.017317858	0.016012823	0.012736299	0.00838851	0.014491445	0.025378375	0.020775872	0.021651686	0.014365834	0.0190939759	0.020367595	-0.00220531	0.021424899	-0.01489276	0.00663683	0.03428681	0.020500187	0.013940131	0.017708682	0.016358294	0.012321041	0.011602227	0.009445785	0.03758428	0.03226296	0.022436823	0.010150636	0.023462683	0.023769757	0.025720328	0.024425765	0.014439112	0.04623456	0.05258875	0.05667831	0.03962209	0.026379827	0.025189958	0.025413255	0.0193521794	0.06005606	0.09730193	0.10085763	0.09847088	0.09474419	0.07787644	0.05742155	0.05802523	0.04364884	0.00433732	0.020060521	0.021386501	0.014289066	-0.01094275	-0.02038507	-0.01189885	-0.00507708	0.009218971	0.02014078	0.00200989	-0.02564009	-0.07189211	-0.04002693	-0.03597568	-0.02471192	0.014048316	-0.01059033	-0.00687411	-0.03248977	0.48913338	0.66754978	0.61276628	0.58445678	0.53959708	0.50734458	0.48866938	0.48456578	0.49517708	0.50481828	0.49390698	0.49444078	0.58186068	0.62601548	0.81440798	0.64699378	0.73460548	0.76724878	0.76047928	0.74320678	0.61826208	0.62040108	0.61558918	0.62283318	0.62996898	0.63361898	0.65363058	0.65692808	0.73256418	0.94821918	0.90868788	0.82573098	0.76814898	0.78030608	0.79578498	0.82026658	0.83523268	0.85390788	0.94662808	1.06733318	1.23290818	1.23610418	1.22584918	1.22058718	1.23729818	1.21591518	1.25308018	1.25079818	1.26049218	1.25107718	1.25062018	1.25039318	1.25755018	1.25446218	1.25729518	1.24130318	1.22506018	1.26200618	1.24869718	1.25489518	1.25214118	1.25584018	1.25384818	1.24905318	1.26411718	1.26288918	1.27788618	1.25170218	1.22292818	1.24491218	1.24466718	1.24483118	1.24523618	1.24391418	1.24231218	1.24287018	1.24357218	1.24271318	1.24315318	1.24264318	1.24480318	1.24519118	1.24590618	1.24704718	1.19408218	1.19960518	1.24145718	1.24016218	1.24366218	1.24452818	1.24393418	1.24542818	1.24490518	1.24496418	1.24407418	1.24242718	1.24412618	1.24567618	1.24539318	1.24569318	1.24665618	1.24651318	1.24438118	1.24233318	1.22343418	1.22096718	1.23318018	1.23812818	1.24658318	1.26254318	1.27562218	1.28037818	1.27738718	1.28993518	1.27896818	1.27746818	1.27772918	1.21399518	1.20471418	1.19376018	1.11942618	1.09519918	1.10497618	1.10162018	1.17901118	1.20147618	1.23809718	1.24126518	1.24055018	1.23427218	1.23288018	1.23072018	1.23009518	1.23341018	1.23381518	1.23083918	1.23100618	1.24564118	1.24637318	1.24634618	1.24607318	1.24549818	1.24641218	1.24678218	1.24603818	1.24684818	1.24572118	1.24599718	1.24595518	1.24721818	1.24577718	1.24582618	1.24591318	1.24809418	1.24863818	1.24659718	1.24543118	1.24568618	1.24647518	1.24518718	1.24610118	1.24590618	1.24696718	1.24649618	1.24837618	1.24983218	1.24937818	1.24846718	1.24781518	1.24578418	1.24579818	1.24853018	1.24696018	1.24724918	1.24765418	1.24714818	1.24771718	1.25028518	1.24835618	1.24835918	1.24992618	1.25382318	1.25079518	1.25003418	1.25229918	1.24987318	1.24735418	1.25340118	1.25347418	1.25293718	1.24026418	1.24817118	1.26188718	1.24942718	1.24615418	1.25118918	1.24758818	1.24443718	1.24246218	1.24268518	1.24553318	1.25092018	1.24663218	1.24346318	1.24202918	1.24456218	1.24337618	1.25613018	1.24431118	1.24750818	1.24857518	1.24607018	1.24733018	1.24459418	1.20366318	1.23568918	1.24023918	1.23827118	1.23686518	1.24127618	1.24288118	1.24441918	1.24161118	1.23447818	1.24501318	1.24376718	1.24208518	1.24011418	1.22813118	1.23500518	1.24781118	1.24564418	1.24712718	1.24389318	1.25030618	1.24919618	1.24709218	1.24430418	1.24437818	1.23864118	1.23194818	1.23956918	1.24398718	1.24557418	1.24494318	1.24489118	1.24323718	1.24474818	1.24224618	1.24639818	1.24493218	1.24530918	1.24474018	1.24519118	1.24703318	1.24575618	1.24353718	1.27664118	1.37248018	1.29871118	1.28407618	1.34415318	1.34283818	1.32713518	1.35705418	1.35842518	1.34699018	1.30805518	1.29016218	1.27628818	1.35700818	1.34564018	1.27571918	1.27406918	1.27343018	1.27603718	1.27551718	1.27313018	1.27190918	1.27702418	1.28622918	1.29166218	1.30315618	1.30744118	1.28085618	1.26947318	1.28274318	1.28516518	1.28484118	1.28239118	1.27396818	1.27622218	1.27563618	1.27241118	1.28098118	1.93083818	5.61714118	18.57020018	36.00705018	49.48831018	64.62614018000001	78.00800018000001	87.41795018	87.15848017999976	78.68597017999976	69.64220018	Mid-span deflection (mm)
Load (kN)

UFC 3-340-02	0.0	6.21135212545673	16.5636056678846	50.0	0.0	92.364	123.152	123.152	Numerical Model	0.0	0.82784	1.5292	2.1707	2.7627	3.3288	3.8765	4.4103	4.9362	5.4542	5.9646	6.4687	6.796	7.2004	8.075	8.9472	9.8254	10.71	11.618	12.552	13.54	14.619	15.829	17.401	18.544	18.718	18.915	0.0	9.2364	18.473	27.709	36.946	46.182	55.418	64.65499999999998	73.891	83.12799999999998	92.364	97.494	103.06	109.13	112.76	116.4	120.04	123.68	127.31	130.95	134.59	138.23	141.86	145.5	145.53	145.62	145.78	Experimental 	0.0	0.00348103	0.005026459	0.008894681	0.034036163	0.040995243	0.048731563	0.048731563	0.049892903	0.063042883	0.063042883	0.065749643	0.068456413	0.083926083	0.084700343	0.086248753	0.086635943	0.097463133	0.099011663	0.100944163	0.103650883	0.112548583	0.122604583	0.130724983	0.146968983	0.232830683	0.373998883	0.381348083	0.387922983	0.396817783	0.402234483	0.403008583	0.408035083	0.625783283	0.991661683	1.233003083	1.243443083	1.253115083	1.257367083	1.260848083	1.267810083	1.268972083	1.273224083	1.276705083	1.284828083	1.287148083	1.291016083	1.296817083	1.308034083	1.309196083	1.311515083	1.320410083	1.327759083	1.332399083	1.334721083	1.341296083	1.351352083	1.360634083	1.363728083	1.374945083	1.382679083	1.397377083	1.419809083	1.430639083	1.454232083	1.467382083	1.468153083	1.473183083	1.481303083	1.489427083	1.492133083	1.496776083	1.507990083	1.511471083	1.523076083	1.526170083	1.535064083	1.542801083	1.554789083	1.563297083	1.567552083	1.574127083	1.577995083	1.591922083	1.599656083	1.618993083	1.621316083	1.643361083	1.648774083	1.659992083	1.673142083	1.681265083	1.690934083	1.706404083	1.710272083	1.723809083	1.743146083	1.745853083	1.770605083	1.797679083	1.810829083	1.816245083	1.820111083	1.838290083	1.842933083	1.846026083	1.859560083	1.871165083	1.878901083	1.897465083	1.900946083	1.907908083	1.920284083	1.929565083	1.938847083	1.957027083	1.974816083	1.981007083	1.987966083	1.994157083	2.005371083	2.012333083	2.018134083	2.030513083	2.039407083	2.042501083	2.054877083	2.062226083	2.073056083	2.079631083	2.095875082999999	2.117920083	2.121401083	2.123720083	2.133777083	2.141126083	2.150795083	2.159689083	2.171681083	2.186376083	2.201849083	2.206101083	2.218480083	2.223506083	2.233175083	2.246712083	2.261408083	2.275332083	2.287323083	2.295831083	2.310142082999999	2.326386083	2.335668082999998	2.336055082999997	2.357325083	2.369704083	2.376666082999999	2.406060082999999	2.416887082999999	2.428879083	2.429650082999999	2.430811083	2.440867083	2.451698082999999	2.453630083	2.466780083	2.479543082999999	2.481479083	2.487279083	2.500429083	2.520541083	2.525955083	2.532143082999999	2.547615083	2.558055082999999	2.563472083	2.580490083	2.607177083	2.625354083	2.649721083	2.656296082999999	2.704253083	2.715083083	2.720497083	2.738677083	2.750278083	2.760721083	2.775417083	2.781991083	2.790502083	2.800945082999999	2.805197083	2.809066082999999	2.819896082999999	2.833433083	2.842715082999999	2.846583083	2.857413083	2.861278082999999	2.866695082999999	2.870176083	2.882165082999999	2.893382083	2.911558082999999	2.920840082999999	2.929738083	2.952944082999999	2.968413083	2.993165083	3.012118082999999	3.030682082999999	3.046926083	3.065489083	3.077481083	3.082507083	3.093338083	3.108420083	3.119638082999999	3.132013083	3.136268082999999	3.142069083	3.158313083	3.166437083	3.167595083	3.184226083	3.190801083	3.197763083	3.200857083	3.222904083	3.236054083	3.249976083	3.272410083	3.306831083	3.321529083	3.349761083	3.355949082999999	3.369099083	3.389985083	3.395399083	3.400429083	3.413578083	3.426341083	3.437172083	3.442198083	3.456509082999999	3.465017083	3.468498083	3.475460082999999	3.485903083	3.490543083	3.495959082999999	3.502147083	3.516458082999999	3.523804083	3.529608082999999	3.552814083	3.563254083	3.579885082999999	3.595742082999999	3.613147083	3.615467082999999	3.617402083	3.618948082999999	3.621658082999999	3.627071083	3.628233083	3.638673083	3.639060082999999	3.640221083	3.647184083	3.663814083	3.719895082999999	3.738459082999999	3.755090083	3.761278083	3.769014083	3.782938083	3.791833083	3.792607083	3.804208082999999	3.816971082999999	3.820452082999999	3.823546083	3.830895082999999	3.840951083	3.847913083	3.851007082999999	3.859131083	3.870345082999999	3.890070082999999	3.900900083	3.914050082999999	3.944605082999999	3.957755082999999	3.987920083	4.029306083	4.050576083	4.059474083	4.081518083	4.094281083	4.100856083	4.106273083	4.128317083	4.137212083	4.142626083	4.143787083	4.156550083	4.169312083	4.179369083	4.180143083	4.194454082999989	4.206056083	4.222299083	4.234291083	4.252080083	4.275673083	4.304293083	4.310484082999991	4.325954082999989	4.349934083	4.362697083	4.369271083	4.388609083	4.406786083	4.417229083	4.422642083	4.445848083	4.455904083	4.463641083	4.471764083	4.489166083	4.499609083	4.508891083	4.520883083	4.525135082999991	4.539446083	4.544860083	4.563814083	4.577351083	4.590501083	4.593207083	4.615639083	4.636525083	4.643485083	4.648514082999989	4.656634083	4.669400083	4.693377083	4.694152083	4.717745083	4.739402083	4.747526083	4.758740083	4.781175083	4.785814083	4.792011083	4.800135083	4.829141083	4.839584083	4.860855083000001	4.868204083	4.882128083	4.896826083	4.923126083	4.924672083	4.952907083	4.973016083	4.987327083	4.994290083	5.005891083	5.043408083	5.048051083	5.060814082999991	5.073576083	5.094463083	5.097944083	5.111865083	5.128883083	5.140100083	5.141259083	5.164852083	5.182644083	5.196568083	5.200433083	5.222094083	5.232924083	5.249939083	5.250713083	5.270438083	5.288231083	5.298287083	5.305249083	5.318399083	5.334255083	5.336575083	5.354367083	5.367130082999989	5.384920083	5.403099083	5.411607083	5.434813083	5.452605083	5.461887083	5.473491083	5.492055083	5.502885083	5.512554082999991	5.525704083	5.538854083	5.546974083	5.558191083	5.565153083	5.580236083	5.594547083	5.621621083	5.631674083	5.644440083	5.650241083	5.652948083	5.669966083	5.704386083	5.718310083	5.728366083	5.755441083	5.769752083	5.780966083	5.783286083	5.813067083	5.830859083	5.861414083	5.867602083	5.881526083	5.898157083	5.910920083	5.919427083	5.933352083	5.951915083	5.967001083	5.971253083	5.991365083	6.010703083	6.019600083	6.021146083	6.037777083	6.050540083	6.061370083	6.073746083	6.091151083	6.108556083	6.126732083	6.148780083	6.160769083	6.189776083	6.221489083	6.240443083	6.249724083	6.266742083	6.271382083	6.279505083	6.291881083	6.305418083	6.314313083	6.326691083	6.345255083	6.357631083	6.362273083	6.378517083	6.410618083	6.420286083	6.426474083	6.447361083	6.467473083	6.498412083	6.507310083	6.567643083	6.582341083	6.592397083	6.629527083	6.646929083	6.662015082999987	6.689860083	6.691021083	6.709585083	6.726990083	6.743234083	6.751357083	6.773789083	6.788872083	6.807822083	6.816720083	6.849595083	6.866613083	6.877827083	6.897165083	6.918051083	6.933521083	6.952859083	6.964850083	6.976839083	6.993470083	7.005846083	7.035627083	7.048005083	7.066569083	7.076625083	7.085906083	7.104857083000001	7.131157083	7.140826083	7.167513082999991	7.172155083	7.208898083	7.212767083	7.235973083	7.265750083	7.271941083	7.276581083	7.299399083	7.311004083	7.322993083	7.328022083	7.346199083	7.356642083	7.374434083000001	7.397637083	7.423553083	7.461454083	7.506705083	7.507479083	7.530298083	7.556985083	7.578645083	7.591021083	7.610359083	7.632790083	7.643233083	7.648647083	7.665665083	7.684229083	7.715171083	7.727160083	7.743790083	7.769706083	7.792138083	7.801807083	7.823077083	7.856726083	7.875677083	7.891537083	7.907006083	7.927893083	7.935626083	7.951870083	7.983979083	7.995971083	8.004091082999998	8.036195083000001	8.047410083000001	8.074096083	8.085314083	8.109678082999998	8.131338082999987	8.180070082999998	8.191672082999998	8.200182083	8.220681083000001	8.243113082999987	8.248527082999987	8.260902083	8.281014082999998	8.293393082999998	8.300739083	8.311182083	8.342512083	8.348313082999986	8.354500083	8.368424083	8.417156083	8.437268082999998	8.464342083	8.502244083	8.512687083	8.524288082999998	8.540148082999998	8.564125082999998	8.573410083	8.579598083	8.599710083	8.609766083	8.618661082999987	8.631036083	8.641092082999998	8.654242083	8.663137083	8.694853082999998	8.706067083000001	8.760990083	8.790771082999987	8.793865082999998	8.830221082999998	8.865028083	8.892102083	8.912985083	8.946247083	8.961333083	8.977964083	8.982990083	8.998076083000001	9.008519083	9.018188082999998	9.028244083000001	9.041007082999998	9.069626083	9.131121082999975	9.137696083	9.150846083	9.174826083000001	9.193776083	9.202674083	9.218531082999998	9.244444083	9.258368082999986	9.275770083	9.297430083	9.309419083	9.316381083	9.332625083	9.356218083	9.363567083	9.368594083	9.381744083	9.399923083000001	9.408431083	9.420806083	9.462579083	9.473022083	9.490424083	9.496612083	9.512856083	9.534517083000001	9.553080083	9.561204083	9.577447083	9.589436083	9.633141082999998	9.647836083	9.692316083	9.728672082999987	9.740660082999998	9.749171082999982	9.765027083	9.789008082999998	9.798677082999998	9.800996083	9.819173083000001	9.830390083000001	9.839285083	9.851663083	9.882990083	9.896527083	9.911997083000001	9.923601083	9.955314083	9.996313082999998	10.023388083	10.031898083	10.053548083	10.069028083	10.077528083	10.094168083	10.116208083	10.130128083	10.137868083	10.168038083	10.178478083	10.192788083	10.196658083	10.224888083	10.259698083	10.282128083	10.299918083	10.311138083	10.318878083	10.331248083	10.345558083	10.355998083	10.373018083	10.388488083	10.393908083	10.413628083	10.437608083	10.441478083	10.454238083	10.472028083	10.501808083	10.518828083	10.542038083	10.580318083	10.600048083	10.621708083	10.634088083	10.654588083	10.669668083	10.680498083	10.694418083	10.728068083	10.758238083	10.771768083	10.782218083	10.788788083	10.802328083	10.813548083	10.827848083	10.839068083	10.852218083	10.859568083	10.872718083	10.888578083	10.918358083	10.929568083	10.959738083	10.986038083	11.005378083	11.015818083	11.036318083	11.057978083	11.071898083	11.112508083	11.159308083	11.189488083	11.201478083	11.204188083	11.217718083	11.237828083	11.246338083	11.254468083	11.270318083	11.288498083	11.299328083	11.310158083	11.331818083	11.346128083	11.360438083	11.379388083	11.415358083	11.474918083	11.499668083	11.510108083	11.519398083	11.531388083	11.537958083	11.549948083	11.561558083	11.570058083	11.585148083	11.605648083	11.641228083	11.664818083	11.669078083	11.681838083	11.701948083	11.713938083	11.718968083	11.737138083	11.754158083	11.771568083	11.777758083	11.795548083	11.813718083	11.827648083	11.834218083	11.858978083	11.874448083	11.899198083	11.913508083	11.932848083	11.953728083	11.980418083	11.994728083	12.010968083	12.024118083	12.042298083	12.050418083	12.067828083	12.086778083	12.101478083	12.107668083	12.120818083	12.146728083	12.174188083	12.212478083	12.218668083	12.241098083	12.256568083	12.279778083	12.310328083	12.335858083	12.348228083	12.360998083	12.378398083	12.405088083	12.409728083	12.421718083	12.441828083	12.460778083	12.466578083	12.477798083	12.499068083	12.510668083	12.513768083	12.534648083	12.555538083	12.565978083	12.574488083	12.605428083	12.612778083	12.637138083	12.649518083	12.681618083	12.691288083	12.714498083	12.738858083	12.758588083	12.780248083	12.791848083	12.792238083	12.808088083	12.821628083	12.839418083	12.841738083	12.864558083	12.880418083	12.888148083	12.899758083	12.913288083	12.936108083	12.942298083	12.965118083	13.004178083	13.019268083	13.033578083	13.052918083	13.073028083	13.084238083	13.090428083	13.105898083	13.117888083	13.127168083	13.130268083	13.155018083	13.186728083	13.207618083	13.226958083	13.233918083	13.248228083	13.271048083	13.277238083	13.289228083	13.318618083	13.331378083	13.339508083	13.367348083	13.372768083	13.384368083	13.391718083	13.416088083	13.427688083	13.439288083	13.447798083	13.464428083	13.506198083	13.526308083	13.534048083	13.540618083	13.556868083	13.573108083	13.582778083	13.594768083	13.611788083	13.642338083	13.656268083	13.680628083	13.704998083	13.723948083	13.748318083	13.773458083	13.783898083	13.789698083	13.806328083	13.821408083	13.829148083	13.835718083	13.843848083	13.866668083	13.892578083	13.910748083	13.918488083	13.922748083	13.935898083	13.943628083	13.971868083	14.001648083	14.032968083	14.046118083	14.054628083	14.068558083	14.094078083	14.097558083	14.110708083	14.131598083	14.137008083	14.141268083	14.150938083	14.160218083	14.198118083	14.219008083	14.220938083	14.231378083	14.239888083	14.254978083	14.265418083	14.279728083	14.287458083	14.299448083	14.316078083	14.347798083	14.350888083	14.364818083	14.380298083	14.398088083	14.406598083	14.427868083	14.453398083	14.503678083	14.506378083	14.534228083	14.555888083	14.579088083	14.587988083	14.607708083	14.620088083	14.625508083	14.629368083	14.639038083	14.652578083	14.662248083	14.673458083	14.686608083	14.704018083	14.721418083	14.729928083	14.742688083	14.769378083	14.800318083	14.813088083	14.838218083	14.871488083	14.884248083	14.889278083	14.907838083	14.922538083	14.932978083	14.945738083	14.963538083	14.972038083	14.978228083	14.990998083	15.010338083	15.019618083	15.023488083	15.038568083	15.056358083	15.071828083	15.075698083	15.092328083	15.113988083	15.127908083	15.150338083	15.162718083	15.177798083	15.201778083	15.215698083	15.224218083	15.238908083	15.262118083	15.267148083	15.281068083	15.301948083	15.324388083	15.333278083	15.346818083	15.383558083	15.394778083	15.409088083	15.425718083	15.443118083	15.456268083	15.466328083	15.493788083	15.504618083	15.512738083	15.533238083	15.548708083	15.556058083	15.559928083	15.572298083	15.590478083	15.601308083	15.615228083	15.633408083	15.640758083	15.654678083	15.660478083	15.683298083	15.692588083	15.707278083	15.718498083	15.737838083	15.755238083	15.775738083	15.781538083	15.792758083	15.808608083	15.832588083	15.838008083	15.855028083	15.868558083	15.881328083	15.884418083	15.903368083	15.924638083	15.936628083	15.946298083	15.962928083	15.981108083	15.995418083	16.000058083	16.017078083	16.034478083	16.054978083	16.075098083	16.087088083	16.102938083	16.113378083	16.124208083	16.142778083	16.164818083	16.187638083	16.201948083	16.231348083	16.258028083	16.259578083	16.269638083	16.278918083	16.297478083	16.306768083	16.313338083	16.326878083	16.337318083	16.339638083	16.347378083	16.362068083	16.382178083	16.386438083	16.403458083	16.429758083	16.449088083	16.454898083	16.470748083	16.489318083	16.495118083	16.500918083	16.510588083	16.524128083	16.539978083	16.552358083	16.568988083	16.582528083	16.586008083	16.591808083	16.598768083	16.619268083	16.634348083	16.647888083	16.661038083	16.679608083	16.685408083	16.692368083	16.703588083	16.715578083	16.720598083	16.734138083	16.749608083	16.771268083	16.778228083	16.785188083	16.798728083	16.813808083	16.818448083	16.827738083	16.840498083	16.856738083	16.868738083	16.877238083	16.887298083	16.899668083	16.909728083	16.920168083	16.927908083	16.939508083	16.949178083	16.961558083	16.971228083	16.984378083	16.992498083	17.007968083	17.023828083	17.038518083	17.047418083	17.059018083	17.074878083	17.084158083	17.093438083	17.104658083	17.118578083	17.130958083	17.137528083	17.148748083	17.158808083	17.166928083	17.175048083	17.180078083	17.184718083	17.189358083	17.192838083	17.199798083	17.204058083	17.206378083	17.210628083	17.212948083	17.216428083	17.218368083	17.221458083	17.224938083	17.226878083	17.230748083	17.233838083	17.236158083	17.238478083	17.242348083	17.250468083	17.252788083	17.255498083	17.257818083	17.260528083	17.264008083	17.267488083	17.270968083	17.275218083	17.279858083	17.281408083	17.507668083	17.886698083	18.028638083	18.316778083	18.645138083	18.970798083	19.318118083	20.268008083	20.641618083	20.660568083	20.714338083	20.793618083	20.826498083	20.937498083	20.956448083	33.953678083	0.0	0.0014760256	0.020036162	0.057889142	0.654049252	0.878783652	1.069499952	0.719908052	1.084720952	1.414495952	1.281821952	1.284491952	1.350095952	1.903672952	1.908916952	1.890168952	1.908459952	1.950782952	1.979876952	1.985812952	2.021686952	2.119144952	2.253492952	2.361580952	2.635056952	3.470798952	5.765024951999989	6.027908951999987	6.077783952	6.293618952	6.335675952	6.275783952	6.418917951999989	8.358920952	12.385996952	13.804456952	14.155606952	14.021166952	13.929056952	14.231836952	14.130306952	13.975616952	14.347426952	14.402296952	14.482466952	14.543896952	14.454086952	14.698686952	14.625496952	14.873266952	14.874976952	15.029906952	15.105536952	15.171086952	15.094016952	15.324686952	15.352746952	15.488416952	15.341996952	15.598736952	15.606246952	15.705436952	15.925076952	15.991386952	16.187816952	16.283556952	16.155256952	16.337546952	16.420056952	16.521486952	16.537996952	16.611846952	16.809946952	16.831166952	16.986896952	17.024836952	17.117366952	17.215476952	17.352146952	17.420036952	17.423036952	17.477066952	17.444186952	17.636536952	17.686756952	17.858586952	17.744906952	18.020286952	17.792516952	18.139756952	18.277266952	18.314086952	18.424766952	18.555476952	18.553096952	18.662096952	18.546436952	18.874716952	19.057366952	19.194666952	19.247646952	19.196026952	19.326776952	19.506976952	19.278986952	19.567736952	19.708426952	19.773166952	19.854176952	20.079926952	20.041986952	20.079326952	20.226896952	20.170036952	20.413486952	20.575916952	20.750076952	20.697546952	20.769726952	20.799846952	20.947276952	20.916106952	21.009996952	21.164156952	21.112536952	21.246976952	21.350536952	21.066956952	21.564446952	21.551046952	21.629436952	21.782266952	21.206006952	21.497536952	21.830086952	21.470486952	21.901316952	21.856126952	21.974896952	22.121166952	22.298266952	22.262066952	22.364606952	22.130906952	22.477866952	22.590396952	22.663826952	22.820886952	22.868736952	22.922906952	23.081876952	23.155806952	23.111056952	23.215836952	23.331676952	23.413556952	23.454286952	23.800126952	23.855416952	23.996946952	23.821766952	23.875416952	23.892026952	23.855166952	23.999696952	24.118366952	24.334796952	24.052746952	24.378566952	24.48842695199992	24.708876952	24.557956952	24.740316952	24.856016952	24.606086952	24.953086952	25.068256952	25.233626952	25.315606952	25.400036952	25.349606952	25.571056952	25.293866952	25.671816952	25.836976952	25.825286952	25.907966952	26.083036952	26.138146952	26.188546952	26.350276952	26.167076952	26.420956952	26.498996952	26.686276952	26.753146952	26.809626952	26.971356952	26.98514695199992	26.970796952	27.086006952	27.298496952	27.430216952	27.583436952	27.428366952	27.671036952	27.724886952	27.701126952	27.874866952	27.948966952	28.036456952	28.098836952	28.259136952	27.998596952	28.355016952	28.454976952	28.536116952	28.642846952	28.814526952	28.833376952	28.895536952	29.210176952	29.155066952	29.343816952	29.46572695199992	29.506466952	29.577656952	29.539726952	29.765156952	29.828256952	29.742816952	30.017316952	30.092396952	30.164466952	30.340406952	30.342366952	30.412126952	30.614246952	30.503606952	30.646916952	30.780976952	30.941136952	31.016356952	31.020266952	31.180946952	31.286846952	31.234836952	31.328936952	31.500126952	31.519396952	31.517716952	31.646156952	31.918186952	31.701996952	32.051056952	32.191566952	32.225076952	32.297316952	32.292186952	31.779416952	31.805766952	31.852426952	32.38687695199999	31.899686952	31.973916952	31.996436952	32.424816952	32.118206952	31.988926952	32.215826952	32.543416952	32.711086952	32.895576952	33.038366952	33.033486952	33.096606952	33.274116952	33.350146952	33.292606952	33.443966952	33.623916952	33.675186952	33.684596952	33.84118695199999	33.985916952	34.045906952	34.043806952	34.192376952	34.341996952	34.666326952	34.637736952	34.717946952	34.664586952	34.934516952	34.964166952	35.152836952	35.230606952	35.237236952	35.43706695199999	35.493916952	35.304546952	35.55424695199999	35.749896952	35.838126952	35.85172695199999	35.780936952	36.052956952	36.166996952	36.271626952	36.197686952	36.35183695199999	36.451576952	36.615836952	36.655596952	36.735116952	36.835906952	36.838346952	37.010976952	37.021786952	37.218826952	37.266266952	37.259636952	37.404716952	37.521896952	37.547706952	37.571066952	37.802986952	37.808566952	37.85704695199992	37.932726952	38.071526952	38.138136952	38.157316952	38.309366952	38.264726952	38.420276952	38.40388695199999	38.643476952	38.767276952	38.693696952	38.889346952	39.03128695199999	39.189966952	39.075576952	39.209846952	39.153696952	39.249946952	39.393986952	39.54708695199999	39.743776952	39.899666952	39.897926952	39.95163695199999	40.175876952	40.116596952	40.035336952	40.239006952	40.435696952	40.452786952	40.643896952	40.645646952	40.703186952	40.793516952	40.961266952	40.880006952	41.055076952	41.165626952	41.243396952	41.195626952	41.271646952	41.567386952	41.447416952	41.597376952	41.667486952	41.882306952	41.81186695199992	41.973336952	42.164096952	42.175956952	42.055636952	42.366726952	42.443446952	42.562026952	42.469256952	42.694196952	42.769186952	42.960296952	42.783476952	43.05480695199999	43.229886952	43.125256952	43.318116952	43.38367695199999	43.196056952	43.532246952	43.641056952	43.669306952	43.815436952	43.921446952	43.962256952	44.128956952	44.234976952	44.099666952	44.37168695199992	44.437256952	44.491306952	44.570826952	44.665336952	44.768566952	44.786696952	44.888186952	44.931776952	45.075116952	45.199266952	45.496406952	45.527096952	45.618816952	45.451416952	45.611496952	45.661366952	45.953616952	46.025456952	46.001386952	46.205756952	46.261556952	46.133216952	46.314916952	46.478476952	46.575436952	46.80176695199999	46.730626952	46.828976952	46.952436952	46.838386952	47.056706952	47.049736952	47.188536952	47.309206952	47.287226952	47.528216952	47.771296952	47.687596952	47.85987695199999	47.969036952	48.049596952	48.114816952	48.213156952	48.326856952	48.446476952	48.558076952	48.653626952	48.649096952	48.808476952	48.939606952	49.067946952	49.079806952	48.985646952	49.31486695199992	49.243366952	49.376246952	49.518886952	49.515746952	49.682096952	49.888906952	49.761956952	49.982366952	50.056656952	50.38622695199999	50.390756952	50.328676952	50.493286952	50.615696952	50.756246952	50.686146952	51.058956952	51.028266952	51.044316952	51.38329695199999	51.404916952	51.494896952	51.75784695199999	51.644506952	51.835626952	51.989076952	52.045216952	52.039286952	52.240176952	52.322826952	52.403036952	52.417336952	52.689706952	52.724586952	52.722486952	52.892336952	53.030786952	53.122156952	53.194696952	53.326176952	53.347106952	53.487996952	53.514156952	53.75688695199999	53.81407695199999	53.972416952	53.935096952	53.967176952	54.149926952	54.385676952	54.336856952	54.512976952	54.201886952	54.615156952	54.493436952	54.779076952	55.120496952	55.105856952	55.083876952	55.341956952	55.395656952	55.503076952	55.416586952	55.628976952	55.646766952	55.767776952	55.875546952	55.940056952	56.158026952	56.280446952	56.446096952	56.408776952	56.58768695199992	56.734866952	56.763806952	56.924926952	57.120576952	57.097906952	57.134876952	57.290066952	57.464446952	57.80447695199999	57.751806952	57.855736952	58.093586952	58.110676952	58.165426952	58.270406952	58.478256952	58.509996952	58.623686952	58.733886952	58.876526952	58.790736952	58.981506952	59.305836952	59.30444695199999	59.283176952	59.634016952	59.61482695199999	59.785716952	59.768976952	59.888596952	59.963576952	60.334656952	60.326286952	60.320006952	60.464386952	60.445906952	60.744436952	60.723856952	60.95716695199999	61.033196952	61.031106952	61.073656952	61.365206952	61.31707695199999	61.335916952	61.431126952	61.673506952	61.683616952	61.785106952	62.069686952	62.079446952	62.058866952	62.186166952	62.441096952	62.475276952	62.480166952	62.752886952	62.82786695199999	62.880526952	62.869366952	63.011656952	62.460276952	63.219856952	63.485606952	63.318206952	63.653696952	63.483166952	63.679506952	63.682646952	63.853536952	64.067316952	64.211346952	64.494536952	64.515106952	64.666116952	64.65809695199984	64.75260695200001	64.811196952	64.89071695200001	64.941286952	65.06857695199989	65.36501695199998	65.727366952	65.68167695199998	65.68446695199998	65.893016952	65.960326952	65.96137695199998	66.03879695199988	66.249436952	66.217006952	66.404976952	66.617016952	66.60864695199989	66.567496952	66.789296952	67.00343695199989	67.07701695199998	67.004826952	67.17710695199995	67.35218695199988	67.396126952	67.453666952	67.971906952	67.90878695199989	68.04270695199995	67.964936952	68.111406952	68.301826952	68.437146952	68.417266952	68.52258695199988	68.55467695199998	68.97282695200001	68.945616952	69.314596952	69.59533695199988	69.58836695199989	69.547916952	69.66474695199989	69.916536952	69.901546952	69.83214695199995	70.07731695199998	70.12823695199985	70.16380695199989	70.240176952	70.541846952	70.57986695199995	70.67228695199984	70.72319695199998	71.024866952	71.363156952	71.57972695199989	71.540316952	71.796646952	71.82384695199988	71.78304695200001	71.97241695199995	72.150626952	72.17120695200001	72.14609695200001	72.442176952	72.474616952	72.52832695199989	72.443226952	72.731996952	73.05632695200001	73.233146952	73.407166952	73.397056952	73.37648695199984	73.445186952	73.53585695199995	73.58816695199998	73.80265695200001	74.00004695200001	73.949826952	74.17930695199981	74.438426952	74.141986952	74.541306952	74.55734695199995	74.801816952	74.831816952	74.925626952	75.17184695199987	75.21578695199995	75.31204695199995	75.361216952	75.476656952	75.56558695199998	75.543616952	75.65032695199989	76.00500695199995	76.35445695200001	76.343646952	76.44547695200001	76.415136952	76.530226952	76.597186952	76.70983695199995	76.82665695200001	76.961976952	76.934076952	77.060326952	77.19284695199988	77.38814695199989	77.37907695199981	77.58135695200001	77.75990695199998	77.827916952	77.78815695199998	77.949636952	78.11354695200001	78.15504695199982	78.61923695199998	78.958566952	79.17060695199989	79.147586952	79.02133695199988	79.08376695199998	79.35508695199985	79.344976952	79.36659695199998	79.50574695199987	79.67628695199988	79.72371695199998	79.72999695200001	79.994346952	79.975166952	80.024696952	80.08153695200001	80.351116952	80.78217695199989	80.83588695199987	80.857156952	80.847396952	80.897266952	80.84843695199989	80.88296695199998	80.987236952	81.00258695199989	81.104066952	81.36632695199998	81.79947695200001	82.01639695199998	81.913866952	81.974196952	82.14927695199998	82.18798695199995	82.11300695200001	82.30865695200001	82.47639695199989	82.57300695199989	82.525226952	82.72680695199998	82.874666952	82.93988695199998	82.87920695199998	83.227256952	83.2757369519998	83.436506952	83.421156952	83.48881695200001	83.616106952	83.820126952	83.927546952	84.00287695199984	84.067046952	84.212816952	84.18247695199977	84.30070695199989	84.50332695199998	84.58040695199998	84.58249695199989	84.70246695199998	84.996466952	85.254186952	85.64339695199995	85.496566952	85.617236952	85.58898695199989	85.739296952	85.83903695199989	86.01585695200001	86.046196952	86.08595695199998	86.194066952	86.45178695200001	86.349256952	86.47480695199998	86.740206952	86.87795695200001	86.77856695200001	86.921556952	87.16358695199995	87.20857695199989	87.114406952	87.321916952	87.515126952	87.510596952	87.51373695199995	87.880266952	87.84608695200001	87.95873695199987	87.96884695200001	88.18890695199988	88.16554695199989	88.27818695199988	88.434076952	88.54218695199998	88.736096952	88.73853695199998	88.75841695199998	88.82258695199985	89.04857695199998	89.145526952	89.15424695199998	89.35303695199988	89.493926952	89.455216952	89.546246952	89.63307695199987	89.85174695199989	89.794906952	89.944166952	90.21374695199998	90.25699695199998	90.263266952	90.400326952	90.61515695200001	90.65317695199987	90.61899695199995	90.741056952	90.83068695200001	90.847426952	90.806626952	91.17176695199988	91.53271695199989	91.66140695200001	91.700466952	91.69523695199989	91.72557695199988	91.854966952	91.734996952	91.85356695199998	92.234056952	92.215916952	92.17441695199989	92.54373695199995	92.434586952	92.516536952	92.53223695200001	92.759266952	92.801466952	92.82727695200001	92.80809695199989	93.011066952	93.513616952	93.569066952	93.519546952	93.47560695200001	93.561046952	93.67089695199982	93.704026952	93.77866695199998	93.89305695199998	94.08067695199998	94.09253695199995	94.214946952	94.26133695200001	94.305626952	94.47058695199998	94.69552695199998	94.697266952	94.617406952	94.81688695199998	94.957086952	94.95568695200001	94.945576952	95.021246952	95.37383695199981	95.66364695200001	95.85650695199998	95.739326952	95.66294695199988	95.743516952	95.71247695199995	95.931836952	96.09853695199998	96.32208695199982	96.32557695199982	96.264196952	96.38137695199988	96.590626952	96.52087695199985	96.62305695199989	96.81591695199998	96.736406952	96.72593695199988	96.82010695199995	96.869626952	97.57304695199988	97.72371695199998	97.57270695199981	97.621526952	97.61350695199998	97.792066952	97.833566952	97.96574695199998	97.929126952	98.00236695199995	98.17917695199982	98.502126952	98.35215695199989	98.45294695199998	98.546766952	98.60813695199987	98.59733695200001	98.684516952	98.740666952	99.067096952	98.947476952	99.146956952	99.287856952	99.50931695200001	99.495016952	99.786566952	99.80783695199995	99.75971695200001	99.72832695199995	99.813416952	99.95501695199998	99.987096952	100.086496952	100.167096952	100.329896952	100.449896952	100.464196952	100.507396952	100.672396952	100.795796952	100.791996952	100.946896952	101.184396952	101.146996952	101.084896952	101.190596952	101.279596952	101.308196952	101.381396952	101.560696952	101.603596952	101.579496952	101.715096952	101.994496952	102.004996952	101.917396952	102.080296952	102.244596952	102.326196952	102.242096952	102.387896952	102.585996952	102.639296952	102.848596952	102.845096952	102.935096952	103.126496952	103.155796952	103.131396952	103.239896952	103.431296952	103.348296952	103.443596952	103.594896952	103.674096952	103.629796952	103.653796952	103.960396952	103.951296952	104.032596952	104.148696952	104.269396952	104.297996952	104.317496952	104.566896952	104.581496952	104.560196952	104.738796952	104.845196952	104.845896952	104.797396952	104.906596952	105.077096952	105.146496952	105.252196952	105.378796952	105.381196952	105.502896952	105.477396952	105.664696952	105.669296952	105.716696952	105.734496952	105.877796952	105.999196952	106.153696952	106.099996952	106.165896952	106.276096952	106.521996952	106.462296952	106.597996952	106.645796952	106.714796952	106.669496952	106.807896952	107.011296952	107.041896952	107.051396952	107.191596952	107.346396952	107.425196952	107.390296952	107.546196952	107.666596952	107.901996952	108.057896952	108.062396952	108.136696952	108.133196952	108.163896952	108.269196952	108.383896952	108.486096952	108.470396952	108.621096952	108.850596952	108.729196952	108.772796952	108.822696952	109.056296952	109.081396952	109.093596952	109.275296952	109.359696952	109.275696952	109.343296952	109.508596952	109.746096952	109.670096952	109.750996952	109.935896952	110.013296952	109.925696952	109.990296952	110.117196952	110.082696952	110.049596952	110.075696952	110.175096952	110.365896952	110.497996952	110.691596952	110.778796952	110.696496952	110.675896952	110.707296952	110.923196952	111.042796952	111.131696952	111.250296952	111.406496952	111.330896952	111.299796952	111.344796952	111.403696952	111.364296952	111.443896952	111.570796952	111.794296952	111.748296952	111.740996952	111.818796952	111.942596952	111.893696952	111.927596952	112.018896952	112.154596952	112.233396952	112.257096952	112.292396952	112.379196952	112.415496952	112.482096952	112.483796952	112.547296952	112.573396952	112.645296952	112.653696952	112.676996952	112.666196952	112.749896952	112.853096952	112.885896952	112.885196952	112.910696952	112.962696952	112.986696952	113.012496952	113.020496952	113.042896952	113.072196952	113.087896952	113.130696952	113.163196952	113.208496952	113.228396952	113.246496952	113.258696952	113.251396952	113.262896952	113.292596952	113.305496952	113.330196952	113.355296952	113.361996952	113.364796952	113.353596952	113.361296952	113.382496952	113.386396952	113.404196952	113.418796952	113.434496952	113.446696952	113.443196952	113.452296952	113.444296952	113.451596952	113.449496952	113.455796952	113.454396952	113.471096952	113.481596952	113.481896952	113.493496952	115.598896952	118.517496952	121.778696952	122.708796952	125.284296952	127.484196952	130.180396952	132.135096952	136.969796952	139.065496952	138.575496952	139.078696952	138.996096952	139.296296952	139.764396952	139.085996952	65.69353695199995	Mid-span deflection (mm)
Load (kN)

Walls FL 	&	 SL	0.0	0.0291186909692475	0.0687159406487536	0.110001231784627	0.152272548828334	0.20683432312175	0.299361984769959	0.395142568850065	0.486766048068147	0.571909701812636	0.0	0.599411145018199	1.36657961788723	2.27453721018571	3.22538785739479	3.88853477904289	3.96558739348038	4.00268014285837	4.02192397119196	4.0308960424925	Walls FM	0.0	0.024422121099377	0.0565138129913777	0.0893622606417886	0.122876775713405	0.155471805916771	0.187158764245268	0.215999591143631	0.260170004837536	0.307225561166689	0.0	0.728698118534047	1.62542846394949	2.71594351412401	3.852740130231016	4.9407338812067	5.91269468690498	6.659600075206049	6.820670357390075	6.829936555718906	Walls FH	0.0	0.0215882218709264	0.0487403476024509	0.0763306580497835	0.104481181551562	0.132209005912221	0.158772949720245	0.183539460164563	0.20660723480428	0.228315932171142	0.0	0.84050436829702	1.835794317999849	3.07629736415063	4.37972421101097	5.624855285182694	6.71536024215043	7.53543619637354	8.1143509367274	8.51187661995637	Curvature (1/m)
Moment (kN.m)


SL	2.75	2.18	1.61	4.5	8.6	23.8	FL	2.75	2.18	1.61	2.0	4.1	14.7	FM	2.75	2.18	1.61	1.7	3.0	10.2	FH	2.75	2.18	1.61	1.3	2.7	10.0	Scaled Distance (m/kg1/3) 
Support Rotation (Degree)


RFT = 0.33 %	1.61	2.18	2.75	30.0	4.3	1.8	RFT = 0.62 %	1.61	2.18	2.75	12.3	3.7	1.7	RFT = 1.07 %	1.61	2.18	2.75	11.2	2.7	1.6	Scaled Distance (m/kg 1/3)
Support Rotation (degree)


Z = 2.75 m/kg^1/3	0.33	0.62	1.07	1.8	1.7	1.6	Z = 2.18 m/kg^1/3	0.33	0.62	1.07	4.3	3.7	2.7	Z = 1.61 m/kg^1/3	0.33	0.62	1.07	30.0	12.3	11.2	Reinforcement Ratio (%)
Support Rotation (degree)


CEB recommendations	1.0E-7	1.0E-6	1.0E-5	0.0001	0.001	0.01	1.0	10.0	50.0	100.0	1000.0	1.0	1.0	1.0	1.053387988232271	1.163558871568932	1.285252217351314	1.568152742066614	1.73216142142341	2.155377449561103	2.715605419170709	5.850594519499987	CSA S850-12	1.0E-7	1.0E-6	1.0E-5	0.0001	0.001	0.01	1.0	10.0	50.0	100.0	1000.0	1.0	1.0	1.0	1.045943271901905	1.139769999662419	1.24201348871271	1.474838595538086	1.607139536814401	1.984202291452347	2.499938234250454	5.385953654806229	Strain Rate

DIF for concrete


Yield Strength	1.0E-7	1.0E-6	1.0E-5	0.0001	0.001	0.01	1.0	10.0	50.0	100.0	1000.0	1.0	1.0	1.0	1.0	1.079991381729104	1.16638138460914	1.360445534362735	1.469269452423599	1.55046236687278	1.586798346055328	1.713728538281751	Ultimate Strength	1.0E-7	1.0E-6	1.0E-5	0.0001	0.001	0.01	1.0	10.0	50.0	100.0	1000.0	1.0	1.0	1.0	1.0	1.02298570549009	1.046499753637057	1.095161734362422	1.120334799452493	1.138272794739473	1.146086485203007	1.172430091618056	Strain Rate

DIF
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