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ABSTRACT 

The compressive strength of masonry is an essential mechanical parameter considering its 

influence on structural design. Among different types of masonry, hollow concrete block masonry 

is the most commonly used one in North America. Over the past decades, various methods were 

developed to determine the compressive strength of hollow concrete block masonry, namely the 

physical prism testing method and the empirical method (i.e., unit strength method). Regarding 

the physical prism testing method, the variations and uncertainties in the testing programs lead to 

a need for a tool that can be used to understand the effects of different factors on masonry strength 

prediction. Meanwhile, the unit strength method adopted by North American masonry design 

standards/codes is based on research that is now outdated. Therefore, tools or models that can 

effectively achieve the goal of accurately predicting the compressive strength as well as the 

behaviour of hollow concrete block masonry need to be developed.  

In this study, an automated micro-nonlinear finite-element model, using one of the most popular 

hard-computing techniques, is first proposed and verified to simulate the behaviour of hollow 

concrete block masonry prisms. Different masonry design standards/codes as well as empirical 

models are reviewed and compared with the proposed finite-element model over the collected 

experimental database. After an extensive literature review, a large database is compiled based on 

existing experimental studies. A global variance-based sensitivity analysis for evaluating the effect 

of material parameters on masonry compressive strength is then conducted based on the developed 

finite-element model, in which Latin hypercube sampling technique and Polynomial chaos 

expansions technique are adopted. Six input parameters are considered. The results show that the 

compressive strength of concrete masonry units is the most influential parameter, while the other 
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parameters have different levels of impact depending on the compressive strength combinations 

of concrete masonry units and mortar.  

Subsequently, the experimental database previously compiled is used for developing a Gaussian 

Process Regression model (soft-computing model) to predict the compressive strength of hollow 

concrete block masonry. The whole database is divided into two groups based on mortar type (e.g., 

Type S, Type N), and Gaussian Process Regression models are built upon each type. A parametric 

study based on different covariance functions is carried out and the optimal covariance functions 

are selected based on mortar type. A case study based on different input parameters is also 

conducted and three input parameters are selected for both mortar types. The same masonry design 

standards/codes, which were used to compare with the finite-element model, are compared with 

the proposed Gaussian Process Regression model. The results indicate that the proposed Gaussian 

Process Regression model can provide a more accurate and reliable prediction for the compressive 

strength of hollow concrete block masonry, with prediction error quantified. After the proposed 

Gaussian Process Regression model is validated through its comparison with other models, 

prescribed hollow concrete block masonry compressive strength values are re-evaluated. The 

results indicate that the current prescribed values need to be updated and new values are proposed.  
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CHAPTER 1:  INTRODUCTION 

1.1 Background 

As one of the oldest construction materials, masonry has a history of over 6000 years. Masonry is 

commonly used for all types of structures, ranging from ancient structures like the Egyptian 

pyramids and Rome Colosseum to all the fascinating modern masonry buildings. Besides being 

aesthetically pleasing, masonry structures also have the advantages of durability, excellent thermal 

properties (ACI/TMS 122R-14) and most importantly, excellent properties under compression. 

The compressive strength of hollow concrete masonry, which is the most commonly used one in 

North America, is essential for analyzing and designing masonry structures. However, its accurate 

prediction remains a challenging task due to inherent randomness in the composite materials as 

well as the uncertainties in physical prism testing. The prediction accuracy is of interest to 

engineers acknowledging the aphorism that all models are wrong. In the past decades, significant 

research efforts have been devoted in the literature. In engineering practice, two primary ways of 

determining the compressive strength of masonry are (1) the physical prism testing method in the 

laboratory or construction field and (2) the unit strength method derived empirically based on 

experimental testing of prisms.  

As for the unit strength method, the current values listed in CSA S304-14  for hollow concrete 

masonry were based on the research work conducted by Maurenbrecher in the 1980s 

(Maurenbrecher 1980, 1983, 1985, 1986), which was developed from a linear regression analysis 

between the compressive strength of concrete units and the compressive strength of masonry 

prisms and were proved to be unduly conservative (Ip, 1999; Korany and Glanville, 2005; National 

Concrete Masonry Association 2008 as cited in Ross 2013). Nowadays, a much more developed 

database of the behaviour of masonry under compression has been formed compared to when those 

prescribed values were first introduced. 

On the other hand, acknowledging variations in the physical prism testing methods and uncertainty 

in testing conditions in different experimental programs, there is a need for a tool that can be used 

for understanding the effects of various factors and uncertainties on mechanical behaviour or 

masonry strength prediction. Therefore, different computational methods (i.e., hard-computing 
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based on mechanics or soft-computing based on data like using machine-learning algorithms) were 

adopted in various research studies in the past decades as an alternative approach to determine the 

compressive strength of masonry or masonry assemblages/prisms.   

1.2 Problem Statement 

The compressive strength of masonry is a parameter that appears in multiple masonry design 

equations (i.e., flexural, shear and axial capacity design provisions). Although the compressive 

strength of masonry is a crucial characteristic when it comes to masonry design, the currently 

adopted unit strength method by the Canadian design standard CSA S304-14 was reported to be 

overly conservative in multiple studies (Ip, 1999; Korany and Glanville, 2005; National Concrete 

Masonry Association 2008 as cited in Ross 2013) and its level of conservatism (e.g., model 

accuracy) needs to be quantified for later use of reliability analysis for masonry structures. The 

importance of the compressive strength of masonry leads to the need for re-evaluating the 

prescribed values based on the unit strength method in the current design standard, and calls for a 

comprehensive study that can provide a more accurate and reliable prediction (i.e., accuracy and 

dispersion). This defines the main problem to be addressed in this thesis. Additionally, the 

compressive strength of masonry is often linked to the compressive strength of hollow masonry 

prisms via the height-to-thickness correction factors, for example, as prescribed in CSA S304-14. 

This needs to be re-evaluated as well. 

1.3 Objectives and Methodology 

Several studies have been carried out on the behaviour of hollow concrete masonry prisms under 

compression, and different computing methods have been proposed as an alternative approach for 

strength prediction. In response to physic prism testing and the unit strength method used in design 

standards, both hard computing (HC) and soft computing (SC) techniques can be adopted for the 

purposes of predicting the compressive strength of masonry. This leads to a need to develop 

reliable and alternative methods to predict the compressive strength of masonry or masonry prisms 

and assess the accuracy of compressive strength predictions.  

Hard computing solutions (i.e., numerical models) are complicated due to their requirements for a 

series of constitutive models and the corresponding model parameters in order to describe the 
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failure mechanisms. However, hard computing solutions are usually more straightforward to 

analyze and their behaviour and stability are more predictable. These characteristics are essential 

in engineering designs. Hard computing has conventional intelligence and requires an analytical 

model. Therefore, it generally requires prewritten programs and thus acts on a fixed set of 

instructions. Hard computing needs predefined instructions and does not work beyond those lines. 

Its principle relies on certainty and flexibility.  

On the other hand, the traditional soft computing solutions (i.e., data-based empirical models) 

developed could be negatively affected in accuracy (bias) and precision (scatter) due to the lack of 

systematic design of all those experiments used for the utilized database, as well as the inherent 

experimental uncertainties. However, artificial intelligence methods as a new form of soft-

computing technique have been introduced to solve the problem. It differs from conventional hard 

computing in the sense that, unlike hard computing, artificial intelligence models are strongly 

based on intuition or subjectivity. Artificial intelligence methods are a new and modern approach 

that approximates systems. Therefore, artificial intelligence methods provide an attractive 

opportunity to represent the certitude that the human mind has the capability to store and process 

information that is imprecise and lacks certainty. In the current scenario, artificial intelligence 

methods have been developed in various domains as it solves the problem associated with current 

technology. 

This study aims to construct prediction models for the compressive strength of hollow concrete 

masonry and to investigate compressive strength prediction errors.  To achieve this goal, both HC 

and SC techniques are used to develop masonry prisms strength prediction models, and the 

accuracy will be assessed using the compiled experimental data. The methodology adopted is 

detailed as follows. 

First, this study developed an automated numerical prism testing tool for hollow concrete masonry 

prism based on a 3D detailed mechanics-based FE model (HC method), which can further be used 

as a strength prediction model and for uncertainty analysis. The proposed FE model is first 

validated based on the experimental tests carried out by Barbosa et al. (Barbosa et al. 2009) and 

Mohammad et al. (Mohammad et al. 2017) in terms of stress-strain behaviour and/or damage 
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patterns, together with parametric studies to verify the importance of relevant micro model 

parameters on the masonry compressive strength prediction. After the validation, the tool 

developed is applied to numerical masonry prism testing of 312 groups of hollow concrete 

masonry prisms collected from 40 literature, including 1427 specimens in total. The accuracy in 

strength prediction through numerical prism testing is compared with the experimental data, 

together with the predictions from empirical formulas and masonry design code models. The 

height-to-thickness correction factors of masonry are subsequently re-evaluated. Using the tool 

developed for automatic numerical prism testing, the variance-based global sensitivity analysis is 

performed for masonry strength based on the Polynomial chaos expansion (PCE) technique, 

investing the influence of multiple input material property variance on the output masonry 

compressive strength variance.  

Second, this study constructed Gaussian Process Regression (GPR) models (SC method) for the 

purpose of predicting the compressive strength of hollow concrete block masonry based on the 

aforementioned extensive experimental database. The correlation between unit compressive 

strength and prism compressive strength is re-evaluated because the design code proposed method, 

namely the prescribed values given by the current Canadian Masonry Design Standard CSA S304-

2014, is based on outdated experimental studies.  

To sum up, this study aims to: (1) utilize both HC and SC methods to develop accurate and reliable 

models that can be used to predict the compressive strength of masonry and (2) use the 

experimental database compiled to quantify their prediction errors and evaluate other existing 

methods. 

1.4 Organization of Thesis 

The thesis introduction, including background, problem statement, objectives and methodology, 

are introduced in Chapter 1.  A literature review of the related literature on different aspects or 

methods regarding the compressive behaviour of hollow concrete block (HCB) masonry 

assemblages is presented in Chapter 2. Chapter 3 summarizes the detailed information on the 

automatic masonry prism testing for compressive strength prediction and its uncertainty analysis 

based on hard-computing techniques. Prediction and re-evaluation of masonry compressive 
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strength based on soft-computing techniques (e.g., GPR) is discussed in Chapter 4. Finally, the 

conclusions and recommendations are presented in Chapter 5.  
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CHAPTER 2:  LITERATURE REVIEW 

2.1 Introduction 

The popularity of masonry structures can be attributed to their attractive aesthetics, excellent 

durability, high thermal performance (ACI/TMS 122R-14), and more importantly, great 

mechanical properties under compression. Among various masonry types, hollow concrete block 

masonry has been widely used in North America. The compressive strength of masonry is an 

essential mechanical property considering its important role in masonry structural design; its 

prediction accuracy and precision (i.e., uncertainty) affects the reliable and economical design of 

masonry walls. Therefore, various studies related to the compressive strength of masonry have 

been conducted during the past few years. Relevant work is reviewed in this chapter regarding 

physical testing (e.g., prism testing) in the laboratory, existing models adopted in design 

codes/standards (e.g., unit strength method), empirical-analytical models developed by researchers 

in the literature, mechanics-based finite-element models, and data-based surrogate models. 

Moreover, relevant work on the accuracy assessment and sensitivity study related to compressive 

strength prediction is also discussed. Note that a more detailed literature review, specialized for 

the topics in Chapter 3 and Chapter 4, is provided later in this thesis.  

2.2 Physical Prism Testing in Experimental Programs 

In general, the physical prism testing method requires testing on a number of prism specimens, 

which are usually constructed using multiple masonry units and mortar layers. The testing strength 

is then adjusted with a height-to-thickness correction factor, which is mainly to account for the 

limitation in the physical testing methods, i.e., the restraint effects of prism ends due to machine 

platens (CSA S304-14). During the test, masonry prism specimens are typically placed between 

two planks to help reduce the confinement effect of the loading machine (i.e., Khalaf 1996; Fortes 

et al. 2015; Ross 2013; Sarangapani et al. 2005). Capped masonry prism and the failure mechanism 

of masonry prisms (Fortes et al. 2013) are presented in Figure 2-1.  A large number of experimental 

works have been conducted to study the compressive strength of masonry prisms, the height-to-

thickness correction factors, and/or the compressive strength of masonry.  

Barbosa (2009) tested hollow concrete block masonry prisms constructed with four different 

combinations of unit/mortar compressive strength. Cheema and Klingner (1984) tested 11 hollow 
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concrete prisms, and the experimental results were then used to calibrate linear finite element 

models. Drysdale and Hamid (1979) carried out an experimental study on both grouted and hollow 

concrete block masonry. Results indicated that a three-and-a-half-course prism could represent the 

failure behaviour similar to that for masonry walls. Khalaf et al. (1994) conducted an experimental 

investigation of a total of 57 specimens which consisted of both hollow and grouted concrete 

masonry prisms. Results indicated that the compressive strength of masonry was best evaluated by 

testing three-course high prisms. Another experimental program was carried out by Khalaf (1996), 

in which a total of 60 hollow and grouted prism specimens were tested. Maurenbrecher (1980, 

1983, 1985, 1986) carried out extensive research on the compressive strength of hollow concrete 

block masonry and the results were used to develop the prescribed values in Table 4 of CSA S304-

14. Ramamurthy et al. (2000) tested 306 hollow concrete block masonry constructed with both 

two-core units and three-core units. Sarhat and Sherwood (2014) carried out an experimental 

program on concrete block masonry assemblages, including both prisms and wallets. A total of 

248 average compressive strength values were collected, which consisted of 1092 individual 

prisms. Liu (2012) tested a total of 78 prisms, including hollow concrete block prisms. Results 

indicated that the compressive strength decreases when the height-to-thickness ratio of prisms 

increases from two to five. Also, bond type and mortar joint type have an insignificant effect on 

concrete masonry compressive strength. More experimental tests of masonry prisms can be found 

in Appendix A, where some experimental data were compiled for analytical model development.  

 

Figure 2-1: Capped masonry prism and failure of masonry prisms (Fortes et al. 2015)  
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2.3 Methods in Masonry Design Codes/Standards 

A detailed comparison of the physical prism testing methods in the four different international 

standards/codes (i.e., CSA S304-14 (2014), TMS 402/602-16 (2016), Eurocode 6-2005 (2005) and 

AS 3700-2017 (2017)) is summarized in Table 2-1. 

Table 2-1: The comprehensive overview of four masonry design standards/codes in the physical 

prism testing for determining concrete masonry strength 

 CSA S304-14 TMS 402/602 Eurocode 6 AS 3700 

Height-to-thickness ratio 

(h/t) 
Close to 5 1.3-5 3-15 2-5 

Number of courses ≥2 ≥2 - ≥3 

Correction factor 0.85-1.00 0.75-1.22 - 0.78-1.00 

Reference case (h/t) 5.0 2.0 - 5.0 

Bonding pattern Stack/running Stack Stack/running Stack 

Planks Hard Sulfur/gypsum Gypsum Plywood 

Bedding type Face-shell/full Full Full Face-shell 

Number of specimens 5 or more 3 3 or more 3 or more 

Calculation area 
Effective cross-

sectional area 

Net mortar 

bedded area 
Prism net area 

Mortar bedded 

area 

Post-processing 
5th percentile 

value 
Mean value 

5th percentile 

value 
Mean value 

 

As seen from Table 2-1, a minimum of 2 or 3 courses is required, together with a requirement on 

the height-to-thickness ratio for the prism specimen. The same stack pattern as in the walls is 

suggested by all design codes; however, it is worth mentioning that stack pattern can be used even 

if it is not used in the wall. At least three specimens with face-shell bedding and/or full bedding 

are required to be tested in general, except for CSA S304-14, which requires at least five prism 

specimens. In prism compressive strength calculation, the mortar bedding area (i.e., effective 

cross-sectional area or the net area for full-bedding) is used. Different post-processing methods 

are adopted by different design standards/codes. A height-to-thickness correction factor greater 

than 1.0 is adopted by TMS 402/602 when the prism h/t is greater than 2.0. No correction is needed 

by Eurocode 6, as well as CSA S304 and AS 3700 when the prism h/t is greater than 5.0. Based 

on the tested specimens, the average value (mean) is used for TMS 402/602 and AS 3700, while a 

low percentile (e.g., 5th percentile determined as 1.64 standard deviation below the mean) is used 
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as the specified or characteristic value for CSA S304-14 (CSA S304-14) and Eurocode 6 (BS EN 

772-1-2011). 

2.3.1 CSA S304.1-14 

Two primary ways of determining the compressive strength of masonry are the prism testing 

method and the unit strength method, as mentioned in the current Canadian masonry design 

standards CSA S304.1-14. In the prism testing method, the specified compressive strength of 

masonry is determined by testing five or more small masonry specimens (prisms) and calculating 

the 5th percentile, determined as 1.64 standard deviation below the mean when under the Gaussian 

distribution assumption. The 5th percentile value is calculated as follows: 

  ’

,5 1.64m thf  = −   (Eq. 2-1) 

The unit strength method, as the name indicates, prescribes the specified compressive strength of 

masonry in a table format based on unit strength and mortar type. The current version CSA S304.1-

14 modified the prescribed values from the previous versions with a lower upper limit of the unit 

strength of 30 MPa instead of 40 MPa. The prescribed values for ungrouted hollow concrete 

masonry in CSA S304.1-14 are listed in Table 2-2: 

Table 2-2: Prescribed compressive strength for ungrouted hollow concrete masonry in CSA 

S304.1-14 

Net area specified 

compressive strength 

of unit (MPa) 

Concrete masonry compressive strength (MPa) 

Type S Mortar Type N Mortar 

10 6.5 6 

15 10 8 

20 13 10 

30 or more 17.5 12 

 

Note that linear interpolation may be used for other values of the compressive strength of the unit. 

For concrete units with a specified compressive strength greater than 30 MPa, the masonry 

compressive strength can also be determined by the physical prism testing method instead of the 

unit strength method according to CSA S304.1-14 - Clause 5.1.2. 
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2.3.2 TMS 402/602-16 

Both the unit strength method and prism testing method are adopted by the American masonry 

design standard TMS 402/602-16. As for the prism testing method, the compressive strength of 

masonry is determined by calculating the mean prism strength based on three specimens and then 

corrected by the height-to-thickness correction factor specified in TMS 402/602-16. The 

prescribed values (TMS 402/602-16) are developed based on the test results collected from 

decades ago and since then, studies (NCMA 2012) about maximizing the usage of concrete unit 

strength have been carried out. Compared to the prescribed values of masonry compressive 

strength proposed by the CSA S304.1-14, TMS 402/602-16 suggested some higher values of 

masonry compressive strength when it comes to the same concrete masonry units; one of the 

reasons causing this is the prescribed values are mean values, while in CSA S304.1-14 5th 

percentile is used. The prescribed values for ungrouted hollow concrete masonry in TMS 402/602-

16 are listed in Table 2-3: 

Table 2-3: Prescribed compressive strength for ungrouted hollow concrete masonry in TMS 

402/602-16 

Net area 

compressive strength 

of concrete masonry 

(MPa) 

Net area compressive strength of concrete 

masonry unit (MPa) 

Type S or M Mortar Type N Mortar 

11.72 - 13.10 

13.10 13.10 14.82 

13.79 13.79 18.27 

15.51 17.93 23.44 

17.24 22.41 28.96 

18.96 26.89 - 

20.69 31.03 - 

 

2.3.3 Eurocode 6-2005 

Eurocode 6-2005 for the design of masonry structures in Europe proposes using the following 

equation to calculate the compressive strength of masonry: 

  '

m b mf Kf f =  (Eq. 2-2) 
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where fm
’ is the characteristic compressive strength of masonry in MPa; fb is the mean compressive 

strength of the concrete units in MPa, fm is the compressive strength of mortar layers in MPa; K, α 

and β are constants defined according to Eurocode 6-2005. Note that the characteristic compressive 

strength of masonry is taken as the smallest compressive strength of an individual masonry prism 

specimen or the 5th percentile determined as 1.64 standard deviation below the mean under the 

Gaussian distribution assumption, whichever is the greater (BS EN 772-1-2011). According to 

Ferguson (Ferguson 1995), the method of measuring the compressive strength of mortar is based 

on the flexural strength specimens, which is 1.28 times the compressive strength of normal mortar 

cubes. Thus, when using Equation 2-1, the compressive strength of mortar layers is increased by 

1.28 times by the strength increase factor. Regarding values for constants K, α and β, they are 0.52, 

0.7 and 0.3, respectively (for masonry made with hollow concrete units which have vertical 

cavities of more than 25% but no more than 60%, as well as general purpose mortar and lightweight 

mortar) according to Eurocode 6-2005. 

The normalized mean compressive strength of the concrete units fb is converted from the average 

concrete unit compressive strength fu
’ to the air-dried compressive strength of an equivalent 100 

mm wide × 100 mm high masonry unit, see as follows: 

  '

b c uf k f=  (Eq. 2-3) 

where kc is a material factor taken as 1.0 for air-dried blocks and δ is a shape factor accounting for 

the masonry unit height and thickness according to BS EN 772-1-2011.    

2.3.4 AS 3700-2017 

The current Australian masonry design standard AS 3700-2017 provides an equation for masonry 

constructed with clay, concrete or calcium silicate units based on the compressive strength of 

masonry units and two correction factors, including a bedding type factor and a joint thickness 

factor. For hollow concrete masonry unit prisms, the following Equations are adopted: 

  
' '

m h mbf k f=
 

(Eq. 2-4) 

  
0.291.3( /19 )h u jk h t=

 
(Eq. 2-5) 



 

12 

 

 

  
' '

mb m ucf k f=
 

(Eq. 2-6) 

where fm’ is the compressive strength of masonry; kh is the mortar joint thickness factor but not to 

exceed 1.3; fmb’ is the compressive strength of masonry specimens for masonry units whose ratio 

of height to mortar bed joint thickness is 7.6; hu and tj are the height of concrete unit and thickness 

of mortar joint, respectively; km is a compressive strength factor, which is provided as 1.4 and 1.6 

for hollow concrete masonry unit with full bedding and face shell bedding respectively; fuc’ is the 

28 day unconfined compressive strength of masonry units in MPa. 

2.4 Empirical Formulas for Prism and/or Masonry Compressive Strength 

When it comes to strength prediction models for hollow concrete masonry, a variety of empirical 

formulas have been developed (i.e., Mann 1982; Köksal et al. 2005; Fortes et al. 2015 etc.) using 

masonry prism testing data generated from physical prism testing. Multiple parameters have been 

considered in the reported empirical models in order to predict the compressive strength of 

masonry. The two most well-known parameters are the compressive strength of masonry units and 

the compressive strength of mortar. Mann (Mann 1982) tested masonry prism specimens 

constructed with a variety of masonry units, including hollow concrete masonry units and proposed 

the following equation to predict the compressive strength of masonry:  

  
' 0.66 0.180.83m b mf f f=  (Eq. 2-7) 

Guo (Guo 1991) carried out an experimental study which consisted of a total of 356 concrete block 

prisms and, subsequently, a finite element analysis to study the relationship between the prisms 

and the constituent materials. Finally, the following empirical equation was proposed to predict 

the compressive strength of masonry: 

  
' (0.85 0.004 0.7 / )m b b mf f f f= − −  (Eq. 2-8) 

Köksal (Köksal et al. 2005) proposed an analytical equation based on data generated from 

nonlinear three-dimensional finite element analyses that were validated based on hollow concrete 

block experimental studies. The results of the applied finite element analyses were reported to 

agree with the experimental data. The proposed empirical equation to predict the compressive 

strength of masonry is as follows: 
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' 1.57ln( ) 0.75m m bf f f= +  (Eq. 2-9) 

Fortes (Fortes et al. 2005) combined eight different compressive strengths of concrete masonry 

units with five different mortar mixes to construct a total of 96 hollow concrete block masonry 

prisms. Subsequently, an empirical equation was proposed to predict the compressive strength of 

hollow concrete block masonry: 

  ' 18.46ln( ) 37.71m bf f= −  (Eq. 2-10) 

Note that for all the formulas above, fm
’ is the compressive strength of masonry, fm is the 

compressive strength of mortar and fb is the compressive strength of concrete masonry units. 

Other than the two well-known parameters mentioned above, some studies suggested that the 

height-to-thickness ratio of the prisms is also an influential parameter for masonry prism 

compressive strength prediction when the prism testing method is used. Sarhat (Sarhat 2014) 

compiled a database of hollow concrete masonry compressive test results and proposed an 

empirical equation based on the collected database. Three parameters were included in the 

proposed equation as follows: 

  

' 0.75 0.18

1

0.8(1.107 )

(1 0.05(5 )) 5

1 5

m b h b m

h

f C C f f

h h

t t
C

h

t

−

=


− − 

= 
 


 

(Eq. 2-11) 

where Cb is a mortar bedding type factor whose value is taken as 1.0 when masonry prism is built 

with face shell bedding and 0.91 when masonry prism is built with full bedding; Ch is a correction 

factor for the height-to-thickness ratio of masonry prisms. 

However, due to the lack of systematic design of all those experiments used for the utilized 

database, as well as the inherent experimental uncertainties, the models developed could be 

negatively affected in accuracy (bias) and precision (scatter).  
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2.5 Mechanics-based Finite-element Methods 

Being a less expensive yet reasonably accurate approach, detailed mechanics-based finite element 

(FE) modelling is an attractive alternative to physical prism testing for predicting the masonry 

compressive strength. Compared to the semi-empirical formulas, mechanics-based finite element 

(FE) models consider the underlying physics and are thus usually considered a more accurate 

approach, especially for researchers specializing in computational modelling. Previous studies 

(Guo 1991; Suwalski and Drysdale 1986) suggested three different approaches for finite element 

modelling of masonry prisms: plane-stress (PS) modelling, plane-strain (PE) modelling, and three-

dimensional (3D) modelling. Pina-Henriques and Lourenço (Pina-Henriques and Lourenço 2003) 

suggested that the simplified methods (i.e., PS, PE) can lead to different compressive strengths 

and different failure mechanisms from 3D modelling, and a 3D modelling approach was 

recommended as more adequate for small-scale prisms as in physical prism testing. Similar 

conclusions were given by Barbosa et al. (Barbosa et al. 2009): the PS modelling approach largely 

underestimated the masonry strength, while the PE modelling approach overestimated the capacity 

of masonry under compression. In these studies, the 3D FE models were typically calibrated and/or 

validated with a few physical prism tests. Note that the modelling process typically involves time-

consuming pre-processing and prior knowledge of software for modelling, theoretical knowledge 

of constitutive material models, and empirical knowledge of determining some model parameter 

values. This prevents its wide use from being accepted by engineers as an effective method for 

compressive strength determination.  

No existing studies aimed to automate the FE modelling, which typically involves a good 

knowledge of the material constitutive models, quality FE meshing, and contact/interaction 

definition, to develop a numerical prism testing as a readily used tool for masonry strength 

perdition. More importantly, some model parameters have to be assumed due to a lack of 

information (Hamid and Chukwunenve 1986). The FE model accuracy for masonry strength 

prediction was not well assessed or quantified with comparison to a large experimental database 

of prism testing available in the public literature. The only study that assessed the prediction 

accuracy using an experimental database is the one carried out by Hamid and Chukwunenve 

(Hamid and Chukwunenve 1986), which proposed a detailed micro-FE model in DIANA for 
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predicting the compressive strength of solid (i.e., clay brick and stone) masonry prisms and used 

a total of 50 cases with different bonding patterns. 

2.6 Data-based Surrogate Models 

The accuracy of masonry compressive strength has a significant effect on the design and reliability 

assessment of masonry walls. Therefore, studying masonry compressive behaviour is the 

fundamental part of studying masonry. However, it is very challenging to determine the 

compressive strength of masonry because of its complicated composite characteristic, which is 

caused by the anisotropic nature of masonry. In the field of modern civil engineering, numerical 

models have grown to be increasingly complicated and therefore become overly time-consuming. 

In general, numerical models are more complex due to their requirements for a series of 

constitutive models and the corresponding model parameters in order to describe the failure 

mechanisms. In contrast, based on the data generated from prism tests, various empirical models 

have been proposed, which include the compressive strength determination methods proposed by 

different masonry design codes and other models proposed in the literature. The empirical models 

developed based on a limited dataset by assuming the explicit parametric model form assumed in 

the empirical functions could be problematic in accuracy or generalization. Alternatively, as a new 

form of data-based modelling method, soft-computing techniques using artificial intelligence (AI) 

or machine learning (ML) can be used to take advantage of large datasets and the interpolation 

capabilities of AI or ML models. AI or ML models can be an inexpensive yet efficient 

approximation of the actual numerical models and largely reduce computational costs. 

Compared to the above-mentioned traditional methods (i.e., empirical formulas), artificial 

intelligence (AI) or machine learning (ML) models have been proven to be more powerful. For 

example, Artificial Neural Networks (ANN) and Gaussian Process Regression (GPR) models have 

been commonly used, due to their great flexibility in function approximations, in studying the 

mechanical properties of concrete, including compressive strength and elastic modulus of concrete 

(Tayfur et al. 2014; Ahmadi-Nedushan 2012; Duan et al. 2013; Asteris et al. 2021; Dao et al. 

2020).  
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Specific to the field of masonry, Zhou et al. (Zhou et al. 2016) adopted multilayered feed-forward 

networks for predicting the compressive strength of hollow concrete block masonry prisms. In that 

study, a total of 90 datasets, consisting of 308 prism specimens, were collected and used to develop 

predictive models based on three input variables (i.e., masonry unit compressive strength, mortar 

compressive strength, and prism height-to-thickness ratio). The network developed consisted of 3 

neurons in the input layer, 12 neurons in the 1 hidden layer and 1 neuron in the output layer as 

shown in Figure 2-2. 

 

Figure 2-2: Architecture of typical ANN. A typical ANN without input, sum functions, log-

sigmoid activation function, and output (Zhou et al. 2016)  

Similarly, Asteris et al. (2021) used multilayered feed-forward networks for predicting the 

compressive strength of masonry prisms with various brick materials, including earth bricks, clay 

bricks, concrete bricks, silicate bricks, based on a total of 232 specimens collected from the 

literature. The development of the proposed network was based on hidden layers ranging from 1 

to 2 with the number of neurons ranging from 1 to 30 for each hidden layer. The results proved 

that the optimum network consisted of 3 neurons in the input layer, two hidden layers with 8 and 

28 neurons, respectively and 1 output neuron. Lan et al. (2020) utilized a three-layer neural 

network to predict the compressive strength of earth block masonry based on three input 

parameters: compressive strength of bocks, compressive strength of mortar, and prism height-to-

thickness ratio, with a total of 72 groups of datasets (348 specimens). The model consisted of 3 

neurons in the input layer, one hidden layer with the number of neurons ranging from 3 to 12 and 
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1 output neuron. Garzón-Roca et al. (2013) also used a three-layer neural network to determine the 

compressive strength of clay brick masonry using the compressive strength of clay brick and 

cement mortar based on a total of 19 experimental studies (96 specimens).  

However, the aforementioned ANN model developed depended on the pre-selected configuration 

(e.g., number of layers and nodes for multilayered feed-forward neural network) and is typically 

more suitable for problems with large datasets, requiring a relatively large number of data samples 

for training, validation, and testing. When the sample size of data collected is relatively limited, it 

can potentially lead to overfitting and a lack of generalization for the model developed. 

In contrast, GPR, as a nonparametric probabilistic ML algorithm, is superior when small-data 

problems occur. It has the advantage of leveraging or integrating prior knowledge with data 

observed, which allows it to be less dependent on the data and, thus, more suitable when limited 

data exist. Furthermore, GPR, as a nonparametric ML Algorithm, has the biggest advantage of no 

assumptions (or weak assumptions) about the form of the underlying functions. Therefore, 

Gaussian Process Regression model is flexible and capable of fitting a large number of functional 

forms and can result in higher performance models for prediction, and the GPR-based model can 

be continuously updated when more data is observed. This makes it easy to accommodate new 

data, for example, when more prism tests are completed if it is used for masonry prism strength 

prediction. Additionally, the prediction uncertainty or error can be provided after the model 

training process in GPR model development due to its probabilistic feature.  

Gaussian Process modelling was adopted under the form of surrogate modelling by Sacks et al. 

(Sacks et al. 1989), in which Gaussian Process modelling was used to replace the time-consuming 

computational model with an input-output mapping. Later, it was used in the masonry field as well. 

Chisari et al. (2018) adopted GPR as the surrogate of the detailed FE model and conducted a 

sensitivity analysis of a brick-masonry mesoscale model. Moravej et al. (2019) used Gaussian 

Process to reduce the calculation burden in their work using the modular Bayesian approach to 

replicate the undamaged to damaged states of real masonry structures. Peng et al. (2020) proposed 

a new method based on Gaussian Process Regression to calculate the reliability index for the in-

plane shear failure of unreinforced masonry walls. The results indicated that the proposed GPR 
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model was very efficient. In a related study, Peng et al. (2019) used the deterministic shear model 

as the prior GPR model and then updated the prior model with the collected test results. The surface 

of the prior mean function of different models is presented in Figure 2-3. The GPR models were 

proven to be very efficient and very convenient to improve with the new data.  

Additionally, applications of other commonly used artificial intelligence models for studying 

masonry behaviour, including pattern recognition, strength prediction, seismic analysis etc. can 

also be found (i.e., García-Macías et al. 2020; Towashiraporn 2004; Mishra et al. 2019; Liu et al. 

2017; Sharafati et al. 2021; Spiridonakos and Chatzi 2015). 

 

Figure 2-3: Surface of the prior mean function: (a) Model 1, (b) Model 2 and (c) Model 3 

(Peng et al. 2019) 

 

2.7  Model Accuracy Assessment and Sensitivity Analysis  

In the past decades, various research studies were carried out to investigate the effect of different 

parameters on the compressive strength of masonry either experimentally or numerically, and a 

few of them focused on hollow concrete masonry for which the failure mechanism can be different 
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from brick masonry (Berto et al. 2005). Barbosa et al. (2009) conducted compressive tests on three-

course hollow concrete masonry prisms with four different unit-mortar strength combinations, 

indicating that the failure mode of masonry prisms is associated with the mechanical properties of 

masonry components. Mohamad et al. (2017) tested hollow concrete masonry prisms constructed 

with weak units and strong mortar, and the results indicated that mortar governs the prism failure 

process. Based on the conclusion, it is suggested that masonry design codes should take masonry 

failure due to the behaviour of mortar into account. As shown in Appendix A, such experimental 

studies have been carried out by Chahine et al., Drysdale et al., Gayed et al., etc. However, only a 

few prisms can be tested in each study due to financial and time limitations.  

Compared to the ones carried out based on experimental programs, those sensitivity analyses that 

are based on FE models have more flexibility. Hamid and Chukwunenye (Hamid and 

Chukwunenye 1986) used 3D elastic FE models developed in commercial software ANSYS to 

study the elastic compressive behaviour of hollow concrete masonry prisms. Köksal et al. (Köksal 

et al. 2005) conducted a nonlinear three-dimensional finite element analysis. The effect of the 

value of cohesion, the friction angle of the Drucker-Prager yield criterion and model parameters 

for the constituent material model were discussed, then adequate values were proposed. In a study 

conducted by Zahra and Dhanasekar (Zahra and Dhanasekar 2016), a series of sensitivity studies 

were carried out based on the proposed analytical model, and the results indicated that the unit 

strength has a significant effect on the masonry strength while the mortar strength only has a 

marginal effect. The thickness of mortar joint, on the other hand, was proven to have a profound 

effect on the masonry strength. Note that the proposed model considered masonry as a continuum 

and thus was unable to capture the local responses. Abasi et al. (2020) proposed a simplified micro 

finite element modelling method to study the height-to-thickness correction factors for solid 

concrete masonry prisms proposed by the current international masonry design codes.  

Thus, it can be concluded that most of the previous research on the effect of different parameters 

on masonry compressive strength was based on deterministic finite element models. While in 

actual tests and constructions, the material properties of different masonry components are usually 

normally distributed (Moradabadi et al. 2015). Therefore, a deterministic analysis may result in a 

large prediction error and affect the prediction accuracy. Meanwhile, different input variables may 
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have different levels of influence on the prediction results. That is to say, it is important to calculate 

the significance level in order to further quantify the contributions of all the input variables. A 

systematic global sensitivity study of masonry prism was only carried out by very limited previous 

studies (Zhu et al. 2017; Álvarez-Pérez et al. 2020). Hence, an automatic FE model is developed 

in this study to carry out a sensitivity analysis, which is aimed at quantifying the contribution of 

different input parameters to the output variance. However, one major limitation is that most of 

the previous research on the effect of different parameters on masonry compressive strength was 

based on deterministic finite element models. 

2.8 Summary 

The compressive strength of hollow concrete block masonry is an essential mechanical parameter 

considering its influence on structural design. Different methods can be used as witnessed in 

previous work carried out on the behaviour of masonry prisms under compression. Acknowledging 

the importance of the compressive strength of masonry, discrepancy of existing models and 

methods, and the lack of probabilistic prediction error assessment, this thesis will contribute to 

developing more reliable models and assessing prediction model accuracy for masonry 

compressive strength. To accomplish this, this work will leverage the mechanics-based finite 

element and probabilistic ML (i.e., GPR) with an extensive experimental database compiled for 

masonry prism testing.      
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CHAPTER 3:  AUTOMATIC NUMERICAL PRISM TESTING FOR HOLLOW 

CONCRETE MASONRY COMPRESSIVE STRENGTH PREDICTION WITH ERROR 

ASSESSMENT AND VARIANCE-BASED SENSITIVITY ANALYSIS 

3.1 Introduction 

Compressive strength of hollow concrete masonry (HCM) is essential for analysis and design of 

masonry structures. However, its prediction remains a challenging task due to inherent randomness 

in the composite materials as well as the uncertainties in physical prism testing. The prediction 

accuracy is of interest to engineers acknowledging the aphorism that all models are wrong.  In the 

past decades, significant experimental research efforts have been devoted in the literature. In 

engineering practice, two primary ways of determining the compressive strength of masonry are 

the physical prism testing method in the laboratory or construction field and the unit strength 

method derived empirically based on experimental testing of prisms (e.g., Maurenbrecher (1980, 

1983, 1985, 1986)). 

Regarding physical prism testing, different masonry design standards/codes have different testing 

specifications and ways to define the compressive strength of masonry using testing statistics (e.g., 

mean or 5th percentile). A comprehensive review of four design standards or codes, namely, CSA 

S304-14 (2014) in Canada, TMS 402/602-16 (2016) in the United States, Eurocode 6-2005 (2005) 

in Europe, and the AS 3700-2017 (2017) in Australia, is summarized here to emphasize the 

differences and similarities in the masonry strength determination, as well as relevant limitations. 

In general, the physical prism testing method requires testing a number of prism specimens, which 

are usually constructed using multiple masonry units and mortar layers. The tested prism strength 

is then adjusted to obtain the compressive strength of masonry with a height-to-thickness 

correction factor, which is mainly to account for the limitation in the physical testing methods, i.e., 

the restraint effects of prism ends due to machine platens (CSA S304-14). During the test, masonry 

prism specimens are typically placed between two planks to help reduce the confinement effect of 

the loading machine (i.e., Khalaf 1996, Fortes et al. 2015, Ross 2013, Sarangapani et al. 2005).  

In view of variations in the physical prism testing methods and uncertainty in testing conditions in 

different experimental programs, there is a need for a tool that can be used for understanding the 

effects of various factors and uncertainties on the mechanical behavior or masonry strength 
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prediction. A digital twin or copy of physical prism testing, such as mechanics-based detailed FE 

models of the prisms tested, can play a complementary role, and can potentially provide an 

alternative approach for strength prediction.  

When it comes to strength prediction models, a variety of semi-empirical formulas have been 

developed (i.e., Mann 1982, Köksal et al. 2005, Fortes et al. 2015 etc.) using masonry prism testing 

data generated using the physical testing methods aforementioned. However, due to the lack of 

systematic design of all those experiments used for the utilized database, as well as the inherent 

experimental uncertainties, the models developed could be negatively affected in accuracy (bias) 

and precision (scatter). 

Compared to the semi-empirical formulas, mechanics-based FE models consider the underlying 

physics and are thus considered a more accurate approach. Previous studies (Guo 1991, Suwalski 

and Drysdale 1986) suggested three different approaches for FE modeling of masonry prisms: 

plane-stress (PS) modelling, plane-strain (PE) modelling, and three-dimensional (3D) modelling. 

Pina-Henriques and Lourenço (2003) suggested that the simplified methods (i.e., PS, PE) can lead 

to different compressive strengths and different failure mechanisms from 3D modelling, and the 

3D modeling approach was recommended as more adequate for small-scale prisms as in physical 

prism testing. Similar conclusions were given by Barbosa et al. (2009): the PS modelling approach 

largely underestimated the masonry strength, while the PE modelling approach overestimated the 

capacity of masonry under compression. In these studies, the 3D FE models were typically 

calibrated and/or validated with a few physical prism tests. No existing studies aimed to automate 

the FE modelling, which typically involves a good knowledge of the material constitutive models, 

quality FE meshing, and contact/interaction definition, to develop a numerical prism testing as a 

readily used tool for masonry strength perdition. More importantly, some advanced model 

parameters, which are typically not readily available for masonry units/mortar, have to be assumed 

due to a lack of information (Hamid and Chukwunenve 1986). The FE model accuracy for masonry 

strength prediction was not well assessed or quantified with comparison to a large experimental 

database of prism testing available in the public literature. The only study that assessed the 

prediction accuracy using an experimental database is (Hamid and Chukwunenve 1986), which 

proposed a detailed micro-FE model in DIANA for predicting the compressive strength of solid 
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(i.e., clay brick and stone) masonry prisms and used a total of 50 cases with different bonding 

patterns. Thus, this study will develop such a tool that will facilitate systematic accuracy 

assessment using a large experimental database complied for this study and variance-based 

sensitivity analysis, i.e., investigating the effect of different parameter uncertainties on the 

uncertainty of the compressive strength of hollow concrete masonry.  

In the past decades, various research studies were carried out to investigate the effect of different 

parameters on the compressive strength of masonry either experimentally or numerically, and a 

few of them focused on hollow concrete masonry for which the failure mechanism can be different 

from brick masonry (Berto et al. 2005). Barbosa et al. (2009) conducted compressive tests on three-

course hollow concrete masonry prisms with four different unit-mortar strength combinations 

indicating that the failure mode of masonry prisms is associated with the mechanical properties of 

masonry components. Mohamad et al. (2017) tested hollow concrete masonry prisms constructed 

with weak units and strong mortar and the results indicated that mortar governs the prism failure 

process. It was suggested that masonry behaviour due to the failure of mortar should be considered 

(Drysdale et al. 1979, Gayed et al. 2012, Chahine et al. 1989, etc). Note that only few prisms were 

tested in each study to study the effect of different parameters on the compressive strength of 

masonry, and thus numerical models are more appropriate for parametric studies.  

Hamid and Chukwunenye (1986) used 3D elastic FE models developed in commercial software 

ANSYS to study the elastic compressive behavior of hollow concrete masonry prisms. Köksal et 

al. (2005) conducted a nonlinear three-dimensional FE analysis. The effect of the value of 

cohesion, friction angle of the Drucker-Prager yield criterion and model parameters for constituent 

material model were discussed, then adequate values were proposed. In a study conducted by Zahra 

and Dhanasekar (2016), a series of sensitivity study was carried out based on the proposed 

analytical model and the results indicated that the unit strength has a significant effect on the 

masonry strength while the mortar strength only has a marginal effect. The thickness of mortar 

joint, on the other hand, was proven to have a profound effect on the masonry strength. Note that 

the proposed model considered masonry as a continuum and thus was not able to capture the local 

responses. Abasi et al. (2020) proposed a simplified micro-FE modelling method to study the 
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height-to-thickness correction factors for solid concrete masonry prisms proposed by the current 

international masonry design codes.  

Thus, it can be concluded that most of the previous research studied the effect of different 

parameters on masonry compressive strength without considering the model accuracy or other 

pertinent uncertainties (Moradabadi et al. 2015; Zhu et al. 2017). While in real tests and 

constructions, the material properties of different masonry components are usually random (e.g., 

normally distributed (Ganesan and Ramamurthy 1992)). Therefore, a deterministic analysis may 

be associated with prediction error and inaccuracy. Meanwhile, different input variables may have 

different levels of influence on the prediction results. That is to say, it is important to calculate the 

significance level in order to further quantify the contributions of all the input variables. Hence, 

an automatic FE model is developed in this study to carry out a variance-based sensitivity analysis, 

which aims to quantify the contribution of different uncertain input parameters to the output 

variance.  

To sum up, this chapter aims to develop a detailed mechanics-based 3D FE model for automatic 

numerical prism testing of hollow concrete masonry, which can further be used as a strength 

prediction tool for uncertainty analysis. The proposed FE model is first validated based on the 

experimental tests carried out by Barbosa et al. (2009) and Mohammad et al. (2017) in terms of 

stress-strain behaviour and/or damage patterns, together with parametric studies to verify the 

importance of relevant micro model parameters on the masonry compressive strength prediction. 

After the validation, the tool developed is then applied to numerical masonry prism testing of 312 

groups of hollow concrete masonry prisms collected from 40 literatures, including 1427 specimens 

in total. The accuracy in strength prediction through numerical prism testing is assessed using the 

experimental data and compared with the predictions from empirical formulas and masonry design 

code models. Using the tool developed for automatic numerical prism testing, the variance-based 

global sensitivity analysis is performed for masonry strength based on Polynomial chaos expansion 

(PCE) technique (Marelli and Sudret 2014, Marelli et al. 2021), investigating the influence of 

multiple input material property variance on the output masonry compressive strength variance. 
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3.2 Numerical Prism Testing Tool 

A numerical prism testing tool is developed based on a detailed mechanics-based 3D FE model, 

in which the modeling and simulation process is completely automated. Modeling strategies are 

discussed, followed by validation and verification studies based on parametric analysis to study 

the importance of the model parameters using this tool. 

3.2.1 Detailed micro-FE modeling strategy for prisms 

In this section, hollow concrete masonry prisms under uniaxial compressive loading are modeled 

using three-dimensional (3D) detailed micro-FE techniques in commercial finite element software 

ABAQUS. The schematic view of FE modeling strategy for prism testing is presented in Figure 

3-1 for a representative 3-course hollow concrete block masonry prism. 

The masonry prism components (i.e., concrete units and mortar layers) as well as the unit-mortar 

interfaces are modeled explicitly. To be specific, concrete units and mortar layers are represented 

by C3D8R elements (eight-node linear brick elements with reduced integration). The unit-mortar 

interfaces, representing the interactions between units and mortar layers, are modeled by “surface-

to-surface” contacts with the normal behavior defined as a “hard” contact to avoid penetration and 

the tangential behavior defined assuming Coulomb friction with finite sliding (Moradabadi et al. 

2015). In addition, to mimic the physical prism testing, the two end platens (or planks) are also 

modeled explicitly by rigid elements with the prism-platen interfaces described by “surface-to-

surface” contacts in the same manner as for the unit-mortar interfaces but with different properties 

(e.g., frictional coefficients). Displacement-control loading method is employed, and the 

displacement is applied though the top steel platen represented by the red arrows as indicated in 

Figure 3-1. The top loading platen is restrained in the lateral directions while the bottom loading 

platen is restrained in all degrees of freedom. 
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Figure 3-1: Schematic view of FE modeling strategy for prism testing  

 

Both concrete units and mortar are represented by the concrete damage plasticity (CDP) model 

(Álvarez-Pérez et al. 2020s), which is able to capture both compressive crushing failure and tensile 

cracking failure. The elasticity parameters for CDP (i.e., Young’s modulus for concrete units and 

mortar) are required and readily obtained from material coupon tests of units and mortar. The 

Poisson’s ratio of 0.2 is used for concrete units (Hamid and Chukwunenye 1986) and cement/lime 

mortar (Hamid and Chukwunenye 1986).  The plasticity parameters for CDP include the dilation 

angle Ψ (e.g., typically 30o – 40o for concrete), the ratio between the initial values for equi-biaxial 

compressive yield stress fb0 and the uniaxial compressive yield stress fc0 (=1.16), the flow potential 

eccentricity ε (= 0.1), the second stress invariant ratio K (ranging from 0.5 to 1.0) (Santos et al. 

2017), and the viscosity parameter μ (Abasi et al. 2020). 

Additionally, the uniaxial compressive behavior and tensile behavior need to be defined. In this 

study, the well-established Kent-Park model (σ-ε) modified by Chaudhari and Chakrabarti (2012) 

is adopted to describe the compressive behaviors of concrete and mortar with different material 

parameters. The adopted model consists of a parabolic ascending segment and a linear descending 

segment, as described as follows: 
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where σ and ε are the stress and strain of concrete and mortar under compression; σcu is the peak 

compressive strength of concrete and mortar, provided in the material coupon tests of units and 

mortar; ε 0' is the strain corresponding to the peak compressive strength, which is assumed as 0.002 

(Martin et al. 1991) for concrete masonry units and 0.003 for mortar (Harsh et al. 1990); εcu is the 

ultimate strain, which is assumed as 0.003 (Martin et al. 1991) and 0.005 for mortar (Harsh et al. 

1990). 

The tensile behavior is described by a linear pre-cracking segment before reaching the uniaxial 

tensile strength σt followed by post-cracking tension stiffening, which is characterized by the 

fracture energy cracking criterion. The fracture energy criterion (
0.180.073 cufG = ) proposed by 

CEB-FIP model code is adopted in this study due to its mesh independence (Tao and Chen 2015). 

The tensile strength for concrete, if not available from material coupon tests, an empirical 

relationship (Arιoglu et al. 2006) can be used to calculate the tensile strength,  see as follows: 

  
0.370.387t

cu

cu
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 (Eq. 3-2) 

Damage parameters are used in the CDP model as numerical indicator of material degradation in 

the post-peak range. To accurately predict the prism behavior under compression, damage 

parameters are included to better predict the failure patterns. The following equations (Obaidat 

2017, Birtel and Mark 2006) are adopted to compute the compressive and tensile damage 

parameter dc and dt, respectively: 
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where σcu is the peak compressive strength, σc is the compression stress along the descending 

stress-stain curve, σt is the tensile strength, Ec is the modulus of elasticity and 𝜀t
in

is the tensile 

inelastic strain. 

To ensure computational efficiency and accuracy, a mesh sensitivity analysis is performed for the 

representative 3-course hollow concrete block masonry prism with unit dimensions of 140 mm in 

depth, 190 mm in height and 390 mm in length, as well as mortar thickness of 10 mm. Different 

mesh sizes are employed to examine the mesh influence. The masonry stress-strain results are 

presented in Figure 3-2, which indicates that a mesh size of less than 20 mm does not notably 

affect the compressive behaviour; while the compressive strength and the corresponding strain are 

more sensitive to the mesh size when a mesh size is greater than 20 mm. Thus, the adopted mesh 

size is 20 × 20 × 20 mm and 20 × 20 × 10 mm for concrete units and mortar layers, respectively. 

 

Figure 3-2: Mesh sensitivity analysis of a three-course hollow concrete masonry prism 

3.2.2 Finite element modeling automation 

In order to achieve the goal of numerical prism testing, the FE modeling and analysis of prism is 

automated through python in this study. The architecture of the Python tool for numerical prism 

test based on automatic 3D finite element modeling is illustrated in Figure 3-3. All prism related 

parameters can be defined in an input file (“Input_Variables.txt”), including both geometric and 

material property or model parameters. These input parameters are fed into ABAQUS through 

“Prism_Generation.py”, which is called by “Submit_Jobs.py”. In the prism generation process, 
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automatic FE meshing, 3D constitutive material model definition including the concrete unit and 

mortar compressive stress-strain curve generation using the models defined earlier, and the contact 

interaction, loads, as well as the boundary conditions. Note that this is typically a burden for 

engineers as it requires good knowledge of the model (e.g., meshing, CDP models, contact) but 

the automation process removes such a barrier in the numerical prism testing. Furthermore, more 

than one job for different prisms can be created and submitted.  After the analysis of submitted 

jobs are finished, “Post-Processor.py” will be called to extract the compressive stress-strain curve 

for masonry, the compressive strength, and/or the damage or failure pattern of the prism as well as 

the equivalent plastic strain (PEEQ).   The entire process is streamlined in Python, rendering ready 

application of the tool for numerical prism testing and masonry compressive strength prediction. 

 

Figure 3-3: Python tool for numerical prism test based on automatic 3D finite element 

modeling 
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3.2.3 FE model verification and validation 

One of the challenges of validating mechanics-based 3D micro-FE models is the lack of 

information on all the material properties or model parameters needed, especially when the FE 

model prediction is to be compared with a large experimental database. Typically, the most 

important properties such as compressive strength and modulus of concrete units and mortar are 

readily available from the experimental reports. However, the other material model parameters 

required in 3D micro-FE models are missing, including common material properties such as the 

strain corresponding to the compressive strength, the tensile strength, the fracture energy, the 

Poisson ratio, and other advanced model parameters such as dilation angles of concrete unit and 

mortar. For the common material properties, their values are assumed based on the literature, as 

mentioned in the previous section, except Poisson ratio and the dilation angles which are typically 

assumed. These advanced model parameters are studied through parametric analysis below, which 

helps justify the choice of typical values based on their sensitivity. 

Specifically, the prism behaviour is firstly studied using a representative 3-course HCM prism, 

with respect to the dilation angle Ψ and Poisson’s ratio ν of both units and mortar layers.  The 

dilation angle varies from 30o to 40o for concrete units while 35o is recommended for HCB (Nasiri 

2017, Darmayadi 2019, Dere 2017, Genikomsou 2014, Kmiecik 2011 and Michal 2015) and 5o to 

40o for mortar depending on the type and constitution:  5.7o for mud mortar, 7.4 o to 8.1o for lime-

mud mortar, 7.8o to 8.0o for lime-sand mortar, 35.8o for cement-sand mortar and 38.8o for cement-

lime mortar (Rahgozar 2017). Figure 3-4 a and b show how the dilation angle (Ψ) utilized in the 

material model of HCM units and mortar affects the compressive stress-strain behavior of HCM: 

the ultimate compressive strength increased when Ψ increased. The compressive stress-strain 

curve is not significantly affected by the dilation angle of HCB when its between 30o to 40o and 

thus the recommended value 35o is adopted. Poisson’s ratio of concrete units varies from 0.18 to 

0.21 while 0.2 is recommended in many literatures (Klun et al. 2021). The value of Poisson’s ratio 

of mortar, however, ranges from 0.07 to 0.25 depending on the type of mortar (Klun et al. 2021): 

0.25 for weak lime mortar, 0.2 for cement/lime mortar, 0.15 for Portland cement mortar etc.  It is 

shown in Figure 3-4 c and d that the Poisson’s ratio (ν) of both HCM units and mortar have little 

impact over the compressive stress-train curve. Therefore, 0.2 is adopted for the Poisson’s ratio of 
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both HCM units and mortar. Note that the value of viscosity parameter μ, a common technique 

that is often adopted to solve the convergence issues due to the use of concrete damage plasticity 

model (Álvarez-Pérez et al. 2020, Arιoglu et al. 2006), is also studied in a similar manner. To 

suppress the numerical instabilities due to convergence issues and to speed up the calculation time, 

a relatively large value of μ is recommended but a noticeable increase can be observed on the 

compressive strength prediction if μ is too large. Thus, the relatively small value of μ = 0.01 is 

used since it does not affect the strength prediction much.  

   

(a) Dilation angle (CMU) (b) Dilation angle (mortar) 

  

(c) Poisson ratio (CMU) (d) Poisson ratio (mortar) 
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Figure 3-4: Parametric study of the proposed FE model with respect to advanced material 

model parameters in CDP: a) Dilation angle (CMU), b) dilation angle (mortar), c) Poisson 

ratio (CMU), and d) Poisson ratio (mortar) 

 

After determining these advanced material model parameters, the developed model is first verified 

by running a series of parametric studies to confirm its capability of capturing the effects of 

important factors affecting the masonry strength.   The examined factors include the compressive 

strength of unit fb and mortar fm and the thickness of mortar layer hm. The stress-strain curves 

obtained using different values hm, fm and fb, are presented in Figure 3-5. 

  

(a) Mortar thickness (b) Compressive strength (MPa) of unit 

and mortar 

Figure 3-5: Parametric study of the proposed FE model with respect to factors affecting the 

masonry strength in CDP: a) Mortar thickness and b) compressive strength of unit and mortar 

 

The examined hm values differ from 6 mm up to 14 mm, see Figure 3-5 a. When the mortar layer 

became thicker, the ultimate compressive strength decreased. This phenomenon can be explained 

by the equilibrium between the total tensile force on the concrete unit and the total compressive 

force on the mortar joint along the vertical direction. When the thickness of mortar joint increases, 

the vertical tensile stress increases in the concrete unit which result in an early failure on the 
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masonry prism. Thus, it can be said that workmanship (i.e., the thickness of mortar layers) plays 

an important role when it comes to the compressive strength of masonry. The examined concrete 

unit compressive strength values differ from 18.6 MPa through 22.8 MPa and 24.9 MPa up to 36.2 

MPa, while the examined mortar joint compressive strength values differ from 7.7 MPa to 9.4 

MPa. According to Figure 3-5 b, the compressive strength of concrete units can significantly affect 

the masonry compressive strength. The masonry compressive strength increased with the 

increasement of unit strength. While on the other hand, the compressive strength of mortar showed 

much less impact on the masonry compressive strength. Considering that only two sets of mortar 

strength are compared here, a more systemic sensitivity analysis is carried out and discussed in 

section 3.4 and the results indicate that the compressive strength of mortar still has minor impact 

other than the most influential parameter compressive strength of CMU. 

In order to validate the methodology used in the proposed FE model, the prisms tested on two 

groups of experimental programs are simulated. The first validation is based on the experimental 

program carried out by Barbosa et al. (2009), in which a total of four groups of prisms, with three 

specimens in each group except group 4 with an exceptional of two specimens. Full bedding mortar 

is adopted as so in the experiment. The dimensions (mm) of the hollow concrete blocks and the 

lay-out of the prisms tested are shown in Figure 3-6 a and b. The compressive and tensile strength 

of concrete masonry units and mortar are presented in Figure 3-6 c. Note that fc and ft mentioned 

in Figure 3-6 c were reported based on gross area (Barbosa et al. 2009) and thus their values need 

to be converted using net area when defining the material properties of concrete unit and mortar 

in the FE model.   All the concrete blocks used in the experiment are cast together with the exact 

same geometry. All prism specimens are built with three blocks staked together and 10 mm bed 

mortar joint. Four sets of prisms are subjected to uniaxial compressive load using the same loading 

machine under displacement control. The difference is the ratio between the compressive strength 

of concrete units and mortar, and the ratio between the elastic modulus of concrete units and 

mortar. Group 1 and 2 have a relatively higher ratio between the compressive strength of concrete 

unit and mortar of 2.4, while the same ratio in Group 3 and 4 is relatively lower of 1.6. The same 

trend can be observed for the elastic modulus ratio between the concrete units and mortar. Group 

1 and 2 have a relatively higher ratio of 2.1, while on the other hand, Group 3 and 4 have a lower 
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ratio of 1.65. The different ratios of elastic modulus can explain the different failure modes. When 

the ratio of elastic modulus between unit and mortar is relatively higher (Group 1 and 2), mortar 

crushing occurred as the dominant failure mode, in comparison with Group 3 and 4 which no 

mortar joint crushing was observed. 

                                 

(a) Hollow concrete unit (b) Three block stack-bond prism 

 

(c) The compressive and tensile strength of concrete units and mortar (Barbosa et al. 2009) 

 

(d) The compressive and tensile strength of concrete units and mortar (Mohamad et al. 

2017) 

Group Material fc (MPa)* ft (MPa)* 

Group 1 
Concrete 9.4 1.1 

Mortar 22.8 2.2 

Group 2 
Concrete 7.7 0.9 

Mortar 18.6 1.7 

Group 3 
Concrete 15.5 1.8 

Mortar 24.9 2.4 

Group 4 
Concrete 22.2 2.6 

Mortar 36.2 3.1 

* Note that here fc and ft are calculated based on gross area [4]. 

Group Material fc (MPa) ft (MPa) 

Group1 
Concrete 23.1 2.28 

Mortar 20.3 - 

Group2 
Concrete 7.7 0.9 

Mortar 7.4 - 

Group3 
Concrete 15.5 1.8 

Mortar 4.5 - 
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Figure 3-6: Dimensions (mm) and lay-out of masonry specimens: a) hollow concrete unit, b) 

three block stack-bond prism, c) CMU and mortar properties (Barbosa et al. 2009) and d) 

CMU and mortar properties (Mohamad et al. 2017) 

 

The comparisons of the stress-strain curves between the FE-predictions and the experimental 

results are presented in Figure 3-7 for Group 1, 2, 3 and 4. It can be observed that the nonlinear 

behaviour of prisms is well captured by the FE model, with a slight underestimate of the 

compressive strength. The most common failure mechanism for weak mortar-strong unit 

combination in prism testing, i.e., tensile splitting failure, is observed in the FE prediction results 

as shown by the contour plots of the tensile damage parameter (DAMAGET) for the tested 

specimens (e.g., for specimen # as shown in Figure 3-8). According to the test results, the cracks 

first occurred in the face shell of the concrete unit near the center line and in the center of the 

transverse side web at the peak load. The vertical cracks across the face shell and the transverse 

webs propagated and led to failure with significant strength drop at the ultimate state. This is 

consistent with the evidence reported in the test (Barbosa et al. 2009). 
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(c) Group 3 (d) Group 4 

Figure 3-7: Comparison of stress-strain curves between FE predictions and experiment: (a) 

Group 1, (b) Group 2, (c) Group 3 and (d) Group 4 

 

  

(a) Peak load (b) Ultimate state 

Figure 3-8: The failure mechanism in the FE model: (a) peak load and (b) ultimate state 

(Group 1) 

 

0

5

10

15

20

25

0 0.0005 0.001 0.0015 0.002 0.0025 0.003

S
tr

es
s 

(M
P

a)

Strain (mm/mm)

Specimen 1 (Barbosa et al. 2009)
Specimen 2 (Barbosa et al. 2009)
Specimen 3 (Barbosa et al. 2009)
Proposed FEM

0

5

10

15

20

25

30

35

0 0.0005 0.001 0.0015 0.002 0.0025 0.003

S
tr

es
s 

(M
P

a)

Strain (mm/mm)

Specimen 1 (Barbosa et al. 2009)
Specimen 2 (Barbosa et al. 2009)
Proposed FEM



 

37 

 

 

The comparison of the masonry prism strength predicted by the FE models and experiment are 

summarized in Table 3-1 for all the four groups of prism testing. The prediction errors for Group 

1, Group 3, and Group 4 are relatively small (less than 4%), while the prediction error for Group 

2 is larger (14.61%). The same trend can be observed in the FE model prediction in (Barbosa et al. 

2009). The proposed FE model showed an overall consistent prediction based on the prediction 

error. 

Table 3-1: The summary of FE and experimental compressive strength (Barbosa et al. 2009) 

 

Group 1 Group 2 Group 3 Group 4 

Value 

(MPa) 

Error 

(%) 

Value 

(MPa) 

Error 

(%) 

Value 

(MPa) 

Error 

(%) 

Value 

(MPa) 

Error 

(%) 

Experimental 

(Barbosa 2009) 
18.2 - 17.8 - 21.4 - 30.1 - 

FE Model 

(Barbosa 2009) 
16.4 -9.80 14.2 -20.00 19.7 -7.94 30.4 +1.18 

FE model 

(Present study) 
18.7 +2.75 15.2 -14.61 21.2 -0.09 31.3 +3.99 

 

The second validation is based on the experimental program carried out by Mohamad et al. (2017), 

in which a total of three groups of prisms, with three specimens in Group 1 and four specimens in 

Group 2 and 3. All of them have the same geometry as shown in Figure 3-6 a and b. The 

compressive and tensile strength of concrete masonry units and mortar are also included in Figure 

3-6 d. The comparisons of the stress-strain curves between the FE-predictions and the experimental 

results are presented in Figure 3-9 for Group 1, 2 and 3, respectively.  

Similarly, it can be observed in Figure 3-9 that the proposed FE model is able to well capture the 

average behaviour of hollow concrete masonry prisms under compression, but the maximum 

compressive strength was overestimated (see Table 3-2). Considering the large variation in the 

experimental tests, the FE prediction is considered acceptable. Note that no effort was made to 

calibrate the empirical model parameters to achieve a nearly perfect match for each individual 

specimen. In contrast, the same set of parameters and rules as described earlier, e.g., see Equations 

(3-1) – (3-3), is used for advanced model parameters. This naturally will lead to model inaccuracy, 

which needs to be assessed. 
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(a) Group 1 (b) Group 2 

 

(c) Group 3 

Figure 3-9: Comparison of stress-strain curves between FE predictions and experiments: (a) 

Group 1, (b) Group 2, (c) Group 3 

 

The full results of the second validation are listed below in Table 3-2. The validation error of group 

1 is 6.3%, which is the largest among all. While the validation error for group 2 and 3 are very 

close around 2%. The average validation error is 3.49%. Based on the validation error, the 

proposed FE model can provide an accurate prediction of the prism compressive strength. 
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Table 3-2: The summary of FE and experimental compressive strength (Mohamad et al. 2017) 

 

Group 1 Group 2 Group 3 

Value 

(MPa) 

Error 

(%) 

Value 

(MPa) 

Error 

(%) 

Value 

(MPa) 

Error 

(%) 

Experimental 

(Mohamad 

2017) 

14.9 - 14.3 - 13.9 - 

FE model 

(present study) 
15.9 +6.30 14.6 +2.05 14.2 +2.11 

 

3.3 FE-based Masonry Prism Strength Prediction and Accuracy Assessment 

After an extensive literature review of hollow concrete masonry prism tests, a large database is 

compiled based on HCM prisms compressive tests. The database consists of 312 groups of HCM 

prisms, leading to 1427 individual prism specimens, which are collected from 40 literatures. 

Hollow concrete blocks with a void ratio ranging from 25% to 60% are studied here as “hollow” 

blocks as per CSA standard, in which the voids pass through the entire depth of concrete masonry 

blocks completely. Solid, semi-solid (void ratio < 25%) blocks are not considered for consistence. 

With reference to typical masonry prism testing, the course number of prisms selected is limited 

to be in the range between two and six in the database. The complete list of the collected database 

is presented in Appendix A, where the material properties tested for concrete units and mortar 

within each group are included. 

The numerical prism testing tool developed in this study is used to predict the compressive strength 

of HCM prisms in the large experimental database mentioned above. Numerical prism testing is 

performed for the entire database with masonry strength prediction compared for masonry prisms 

with type S mortar and type N mortar, respectively. Note that the mortar is classified in accordance 

with the masonry design codes (CSA S304-14): mortar with compressive strength of 5 – 12.5 MPa 

is classified as type N (161 groups), and mortar with compressive strength of 12.5 – 17.6 MPa was 

classified as type S (151 groups). The comparison between FE-predicted and experimental 

strengths through numerical and physical prism testing is presented in Figure 3-10. It is shown that 

the proposed numerical prism testing provided an overall good prediction without a systematic 

bias. 
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(a) Type S (b) Type N 

Figure 3-10: Comparison of between FE-predicted and experimental masonry strength through 

numerical and physical prism testing: a) type S mortar, and b) type N mortar 

 

To quantify the prediction error, the histograms of the test-to-prediction ratio for prisms with type 

S mortar and type N mortar are presented in Figure 3-11. The mean values of the prediction error 

of type S and N mortar are 1.01 and 1.02, respectively. The coefficient of variations of the 

prediction error of type S and N mortar are 22.1% and 17.5%, respectively. Normal distribution is 

adopted for the probability density function to fit the distribution of the prediction error. 

   

(a) Type S (b) Type N 

Figure 3-11: Histogram for prediction error of the numerical prism testing: a) type S mortar, 

and b) type N mortar  
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3.3.1 Accuracy comparison with empirical formulas 

In this section, the most representative empirical formulas from literature for the compressive 

strength of masonry are selected and assessed with the experimental database compiled from 

physical prism testing, with their accuracy compared to that of the proposed numerical prism 

testing. In order to compare with the test results for the compressive strength of masonry prisms, 

the calculated values for the compressive strength of masonry based on empirical formulas should 

be converted to the masonry prism strength, by dividing the masonry strength with the 

corresponding correction factor for a certain height-to-thickness ratio (h/t) (see Table 3-3 (CSA 

S304-14)). Note that linear interpolation is used for other values of h/t. The selected empirical 

models are summarized in Table 3-4, including four models proposed by Mann (1982), Guo 

(1991), Köksal et al. (2005), and Fortes et al. (2015), respectively. Note that the units in Equation 

(3-4) – (3-7) are MPa. 

Table 3-3: Summary of height-to-thickness correction factors (CSA S304-14) 

Height-to-thickness ratio Correction factor 

2 0.85 

3 0.90 

4 0.95 

5 to 10 1.00 

 

Table 3-4:  Empirical equations for the prediction of masonry compressive 

 Formula Equation Reference Unit type 

1 
' 0.66 0.180.83m b mf f f=

 (Eq. 3-4) 
Mann 

(1982) 
HCB 

2 
' (0.85 0.004 0.7 / )m b b mf f f f= − −

 (Eq. 3-5) 
Guo 

(1991) 
HCB 

3 
' 1.57ln( ) 0.75m m bf f f= +

 (Eq. 3-6) 
Köksal et al. 

(2005) 
HCB 

4 
' 18.46ln( ) 37.71m bf f= −

 (Eq. 3-7) 
Fortes et al. 

(2015) 
HCB 

 

Note that for all the formulas above, fm is the compressive strength of mortar and fb is the 

compressive strength of concrete masonry units.  
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The comparison of prediction ability of different empirical models and the proposed FE model is 

shown in Figure 3-12 for type S and type N mortar, respectively. 

  

(a)  (b)  

  

(c)  (d)  

  

(e)  (f)  
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(g)  (h)  

Figure 3-12: Comparison of prediction ability of: a) & b) Mann (1982), c) & d) Drysdale & 

Guo (1990), e) & f) Köksal et al. (2005), g) & h) Ernesto et al. (2015) for type S & N mortar 

The prediction error is evaluated by the test-to-prediction ratio, defined as the experimental 

compressive strength fexp divided by the model predicted compressive strength fpred. The statistics 

of the prediction error for the proposed FE model and different empirical formulas proposed by 

Mann, Guo, Köksal et al., Fortes et al. are summarized in Table 3-5. It is shown that the proposed 

FE model has the best prediction results on average in terms of the mean value of the fexp/fpred ratio. 

The models by Mann (1982) and Guo (1991) tend to underpredict the prism strengths, while the 

models by Köksal et al. (2005) and Fortes et al. (2015) tend to overpredict the prims strengths. All 

models appear to have better prediction performance for type S mortar (i.e., lower coefficient of 

variation and mean value closer to 1). It is worth pointing out that the model proposed by Fortes 

et al. (2015), has a remarkable performance when it comes to HCM prisms with type S mortar, but 

its performance for type N mortar is much worse. Considering the average performance, both 

models by Fortes et al. (2015) and FEM is acceptable. However, the proposed FE model has 

accurate and more consistent prediction results regardless of the mortar type with negligible bias 

and stable COV (i.e., 17.5% for type N and 22.1% for type S).  
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Table 3-5: Descriptive statistics values of fexp/fpred for different empirical formulas and the 

proposed FE model 

Test-to-prediction 

ratio 

Mortar Type 
Overall Database 

Type S Type N 

Mean STD. 
COV 

(%) 
Mean STD. 

COV 

(%) 
Mean STD. 

COV 

(%) 

Mann (1982) 1.81 0.28 15.6 1.82 0.32 17.6 1.82 0.30 16.7 

Guo (1991) 1.21 0.20 16.2 1.15 0.21 17.9 1.18 0.20 17.2 

Köksal et al. 

(2005) 
0.91 0.15 15.9 0.85 0.15 17.9 0.88 0.15 17.2 

Fortes et al. 

(2015) 
1.01 0.17 17.3 0.93 0.22 24.0 0.97 0.21 21.1 

FEM 1.01 0.22 22.1 1.02 0.18 17.5 1.02 0.21 20.2 

 

3.3.2 Accuracy comparison with methods specified in masonry design codes and standards 

As mentioned earlier, different statistics are used in these models by the design codes for additional 

safety margin. In particular, in CSA S304.1-14 and Eurocode 6-2005, the predicted compressive 

strength is the 5th percentile (fm,5th
’), which can be calculated through the following equation 

assuming a normal probability distribution: 

  
’

,5 1.64m thf  = −   (Eq. 3-8) 

where μ is the arithmetic mean and σ is the standard deviation. Thus, for a fair comparison, instead 

of using the average value of the prism tests, the 5th percentile value estimated from Equation 3-8 

is used as the experimental strength fexp for CSA S304.1-14 and Eurocode 6-2005. In contrast, the 

average value of the prism tests within each group is used as fexp for TMS 402/602-16 and AS 

3700- 2017. The comparison and the corresponding prediction error of different mortar types are 

presented in Figure 3-13. To quantify the prediction error, the histograms of the test-to-prediction 

ratio for prisms with type S mortar and type N mortar are presented in Figure 3-14 with the 

descriptive statistics values summarized in Table 3-6.  
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(a) CSA S304-14 (b) CSA S304-14 

  

(c) TMS 402/602-16 (d) TMS 402/602-16 

  

(e) Eurocode 6-2005 (f) Eurocode 6-2005 
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(g) AS 3700-2017 (h) AS 3700-2017 

Figure 3-13: Comparison of prediction ability of a) & b) CSA S304.1-14, c) & d) TMS 

402/602-16, e) & f) Eurocode 6-2005, g) & h) AS 3700-2017 for type S & N mortar 
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(e) Eurocode 6-2005 (f) Eurocode 6-2005 

  

(g) AS 3700-2017 (h) AS 3700-2017 

Figure 3-14: Histogram for overall prediction error of a) & b) CSA S304.1-14, c) & d) TMS 

402/602-16, e) & f) Eurocode 6-2005, g) & h) AS 3700-2017 for type S & N mortar 

 

Table 3-6: Descriptive statistics values of fexp/fpred for the international masonry design codes and 

the proposed FE model 

Test-to-prediction 

ratio 

Mortar Type 
Overall Database 

Type S Type N 

Mean STD. 
COV 

(%) 
Mean STD. 

COV 

(%) 
Mean STD. 

COV 

(%) 

CSA S304.1-14 1.24 0.20 16.2 1.36 0.32 23.2 1.30 0.27 21.1 

Eurocode 6-2005 1.67 0.26 15.5 1.85 0.35 18.9 1.77 0.32 18.2 

TMS 402/602-16 1.13 0.21 18.6 1.11 0.28 25.1 1.12 0.25 22.2 

AS 3700-2017 2.17 0.37 16.8 1.83 0.38 20.9 1.99 0.41 20.7 

FEM 1.01 0.22 22.1 1.02 0.18 17.5 1.02 0.21 20.2 

 

0

0.05

0.1

0.15

0.2

0.25

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2 2.2 2.4 2.6 2.8 3 3.2

F
re

q
u

en
cy

fexp/fpred

UK Eurocode 6-2005

Type S

0

0.05

0.1

0.15

0.2

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2 2.2 2.4 2.6 2.8 3 3.2

F
re

q
u
en

cy

fexp/fpred

UK Eurocode 6-2005

Type N

0

0.05

0.1

0.15

0.2

0.25

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2 2.2 2.4 2.6 2.8 3 3.2

F
re

q
u

en
cy

fexp/fpred

AS 3700-2017

Type S

0

0.05

0.1

0.15

0.2

0.25

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2 2.2 2.4 2.6 2.8 3 3.2

F
re

q
u

en
cy

fexp/fpred

AS 3700-2017

Type N



 

48 

 

 

It is shown in Table 3-6 that the proposed FE model has the best correlation between prediction 

results and experimental results, while Eurocode 6 and AS 3700 both have over-conservative 

prediction results with an average fexp/fpred ratio of 1.77 and 1.99, respectively. As for different 

types of mortar, the Eurocode 6 performed well regarding the coefficient of variance, while the 

average fexp/fpred ratio is 1.67 and 1.85 for type S and type N mortar respectively, which is 

significantly over-conversative. The CSA S304-14 performed well for type S mortar with an 

average fexp/fpred ratio of 1.24 and a coefficient of variation of 16.2%. The proposed FE model, on 

the other hand, provides a better prediction result with an average fexp/fpred of 1.02. When it comes 

to type N mortar, the CSA S304-14 shows a more conservative prediction comparing to the 

proposed FE model which performed well with an average fexp/fpred ratio of 1.36. Overall, the TMS 

402/602-16 shows the most accurate prediction with an average of 1.1 which can be insufficient 

sometimes (i.e., the compressive strength is over-predicted when the unit strength is smaller than 

20 MPa, while it is under-predicted when the unit strength is greater than 20 MPa). The CSA S304-

14 is still more conservative than the proposed FE model when type N mortar is adopted even a 

95% confidence lower limit is applied to the proposed FE model, which shows the over-

conservative of CSA S304-14 of some types of prisms. Both Eurocode 6-2005 and AS 3700-2017 

are way over-conservative and significantly underestimated the compressive strength of masonry. 

In contrast, the proposed numerical prism testing method provided an overall good prediction 

without a systematic bias. 

Histograms of the fexp/fpred ratio are presented in Figure 3-14. It can be observed that the proposed 

FE model has the most consistent prediction values and the fexp/fpred ratio is concentrated around 

1.0. The histogram of the fexp/fpred ratio of AS 3700-2017 has the heaviest tail and will significantly 

over-estimate the compressive strength of masonry. 

3.3.3 Height-to-thickness correction factors re-evaluation 

Using the proposed FEM, the height-to-thickness correction factors of masonry compressive 

strength are re-evaluated. The re-evaluation of height-to-thickness correction factors are based on 

different mortar types. The height-to-thickness correction factor is taken as 1 when the masonry 

prism height-to-thickness ratio is 5. Based on the database (Appendix A) previously mentioned, 
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the height-to-thickness correction factors are re-evaluated by modifying the CMU course number. 

The summary of the re-evaluated height-to-thickness correction factors are presented in Table 3-7: 

Table 3-7: Summary of height-to-thickness correction factors based on the proposed FEM 

Height-

to-

thickness 

ratio 

Type 

S & N 

 
Type S Mortar  Type N Mortar 

CSA 
 

Mean Std COV  Mean Std COV 

3 0.9  0.946 0.036 0.039  0.959 0.033 0.034 

4 0.95  0.976 0.038 0.039  0.995 0.022 0.022 

5 1  1.014 0.028 0.028  1.005 0.013 0.012 

6 1  1.008 0.042 0.041  1.002 0.026 0.026 

7 1  1.001 0.045 0.045  1.009 0.027 0.027 

8 1  0.998 0.051 0.051  1.009 0.033 0.033 

 

  

(a)  (b)  

Figure 3-15: Comparison of the height-to-thickness correction factor for CSA S304 and the 

proposed FEM: (a) type S mortar, (b) type N mortar 
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Figure 3-16: The failure mechanism occurred in FE models based on different height-to-

thickness ratios (top row: peak load; bottom row: ultimate load) 

 

The comparison of the CSA S304 proposed and re-evaluated height-to-thickness correction factors 

based on the database mentioned is presented in Figure 3-15. The failure mechanism occurred in 

FE models based on different height-to-thickness ratios at peak and ultimate load is presented in 

Figure 3-16. It can be observed in Figure 3-15 and Table 3-7 that the height-to-thickness correction 

factor stays at 1.0 when the height-to-thickness ratio of masonry prism is equal to or greater than 

4, which can be explained by the failure mechanism presented in Figure 3-16. It can be observed 

that when CMU course number increases, tensile splitting occurs on the webs along the entire 

prism while the face-shell damage only occurs in the center of the prism. Based on the FEM result, 
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it is found that increasing the course number has no effect on the compressive strength of masonry 

due to the localized damage occurred at the mid-span of the prism, which is consistent with CSA 

S304. 

3.4 FE Model-based Global Sensitivity Analysis (GSA) 

Uncertainty quantification has become more and more important over time in the engineering field. 

Comparing with deterministic modeling, stochastic modeling accounts for the inevitable 

uncertainties existed in the physical world. However, to collect the large amounts of information 

needed for the uncertainty quantification, repetitive runs of expensive computational models (i.e., 

FE model) are required. Thus, metamodeling offers a convenient and inexpensive surrogate. A 

sensitivity analysis is developed over different concrete masonry units and mortar combinations. 

Multiple approaches are available for conducting sensitivity analysis. Namely three methods that 

are commonly used including correlation-based measures, linearization methods and global 

methods. Comparing with the first two methods, global methods take into account the whole input 

domain. Both the individual variables and the effects of the interactions between multiple variables 

are considered (Zhu et al. 2017). 

Thus, global sensitivity analysis method is adopted for the sensitivity analysis in this study. An 

uncertainty quantification framework (Marelli and Sudret 2014) implemented in MATLAB is 

adopted to carry out the analysis. First, input samples and their distribution can be obtained from 

experimental studies. Then the simulation model is chosen. The most used models include Monte 

Carlo and polynomial chaos expansion. After that an uncertainty analysis is conducted. Finally, 

the sensitivity indexes can be calculated and the sensitivity level of different input parameters can 

be depicted in a pie chart. 

3.4.1 Methodology 

The modeling scheme of global sensitivity analysis is presented here in Figure 3-17. First, Latin 

hypercube sampling (LHS) method is adopted to generate the input values in MATLAB. The 

experimental design (ED) size is 500. Then the numerical analysis is run through the FE 

computational model using the developed automated tool, and the compressive strength is 

collected as the output variable. After finishing the input-output experimental design, a PCE-based 
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Sobol’ indices global sensitivity analysis is performed to decompose the variance of the output 

into indices that can be attributed to the input variables. Leave-one-out (LOO) cross-validation is 

used to obtain a compromise between estimation and reasonable computational cost. The size of 

the validation set is 104. 

 

Figure 3-17: Modeling scheme of global sensitivity analysis 

 

3.4.1.1 Sensitivity indices 

Sobol’ indices method, also referred to as Analysis of variance (ANOVA), is based on the idea 

describing the total variance in terms of the decomposition of independent input variables. The 

index regarding one single input variable is the so-called first-order Sobol’ index, which represent 

the individual effect. Interaction indices with respect to multiple variables and the interaction 

effects between them are called the higher-order indices, which cannot be decomposed into 

individual variables. The total Sobol’ indices are the total contribution concerning every single 

variable. 

3.4.1.2 PCE-based estimation 

Polynomial chaos expansions (PCE) are a surrogate modeling technique that approximate 

computational models through polynomial functions. Sobol’ indices are typically evaluated using 



 

53 

 

 

Monte Carlo simulation. In order to evaluate the Sobol’ indices with the computationally costly 

models (i.e., FE models), metamodeling approach can be adopted as an effective surrogate. 

3.4.2 Results and discussion 

Both strong unit-weak mortar prisms and weak unit-strong mortar prisms are studied. For the 

former combination, numerical prisms are built using concrete masonry units with a nominal 

strength of 20 MPa and both type S and type N mortar. As for the latter combination, numerical 

prisms are built using concrete masonry units with a nominal strength of 10 MPa and both type S 

and type N mortar. Both the concrete block unit compressive strength and the mortar compressive 

strength are adopted from the experimental program carried out by Gayed et al. (2012) and Ross 

(2013) (represented by G and R in Table 3-8), which the average measured unit strength is 29.87 

MPa for U20 and 8.15 MPa for U10. The statistics of the input variables adopted in the 

experimental design and the PCE validation set are summarized in Table 3-8. Six random variables 

are considered in total, which five of them are normally distributed including compressive strength 

of concrete unit, compressive strength of mortar, elastic modulus of concrete unit, elastic modulus 

of mortar and thickness of mortar layer. The Poisson’s ratio of mortar is the sixth variable with a 

uniform distribution ranging from 0.05 to 0.25 (Hamid and Chukwunenye 1986, represented by H 

in Table 3-8). 

Table 3-8: Input parameters used in GSA 

Nr. Variable Mean Cov (%) Reference Distribution 

1 Unit compressive strength U10 8.15 MPa 10.41 G and R Normal 

2 Unit compressive strength U20 29.87 MPa 16.04 G and R Normal 

3 Unit elastic modulus U10 9325.9 MPa 17.82 G and R Normal 

4 Unit elastic modulus U20 37075.9 MPa 4.82 G and R Normal 

5 Mortar compressive strength Type S 15.72 MPa 21.7 G and R Normal 

6 Mortar compressive strength Type N 8.59 MPa 30.99 G and R Normal 

7 Mortar elastic modulus Type S 19160 MPa 12.5 Appendix A Normal 

8 Mortar elastic modulus Type N 11748 MPa 17.3 Appendix A Normal 

9 Mortar thickness 10 mm 9.11 CSA S304 Normal 

10 Mortar poisson’s ratio LB: 0.05 UB: 0.25 H Uniform 
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(a) 20 MPa nominal strength units and 

type N mortar 

(b) 20 MPa nominal strength units and 

type S mortar 

  

(c) 10 MPa nominal strength units and 

type N mortar 

(d) 10 MPa nominal strength units and 

type S mortar 

Figure 3-18: True model response & PCE prediction: (a) 20 MPa nominal strength units and 

type N mortar, (b) 20 MPa nominal strength units and type S mortar, (c) 10 MPa nominal 

strength units and type N mortar and (d) 10 MPa nominal strength units and type S mortar 

 

It is shown in Figure 3-18 that the PCE model can well represent the true finite element model. 

The LOO errors are 0.0909, 0.0406, 0.0799 and 0.0668 for 20 MPa units with type N mortar, 20 

MPa units with type S mortar, 10 MPa units with type N mortar and 10 MPa units with type S 

mortar, respectively. 
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(a) 20 MPa nominal strength units and 

type N mortar 

(b) 20 MPa nominal strength units and 

type S mortar 

 
 

(c) 10 MPa nominal strength units and 

type N mortar 

(d) 10 MPa nominal strength units and 

type S mortar 

Figure 3-19: Total Sobol’ indices: (a) 20 MPa nominal strength units and type N mortar, (b) 20 

MPa nominal strength units and type S mortar, (c) 10 MPa nominal strength units and type N 

mortar and (d) 10 MPa nominal strength units and type S mortar 

 

The total Sobol’ indices are shown in Figure 3-19, where fb, fm, μm, Eb, Em, hm in the figures are 

compressive strength of concrete unit, compressive strength of mortar, Poisson’s ratio of mortar, 

elastic modulus of concrete unit, elastic modulus of mortar and thickness of mortar layer, 

respectively. The values of total Sobol’ indices, first order Sobol’ indices and second order Sobol’ 

indices for masonry compressive strength of the proposed FE model are presented in Table 3-9, 
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Table 3-10, Table 3-11 and Table 3-12, respectively. For all four combinations, the compressive 

strength of concrete units has the largest impact over the output variable masonry compressive 

strength. When units are stronger than mortar layers, the rest of the input variables have a more 

significant impact over the output variable. The total Sobol’ indices of the thickness of mortar 

layer have the second highest values for prisms constructed with both type S and type N mortar. 

For prisms built using strong units and weak mortar layers, fm, μm, Eb and Em have a negligible 

impact over the output variable when type N mortar is adopted. While for prisms built with type S 

mortar, the value of total Sobol’ indices of μm is larger than hm and plays the second role. The other 

three input variables also have a significant impact over the output variable. When prisms are 

constructed using weak units and strong mortar layers, the variance of the output masonry 

compressive strength is mainly attributed to input fb. Especially when type N mortar is adopted in 

this combination, the variance is solely attributed to fb and Eb. As for the prisms constructed with 

type S mortar, μm and Eb have a larger impact comparing to type N mortar. 

Table 3-9: Total Sobol' indices for masonry compressive strength of the proposed FE model 

Material types fb fm μm Eb Em hm 

Strong unit-weak mortar 

(20 MPa & Type N) 
0.8990 0.0125 0.0233 0.0179 0.0007 0.0581 

Strong unit-weak mortar 

(20 MPa & Type S) 
0.8785 0.1050 0.1585 0.1057 0.1302 0.1477 

Weak unit-strong mortar 

(10 MPa & Type N) 
0.9853 0.0024 0.0054 0.0127 0.0060 0.0000 

Weak unit-strong mortar 

(10 MPa & Type S) 
0.9850 0.0142 0.0306 0.0231 0.0163 0.0076 
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Table 3-10: First order Sobol' indices for masonry compressive strength of the proposed FE 

model 

Material types fb fm μm Eb Em hm 

Strong unit-weak mortar 

(20 MPa & Type N) 
0.8920 0.0109 0.0211 0.0159 0 0.0524 

Strong unit-weak mortar 

(20 MPa & Type S) 
0.7685 0.0119 0.0067 0.0179 0.0015 0.0196 

Weak unit-strong mortar 

(10 MPa & Type N) 
0.9820 0 0 0.0083 0 0 

Weak unit-strong mortar 

(10 MPa & Type S) 
0.9601 0 0 0.0082 0 0 

 

Table 3-11: Second order Sobol' indices for masonry compressive strength of the proposed FE 

model 

Material types fbμm fbEb fbEm fbhm fmμm fmEm 

Strong unit-weak mortar 

(20 MPa & Type N) 
- 0.0020 - 0.0026 - - 

Strong unit-weak mortar 

(20 MPa & Type S) 
0.0015 - 0.0015 0.0012 - - 

Weak unit-strong mortar 

(10 MPa & Type N) 
- 0.0014 - - 0.0024 - 

Weak unit-strong mortar 

(10 MPa & Type S) 
- - - - - 0.0011 

 

Table 3-12: Second order Sobol' indices for masonry compressive strength of the proposed FE 

model (continued) 

Material types μmEb μmEm μmhm EbEm Emhm 

Strong unit-weak mortar 

(20 MPa & Type N) 
- - - - - 

Strong unit-weak mortar 

(20 MPa & Type S) 
0.0020 - 0.0024 - 0.0009 

Weak unit-strong mortar 

(10 MPa & Type N) 
- 0.0030 - 0.0010 - 

Weak unit-strong mortar 

(10 MPa & Type S) 
0.0012 - - - - 
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Based on Table 3-9, the compressive strength of concrete unit alone has the main contribution to 

the masonry compressive variance. All six input variables have contributed to the output variance 

alone for strong unit-weak mortar prisms. While for weak unit-strong mortar prisms, only the two 

input variables: the compressive strength and the elastic modulus of concrete block unit has 

contribution to the output variance alone. When it comes to higher-order interaction indices, the 

Poisson’s ratio of mortar has the main contribution to the output variance. 

The results indicate that the compressive strength of masonry is more significantly affected by 

concrete unit compressive strength. When the prism is constructed using relatively stronger unit 

and relatively weaker mortar, thickness of mortar also has an unneglectable impact on masonry 

compressive strength. As for the prism constructed using relatively weaker unit and relatively 

stronger mortar, the thickness of mortar has a negligible influence over the output. It can be 

concluded that the empirical equations can be more accurate over the weak unit-strong mortar type 

prisms with type N mortar, and less accurate over the strong unit-weak mortar type prisms with 

type S mortar. 

3.5 Chapter Summary and Conclusions 

A 3D detailed micro finite element model is developed in this chapter to analyze the behavior of 

hollow concrete masonry prisms under compression load using commercial software ABAQUS. 

In this model, concrete damage plasticity (CDP), together with the uniaxial compressive behavior 

described by the modified Kent-Park model, is adopted for both concrete units and mortar layers. 

In addition, the tensile behavior is characterized using the concept of fracture energy. 

The developed FE models are validated using the available experimental tests of concrete masonry 

prisms. Validation results proved that the proposed FE model is capable of accurately predicting 

the behavior of masonry under compression load. A series of parametric study is subsequently 

carried out. Results indicated that the compressive behavior of masonry prisms is more 

significantly affected by the physical material parameters and the mortar thickness, which shed 

lights on the importance of construction quality. Furthermore, the developed FE model is 

automated using Python and used to conduct a series of numerical prism tests. The results are 

compared with different numerical models including multiple international masonry design codes 
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and empirical formulas proposed by other researchers. The results indicate that the proposed FEM 

has the best prediction ability without a systematic bias comparing to varies masonry design codes 

and empirical formulas. The height-to-thickness correction factors are re-evaluated using the 

proposed FEM and the results indicate that the height-to-thickness correction factor stays at 1.0 

when the height-to-thickness ratio of masonry prisms is equal to or greater than 4. Besides, a global 

sensitivity analysis is carried out and contribution of different input variables to the variance of 

the compressive strength of masonry is studied based on different concrete masonry units and 

mortar types. Six input parameters are taken into consideration in the GSA, and it can be reflected 

by the results that the compressive strength of masonry is mostly affected by the compressive 

strength of CMU. While the other input variables have different impact levels depending on the 

relationship between the compressive strength of CMU and mortar. The proposed FEM is proven 

to have an overall good prediction based on a large database and can be used in further sensitivity 

studies. 

The proposed FEM can be adopted in varies ways for future studies. Workmanship study can be 

carried out by modifying the geometric parameters of mortar layers using the proposed FEM. 

Besides, similar sensitivity analysis and studies about the compressive behaviours of grouted 

masonry prisms can be carried out using the proposed FEM with some modifications to the 

material properties and contact definition. 
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CHAPTER 4: PREDICTION OF HOLLOW CONCRETE MASONRY PRISM 

COMPRESSIVE STRENGTH BASED ON GAUSSIAN PROCESS REGRESSION 

SURROGATE MODEL 

4.1 Introduction 

The popularity of masonry structures can be attributed to their attractive aesthetics, great 

durability, high thermal performance (ACI/TMS 122R-14 2014), and more importantly, great 

mechanical properties under compression. Among various masonry types, hollow concrete block 

masonry has been widely used in North America. The compressive strength of masonry is an 

essential mechanical property considering its important role in masonry structural design; its 

prediction accuracy and precision (i.e., uncertainty) affects the reliable and economic design of 

masonry walls.  

In addition to physical prism testing, several numerical studies have been carried out on the 

behaviour of masonry prisms under compression (Drysdale and Guo 1991; Suwalski and Drysdale 

1986; Pina-Henriques and Lourenço 2003 & 2006; Barbosa et al. 2009; Hamid and Chukwunenye 

1986). In general, numerical models are complicated due to its requirements for a series of 

constitutive models and the corresponding model parameters in order to describe the failure 

mechanisms. In contrast, based on the data generated from prism tests, various empirical models 

have been proposed, which include the compressive strength determination methods proposed by 

different masonry design codes and other models proposed in the literature (Mann 1982; Guo 

1991; Köksal et al. 2005; Fortes et al. 2015). However, the accuracy of these models is rarely 

evaluated with uncertainty quantified probabilistically. Furthermore, the empirical models 

developed by assuming the explicit parametric model form assumed in the empirical functions 

could be problematic in accuracy or generalization. Alternatively, as a new form of data-based 

modeling method, soft-computing techniques using artificial intelligence (AI) or machine learning 

(ML) can be used, especially non-parametric models.  

In the past three decades, AI or ML methods have been increasingly adopted in civil engineering. 

Compared to the above-mentioned traditional methods (i.e., empirical formulas), AI or ML models 

have been proven to be more powerful. For example, Artificial Neural Networks (ANN) and 

Gaussian Process Regression (GPR) models have been commonly used, due to their great 
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flexibility in function approximations, in studying the mechanical properties of concrete, including 

compressive strength and elastic modulus of concrete (Tayfur et al. 2014; Ahmadi-Nedushan 2012; 

Duan et al. 2013; Asteris et al. 2021; Dao et al. 2020). When it comes to the specific problem of 

masonry compressive strength prediction, ANN is more widely adopted than GPR. The most 

commonly used ANN structure is the multilayered feed-forward perception network, which is 

consisted of neurons that are distributed into at least three layers. Typically, the layers include one 

input layer, one output layer and at least one hidden layer in-between. Zhou et al. (2016) adopted 

backpropagation (BP) algorithm based multilayered feed-forward networks for predicting the 

compressive strength of hollow concrete block masonry prisms. In that study, a total of 90 datasets, 

consisting of 308 prism specimens, were collected and used to develop predictive models based 

on three input variables (i.e., masonry unit compressive strength, mortar compressive strength, and 

prism height-to-thickness ratio). The network developed in this study is consisted of 3 neurons in 

the input layer, 12 neurons in the one hidden layer and 1 neuron in the output layer. Asteris et al. 

(2019) applied BP algorithm based multilayered feed-forward networks for predicting the 

compressive strength of masonry prisms with various brick materials, including earth bricks, clay 

bricks, concrete bricks, silicate bricks, based on a total of 232 specimens collected from the 

literature. The development of the proposed network is based on hidden layers ranging from 1 to 

2 with the number of neurons ranging from 1 to 30 for each hidden layer. The results prove that 

the optimum network is consisted of 3 neurons in the input layer, two hidden layers with 8 and 28 

neurons respectively and 1 output neuron. Lan et al. (2020) utilized three-layer BP neural network 

to predict the compressive strength of earth block masonry based on three input parameters: 

compressive strength of bocks, compressive strength of mortar, and prism height-to-thickness 

ratio, with a total of 72 groups of datasets (348 specimens). The model consists of 3 neurons in the 

input layer, one hidden layer with the number of neurons ranging from 3 to 12 and 1 output neuron. 

Garzón-Roca et al. (2013) also used three-layer BP algorithm to determine the compressive 

strength of clay brick masonry using the compressive strength of clay brick and cement mortar, 

based on a total of 19 experimental studies (96 specimens). A 2-n-1 feed-forward multilayer 

perception network is adopted in this study, which is consisted of 2 input neurons, 1 output neuron 

and one hidden layer with n neurons where n varies from 1 to 6. However, ANN model 

developments depend on the pre-selected configuration (e.g., number of layers and number of 
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nodes for multilayered feed-forward neural network) and typically requires a relatively large 

number of data samples for training. When the sample size of data collected is relatively small, it 

can potentially lead to overfitting and lack of generalization.  

In contrast, GPR, as a nonparametric probabilistic ML algorithm, has the advantage of leveraging 

or integrating prior knowledge with data observed, which allows it to be less dependent on the data 

and thus more suitable when limited data exist. As such, GPR-based model can be continuously 

updated when more data is observed. Additionally, the prediction uncertainty or error can be 

provided after the model training process in GPR model development. GPR, also known as Kriging 

method, is constructed based on Gaussian processes to probabilistically represent an extensive 

variety of functions. GPR was first applied to geo-statistics as a spatial interpolation tool by Krige 

back in the 1950s (Krige 1951) and subsequently formalized by Matheron (1963). Later on, GPR 

was adopted as a form of surrogate modeling by Sacks et al. (1989), in which Gaussian Process 

modeling was used to replace the time-consuming computational model with an input-output 

mapping. For instance, Chisari et al. (2018) adopted GPR as the surrogate of the detailed FE model 

and carried out a sensitivity analysis of a brick-masonry mesoscale model. Moravej et al. (2019) 

used the modular Bayesian approach to replicate the undamaged to damaged states of real masonry 

structures, while Gaussian Process was adopted to reduce the calculation burden. Peng et al. (2020) 

proposed a new method based on GPR to calculate the reliability index for in-plane shear failure 

of unreinforced masonry walls, which indicated that the proposed GPR model was very efficient 

in probabilistic modeling. In a related research, Peng et al. (2019) used the deterministic shear 

model as the prior GPR model and then updated the prior model with the collected test results. The 

GPR models were proven to be very efficient and very convenient to be improved with the new 

data. Tubaldi et al. (2020) used GPR for global sensitivity analysis and uncertainty propagation. 

These studies have shown the great potential of GPR for masonry structures, but no relevant work 

has explored its potential for predicting the compressive strength of hollow concrete block 

masonry.  

As such, this chapter aims to construct GPR models for the purpose of predicting the compressive 

strength of hollow concrete block masonry. GPR, the soft computing technique used for masonry 

strength prediction, will be briefly introduced and followed by sensitivity analysis using GPR. The 
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GPR models developed based on the database compiled is discussed, together with comparison of 

existing empirical models, including the deign code models. In particular, the prescribed values 

given by the current Canadian Masonry Design Standard CSA S304-2014 (2014) for masonry 

strength determination is re-evaluated with uncertainty quantified, considering that the tabulated 

values for hollow concrete masonry compressive strength and the height-to-thickness correction 

factors was based on outdated experimental studies (Maurenbrecher 1980, 1983, 1985, 1986). 

4.2 Experimental Database 

To develop a reliable and accurate surrogate model, a database is required for training and testing. 

The same database aforementioned in Chapter 3 is adopted here (Appendix A). The compiled 

database contains prims with concrete masonry units (CMUs) of a wide range of compressive 

strength (e.g., from 10 MPa to 40 MPa), mortars of types S and N. The histograms of the 

compressive strength of CMUs and mortars for prisms with type S and N mortar are shown in 

Figure 4-1 a to d. A good coverage of practical values is represented by the database compiled. 

Note that the compressive strength of concrete masonry unit (CMU), compressive strength or type 

of mortar are the most prominent variables in accordance with the masonry design standards (CSA 

S304-14, TMS 402/602/-16, European Standard 2005, Australian Standard 2017) and the 

commonly used empirical formulas (Mann 1982, Guo 1991, Köksal et al. 2005, Fortes et al. 2015). 

Additionally, another important variable is the prism height-to-thickness ratio (h/t), which is 

needed when prism testing data is used, and its histogram of the prisms in the database is shown 

in Figure 4-1 e and f. In this study, Gaussian Process models will be proposed to predict the output 

variable compressive strength of concrete block masonry based on these three input variables for 

masonry with type S and N mortar, respectively. Thus, the entire database is divided into two 

groups based on mortar type: type S mortar or type N mortar in accordance with the masonry 

design codes (CSA S304-14, TMS 402/602-16). Tests from 161 data points (a total of 781 prisms 

constructed with type N mortar) and 151 data points (646 prisms constructed with type S mortar) 

were analyzed, respectively. As mentioned in CSA S304-14, mortar with compressive strength of 

5 – 12.5 MPa was classified as type N, and mortar with compressive strength of 12.5 – 17.6 MPa 

was classified as type S following the strength requirements from CSA A179. Note that according 

to TMS 602, mortar with compressive strength over 17.6 MPa was classified as type M. However, 
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it should be noted that since the latest revision of CSA has classified both type M and S together 

as type S mortar, the present study will follow suit.  

  

(a)  (b)  

  

(c)  (d)  

  

(e)  (f)  
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Figure 4-1: Histograms of input variables in the database: a) CMU compressive strength 

(prisms with type S mortar), b) CMU compressive strength (prisms with type N mortar), c) 

mortar compressive strength (prisms with type S mortar), d) mortar compressive strength 

(prisms with type N mortar), e) prism height-to-thickness ratio (prisms with type S mortar), f) 

prism height-to-thickness ratio (prisms with type N mortar) 

The database compiled will be mainly used for three purposes in this study: (1) building GPR 

models to predict the compressive strength of masonry, (2) re-evaluating the currently prescribed 

values for masonry compressive strength, and (3) re-evaluating the currently used height-to-

thickness correction factors in CSA S304-14. Note that (1) will be discussed in the following 

section 4.3 while (2) and (3) will be discussed in section 4.5. 

4.3 Gaussian Process Regression (GPR) Modeling 

The main purpose of using Gaussian Process Regression is to predict one or multiple certain 

outputs and uncertainty quantification. The graphical representation of the GPR model 

construction is presented in Figure 4-2.  

 

Figure 4-2: Graphical representation of the architecture GPR model metamodel construction 

The construction process consists of three stages: experimental design, GPR model training and 

GPR model testing. The first step of the construction process is called the experimental design 

process, which is illustrated on the left side of Figure 4-2. The purpose of the experimental design 
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process is to gather information about the relationship between the input samples and the 

corresponding output responses generated using including chosen sampling methods (i.e., Monte 

Carlo sampling, Latin Hypercube sampling and Sobol’ sequence sampling etc.), or through 

computational models (i.e., finite element models) or experimental testing. Note that only 

experimental testing data is used to construct GPR models in this study. After the input sample 

points and the corresponding outputs are gathered, part of the collected database (i.e., 80%) can be 

used as the training set. Then, the relationship between the input samples and the corresponding 

output response can be learned through the training process which is illustrated on the right side 

of Figure 4-2. After the GPR model is successfully trained, the testing process can be carried out 

based on the remaining dataset. Note that even deterministic models are adopted in the training 

process (i.e., FEM experimental design), the GPR output response includes uncertainties.  

Gaussian Process modeling is stochastic metamodeling technique which considers the output 

response as a realization of the modeling process. According to Santner et al. (2003), GPR is 

described by the following equation which is consisted of its two terms:   

  
2( ) ( ) ( , )KM x f Z  = +x x  (Eq. 4-1) 

where βT f(x) is the mean function (i.e., trend) of the Gaussian Process metamodel and σ2 Z (x, ω) 

is the correlation function (a.k.a. kernel function) of the Gaussian Process metamodel.  The mean 

function is consisted of {fj; j=1, …, P} and the unknown corresponding coefficients {βj; j=1, …, 

P}, where P is the total number of basic arbitrary functions. The correlation (kernel) function is 

consisted of σ2, which is the constant variance of the Gaussian Process and a zero-mean, unit-

variance, stationary Gaussian Process Z (x, ω). Here ω represents the underlying probability space 

and its definition is based on an autocorrelation function R and its hyperparameters θ. The 

correlation between two output sample points is represented by the autocorrelation function (kernel 

function) k = k (x, x’; θ). In other words, the similarity between the output samples is defined by 

the autocorrelation function (Rasmussen 2003).  

4.3.1 Mean function types 

Different mean functions can be adopted in the Gaussian Process model. Namely the three types 

(Dubourg 2011) listed below: ordinary (constant) mean function, linear mean function and 

quadratic mean function.  
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In ordinary mean function, the mean function is an unknown constant. The function form is 

presented below, where f0(x) = 1: 

  
0 0 0( ) ( )f f   = =x x  (Eq. 4-2) 

In linear mean function, the mean function is assumed to be a linear combination of prescribed 

random functions: 

  0 1
( )

M

i ii
f x  

=
= +x  (Eq. 4-3) 

Quadratic mean function: 

  
0 1 1 1

( )
M M M

i i ij i ji i j
f x x x   

= = =
= + +  x  (Eq. 4-4) 

4.3.2 Correlation function types 

Since the definition of the approximation function is included, the correlation function (also known 

as the kernel function or the covariance function) has a significant impact on the prediction ability 

of Gaussian Process models (Rasmussen 2003). Therefore, the kernel function is an extraordinarily 

important factor in Gaussian Process modeling. The main role of the kernel function is to describe 

the relationship between the training points and the new points, in other words, how similar the 

new points are to the training points with regard to the distance in between them. On this matter, 

the new points that are close to the training points should have similar responses.  

Generally speaking, all the kernel functions mentioned here are stationary correlation functions. 

In this study, four different types of kernel functions (Rasmussen and Williams 2006) are adopted 

for masonry compressive strength prediction and the results are compared: squared exponential 

kernel (also called Gaussian kernel), exponential kernel, Matern 3/2 and Matern 5/2. 

Squared exponential kernel is one of the most used kernel functions (Rasmussen and Williams 

2006). The function is presented below: 

  
2

2

( ) ( )1
( , ; ) exp

2

T

i j i j

i j f

l

x x x x
k x x  



 − −
= − 

  
 (Eq. 4-5) 



 

68 

 

 

where σf is the standard deviation of the signal and σl is the length scale which determines the 

distance in the input space that makes the function values uncorrelated.  

Exponential kernel is defined as follows: 

  2( , ; ) expi j f

l

r
k x x  



 
= − 

 
 (Eq. 4-6) 

where r = [(xi-xj)
T(xi-xj)]

1/2
. 

The Matern functions are a series of kernel functions which have the same feature. Simplified 

forms can be used when computing the Matern functions, where the differentiable time (the ceiling 

value of ν-1) of the corresponding Gaussian process are taken as p + ½ (p is a non-negative 

integer). The most commonly adopted ν values are 3/2 and 5/2, for which the kernel functions are 

called Matern-3/2 and Matern-5/2, respectively. Matern-3/2 is defined as follow: 

  
2 3 3

( , ; ) 1 expi j f

l l

r r
k x x  

 

   
= + −      

   
 (Eq. 4-7) 

Matern-5/2 is defined as follow: 

  

2
2

2

5 5 5
( , ; ) 1 exp

3
i j f

l l l

r r r
k x x  

  

   
= + + −      

   
 (Eq. 4-8) 

4.3.3 Estimation methods 

Different from model parameters, in machine learning, hyperparameters are configurations that 

are defined prior to the training process. According to Murray and Adams (2010), the 

hyperparameters θ (i.e., free parameters) can be estimated using several methods. The most 

commonly used hyperparameter estimation methods include maximum-likelihood estimation 

method and cross-validation estimation method. The general cross-validation method, K-fold cross 

validation method (i.e., leave-one-out cross-validation) is adopted in this study. The whole 

database is divided into K exclusive subsets and the prediction results of the k-th subset is obtained 

evaluating the model based on all the other subsets. Leave-one-out (LOO) cross-validation is the 

special case of K-fold cross validation, in which the number of subsets K is equal to the number 
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of observations and subsequently only one observation is left out to be predicted. The objective of 

LOO cross-validation is to find the hyperparameters that minimize the overall LOO cross-

validation error.  

4.3.4 Quality assessment method 

For the accuracy assessment and model reliability evaluation purposes, multiple performance 

metrics including the coefficient of determination R-squared (R2), Root Mean Square Error 

(RMSE) and Mean Absolute Error (MAE) are adopted in this study.  

The coefficient of determination R2 is the measurement of the proportion of the variance between 

the model prediction and the true response. R2 is a scale-free score, which means regardless of the 

prediction and the response values, the value of R2 varies from 0 to 1. It can be said that there is a 

better correlation between the Gaussian model prediction and the true response when the value of 

R is close to 1, while the value of R is close to 0 indicates a poor performance of the Gaussian 

model. RMSE is the square root of the average of the squared difference between the true response 

and the Gaussian model predicted values. RMSE is the measurement of the standard deviation of 

residuals (Khosravi et al. 2019, Nguyen et al. 2019, Pham et al. 2018). MAE represents the average 

of the absolute difference between the true response and the Gaussian model predicted values. 

MAE is the measurement of the average of the residuals (Ly et al. 2019). Comparing to R2 value, 

the lower the RMSE and MAE values are, the better the performance of the Gaussian model is. R 

value is used for explaining the ability of the independent variables in the regression model 

representing the variability in the dependent variables. As for RMSE, the advantage is that it is 

easy to calculate and differentiable. While MAE is more robust to data considering the outliers. 

Together, the above three performance metrics can reasonably evaluate the overall predictive 

ability of the Gaussian Process model.  

Performance metrics R, RMSE and MAE are defined as follows: 
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 (Eq. 4-9) 
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RMSE y y
N =

= −  (Eq. 4-10) 

  
1

1
ˆ

N

i

i

MAE y y
N =

= −  (Eq. 4-11) 

where N is the number of the sample points; yi is the true output and ŷ is the Gaussian model 

prediction output; y̅^ is the mean value of the Gaussian model prediction output (Sarıdemir 2009). 

4.4 GPR Model Structure Sensitivity Analysis 

4.4.1 Parametric study based on different covariance functions 

According to Rasmussen (2003), the covariance function is essential in the process of constructing 

a Gaussian Process model, while the mean function has insignificant influence over the 

performance of Gaussian Process Regression models. Thus, a parametric study based on different 

covariance functions is carried out with the most commonly used linear mean function adopted 

(Dubourg 2011). The comparison of prediction accuracy while using four different covariance 

functions is presented as follows. Three parameters contained in input vector x: CMU compressive 

strength, mortar compressive and prism h/t ratio, are selected as the input variables and the output 

variable is the masonry prism strength.. The adopted covariance functions include squared 

exponential kernel, exponential kernel, Matern-3/2 and Matern-5/2. GPR-based model training 

and testing is carried out based on different mortar types: type S and type N. The proposed GPR 

models are trained over 80% of the data and validated over the remaining 20% of the data. 

The statistical measurements of the GPR model based on different kernel functions are presented 

below in Table 4-1.  Based on Table 4-1, for type S model, squared exponential kernel is selected 

due to its excellent performance over the testing dataset, considering the four kernel functions have 

very similar performance over the training dataset. For type N model, exponential kernel function 

has been selected due to its excellent performance over both training and testing datasets. 
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Table 4-1: Summary of statistical measurements of prediction error of Gaussian Process models 

based on different covariance functions 

Statistical 

measurements 

Training set (Type S)  Testing set (Type S) 

Sq-Exp Exp Matern32 Matern52  Sq-Exp Exp Matern32 Matern52 

R2 0.9027 0.8964 0.9160 0.9233  0.8879 0.8556 0.8217 0.8532 

RMSE 1.5322 1.5378 1.4770 1.3465  1.7560 2.1261 1.8650 2.5754 

MAE 1.0778 1.0885 1.0011 0.8829  1.3867 1.6876 1.4234 2.1261 

Mean 1.0094 1.0092 1.0085 1.0073  1.0033 1.0164 1.0001 0.9324 

COV 8.52% 8.35% 8.19% 7.53%  10.20% 12.17% 10.55% 11.50% 

 
Training set (Type N)  Testing set (Type N) 

Sq-Exp Exp Matern32 Matern52  Sq-Exp Exp Matern32 Matern52 

R2 0.9162 0.9571 0.9497 0.9493  0.8934 0.9073 0.8385 0.8584 

RMSE 1.4884 1.1153 1.1903 1.1722  1.8371 1.5643 1.9595 1.9762 

MAE 1.1260 0.8383 0.8688 0.8679  1.3888 1.1622 1.5458 1.3995 

Mean 1.0142 1.0093 1.0095 1.0096  0.9912 1.0065 1.0245 1.0233 

COV 10.86% 7.20% 8.18% 8.02%  11.37% 9.66% 12.08% 12.41% 

 

4.4.2 Case study based on different number of input parameters 

Based on engineering judgement, three input parameters including concrete masonry unit (CMU) 

compressive strength, mortar compressive strength and prism height-to-thickness ratio are 

investigated in this study. Specifically, four different cases of GPR model based on different 

numbers or different parameters included in the GPR structure are investigated, as shown in Table 

4-2. Based on the parametric study conducted in the previous section, squared-exponential kernel 

function is selected for type S model and exponential kernel is selected for type N model in the 

subsequent work. 
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Table 4-2: Cases of Gaussian Process modeling architectures based on different number of input 

parameters 

Case 

Input parameters 

CMU 

compressiv

e strength 

Mortar 

compressiv

e strength 

Prism 

height-to-

thickness 

ratio 

Ⅰ √   

Ⅱ √ √  

Ⅲ √  √ 

Ⅳ √ √ √ 

 

As shown in Table 4-2, case Ⅰ only includes one parameter: the compressive strength of concrete 

masonry units. Case Ⅱ and Ⅲ both include two parameters: the compressive strength of concrete 

masonry units and mortar, or the compressive strength of concrete masonry units and prism height-

to-thickness ratio. Case Ⅳ includes all three parameters. 

Table 4-3: Summary of statistical measurements of Gaussian Process models based on different 

number of input parameters 

Statistical 

measurements 

Training set (Type S)  Testing set (Type S) 

Ⅰ Ⅱ Ⅲ Ⅳ  Ⅰ Ⅱ Ⅲ Ⅳ 

R2 0.8908 0.8926 0.8938 0.9027  0.6742 0.7861 0.7254 0.8879 

RMSE 1.6426 1.6093 1.6438 1.5322  2.8977 2.3070 2.4097 1.7560 

MAE 1.1730 1.0526 1.1534 1.0778  2.2853 1.7697 1.7368 1.3867 

Mean 1.0105 1.0077 1.0097 1.0094  0.9852 1.0067 1.0148 1.0033 

COV 8.50% 8.51% 8.62% 8.52%  14.30% 13.05% 14.55% 10.20% 

 
Training set (Type N)  Testing set (Type N) 

Ⅰ Ⅱ Ⅲ Ⅳ  Ⅰ Ⅱ Ⅲ Ⅳ 

R2 0.9253 0.9376 0.9783 0.9571  0.7753 0.8396 0.8163 0.9073 

RMSE 1.4306 1.2764 0.7786 1.1153  2.4732 2.2999 2.1172 1.5643 

MAE 1.0632 0.9832 0.5402 0.8383  1.8725 1.7836 1.4259 1.1622 

Mean 1.0129 1.0119 1.0048 1.0093  1.0067 1.0006 1.0294 1.0065 

COV 9.33% 9.19% 4.79% 7.20%  15.82% 16.09% 13.26% 9.66% 
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Based on Table 4-3, GPR models with different input parameters have very different performances 

depending on mortar type. Different cases of input parameters only have minor effect over type S 

model, while more significant differences can be observed in type N models. For type N training 

model, case Ⅲ with the compressive strength of CMU and prism height-to-thickness ratio as the 

input parameters has the best performance with a significantly lower COV (4.79%). This is due to 

the fact that type N mortar has lower compressive strength and has less impact over the masonry 

prism compressive strength. However, the extraordinary performance is due to model overfitting, 

therefore model performance (case Ⅲ) decreased as observed for the testing dataset. For the testing 

dataset, case Ⅳ with three input parameters have the best performance for both type S and type N 

model with a much lower COV (type S: 10.2%; type N: 9.66%) and other prediction metrics 

compared to the other cases. It can be concluded that the prediction results are significantly 

affected by numbers of input parameters, meanwhile selecting the compressive strength of both 

concrete units and mortar and the prism height-to-thickness ratio can provide more reliable and 

accurate results. This is confirmed by the existing empirical models including the design code 

models. Note that height-to-thickness ratio of masonry prism needs to be one of the input variables 

for the proposed GPR models for masonry prim strength prediction; thus, the compressive strength 

of masonry needs to be corrected from masonry prism strength to consider the height-to-thickness 

ratio. 

4.5 Masonry Prism Compressive Strength Prediction Based on the GPR Models 

4.5.1 Prediction error quantification with comparison to masonry design codes 

According to the current Canadian masonry design code CSA S304-14 and the Eurocode 6-2005, 

specified masonry compressive strength is prescribed based on the corresponding specified unit 

strength and mortar type. The specified compressive strength for masonry units shall be calculated 

based on a minimum of five masonry unit specimens. If fewer than ten units are tested, the 

coefficient of variation shall be the higher of the calculated value or 10%. The specified 

compressive strength for masonry shall also be calculated based on a minimum of five masonry 

prism specimens. The coefficient of variation shall be the higher of the calculated value or 10%. 

The specified compressive strength for masonry units or masonry prisms shall be calculated as 

follows: 
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  ' (1 1.64 ) 1.64av avf f f s= − = −  (Eq. 4-12) 

where f’ is the specified compressive strength; fav, is the mean compressive strength; ν is the 

coefficient of variation; and s is the standard deviation, respectively. In contrast, the American 

code TMS 402/602-16 and the Australian code AS 3700-2017 provide the mean prediction. In the 

GPR model developed, both the mean prediction and 5th percentile prediction can be provided. 

Thus during accuracy evaluation and comparison, the 5th percentile value and the average value 

(mean) from the tests are used: namely the 5th percentile value for CSA S304.1-14 and Eurocode 

6-2005, and the average value (mean) for TMS 402/602-16 and the Australian code AS 3700-

2017.  

Table 4-4 summarizes the prediction error represented by the prediction-to-test ratio, namely the 

compressive strength fexp  (the corresponding 5th percentile value for CSA S304.1-14 and Eurocode 

6-2005, and the corresponding average value (mean) for TMS 402/602-16 and the Australian code 

AS 3700-2017) divided by the predicted compressive strength fpred from GPR model or masonry 

design codes : 

Table 4-4: Descriptive statistics values of prediction error fexp/fpred for international masonry 

design codes and the proposed GPR model 

Test-to-prediction 

ratio 

Mortar Type 
Overall Database 

Type S Type N 

Mean STD. 
COV 

(%) 
Mean STD. 

COV 

(%) 
Mean STD. 

COV 

(%) 

CSA S304.1-14 1.24 0.20 16.2 1.36 0.32 23.2 1.30 0.27 21.1 

Eurocode 6-2005 1.67 0.26 15.5 1.85 0.35 18.9 1.77 0.32 18.2 
GPR  

(5th percentile) 
1.26 0.14 10.9 1.22 0.14 11.4 1.24 0.14 11.2 

TMS 402/602-16 1.13 0.21 18.6 1.11 0.28 25.1 1.12 0.25 22.2 

AS 3700-2017 2.17 0.37 16.8 1.83 0.38 20.9 1.99 0.41 20.7 

GPR (mean) 1.00 0.08 8.0 1.00 0.08 8.0 1.00 0.08 8.0 

 

In order to visualize the prediction accuracy and reliability of the proposed GPR model, with 

comparison to the above-mentioned masonry design code methods, the compressive strength 
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prediction results for hollow concrete masonry prisms built with type S and N mortar are presented 

in terms of fexp/fpred  in Figure 4-3 and Figure 4-4, respectively. 
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(e)  

Figure 4-3: Comparison of prediction error of fexp/fpred for international masonry design codes 

and the proposed GPR model (type S): (a) GPR, (b) CSA S304-14, (c) TMS 402/602-16, (d) 

Eurocode 6-2005, (e) AS 3700-2017 
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(e)  

Figure 4-4: Comparison of prediction error of fexp/fpred for international masonry design codes 

and the proposed GPR model (type N): (a) GPR, (b) CSA S304-14, (c) TMS 402/602-16, (d) 

Eurocode 6-2005, (e) AS 3700-2017 

 

Based on Table 4-4 and Figure 4-3/Figure 4-4, for mean strength prediction, the proposed GPR 

model has the lowest COV for both type S (8.0%) and type N mortar (8.0%) and the lowest 

prediction error (mean values for model prediction error are closest to 1), much lower compared 

to TMS 402/602-16 and the Australian code AS 3700-2017. For 5th percentile strength prediction, 

the proposed GPR model has the lowest COV for both type S (10.9%) and type N mortar (11.4%) 

and the lowest prediction error, much lower compared to CSA S304.1-14 and Eurocode 6-2005.  

Overall, the two north American masonry design codes have relatively better estimation results 

compared to Eurocode 6 and Australian code AS 3700, which both largely underestimated the 

compressive strength of masonry. It is shown that Eurocode 6 is relatively more over-conservative 

about type N mortar while Australian code AS 3700 is relatively more over-conservative about 

type S mortar. As for CSA S304 and TMS 402/602, it is shown in Table 4-4 that both masonry 

design codes have lower COV for type S mortar. Specifically, CSA S304 has more accurate 

prediction for type S mortar with an average prediction error of 1.24 while for type N mortar the 

average prediction error is higher (1.36, further from 1). Comparing to CSA S304, TMS 402/602 

has an overall more accurate and more reliable prediction with the average prediction errors for 

type S and type N mortar as 1.13 and 1.11, respectively.  
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To summarize, the masonry design code methods evaluated here are all shown to be over 

conservative. Among different design codes, European code and Australian code are proven to be 

overly conservative. The two north American codes are relatively better while still conservative, 

and their prediction error (e.g., measured by COV) are shown to be higher than the proposed GPR 

model. The proposed GPR model, on the other hand, can provide overall accurate and reliable 

masonry compressive strength with very low variance or systematic bias for both the mean and 5th 

percentile strength values. 

4.5.2 Prediction error quantification with comparison to empirical-formula methods 

Furthermore, the proposed GPR model is compared to other analytical formulas available in 

literature. Different empirical formulas have been proposed for the estimation of the compressive 

strength of masonry. The most commonly considered predictors in the empirical formulas include 

the compressive strength of masonry and the compressive strength of mortar. While only a few 

research shed light on the prism height-to-thickness ratio (Sarhat and Sherwood 2014). In this 

section, the most representative empirical formulas (see Table 3-4) from literature for hollow 

concrete masonry are selected and compared to the proposed GPR model in order to further show 

the accuracy and reliability of the proposed GPR model. In order to compare with the test results 

for the compressive strength of masonry prisms, the calculated values for the compressive strength 

of masonry based on empirical formulas should be converted to the masonry prism strength, by 

dividing the masonry strength with the corresponding correction factor for a certain height-to-

thickness ratio (h/t) (see Table 3-3 (CSA S304-14)). Note that linear interpolation is used for other 

values of h/t.   

Table 4-4 summarizes the prediction error represented by the prediction-to-test ratio, namely the 

compressive strength fexp  (the corresponding mean) divided by the predicted compressive strength 

fpred from GPR model or empirical formulas (corrected by height-to-thickness correction factors). 
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Table 4-5: Descriptive statistics values of prediction error fexp/fpred for different empirical 

formulas and the proposed GPR model 

Test-to-prediction 

ratio 

Mortar Type 
Overall Database 

Type S Type N 

Mean STD. 
COV 

(%) 
Mean STD. 

COV 

(%) 
Mean STD. 

COV 

(%) 

Mann (1982) 1.81 0.28 15.6 1.82 0.32 17.6 1.82 0.30 16.7 

Guo (1991) 1.21 0.20 16.2 1.15 0.21 17.9 1.18 0.20 17.2 

Köksal et al. 

(2005) 
0.91 0.15 15.9 0.85 0.15 17.9 0.88 0.15 17.2 

Fortes et al. 

(2015) 
1.01 0.17 17.3 0.93 0.22 24.0 0.97 0.21 21.1 

GPR 1.00 0.08 8.0 1.00 0.08 8.0 1.00 0.08 8.0 

 

In order to visualize the prediction accuracy and reliability of the proposed GPR model, with 

comparison to the above-mentioned empirical formulas, the compressive strength prediction 

results for hollow concrete masonry prisms built with type S and N mortar are presented in terms 

of fexp/fpred  in Figure 4-5 and Figure 4-6, respectively. 
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Figure 4-5: Comparison of prediction error of fexp/fpred for empirical formulas and the proposed 

GPR model (type S): (a) GPR, (b) Mann (1982), (c) Guo (1990), (d) Köksal et al. (2005), (e) 

Fortes et al. (2015) 
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Figure 4-6: Comparison of prediction error of fexp/fpred for empirical formulas and the proposed 

GPR model (type N): (a) GPR, (b) Mann (1982), (c) Guo (1990), (d) Köksal et al. (2005), (e) 

Fortes et al. (2015) 

 

Based on Table 4-4, Figure 4-5and Figure 4-6, the other empirical formulas are most 

systematically biased. For type S model, the models proposed by Mann (1982) and Guo (1991) 

both over-estimates the compressive strength to different degrees. Even for the models (Köksal et 

al. 2005, Fortes et al. 2015) that have relatively less biased prediction results with mean values of 

prediction error as 0.91 and 1.01, the variances of the prediction results are higher than the 

proposed GPR model. As for prediction of masonry strength with type N model mortar, models 

proposed by Mann (1982) over-estimates the compressive strength while the model proposed by 

Guo (1991) provides a less biased prediction with the mean value of the prediction error as 1.15. 

However, the models (Köksal et al. 2005, Fortes et al. 2015) that have less biased prediction for 

type S underestimates the compressive strength with higher variances as (COV as 17.9% and 

24.0%, respectively) compared to models for masonry with type S mortar. In contrast, the proposed 

GPR model provides an overall good prediction without a systematic bias. The mean value of the 

prediction error of the proposed GPR model for type S and N are both 1.00.   

4.5.3 Prescribed compressive strength values in CSA S304-14 re-evaluation 

In order to get more representative values for masonry compressive strength, a lower bound 

approach was adopted in order to obtain the specified values. For every specified unit compressive 

strength in the Table 4 in CSA S304-14, the proposed value is the corresponding specified masonry 

compressive strength (i.e., 5th percentile) predicted by the proposed GPR models with the course 

number = 5. The proposed values are plotted along with values from current Table 4 in CSA S304-

14 for comparison. The results confirm the suspected conservatism in the prescribed masonry 

compressive strength values in the Canadian standard CSA S304-14 particularly for prisms 

constructed with type N mortar. The summary of masonry compressive strength based on the 

proposed GPR model is presented in Table 4-6: 
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Table 4-6: Summary of masonry compressive strength based on the proposed GPR model 

Specified 

compressive 

strength of 

unit (MPa) 

GPR re-evaluated masonry compressive strength 

Type S Type N 

Mean 

(MPa) 

STD. 

(MPa) 

COV 

(%) 

5th per. 

(MPa) 

Mean 

(MPa) 

STD. 

(MPa) 

COV 

(%) 

5th per. 

(MPa) 

10 10.01 1.32 13.19 7.85 9.38 1.06 11.30 7.64 

15 12.49 1.14 9.13 10.61 12.13 1.05 8.66 10.41 

20 16.34 1.33 8.14 14.15 14.92 1.06 7.10 13.18 

30 22.85 1.45 6.35 20.47 20.45 1.06 5.18 18.71 

 

According to the 5th percentile (5th per.) values in Table 4-6, specified values for masonry 

compressive strength based on GPR is proposed. The comparison of the proposed masonry 

specified strength to the prescribed masonry compressive strength for ungrouted hollow concrete 

units in CSA S304-14 is presented in Table 4-7 as a re-evaluation: 

Table 4-7: Comparison of the proposed specified masonry compressive strength to the prescribed 

masonry compressive strength for ungrouted hollow concrete units in CSA S304-14 

Net area 

specified 

compressive 

strength of 

unit (MPa) 

Specified concrete masonry compressive strength (MPa) 

Type S Mortar Type N Mortar 

CSA  GPR proposed CSA  GPR proposed 

10 6.5 7.5 6 7.5 

15 10 10.5 8 10 

20 13 14 10 13 

30 or more 17.5 20 12 18.5 
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(a)  (b)  

Figure 4-7: Comparison of the specified value for CSA S304 and the proposed GPR model: (a) 

type S mortar, (b) type N mortar 

 

Based on the proposed GPR model, the specified compressive strength of masonry is re-evaluated. 

It is shown in Figure 4-7 and Table 4-7 that the current prescribed values are over-conservative, 

especially for masonry constructed with type N mortar. The re-evaluated values by the proposed 

GPR model for type S mortar are 5% - 15.4% higher than the current prescribed values. For type 

N mortar, the re-evaluated values are 25% - 54.2% higher than the current prescribed values. 

4.5.4 Results and discussion  

A Gaussian Process Regression model is developed in this section to predict the compressive 

strength of hollow concrete block masonry. The proposed model is compared to empirical models 

and masonry design code models to validate the effectiveness of GPR models in the ability to 

predict the compressive strength of masonry, in a reliable and comprehensive manner. The results 

showed that the proposed GPR model can give out accurate and reliable prediction for masonry 

compressive strength.  

After the proposed GPR model is validated through its comparison with other models, prescribed 

masonry compressive strength values are re-evaluated. The results indicated that the current 

prescribed values are overly conservative and need to be updated. 
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4.6 Chapter Summary and Conclusions 

A Gaussian Process Regression model is developed in this chapter to predict the compressive 

strength of hollow concrete block masonry or masonry prisms. The proposed model is built based 

on an extensive database, which consisted of 312 groups of hollow concrete masonry prisms 

including 1427 individual prism specimens collected from 40 literatures. The whole database is 

divided into two groups based on mortar type and GPR models are built upon each type.  

A parametric study based on different covariance functions is carried out and the results show that 

squared exponential kernel is the most suitable for type S mortar, while exponential is the most 

suitable for type N mortar. Case study based on different number of input parameters is also carried 

out and the results show that the optimum model is that of case Ⅳ, which corresponds to GPR 

architecture with three input parameters: the compressive strength of CMU, the compressive 

strength of mortar, and prism height-to-thickness ratio.  

The proposed model is compared to empirical models and masonry design code models to evaluate 

the effectiveness of GPR models in predicting the compressive strength of masonry or masonry 

prisms, in a reliable and comprehensive manner. The results showed that the proposed GPR model 

can give out an accurate and reliable prediction for masonry compressive strength, compared to 

existing design code models.  

After the proposed GPR model is validated, prescribed masonry compressive strength values in 

CSA are re-evaluated. The results indicated that the current prescribed values are overly 

conservative.  
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CHAPTER 5:  CONCLUSIONS AND RECOMMENDATIONS 

5.1 Summary 

Both HC (FE model) and SC (GPR model) techniques are adopted in this study to construct 

prediction models for the compressive strength of hollow concrete masonry and masonry prisms. 

To be specific, a 3D detailed micro-FE model is developed in this work to analyze the behaviour 

of hollow concrete masonry prisms under compression load using commercial software ABAQUS. 

An automatic numerical prism testing apparatus is developed. The accuracy of the prediction is 

assessed using experimental testing data and compared to other existing models used in the design 

codes and literature.  Furthermore, Gaussian Process Regression (GPR) models are developed in 

this work to predict the compressive strength of hollow concrete block masonry. The proposed 

model is built based on an extensive experimental database, which is divided into two groups based 

on mortar type. Similarly, the accuracy of the prediction is assessed using experimental testing 

data, and compared to other existing models used in the design standards/codes and literature.  

5.2 Conclusions 

Both FE model and GPR model are validated and are proven to have good prediction abilities. The 

model validation, accuracy assessment & comparison, and its applications leads to the following 

findings in this research: 

FE model development with automatic numerical prism testing tool: 

(1) The developed FE model is validated using the available experimental tests of concrete 

masonry prisms. Validation results prove that the proposed FE model is capable of 

accurately predicting the behavior of masonry under compression load. 

(2) A series of parametric study is subsequently conducted. Results indicate that the 

compressive behavior of masonry prisms is more significantly affected by the physical 

material parameters and the mortar thickness, which shed lights on the importance of 

construction quality. 

(3) The developed FE model is automated using Python and used as a masonry compressive 

strength prediction tool. The results indicate that the tool is more effective and accurate in 

predicting the compressive strength of masonry, with the mean prediction error values 
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fexp/fpred of 1.01 and 1.02 for type S and N mortar, respectively. Compared to other empirical 

models, the results of the developed FE model have the best prediction ability without a 

systematic bias. 

(4) The height-to-thickness correction factors are re-evaluated using the proposed FE model 

and the results indicate that the height-to-thickness correction factor stays at 1.0 when the 

height-to-thickness ratio of masonry prisms is equal to or greater than 4.0, and the 

correction factors used in CSA are sufficiently accurate. 

(5) A global sensitivity analysis is carried out using the proposed FE model and the 

contribution of different input variables to the variance of the compressive strength of 

masonry is studied based on different concrete masonry units and mortar types. The results 

show that the compressive strength of masonry is mostly affected by the compressive 

strength of CMU, while the other input variables have much lower influence, depending 

on the relationship between the compressive strengths of CMU and mortar. 

GPR model development: 

(1) For the GPR model, parametric study based on different covariance functions is carried out 

and the results show that the most suitable covariance functions for different mortar types 

are different. The optimum GPR architecture in this study is proven to be the one with three 

input parameters: the compressive strength of CMU, the compressive strength of mortar, 

and prism height-to-thickness ratio. 

(2) The proposed GPR model is used as a masonry prism compressive strength prediction tool 

over the collected database and the results are compared with different empirical models, 

including various international masonry design standards and codes and empirical formulas 

proposed by previous researchers. The values of the mean prediction error fexp/fpred are 1.00 

for both type S and N mortar, which indicate that the proposed GPR model can provide a 

more accurate and reliable prediction for masonry prism compressive strength. 

(3) Through the comparisons with the current Canadian masonry design standard CSA S304-

14, a high degree of conservatism exists in the current prescribed HCB masonry 

compressive strength and thus based on such re-evaluation, a set of new prescribed values 

are proposed. The proposed values based on the GPR models for type S mortar are 5% - 
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15.4% higher than the current prescribed values. For type N mortar, the proposed values 

are 25% - 54.2% higher than the current prescribed values.  

5.3 Limitations and Recommendations for Future Work 

The presented study has limitations in the following aspects, therefore, recommendations for future 

work are listed as follows:  

(1) Workmanship study is recommended for future study using the proposed FE model, 

considering geometric imperfection by modifying the geometric parameters of mortar 

layers. 

(2) Only hollow concrete masonry prisms are studied in the presented work. Therefore, studies 

about the compressive behaviours of grouted masonry prisms are recommended using the 

proposed FE model with some modifications to the material properties and contact 

definition or the proposed GPR model with different input parameters. 

(3) Studies about clay brick masonry prisms using the proposed FE and GPR model are 

recommended. 
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APPENDIX A – EXPERIMENTAL DATABASE WITH FE PREDICTIONS 

Experimental database with FE predictions (type S mortar) 

Nr. 

CMU Mortar Prism FEM 

Pred 

(MPa) 

Ref. lcu 

(mm) 

tcu 

(mm) 

hcu 

(mm) 
n 

fcu 

(MPa) 

Ecu 

(MPa) 

hmr 

(mm) 

fmr 

(MPa) 

Emr 

(MPa) 

Full:0 

FS:1 

Void 

(%) 

f’m 

(MPa) 

COV 

(%) 

1 195 140 190 3 22 25703 9.5 14.2 16595 0 30 18  21.07 [5] 

2 390 190 189 3 14.2 20650 10.0 15.4 17517 0 43.7 17.4 5.2 21.92 [19] 

3 397 194 194 3 24.2 26958 4.0 17.7 19221 1 48.4 18.77  17.76 [12] 

4 397 194 194 3 24.2 26958 4.0 17.7 19221 0 48.4 18.68  24.70 [12] 

5 190 190 190 3 25.7 27781 9.5 20.2 20990 0 43.7 24.2  17.57 [18] 

6 390 190 190 3 24.3 27014 10.0 21.2 21678 0 43.7 20.6 13.1 24.96 [18] 

7 390 143 194 3 32.2 31096 9.5 14.2 16595 0 42 27.6 4.9 28.27 [5] 

8 195 140 190 3 32.2 31096 9.5 14.2 16595 0 42 23.24  24.29 [5] 

9 195 240 190 3 23.4 26509 10.0 17.0 18711 1 47 21.6 8.9 16.37 [6] 

10 390 140 190 5 23.2 26395 10.0 17.3 18930 1 53.2 16.6 3.7 18.87 [17] 

11 390 190 190 3 26.7 28316 9.5 13.2 15807 1 48.3 23.3  22.69 [24] 

12 397 101 194 2 21.2 25232 10.0 17.5 19076 0 26 18.4  21.07 [34] 

13 390 190 193 3 24.3 27014 5.0 21.2 21678 0 43.7 24.2 2.9 24.97 [18] 

14 390 190 190 3 20 24507 9.5 26.5 25155 0 43.7 21.4  18.57 [18] 

15 390 143 194 3 19.7 24323 9.5 14.7 16982 0 41 16.4 3.6 18.76 [5] 

16 390 200 190 3 17.6 22990 10.0 15.6 17669 0 40 13.8 10.3 19.52 [31] 

17 190 190 190 3 25.7 27781 9.5 26.5 25155 0 43.7 25.5  21.60 [18] 

18 397 194 192 2 25.9 27889 12.7 14.9 17136 0 48 13.8 3.3 18.08 [3] 

19 396 194 203 4 33.8 31859 10.0 19.2 20292 1 48.5 22.9 9.6 22.75 [8] 

20 195 140 190 3 23.6 26622 10.0 17 18711 1 47 23.8  16.21 [6] 

21 195 140 190 3 19.7 24323 9.5 17.2 18857 0 41 15.93  17.08 [5] 

22 397 92 194 2 23 26281 10 17.5 19076 0 26 23.2  17.55 [34] 

23 390 190 190 4 40 34659 17.3 19.8 20712 1 44 31  28.43 [38] 

24 397 194 194 2 28 28997 1.0 21 21541 1 48 28.6  22.01 [4] 

25 195 140 190 3 32.2 31096 9.5 14.2 16595 0 42 27.58  19.49 [5] 

26 190 190 190 3 25.7 27781 9.5 15.4 17517 0 43.7 20.6  16.28 [18] 

27 390 190 190 3 24.3 27014 10.0 15.4 17517 0 43.7 17.4 5.2 17.77 [18] 

28 195 140 190 3 20.2 24630 9.5 14.2 16595 0 36 17.86  13.39 [5] 

29 397 194 194 2 25.9 27889 9.5 14.9 17136 0 48 19.3 14.3 25.15 [3] 

30 390 140 190 3 18.2 23378 9.5 19.9 20782 0 42 18.2  22.13 [25] 

31 390 190 190 6 20 24507 10.0 26.6 25218 0 43.7 17.5  19.23 [18] 

32 397 194 194 5 28 28997 5.0 21 21541 1 48 21.4  24.91 [4] 

33 397 94 194 2 17.2 22727 10.0 22.8 22755 0 26 13.93  18.12 [32] 

34 390 200 190 3 19.8 24384 10.0 15.6 17669 1 41 13.4 9.3 16.52 [31] 

35 390 190 190 3 26.4 28157 10.0 13.8 16282 1 40 22.8 20 19.52 [11] 

36 190 190 190 2 25.7 27781 18.0 21.2 21678 0 43.7 26  25.09 [18] 

37 390 143 194 3 19.7 24323 9.5 15.1 17289 0 41 15.8 4.2 13.99 [5] 
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Nr. 

CMU Mortar Prism FEM 

Pred 

(MPa) 

Ref. lcu 

(mm) 

tcu 

(mm) 

hcu 

(mm) 
n 

fcu 

(MPa) 

Ecu 

(MPa) 

hmr 

(mm) 

fmr 

(MPa) 

Emr 

(MPa) 

Full:0 

FS:1 

Void 

(%) 

f’m 

(MPa) 

COV 

(%) 

38 390 143 194 3 19.7 24323 9.5 17.3 18930 0 41 15.9 3.3 17.08 [5] 

39 390 190 190 3 27.3 28633 9.5 16.3 18193 1 48.3 24.35  19.66 [24] 

40 390 190 190 3 36.2 32971 10 12.7 15405 1 40 27.3 8 24.16 [11] 

41 390 190 190 2 25.9 27889 10.0 14.9 17136 0 48 19.24  25.01 [3] 

42 447 220 194 2 18.1 23314 10.0 17.5 19076 0 26 15  19.78 [34] 

43 195 140 190 3 19.7 24323 9.5 14.7 16982 0 41 16.4  15.11 [5] 

44 390 190 189 3 14.2 20650 10.0 15.4 17517 0 43.7 20.6 14.1 13.83 [19] 

45 390 143 194 3 19.7 24323 9.5 16.7 18490 0 41 16.0 7.5 19.77 [5] 

46 195 140 190 3 19.7 24323 9.5 15.1 17289 0 41 15.8  13.35 [5] 

47 397 194 194 4 28 28997 4.3 21 21541 0 48 24.1  28.09 [4] 

48 195 190 190 3 20.2 24630 10.0 17.0 18711 1 47 20.8 1.5 14.41 [6] 

49 397 194 192 3 24.2 26958 10.0 17.7 19221 1 48.4 13.8 7.4 17.57 [12] 

50 190 190 190 3 25.7 27781 14.0 25.5 24518 0 43.7 25.5  21.70 [19] 

51 397 194 194 3 17.9 23185 4.0 17.7 19221 1 49.6 14.38  13.68 [12] 

52 195 190 190 3 25.1 27455 10.0 17 18711 1 47 24.9  20.16 [6] 

53 447 220 194 2 18.1 23314 10.0 17.5 19076 0 26 13.5  19.78 [34] 

54 390 143 187 3 32.2 31096 19.1 14.2 16595 0 42 23.3 1.1 24.42 [5] 

55 390 190 190 3 36.2 32971 10.0 13.8 16282 1 40 28.1 7 24.47 [11] 

56 390 194 190 2 19.2 24012 10.0 18.8 20009 1 49 24.8  15.64 [7] 

57 390 190 190 4 27.8 28894 17.3 19.8 20712 1 44 23.6  18.93 [38] 

58 178 143 194 3 19.7 24323 9.5 14.5 16828 0 41 16.4 3.6 19.41 [14] 

59 195 140 190 3 19.7 24323 9.5 18.2 19581 0 41 16.28  13.39 [5] 

60 390 143 194 3 19.7 24323 9.5 12.8 15486 0 41 16.7 1.1 17.73 [5] 

61 397 194 192 3 17.8 23120 10.0 17.7 19221 1 49.6 10.6 6.1 13.69 [12] 

62 390 200 190 3 17.6 22990 10.0 15.6 17669 1 41 11.4 10.7 10.32 [31] 

63 390 190 190 2 19.4 24137 10.0 22.9 22821 1 44 17.85  15.83 [15] 

64 390 190 190 2 20 24507 209.0 21.2 21678 0 43.7 24.9  17.92 [18] 

65 390 140 190 3 32.7 26392 9.5 22.2 22354 0 53.2 30.18  22.49 [4] 

66 195 140 190 3 21.3 25291 9.5 14.2 16595 0 31 19.38  23.63 [5] 

67 195 190 190 3 17.1 22661 10.0 17.0 18711 1 47 18.0 7.3 20.84 [6] 

68 397 194 194 2 28 28997 1.0 21 21541 1 48 27.8  22.01 [4] 

69 390 140 190 3 36.2 27104 10.0 22.2 22354 0 53.2 16.9 3.9 22.58 [4] 

70 195 190 190 3 17.1 22661 10.0 17 18711 1 47 18  21.07 [6] 

71 390 200 190 3 19.8 24384 10.0 15.6 17669 0 40 13.9 11.7 14.20 [31] 

72 195 190 190 3 22.2 25820 10.0 17.0 18711 1 47 16.3 22.4 15.57 [6] 

73 390 140 190 3 23.2 26395 10.0 17.3 18930 1 53.2 16.1 8.1 14.92 [17] 

74 390 190 190 3 27.3 28633 9.5 13.2 15807 1 48.3 19.23  19.34 [24] 

75 397 143 194 2 15.4 21505 10.0 14.8 17059 0 44 11.31  16.20 [32] 

76 390 190 190 4 27.8 28894 17.3 19.8 20712 1 44 23.2  23.63 [38] 

77 397 194 194 2 15.6 21644 10.0 14.8 17059 0 46 14.82  16.60 [32] 

78 195 190 190 3 20.2 24630 10.0 17 18711 1 47 20.8  14.41 [6] 
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Nr. 

CMU Mortar Prism FEM 

Pred 

(MPa) 

Ref. lcu 

(mm) 

tcu 

(mm) 

hcu 

(mm) 
n 

fcu 

(MPa) 

Ecu 

(MPa) 

hmr 

(mm) 

fmr 

(MPa) 

Emr 

(MPa) 

Full:0 

FS:1 

Void 

(%) 

f’m 

(MPa) 

COV 

(%) 

79 190 190 190 6 25.7 27781 10.0 26.6 25218 0 43.7 23.4  21.24 [18] 

80 397 194 194 4 28 28997 4.3 21 21541 1 48 22.5  19.32 [4] 

81 397 194 194 2 15.6 21644 10.0 22.8 22755 0 46 13.45  16.42 [32] 

82 390 200 190 3 19.8 24384 9.5 15.6 17669 1 41 18.22  14.83 [31] 

83 195 240 190 3 23.4 26509 10.0 17 18711 1 47 21.6  18.38 [6] 

84 390 143 194 3 20.0 24507 9.5 14.2 16595 0 26 16.1 6.9 19.56 [5] 

85 397 143 194 2 24.6 27180 10.0 17.5 19076 0 43 24  24.86 [34] 

86 397 143 194 2 27.2 28580 10.0 17.5 19076 0 43 19.8  16.31 [34] 

87 190 190 190 3 25.7 27781 14.0 20.2 20990 0 43.7 24.2  17.55 [19] 

88 195 190 190 3 27.9 28946 10.0 17 18711 1 47 29.9  19.17 [6] 

89 219 194 194 2 23.3 26452 1.0 14 16439 0 48 20.9  17.44 [26] 

90 397 101 194 2 15.9 21851 10.0 17.5 19076 0 26 14.9  16.85 [34] 

91 178 143 194 3 19.7 24323 9.5 18.2 19581 0 42 16.3 3.3 20.06 [14] 

92 390 190 190 3 24.3 27014 20.0 21.2 21678 0 43.7 25.5 1.6 26.37 [18] 

93 397 143 194 2 40.5 34875 10.0 17.5 19076 0 43 28.6  22.10 [34] 

94 390 190 190 3 20 24507 14.0 26.5 25155 0 43.7 21.4  21.29 [19] 

95 195 140 190 3 20 24507 9.5 14.2 16595 0 26 16.14  15.12 [5] 

96 390 143 194 3 16.4 22192 9.5 14.2 16595 0 40 13.4 4.0 13.67 [5] 

97 219 194 194 2 14.1 20577 1.0 14 16439 0 48 15.8  13.83 [26] 

98 390 190 190 3 20 24507 9.5 21.2 21678 0 43.7 19.2  22.69 [18] 

99 390 190 190 3 20 24507 9.5 21.2 21678 0 43.7 23.3  17.92 [18] 

100 397 143 194 2 15.4 21505 10.0 22.8 22755 0 44 11.66  16.71 [32] 

101 190 190 190 3 25.7 27781 9.5 26.5 25155 0 43.7 25.5  21.60 [18] 

102 390 190 190 2 18.7 23697 10.0 20.5 21198 1 44 16.31  13.39 [39] 

103 390 140 190 3 23.2 26395 9.5 15.5 17593 0 53.2 21.43  25.44 [1] 

104 397 94 194 2 26.1 27996 10.0 22.8 22755 0 26 20.69  27.50 [32] 

105 397 194 192 3 24.2 26958 10.0 17.7 19221 0 48.4 18.6 5.4 24.61 [12] 

106 390 240 190 2 23.8 26734 10.0 22.9 22821 1 44 24.75  19.12 [15] 

107 397 94 194 2 17.2 22727 10.0 14.8 17059 0 26 13.8  17.90 [32] 

108 397 101 194 2 21.2 25232 10.0 17.5 19076 0 26 15.1  22.40 [34] 

109 397 92 194 2 23 26281 10.0 17.5 19076 0 26 19.1  16.15 [34] 

110 397 194 194 3 35.1 32466 1.0 22.8 22755 0 48 24.2  34.74 [37] 

111 190 190 190 3 25.7 27781 14.0 15.4 17517 0 43.7 20.6  16.31 [19] 

112 397 143 194 2 24.6 27180 10 17.5 19076 0 43 18.1  24.86 [34] 

113 195 190 190 2 24.3 27014 10.0 21.2 21678 0 43.7 26.0 1.5 23.65 [18] 

114 390 143 194 3 21.3 25291 9.5 14.2 16595 0 31 19.4 1.5 20.52 [5] 

115 397 194 194 2 27.7 28842 10.0 22.8 22755 0 46 22  28.15 [32] 

116 390 140 190 3 24.9 27345 10.0 15.5 17593 0 53.2 12.0 4.8 15.59 [1] 

117 195 140 190 3 23.6 26622 10.0 17.0 18711 1 47 23.8 3.6 16.21 [6] 

118 390 190 190 4 34.8 32327 17.3 19.8 20712 1 44 29.3  36.56 [38] 

119 390 143 194 3 22.0 25703 9.5 14.2 16595 0 30 18.0 1.7 12.29 [5] 
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Nr. 

CMU Mortar Prism FEM 

Pred 

(MPa) 

Ref. lcu 

(mm) 

tcu 

(mm) 

hcu 

(mm) 
n 

fcu 

(MPa) 

Ecu 

(MPa) 

hmr 

(mm) 

fmr 

(MPa) 

Emr 

(MPa) 

Full:0 

FS:1 

Void 

(%) 

f’m 

(MPa) 

COV 

(%) 

120 397 194 194 3 28 28997 3.5 21 21541 1 48 25.1  20.95 [4] 

121 397 194 194 2 35.1 32466 2.0 22.8 22755 0 48 25.7  34.05 [37] 

122 397 94 194 2 26.1 27996 10.0 14.8 17059 0 26 19.79  24.31 [32] 

123 390 190 190 3 25.8 27835 10 12.7 15405 1 40 23.3 3 18.78 [11] 

124 390 200 190 3 19.8 24384 9.5 15.6 17669 0 40 19.49  20.57 [31] 

125 390 200 190 3 17.6 22990 9.5 15.6 17669 0 40 17.63  17.97 [31] 

126 397 143 194 2 27.2 28580 10.0 17.5 19076 0 43 24.9  26.80 [34] 

127 390 190 190 3 26.4 28157 10 12.7 15405 1 40 19.2 10 18.28 [11] 

128 219 194 194 2 38 33781 1.0 14 16439 0 48 31  26.36 [26] 

129 397 143 194 2 27.2 28580 10.0 17.5 19076 0 43 29.3  26.80 [34] 

130 397 143 194 2 23.8 26734 10.0 14.8 17059 0 44 20.76  23.27 [32] 

131 397 194 194 3 17.9 23185 4.0 17.7 19221 0 49.6 14.29  19.14 [12] 

132 195 190 190 3 27.9 28946 10.0 17.0 18711 1 47 29.9 11.6 26.80 [6] 

133 397 143 194 2 40.5 34875 10.0 17.5 19076 0 43 25.4  36.56 [34] 

134 195 140 190 3 19.7 24323 9.5 16.7 18490 0 41 16  19.77 [5] 

135 195 140 190 3 15.6 21644 9.5 14.2 16595 0 39 12.76  9.97 [5] 

136 397 194 194 2 27.7 28842 10.0 14.8 17059 0 46 22.69  26.38 [32] 

137 390 143 194 3 19.7 24323 9.5 12.8 15486 0 41 17.7 4.6 18.87 [5] 

138 390 194 190 5 19.2 24012 16.5 18.8 20009 1 49 22.4  15.18 [7] 

139 390 190 190 3 24.3 27014 10.0 15.4 17517 0 43.7 21.4 1.9 23.75 [18] 

140 390 140 190 3 27 28475 9.5 19.9 20782 0 42 20.17  27.87 [25] 

141 397 194 192 3 17.8 23120 10.0 17.7 19221 0 49.6 14.3 4.0 18.45 [12] 

142 195 190 190 3 25.1 27455 10.0 17.0 18711 1 47 24.9 6.8 20.33 [6] 

143 397 143 194 2 23.8 26734 10.0 22.8 22755 0 44 18.82  20.01 [32] 

144 390 143 194 3 20.1 24568 9.5 14.2 16595 0 36 17.9 5.1 19.72 [5] 

145 390 190 190 3 20 24507 14.0 15.4 17517 0 43.7 17.4  23.75 [19] 

146 390 200 190 3 17.6 22990 9.5 15.6 17669 1 41 15.45  13.34 [31] 

147 390 194 190 3 19.2 24012 9.5 18.8 20009 1 49 21.9  14.72 [7] 

148 390 194 190 4 19.2 24012 17.3 18.8 20009 1 49 22.5  13.39 [7] 

149 390 190 190 3 37.4 33513 9.5 16.3 18193 1 48.3 28.09  25.73 [24] 

150 390 190 190 3 25.8 27835 10.0 13.8 16282 1 40 21.7 8 18.30 [11] 

151 390 143 194 3 15.7 21714 9.5 14.2 16595 0 39 12.8 8.4 15.93 [5] 
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Experimental database with FE predictions (type N mortar) 

Nr. 

CMU Mortar Prism FEM 

Pred 

(MPa) 

Ref. lcu 

(mm) 

tcu 

(mm) 

hcu 

(mm) 
n 

fcu 

(MPa) 

Ecu 

(MPa) 

hmr 

(mm) 

fmr 

(MPa) 

Emr 

(MPa) 

Full:0 

FS:1 

Void 

(%) 

f’m 

(MPa) 

COV 

(%) 

1 390 140 190 3 20.1 24568 9.5 9.4 12605 0 53.2 18.81  20.77 [1] 

2 99 48 44 2 30.3 30165 10.0 6.76 10118 0 40 24.8 6.5 15.63 [13] 

3 390 190 190 2 25.5 27673 10.0 8.4 11694 1 46.2 23.2 2.4 19.09 [2] 

4 390 190 190 3 27.8 28894 9.5 10.6 13656 1 48 23  21.51 [40] 

5 390 190 190 4 25.5 27673 10.0 8.4 11694 1 46.2 19.1 1.6 18.17 [2] 

6 195 140 190 3 19.7 24323 9.5 5.7 9030 0 41 15.38  13.14 [5] 

7 390 190 190 3 26.7 28316 9.5 11.4 14335 1 48.3 21.67  20.92 [24] 

8 390 140 190 3 12.5 19375 9.5 7.7 11035 0 42 8  7.08 [35] 

9 390 200 190 3 13.5 20135 9.5 12.2 14998 1 41 11.02  14.56 [31] 

10 219 194 194 2 14.1 20577 1.0 6.7 10058 0 48 15.4  15.62 [26] 

11 400 200 195 2 18.9 23824 10.0 7.6 10939 1 50.8 16.8 11.3 13.42 [28] 

12 390 200 190 3 19.8 24384 10 5.0 8275 1 46.2 11.9 13.8 11.77 [31] 

13 390 140 190 2 20.5 24812 10.0 6.6 9957 1 38 14.8  13.14 [22] 

14 390 190 190 3 26.4 28157 10.0 7.8 11131 1 40 17.4 2 17.36 [11] 

15 390 200 190 3 13.5 20135 9.5 5 8275 1 41 10.43  9.21 [31] 

16 390 200 190 3 13.5 20135 10.0 12.2 14998 1 46.2 8.1 14.4 11.69 [31] 

17 390 190 190 3 26.7 28316 9.5 6.9 10257 1 48.3 21.56  17.58 [24] 

18 390 190 190 3 23.2 26395 9.5 7.6 10939 1 44 26.15  15.63 [36] 

19 390 190 190 2 25.5 27673 10.0 8.4 11694 1 46.2 22.8 4.4 18.33 [2] 

20 390 200 190 3 13.5 20135 10.0 5.0 8275 0 41.5 8.7 17.0 11.14 [31] 

21 390 190 190 2 32.0 31000 10.0 8.4 11694 1 46.2 25.0 4.1 19.09 [2] 

22 390 190 190 3 25.8 27835 10.0 7.4 10747 1 40 20.2 9 17.00 [11] 

23 219 194 194 2 20.8 24993 1.0 9.1 12335 0 48 23  22.99 [26] 

24 390 190 190 4 25.3 27564 9.7 8.4 11694 1 46.2 19.6  18.71 [2] 

25 219 194 194 2 38 33781 1.0 9.1 12335 0 48 29.2  28.07 [26] 

26 397 143 194 2 24.6 27180 10.0 10.4 13484 0 43 18.2  25.36 [34] 

27 397 194 194 2 22 25703 10.0 6.6 9957 1 45 13.9  15.09 [20] 

28 390 190 190 5 27.8 28894 10.0 10.6 13656 1 48 22.3  20.31 [40] 

29 178 143 194 3 19.7 24323 9.5 5.7 9030 0 41 15.4 5.5 15.88 [5] 

30 99 48 44 2 20.8 24993 10.0 6.76 10118 0 40 15.5 5.4 13.16 [13] 

31 390 200 190 3 13.5 20135 9.5 5 8275 0 40 11.21  12.16 [31] 

32 390 200 190 3 19.8 24384 10.0 12.2 14998 0 41.5 13.2 10.3 15.20 [31] 

33 390 140 190 2 21.4 25351 10.0 6.6 9957 1 44 14.7 4.8 13.60 [20] 

34 390 140 190 2 20.5 24812 10.0 6.6 9957 1 38 16  14.58 [22] 

35 390 200 190 3 19.8 24384 9.5 12.2 14998 1 41 17.2  19.84 [31] 

36 390 140 190 3 35.5 32651 9.5 7.1 10454 1 42 23.56  22.04 [35] 

37 390 190 190 3 37.4 33513 9.5 8.1 11414 1 48.3 22.01  24.24 [24] 

38 390 190 190 2 21.5 25410 10.0 8.4 11694 1 46.2 16.1 4.2 16.34 [2] 
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Nr. 

CMU Mortar Prism FEM 

Pred 

(MPa) 

Ref. lcu 

(mm) 

tcu 

(mm) 

hcu 

(mm) 
n 

fcu 

(MPa) 

Ecu 

(MPa) 

hmr 

(mm) 

fmr 

(MPa) 

Emr 

(MPa) 

Full:0 

FS:1 

Void 

(%) 

f’m 

(MPa) 

COV 

(%) 

39 397 194 194 3 22 25703 10.0 6.6 9957 1 45 14.5  14.55 [20] 

40 390 190 190 4 25.5 27673 9.7 8.4 11694 1 46.2 19.1  18.84 [2] 

41 390 190 190 3 27.8 28894 9.5 10.6 13656 1 48 24.4  21.51 [40] 

42 390 200 190 3 17.6 22990 10.0 12.2 14998 0 41.5 11.1 18.1 14.21 [31] 

43 390 190 190 3 27.8 28894 10.0 10.6 13656 1 48 23.0 10.0 21.93 [40] 

44 397 194 194 3 17.9 23185 4.0 11.9 14751 0 49.6 13.58  15.20 [12] 

45 390 190 190 5 27.8 28894 10.0 10.6 13656 1 48 22.3 10.0 20.31 [40] 

46 219 194 194 2 38 33781 1.0 10.8 13827 0 48 27.5  34.87 [26] 

47 390 200 190 3 10.9 18092 9.5 5 8275 1 41 8.19  7.67 [31] 

48 390 140 190 2 20.5 24812 10.0 6.6 9957 1 38 15.3  13.14 [22] 

49 390 190 190 4 32.0 31000 10 8.4 11694 1 46.2 19.0 8.4 20.66 [2] 

50 397 194 194 3 17.9 23185 4.0 11.9 14751 1 49.6 14  15.24 [12] 

51 390 190 190 3 18.3 23443 9.5 11.7 14585 1 48 16.21  15.28 [16] 

52 390 190 190 2 25.3 27564 18.0 8.4 11694 1 46.2 21.1  17.13 [2] 

53 390 190 190 3 27.8 28894 10.0 10.6 13656 1 48 26.0 1.0 21.93 [40] 

54 219 194 194 2 38 33781 1.0 6.7 10058 0 48 28.1  27.39 [26] 

55 390 140 190 3 14.4 20795 9.5 7.9 11225 1 42 12.2  9.08 [35] 

56 397 140 188 4 21.4 25351 10.0 6.6 9957 1 44 13.9  13.77 [20] 

57 390 190 190 3 27.8 28894 10.0 10.6 13656 1 48 24.3 2.0 21.93 [40] 

58 390 190 190 3 36.2 32971 10.0 7.4 10747 1 40 22.0 9 23.17 [11] 

59 390 200 190 3 17.6 22990 9.5 5 8275 0 40 14.39  15.16 [31] 

60 219 194 194 2 23.3 26452 1.0 10.8 13827 0 48 20.8  25.87 [26] 

61 390 190 190 3 37.4 33513 9.5 12.1 14916 1 48.3 24.44  28.57 [24] 

62 390 190 190 2 22.0 25703 10.0 6.6 9957 1 45 14.9 3.6 15.21 [20] 

63 390 200 190 3 17.6 22990 10 5.0 8275 1 46.2 9.9 9.9 11.65 [31] 

64 390 190 190 2 25.5 27673 18.0 8.4 11694 1 46.2 22.8  19.13 [2] 

65 390 190 190 4 32 31000 9.7 8.4 11694 1 46.2 19  22.99 [2] 

66 390 190 190 3 27.8 28894 9.5 10.6 13656 1 48 23.8  21.51 [40] 

67 390 140 190 3 14.4 20795 10.0 7.9 11225 1 42 12.2 10.0 9.76 [35] 

68 390 190 190 2 32 31000 18.0 8.4 11694 1 46.2 25  19.74 [2] 

69 390 140 190 3 20 24507 9.5 7.7 11035 0 53.2 17.86  17.68 [1] 

70 390 190 190 3 27.8 28894 9.5 10.6 13656 1 48 26  21.51 [40] 

71 390 200 190 3 19.8 24384 10 5.0 8275 0 41.5 11.9 7.7 13.67 [31] 

72 390 190 190 2 25.3 27564 10.0 8.4 11694 1 46.2 22.9 1.8 18.64 [2] 

73 400 197 197 6 25.7 27781 10.0 11.1 14082 0 37 15.32  19.28 [33] 

74 397 194 194 5 22 25703 10.0 6.6 9957 1 45 14.3  13.83 [20] 

75 390 200 190 3 10.9 18092 10.0 5.0 8275 1 46.2 6.0 25.1 7.25 [31] 

76 397 140 188 2 21.4 25351 10.0 6.6 9957 1 44 14.7  13.83 [20] 

77 390 190 190 3 36.2 32971 10.0 7.8 11131 1 40 27.6 7 23.32 [11] 

78 390 190 190 3 27.3 28633 9.5 7.87 11197 1 48.3 14.89  17.97 [24] 

79 397 194 194 2 22 25703 10.0 6.6 9957 1 45 14.9  17.28 [20] 
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Nr. 

CMU Mortar Prism FEM 

Pred 

(MPa) 

Ref. lcu 

(mm) 

tcu 

(mm) 

hcu 

(mm) 
n 

fcu 

(MPa) 

Ecu 

(MPa) 

hmr 

(mm) 

fmr 

(MPa) 

Emr 

(MPa) 

Full:0 

FS:1 

Void 

(%) 

f’m 

(MPa) 

COV 

(%) 

80 390 190 190 2 25.3 27564 18.0 8.4 11694 1 46.2 22.9  18.95 [2] 

81 390 200 190 3 10.9 18092 9.5 5 8275 0 40 11.14  10.04 [10] 

82 390 190 190 3 27.3 28633 9.5 8.7 11971 1 48.3 17.42  21.16 [24] 

83 219 194 194 2 35 32420 1.0 9.1 12335 0 48 23.7  28.96 [26] 

84 400 200 195 2 18.9 23824 10.0 7.6 10939 1 50.8 16.8 11.3 13.20 [28] 

85 390 190 190 3 26.7 28316 9.5 7.9 11225 1 48.3 20.17  17.67 [24] 

86 219 194 194 2 17.7 23055 1.0 9.1 12335 0 48 18.6  19.81 [26] 

87 390 140 190 3 20.7 24932 9.5 9.8 12960 1 42 17.23  16.77 [35] 

88 390 200 190 3 13.5 20135 10.0 5.0 8275 1 46.2 7.7 14.9 6.25 [31] 

89 397 194 192 3 17.8 23120 10.0 11.9 14751 0 49.6 13.6 3.1 19.32 [12] 

90 400 200 195 2 18.9 23824 10.0 7.6 10939 1 50.8 16.8 11.3 13.20 [28] 

91 390 200 190 3 13.5 20135 9.5 12.2 14998 0 40 13.48  13.03 [31] 

92 390 200 190 3 19.8 24384 9.5 5 8275 0 40 14.42  16.88 [31] 

93 390 190 190 3 23.2 26395 9.5 7.6 10939 1 44 20.49  15.63 [36] 

94 390 190 190 3 24.3 27014 10.0 9.2 12425 0 43.7 17.8 6.2 19.30 [18] 

95 219 194 194 2 23.3 26452 1.0 9.1 12335 0 48 20.5  25.93 [26] 

96 390 200 190 3 19.8 24384 9.5 5 8275 1 41 16.18  13.22 [31] 

97 390 190 190 4 25.3 27564 10.0 8.4 11694 1 46.2 19.6 3.0 15.87 [2] 

98 390 190 190 3 18.3 23443 9.5 11.7 14585 1 48 17.35  15.28 [16] 

99 390 140 190 3 35.5 32651 10.0 7.1 10454 1 42 23.6 10.0 22.48 [35] 

100 390 190 190 5 22.0 25703 10.0 6.6 9957 1 45 14.3 3.9 13.79 [20] 

101 390 190 190 3 18.3 23443 9.5 11.7 14585 1 48 16.31  15.45 [16] 

102 390 140 190 2 22.3 25878 10.0 5.7 9030 1 40.4 12.5  13.93 [21] 

103 390 140 190 2 20.5 24812 10.0 6.6 9957 1 38 15.2  13.14 [22] 

104 390 190 190 3 11.6 18664 9.5 7.6 10939 1 44 14.77  13.06 [36] 

105 397 194 194 3 24.2 26958 4.0 11.9 14751 1 48.4 18.63  20.19 [12] 

106 390 190 190 3 27.8 28894 9.5 10.6 13656 1 48 24.3  21.51 [40] 

107 390 190 190 3 27.8 28894 9.5 10.6 13656 1 48 23.7  21.51 [40] 

108 390 140 190 3 27.4 28685 9.5 5.6 8924 0 42 15.73  22.62 [9] 

109 390 190 190 3 26.4 28157 10.0 7.4 10747 1 40 14.9 7 15.09 [11] 

110 390 190 190 4 25.5 27673 10.0 8.4 11694 1 46.2 18.8 4.8 16.85 [2] 

111 390 200 190 3 19.8 24384 10.0 12.2 14998 1 46.2 12.6 13.6 16.40 [31] 

112 390 200 190 3 17.6 22990 10.0 12.2 14998 1 46.2 10.5 9.4 14.92 [31] 

113 400 197 197 6 45.8 37086 10.0 11.1 14082 0 37 26.53  30.55 [33] 

114 390 140 190 3 24.1 26902 9.5 7.4 10747 0 42 17.89  18.90 [35] 

115 390 190 190 3 15.0 21224 10.0 12.4 15161 1 40 10.3 12.6 11.74 [30] 

116 390 140 190 2 22.3 25878 10.0 5.7 9030 0 40.4 12.3  18.90 [21] 

117 390 190 190 3 25.8 27835 10.0 7.8 11131 1 40 21.6 10.0 17.34 [11] 

118 390 190 190 4 21.5 25410 9.7 8.4 11694 1 46.2 15.5  16.28 [2] 

119 390 190 190 3 37.4 33513 9.5 7.8 11131 1 48.3 26.31  24.19 [24] 

120 390 190 189 3 14.2 20650 10.0 9.2 12425 0 43.7 17.8 6.2 15.49 [19] 
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Nr. 

CMU Mortar Prism FEM 

Pred 

(MPa) 

Ref. lcu 

(mm) 

tcu 

(mm) 

hcu 

(mm) 
n 

fcu 

(MPa) 

Ecu 

(MPa) 

hmr 

(mm) 

fmr 

(MPa) 

Emr 

(MPa) 

Full:0 

FS:1 

Void 

(%) 

f’m 

(MPa) 

COV 

(%) 

121 390 190 190 4 21.5 25410 10 8.4 11694 1 46.2 15.5 6.4 16.54 [2] 

122 219 194 194 2 23.3 26452 1.0 6.7 10058 0 48 17.2  18.41 [26] 

123 390 200 190 3 19.8 24384 9.5 12.2 14998 0 40 18.41  16.25 [31] 

124 390 190 190 2 13.9 20431 209.0 10.5 13570 0 44 11.74  12.75 [27] 

125 390 140 190 2 22.3 25878 10.0 5.7 9030 1 40.4 12.5  13.93 [21] 

126 219 194 194 2 28.3 29152 1.0 9.1 12335 0 48 23.5  27.18 [26] 

127 219 194 194 2 31.1 30561 1.0 9.1 12335 0 48 23.8  27.15 [26] 

128 390 200 190 3 10.9 18092 10.0 5.0 8275 0 41.5 7.2 10.4 8.13 [31] 

129 390 190 190 3 20 24507 9.5 9.2 12425 0 43.7 17.8  20.67 [18] 

130 390 140 190 3 21.4 25351 10.0 6.6 9957 1 44 14.3 3.0 13.33 [20] 

131 390 140 190 3 22.8 26167 10.0 9.4 12605 0 53.2 10.2 1.9 15.90 [1] 

132 397 140 188 3 21.4 25351 10.0 6.6 9957 0 44 14.3  18.77 [20] 

133 390 140 190 3 20.7 24932 10.0 9.8 12960 1 42 17.2 10.0 16.93 [35] 

134 390 190 190 3 11.6 18664 9.5 7.6 10939 1 44 16.57  15.02 [36] 

135 390 190 190 3 20 24507 14.0 9.2 12425 0 43.7 17.8  19.67 [19] 

136 390 190 190 3 22.0 25703 10.0 6.6 9957 1 45 14.5 5.4 14.76 [20] 

137 390 200 190 3 13.5 20135 10.0 12.2 14998 0 41.5 9.1 10.7 12.29 [31] 

138 390 200 190 3 17.6 22990 9.5 12.3 15080 0 40 16.9  20.84 [31] 

139 390 190 190 2 21.5 25410 18.0 8.4 11694 1 46.2 16.1  16.96 [2] 

140 390 140 190 4 21.4 25351 10.0 6.6 9957 1 44 13.9 4.3 12.37 [20] 

141 390 190 190 2 25.3 27564 10.0 8.4 11694 1 46.2 21.1 3.7 16.49 [2] 

142 390 140 190 3 18.6 23634 10.0 7.7 11035 0 53.2 10.0 3.7 9.00 [1] 

143 390 140 190 3 18.2 23378 9.5 8.63 11907 0 42 14.82  19.01 [25] 

144 397 194 194 2 22 25703 10.0 6.6 9957 0 45 12.6  19.30 [20] 

145 390 190 190 2 25.5 27673 18.0 8.4 11694 1 46.2 23.2  19.09 [2] 

146 390 190 190 3 27.8 28894 10.0 10.6 13656 1 48 23.8 4.0 21.93 [40] 

147 397 194 192 3 17.8 23120 10.0 11.9 14751 1 49.6 10.3 4.2 15.02 [12] 

148 390 200 190 3 17.6 22990 9.5 5 8275 1 41 13.4  11.67 [31] 

149 390 190 190 5 27.8 28894 10.0 10.6 13656 1 48 22.2  20.31 [40] 

150 390 200 190 3 17.6 22990 9.5 12.2 14998 1 41 14.33  12.98 [31] 

151 390 190 190 4 25.5 27673 9.7 8.4 11694 1 46.2 18.8  18.84 [2] 

152 390 190 190 3 27.8 28894 10.0 10.6 13656 1 48 24.4 2.0 21.93 [40] 

153 390 140 190 3 33.5 31718 9.5 7.8 11131 0 42 22.04  20.46 [35] 

154 397 194 192 3 24.2 26958 10.0 11.9 14751 1 48.4 13.7 4.9 19.23 [12] 

155 390 200 190 3 17.6 22990 10 5.0 8275 0 41.5 10.1 11.4 13.06 [31] 

156 219 194 194 2 14.1 20577 1.0 9.1 12335 0 48 17  15.78 [26] 

157 400 200 200 2 18.9 23824 0.0 7.6 10939 1 50.8 16.8  13.20 [28] 

158 390 190 190 3 27.8 28894 10.0 10.6 13656 1 48 23.7 10.0 21.93 [40] 

159 390 190 190 5 27.8 28894 10.0 10.6 13656 1 48 22.2 10.0 20.31 [40] 

160 219 194 194 2 14.1 20577 1.0 10.8 13827 0 48 14.7  15.84 [26] 

161 390 190 190 3 18.3 23443 9.5 11.7 14585 1 48 17.88  15.28 [16] 
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APPENDIX B – AUTOMATIC PRISM GENERATOR INSTRUCTION 

Procedures to construct multiple prisms (contact the author to request the files): 

1. Save the attached 7 files including 4 .py files, two .txt files and one .xlxs file in one same 

folder. 

2. Open each of the .py files using NotePad (or whatever software prefered) and change 

file_path to the folder path where all the files are saved.  

3. Also change the text saving path in "Compression_Hardening_Generation.py" to the folder 

path where all the files are saved. 

4. Open "Input_Variables_Defination.xlsx" file, input all the parameters following the 

headers provided. Each row represents a single model. 

5. After done with all the input, copy all the input data (do not copy the headers) to 

"Input_Variables.txt" file. Select all the existing content and replace them. 

6. Save and close "Input_Variables.txt" file. The file can also be left opened but save it after 

all the data is pasted. 

7. Then, generate the compression hardening curves for both unit and mortar. Open 

"Compression_Hardening_Generation.py" file in whatever python environment preferred, 

run it and 4 text files under the same path as before: "CDP_PE.txt", "CDP_PE_m.txt", 

"CDP_PS.txt", "CDP_PS_m.txt" should be generated.  

8. Open Abaqus and click on "run script" tab, go to the path where all the files are saved and 

run "Prism_Generation.py" file. 

9. Abaqus should be able to generate all the models defined and the related jobs. 
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10. Check all the models, go run "Submit_Jobs.py" file also using "run script" if everything 

went as expected. All the jobs will be submitted and run one by one till finished (maybe 

overnight or longer). 

11. Once all the models are finished running, run the "Strain_Stress_Extraction.py" scripts. 

These scripts create Excel files in the "temp" folder.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 


