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ABSTRACT 

The façade, as the envelope of a building, provides essential functions such as structural 

resistance against wind loading, thermal insulation and weather independence. The aluminium-

glass curtain wall façade system has become a popular alternative for high-rise buildings due 

to its aesthetic appeal and efficient unitised installation. In a unitised glass curtain wall façade 

system, the vertical structural frame, named mullion, is the dominate wind load-bearing 

element but the critical thermal bridging element. Extruded aluminium mullions have been 

popularly used due to their high strength to weight ratios, high corrosion resistance and 

extrudability to allow the façade frames light, durable and flexibly unitised. However, the 

aluminium mullions might not be so good as some mullions in other aspects, e.g., in thermal 

performance, aesthetics and sustainability. To address these issues, several attempts to improve 

their performance, including introducing thermal breaks or structural timber, and hiding the 

exposed aluminium extrusions, were proposed and evaluated in recent decades. However, none 

of them could solve all the drawbacks of aluminium mullions. This thesis proposes an 

innovative aluminium-timber composite mullion, which is durable, unitised, structurally sound, 

energy-efficient, aesthetically pleasing and sustainable, and aims at its structural and thermal 

behaviours. 

 

In the structural investigation, three series of experimental tests were firstly conducted to 

investigate and evaluate the structural behaviour of the novel composite mullions: material 

property tests, connection tests, and four-point bending tests. Material property tests were done 

to obtain the mechanical properties of aluminium and timber used in the novel composite 

mullions. Four types of aluminium-timber connections were subjected to shear loading in the 

connection tests. The results showed that the proposed adhesive bond formed the optimum 

connection between aluminium and timber. After determining the connection type, a series of 

four-point bending tests were conducted using a back-to-back restrained test set-up under both 

positive and negative loading cases. Furthermore, the traditional aluminium mullions were also 

tested for comparison. The aluminium mullions failed in local buckling under negative loading, 

while the composite mullions failed due to plywood compressive yielding and aluminium 

flange local buckling. Moreover, distortional buckling was observed during aluminium mullion 

tests subjected to positive loading, while the composite mullions failed due to parallel to the 
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grain tensile failure in the plywood flanges. It was found that the composite mullion had greater 

structural performance subjected to bending.  

 

Then, a numerical study using finite element models was conducted to further investigate the 

bending behaviour of the composite mullion based on the experimental results. Two types of 

finite element models, experimental models and ideal models, were used and validated with 

the experimental tests. Parametric studies were also performed using validated ideal models to 

develop the design rules of the composite mullions. The finite element analysis results were 

then compared with two current design methods: limiting stress method (LSM) and total 

moment capacity approach (TMCA). It was found that the LSM was too conservative and that 

the TMCA was only accurate under positive loading with a mean ratio of 1.07 and a COV of 

3% for male mullions, 1.09 and 3% for female mullions. Hence, this thesis proposes a modified 

TMCA using an elastic-plastic approach under negative loading to improve its accuracy. The 

modified TMCA to predict the negative loading case reached an adequate accuracy with a mean 

ratio of 0.99 and a COV of 3% for male mullions, and a mean ratio of 1.00 and a COV of 3% 

for female mullions. 

 

This thesis also evaluates and compares the thermal performance of this novel composite 

mullion with several current aluminium mullions. It showed that the composite mullion had a 

much greater thermal performance than the traditional mullion with an improvement of 52%, 

though it was less energy-efficient than thermally broken aluminium mullion. Furthermore, it 

was found that the thermal conductance of the composite mullion could be further reduced by 

four proposed energy-efficient strategies. The optimal combination could reach a reduction of 

69% compared with the initial design of the innovative composite mullion. Moreover, a generic 

study was also performed to investigate the influence of various parameters on the thermal 

conductance of the composite mullions. The results and evaluation are detailed in this thesis.  
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1. INTRODUCTION 

1.1. Background 

The façade, as the exterior cladding of a building, is an essential form and it is widely used in 

residential, industrial and commercial buildings to provide the functions of waterproofing, 

thermal isolation, light transparency and structural independency against environment actions. 

The façade can be constructed from different materials, for example, bricks, concrete walls, 

concrete blocks, curtain glass walls, etc. The curtain glass wall tends to be a popular choice for 

residential and commercial buildings due to its aesthetic appeal as shown in Figure 1.1.  

 

Figure 1.1 Glass curtain wall façade systems, Q1 Tower, Gold Coast 

 

In a typical curtain glass façade system, one essential element is the transparent glazing unit, 

which provides solar gain, natural sunlight, wind resistance and a wide view inside a building. 

Another essential form is its framing system to stabilise the glazing units and to transfer the 

wind actions from glazing units to the main frame of a building. The framing systems do not 

carry any vertical loading from buildings and are usually comprised of vertical members, 

mullions, and horizontal members, transoms, where mullions are the dominant load-bearing 
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structural members and transoms provide restraints against the twisting of the mullions, as 

shown in Figure 1.2. Against wind actions, the mullions are mainly subjected to bending. In 

façade engineering, the wind loading toward buildings is positive loading, while the wind 

loading away from buildings is negative loading as shown in Figure 1.3. 

 

Figure 1.2 Mullions and transoms 

(From G.James Glass & Aluminium, https://www.gjames.com/aluminium-products) 

 

 

Figure 1.3 Negative loading and positive loading on curtain wall frames 

 

Since the world first metal façade frame building, Oriel Chambers, was built in 1864, the 

majority of mullions were made of steel for several decades. Extruded aluminium façade 

frames have been widely used since the 1970s due to their higher strength to weight ratios and 

Negative loading Positive loading 

Mullion couple Mullion couple 

Glass panels Glass panels 

Inside building 

Outside building 

Mullion 

Transom 

Wind actions 
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higher corrosion resistance rather than steel façade frames. In recent decades, façade 

engineering industry developed unitized façade systems for efficient on-site installation. The 

aluminium frames and glazing units are firstly fabricated and pre-assembled as unitized panels 

in factories. Then these panels are shipped to construction sites and erected to high storeys as 

shown in Figure 1.4. Finally, their cross-sectional geometries allow them to be interlocked 

through a coupling mechanism without any bolts and screws between mullion couples, referred 

to as male and female mullions, which can significantly reduce labour cost and time. 

 

 

Figure 1.4 Curtain wall installation using a crane 

(From G.James Glass & aluminium, https://www.gjames.com/aluminium-products) 

 

Besides the beforementioned advantages of a high strength to weight ratio and high corrosion 

resistance, aluminium has another superior character in curtain glass façade walls - 

extrudability. Extruded aluminium products can be designed into any continuous complex 

cross-sectional profile by the following steps: They are firstly heated under approximately 

900 °C and become soft but not melt. Then they are extruded into cast steel dies with designed 

cross-sectional holes and stretched at their two ends. Finally, they are stored in special 

containers for cooling. With this manufacturing process, the extruded aluminium products can 

remain their continuity and strength.  
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1.2. Issues of traditional aluminium mullions 

Despite these benefits, conventional aluminium mullions used in façade walls have several 

drawbacks. The first drawback is its thermal conductivity, which could make the façade walls 

much less energy efficient. The energy used in heating and cooling in worldwide buildings 

cannot be negligible: The International Energy Agency (2014) reported that space heating and 

cooling contributes over one-third of total energy consumption in buildings worldwide and 

even 50% of building energy consumption in cold climate countries. Overall, the energy 

consumed in buildings accounts for over one-third of global energy consumption. Aluminium 

alloy [160 watts per meter Kelvin, W/(m∙K)] has much greater thermal conductivity than other 

popular façade materials, such as glass [1.0 W/(m∙K)], steel [50 W/(m∙K)] and timber [0.18 

W/(m∙K)]. In doors and windows, manufacturers and building designers are more likely to 

partially or even fully replace aluminium by timber or polyvinyl chloride (PVC) under energy-

efficient consideration, as frames are crucial thermal members due to thermal bridging effect. 

However, since aluminium-glass curtain walls, particularly for high-rise buildings, are 

subjected to much greater wind actions than windows and doors, such replacement is not easy 

to be achieved. Hence, the building and construction industry is facing a dilemma in terms of 

durability and energy efficiency.  

 

In addition to energy efficiency, another two drawbacks of aluminium are less sustainability 

and aesthetics. Modern façade frame may be expected to be more sustainable and aesthetically 

pleasing. However, aluminium is still not a renewable material although it has been recycled 

for decades, the production of aluminium has much environmental impact such as more 

emission of carbon dioxides (Buchanan and Honey, 1994), and it might detract from the visual 

beauty inside the buildings, while some other building materials such as timber offer an 

aesthetically pleasing and psychologically comfortable indoor environment (Rowlinson, 2017). 

 

It can be summarised that in the glass façade wall, aluminium is a suitable material for its 

frames due to extrudability, high corrosion resistance and high strength to weight ratio, 

however, weak in thermal performance, sustainability and aesthetics. Therefore, there is a need 

to develop a new solution for further improvement based on current aluminium mullions. 
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1.3. Development and issues of current aluminium and composite mullions 

There have been some solutions attempting to address one or more beforementioned drawbacks 

as shown in Figure 1.5. Table 1.1 summarises their advantages and disadvantages. They are 

described next. 

 

Figure 1.5(a) presents the traditional unitised double-glazing aluminium mullion. The 

composite mullion as shown in Figure 1.5(b) is the thermally broken composite mullion. 

Thermal breaks are widely used in window and door frames in cold climate regions, such as 

North America and Europe. They are usually made of low heat-conductive materials; for 

example, polyamide (nylon), polyamide with glass fibres, polyethylene, polypropylene, 

polyurethane, etc. The aluminium extrusions are separated by thermal breaks to impede the 

heat flux between exterior and interior thermal boundaries. Some investigation on window 

framing systems showed that the thermal breaks significantly reduced the thermal conductance 

(U-value) of the frames (Appelfeld et al. 2010, Gustavsen et al. 2011, Van Den Bossche et al. 

2015). To improve its aesthetics, the thermal barrier composite mullion (Figure 1.5 (c)) was 

proposed, where architectural timber is glued on the interior aluminium extrusion. However, 

the thermally broken composite mullions are less sustainable and not economically efficient. 

Moreover, the bending capacity of the thermally broken aluminium mullion is lower than the 

traditional aluminium mullion, as only interior aluminium extrusion finally provides the 

bending resistance due to the failure of the connection between thermal break and aluminium 

extrusions (Huang, 2014), and the thermal break is much softer compared to aluminium and 

hence negligible in structural designs (AAMA, 2008).  

 

   

(a) (b) 
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Figure 1.5 Currently available mullions, shown for (a) traditional aluminium mullion, (b) 

thermally broken aluminium mullion, (c) thermally broken aluminium mullion with 

architectural timber, (d) sawn timber composite mullion 

 

Table 1.1 The performance of the current and proposed façade systems 

Curtain wall features 

The current façade systems Proposed 

Fig. 

1.5(a) 

Fig. 

1.5(b) 

Fig. 

1.5(c) 

Fig. 

1.5(d) 
Fig. 1.6 

Effective installation ✓ ✓ ✓  ✓ 

Durability against weather actions ✓ ✓ ✓ ✓ ✓ 

Energy efficiency  ✓ ✓ ✓ ✓ 

Aesthetically pleasing internally   ✓ ✓ ✓ 

Economic efficiency ✓   ✓ ✓ 

Sustainability    ✓ ✓ 

 

The composite mullion made of sawn timber and aluminium, as shown in Figure 1.5(d), is 

another novel composite solution. This composite mullion combines aluminium and timber to 

obtain the better of the two materials. The interior thermal boundary is fully covered by low 

heat conductive material, i.e. timber, to reduce the U-value of the mullion, and the use of timber 

enhances its aesthetic appeal and sustainability. However, its major issue is that there is no 

beforementioned coupling mechanism for efficient on-site installation and that the 

investigation done on aluminium-timber composite mullions is rather scarce. Hence, this 

composite design is limited to windows, doors and small curtain walls. 

 

(c) (d) 
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1.4. Research objectives 

As mentioned in Chapter 1.3, no beforementioned composite mullions achieve all of the 

expected curtain wall features (i.e. coupling mechanism, energy efficiency, aesthetics and 

sustainability). Hence, there is a need to develop an innovative mullion which is structurally 

sound, durable, energy-efficient, aesthetically pleasing and sustainable, while having the 

coupling mechanism for effective installation in a wide range of curtain wall and window wall 

applications. This thesis presents and investigates a new composite mullion made of aluminium 

and structural plywood as shown in Figure 1.6, which covers all these curtain wall features, 

however, is required to be investigated to gain the understanding of its structural and thermal 

behaviour.  

 

The objectives of this PhD project are summarised as below: 

The first part of the thesis aims: 

• To investigate the optimum connection between aluminium and timber for the newly 

developed composite mullion, 

• To investigate the structural behaviour of the newly developed composite mullion, 

• To compare the section moment capacity and ductility of the composite mullion with 

the traditional aluminium mullion. 

The second part of the thesis aims: 

• To establish finite element models of the composite mullions, 

• To investigate its structural behaviour and section moment capacity with respect to 

several parameters, 

• To propose a proper design rule to predict the section moment capacity of the composite 

mullion. 

The third part of the thesis aims: 

• To compare the U-values of the newly developed composite mullion with current 

traditional aluminium and other composite mullions, 

• To propose more energy efficient strategies and to thermally optimise this novel 

composite mullion. 
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Figure 1.6 Proposed aluminium-timber composite mullion 

 

1.5. Research methodology 

The objectives of this PhD research are achieved as follows: 

• To understand the newly developed composite mullion, three series of experimental 

tests were conducted: material property tests of aluminium and timber, connection tests 

between aluminium and timber, and four-point bending tests under both positive and 

negative loading cases.  

• To extend the database on the investigation of the composite mullion, finite element 

analysis (FEA) was developed based on the data from the experimental investigation 
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using two types of numerical models: experimental models and ideal models. The 

former ones were developed to simulate the composite mullion under the actual 

experimental conditions, while the later ones provide an idealised loading and boundary 

condition subjected to uniformed bending moment.  

• The ideal models were then developed for parametric studies to further gain the 

understanding of its bending behaviour with respect to several parameters. Finally, the 

results from the parametric studies were used to develop the design rule to predict the 

section moment capacity of the novel composite mullions. 

• Thermal finite element models were developed to quantify the reduction percentage of 

the new composite mullion compared with the traditional aluminium mullion, to 

compare it with other energy efficient mullion design, to evaluate their advantages and 

disadvantages, and to propose further optimised strategies. Finally, a comprehensive 

parametric study was conducted to provide a broader understanding on how to 

efficiently minimise the U-value of the novel composite mullion. 

 

1.6. Thesis outline 

This thesis is outlined as follows: 

• Chapter 1 presents the introduction of this thesis including the background, research 

problems, research objectives and research methodologies. 

• Chapter 2 presents the literature reviews of previous investigation on the bending 

behaviours of thin-walled structures, the current design rules of aluminium sections, 

the timber bending behaviour, and the thermal modelling of window frames and façade 

frames. 

• Chapter 3 presents the experimental investigation on the connection between two 

materials, the bending behaviours of the newly developed composite mullion and a 

comparison of composite mullions with aluminium mullions. 

• Chapter 4 presents the numerical investigation on the composite mullion using 

validated experimental and ideal models, and the design rule development of the 

composite mullions. 
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• Chapter 5 presents the thermal modelling of the composite mullion, a comparison of 

the new composite mullions with other mullions, and an optimisation investigation of 

the composite mullion. 

• Chapter 6 concludes the thesis findings and provides the recommendations for future 

studies.  
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2. LITERATURE REVIEW 

2.1. Experimental studies on bending behaviours of thin-walled structural 

members 

Mullions in façade walls are usually complex-shaped thin-walled asymmetric aluminium 

extrusions. To investigate section moment capacities, a four-point bending test set-up was often 

used, where the bending moment was constant between two loading points.  

 

2.1.1. Cold-formed steel members 

Cold-formed C and Z sections were tested subjected to four-point bending in pairs (Yu and 

Schafer, 2003). The section pairs were back-to-back bolted and restrained. Angles were 

restrained on the tension flanges, while a fastened panel was restrained on the critical 

compression flanges.  

 

Anapayan et al. (2011) performed two series of tests including 20 tests to investigate the section 

moment capacity of LiteSteel beams (or Rectangular Hollow Flange Channel Beam, RHFCB). 

In their test set-up, as shown in Figure 2.1, four T-shaped plates were bolted at loading points 

and supports of the back-to-back beams with rollers and roller bearings. Lateral restraints were 

placed at the sides of the top flanges. Three transducers were placed to record the displacement 

of the mid-span and two loading points. Their preliminary tests indicated that shear buckling 

might occur when the distance between load point and support “a” was too small. Therefore, 

“a” should be equal to or greater than the distance between two loading points “b”. All the 

specimens failed by local buckling on the top flanges.  
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Square hollow aluminium sections were also tested subjected to four-point bending as shown 

in Figure 2.3 (Zhu and Young, 2009). Similarly, the square hollow aluminium sections were 

reinforced at loading points and supports to prevent web crippling and local crashing. The 

specimens were failed in either local buckling or material yielding. 

 

 

Figure 2.3 four-point bending test set-up on SHS (Zhu and Young, 2008) 

 

Square hollow sections and rectangular hollow sections were also experimentally investigated 

(Su et al., 2014). Both three-point and four-point bending were considered and applied in the 

experimental tests. The normal strength aluminium specimens, the ratio of the section moment 

capacities under three-point bending to four-point bending ranged between 1.12 to 1.41. The 

spread of plasticity and inelastic local buckling was observed for most of the specimens, except 

for a few of them failed in tensile material fracture at mid-span. Similar investigation on these 

sections but with internal stiffeners was also performed (Su et al., 2016). 

 

2.1.3. Aluminium mullions 

Wang (2006) experimentally investigated the structural behaviour of two E-shaped aluminium 

mullions with a coupling mechanism. To ensure the whole test specimens stable, these two 

mullions were assembled subjected to four-point bending as shown in Figure 2.4. Timber 

stiffening blocks were inserted into the mullion coupling to prevent web crippling at the loading 

points and supports. The failure of the experimental tests was defined as the mullion unable to 

support additional load. Massive local buckling in the constant bending region was observed.  
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Figure 2.4 Four-point bending test set-up on E-shaped aluminium mullion (Wang, 2006) 

 

Kesawan et al. (2018) conducted 30 tests (15 mullions) on complex-shaped mullions to 

investigate their section moment capacities. Since the façade walls are subjected to positive 

and negative loading, the experimental tests considered both loading cases. Further, among 

these 15 mullions, eleven of them were captive aluminium mullions (traditional mullions), 

while four of them were structural glazing aluminium mullions. Due to its asymmetric 

geometry, a back-to-back restrained four-point bending test set-up was used to test aluminium 

mullions as shown in Figure 2.5. Steel brackets were used on the top and bottom flanges to 

prevent their lateral displacement. Local buckling on the top flanges could be observed in all 

experimental tests under negative loading and some tests under positive loading, while the 

other test specimens under positive loading were failed in distortional buckling. 

 

 

Figure 2.5 Four-point bending test set-up on aluminium mullion (Kesanwan et al., 2018) 
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2.2. Numerical studies on bending behaviours of thin-walled structural 

members 

2.2.1. Cold-formed steel members 

A few numerical investigations on the section moment capacities of cold-formed steel 

structural members were conducted using two types of models, named ideal models and 

experimental models. The ideal models were simulated by providing an idealised loading and 

boundary conditions, as shown in Figure 2.6 (a), where the bending moment along the members 

was constant. The experimental models were developed by simulating the real loading and 

boundary conditions as close as possible with that during the experimental tests (i.e. the four-

point bending tests), as shown in Figure 2.6 (b).  

 

 

(a) 

 

(b) 

Figure 2.6 Loading and bending moment diagram, shown for (a) ideal condition, (b) 

experimental condition 
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Anapayan (2010) numerically investigated the flexural behaviour of LiteSteel beams. Ideal 

models were developed to understand the typical buckling modes and to compare the elastic 

buckling moment with the results from other methods and equations, and experimental models 

to compare with experimental test results for validation. The loading and boundary conditions 

using single point constraints (SPC) are presented in Figure 2.7, where “1”, “2” and “3” 

represent the translations along x, y and z axes and “4”, “5” and “6” represent the rotations 

about x, y and z axes, respectively. 

 

(a) 

 

(b) 

Figure 2.7 Boundary conditions of the finite element model of LSB, shown for (a) ideal 

model, (b) experimental model (Anapayan, 2010) 
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Siahaan et al. (2018) developed the numerical models of rivet fastened RHFCBs based on the 

beforementioned experimental study using experimental models only. The loading and 

boundary conditions of the experimental models were similar to the ones Anapayan (2010) 

conducted. Differently, lateral restraints provided by angle straps in the experimental tests were 

modelled on top and bottom sides of flanges. The validation was conducted by the comparison 

of ultimate moment capacities with experimental results, and the results showed a good 

agreement.  

 

2.2.2. Aluminium alloy members 

Kim and Pekoz (2003) also presented the finite element analysis based on the experimental 

study of the doubly symmetric aluminium alloy members. The loading and boundary 

conditions were similar to the experimental test set-up. Both shell element and solid element 

were considered and used. Good agreements could be seen in (1) the load factor versus 

displacement curves obtained from the experimental tests and finite element simulations and 

(2) the deformed shape from experimental specimens and finite element models. 

 

Zhu and Young (2008) performed numerical simulation on the square hollow sections 

subjected to four-point bending. The plastic material properties or plasticity was calculated 

based on the measured material properties. In finite element software, ABAQUS, it is defined 

as the incremental plasticity, where the true stresses σture and true strains εture should be used 

instead of the engineering stresses σeng and strains εeng directly obtained from tensile coupon 

tests. The relations between engineering values and true values are presented as following 

equations, where E is the Modulus of Elasticity (MOE). 10 × 10 mm S4R shell elements were 

selected from a convergence study. The ultimate moments in finite element analysis showed 

good agreement with the experimental results. Further, the failure modes and moment-

curvature curves of finite element analysis followed closely to the experimental results. 

𝜎𝑡𝑢𝑟𝑒 = 𝜎𝑒𝑛𝑔(1 + 𝜀𝑒𝑛𝑔) (2.1a) 

𝜀𝑡𝑢𝑟𝑒 = 𝑙𝑛(1 + 𝜀𝑒𝑛𝑔) − 𝜎𝑡𝑢𝑟𝑒/𝐸 (2.1b) 
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Numerical studies were also conducted parallelly to the experimental studies on the square 

hollow sections and rectangular hollow sections (Su et al., 2014). Similarly, 10 × 10 mm S4R 

shell elements were employed in the numerical models and true stress-strain curves were 

derived as the input data used in ABAQUS. Similar numerical studies were also performed on 

the aluminium sections with internal stiffeners (Su et al., 2016). 

 

2.3. Design rules for aluminium alloy members 

2.3.1. AS/NZS 1664 (1997) 

Limit stress method (LSM) is used to determine the moment capacity in AS/NZS 1664 (1997). 

The section moment capacity, Ms, is given by the following equation, 

𝑀𝐿𝑆𝑀 = 𝛷𝑦𝐹𝐿𝑆 (2.2) 

Where Φy is the general yield capacity factor, 0.95, FL is the limit state stress and S is the 

section modulus of the cross-section. 

 

However, the factored limit state stresses of all elements in the beams are different and hence 

required to be calculated. For the compressive element, for example, supported along one edge, 

the factored limit state stress, ΦyFL, is defined by the following equations, where BP, DP and CP 

are the buckling constants (intercept, slope and intersection, respectively) and explicitly 

defined for different types of members in Table 3.3 (C) of AS/NZS 1664 (1997), Fcy is the 

compressive yield stress, Φb is the capacity factor of beams or elements of beams, 0.85, and k1 

and k2 are 0.5 and 2.04, respectively. 

For yielding, where λ < S1; 𝛷𝑦𝐹𝐿 = 𝛷𝑦𝐹𝑐𝑦 (2.3a) 

For inelastic buckling, where S1 < λ < S2; 𝛷𝑦𝐹𝐿 = 𝛷𝑏 [𝐵𝑃 − 5.1𝐷𝑃 (
𝑏

𝑡
)] (2.3b) 

For post buckling, where λ > S2; 𝛷𝑦𝐹𝐿 =
𝛷𝑏𝑘2√𝐵𝑃𝐸

5.1𝑏/𝑡
 (2.3c) 
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Where, 

the slenderness 𝜆 =
𝑏

𝑡
 (2.4a) 

slenderness limit 𝑆1 =
𝐵𝑃 − 𝛷𝑦𝐹𝑐𝑦/𝛷𝑏

5.1𝐷𝑃
 (2.4b) 

slenderness limit 𝑆2 =
𝑘1𝐵𝑃
5.1𝐷𝑃

 (2.4c) 

 

For the tensile element, the factored limit state stress, ΦyFL, is defined by the following 

equation, 

𝛷𝑦𝐹𝐿 = 𝛷𝑦𝐹𝑡𝑦 or 𝛷𝑢𝐹𝑡𝑢/𝑘𝑡 (2.5) 

Where Fty is the tensile yield stress, Ftu is the tensile ultimate stress and kt is a coefficient 

defined in Table 3.4 (B) of AS/NZS 1664 (1997). 

 

After determining all factored limit stresses, the section moment capacity then shall be derived 

as, 

𝑀𝑠 = min (𝑓1, 𝑓2, 𝑓3, … )𝑆 (2.6) 

Where f1 is the factored limit stress, ΦyFL, of Element 1. 

 

2.3.2. Eurocode 9 (2007) 

According to Eurocode 9 (2007), the design value of the bending moment Med at each element 

shall be less than the design resistance for bending about one principal axis MRd, which is 

determined as the lesser of Mu,Rd and Mo,Rd,  

𝑀𝑢,𝑅𝑑 = 𝑆𝑓𝑢/𝛾𝑀2 (2.7) 

𝑀𝑜,𝑅𝑑 = 𝛼𝑆𝑓𝑦/𝛾𝑀1 (2.8) 
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Where S is the section modulus of the whole cross-section, α is the shape factor, γm2 and γm1 

are partial factor for resistance given in Section 6 of Eurocode 9 (2007). 

 

For current thin-walled aluminium members, the local buckling will occur before the 

attainment of yield stress in one or more parts of the cross-section (Class 4 cross-section in 

Eurocode 9 (2007)). Therefore, the shape factor α is equal to the ratio of effective gross section 

modulus Seff to gross section modulus S. Seff can result in an iteration procedure. Details can be 

found in Section 6 of Eurocode 9 (2007). 

 

2.3.3. Aluminium Association Design Manual (ADM, 2010 and ADM, 2015) 

Aluminium Association Design Manual (ADM) 2010 has the same design method with 

AS/NZS 1664 (1997). However, the latest version, ADM (2015) updates new design methods. 

Despite a few slight differences on the constants, ADM (2015) still provides the 

beforementioned limiting state method.  

 

Another design method is the direct strength method (DSM), which recently is increasingly 

popular in developing design rules of complex-shaped thin-walled structural members. Its 

applicability was investigated on various cold-formed steel and aluminium members (Yu, and 

Schafer, 2003, Schafer, 2008, Zhu and Young, 2009, Siahaan et al., 2018). In ADM (2015), 

the section moment capacity can be determined using DSM by the following equations, 

 

𝑀𝐷𝑆𝑀 = 𝐹𝐵𝑆𝑥𝑐 (2.9) 

For 𝜆𝑒𝑞 ≤ 𝜆1  

𝐹𝐵 =
𝑀𝑛𝑝

𝑆𝑥𝑐
 (2.10a) 

For 𝜆1 < 𝜆𝑒𝑞 < 𝜆2  
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𝐹𝐵 =
𝑀𝑛𝑝

𝑆𝑥𝑐
− (

𝑀𝑛𝑝

𝑆𝑥𝑐
−
𝜋2𝐸

𝐶𝑃
2)(

𝜆𝑒𝑞 − 𝜆1

𝐶𝑃 − 𝜆1
) (2.10b) 

For 𝜆𝑒𝑞 ≥ 𝜆2  

𝐹𝐵 =
𝑘2√𝐵𝑃𝐸

𝜆𝑒𝑞
 (2.10c) 

  

𝜆1 =
𝐵𝑃 − 𝐹𝑐𝑦

𝐷𝑃
 , 𝜆2 = 𝐶𝑃  , 𝜆𝑒𝑞 = 𝜋√

𝐸

𝐹𝑒
  

    

Where λeq is the equivalent numerical slenderness, fe is the elastic local buckling stress of the 

cross section determined by analysis, such as CUFSM software, and Sxc is the elastic section 

modulus about the compression side of the X-axis. 

Mup is nominal moment capacity determined by the following equation, where Z is the plastic 

modulus of the section. 

𝑀𝑛𝑝 = 𝐹𝑐𝑦min (1.5𝑆𝑥𝑐, 𝑍) (2.11) 

 

2.3.4. Kim and Pekoz’s methods 

Kim and Pekoz (2003) investigated, evaluated, and developed design methods on symmetric 

aluminium members in bending based on the beforementioned experimental and numerical 

studies. Three evaluation approaches were considered and investigated, referred to as (1) 

Minimum Moment Capacity Approach, MMCA, (2) Weighted Average Stress Approach, 

WASA, and (3) Total Moment Capacity Approach, TMCA. The first approach is presented 

and discussed in AS/NZS 1664 (1997) and ADM (2010, 2015), where the section moment 

capacity is calculated by multiplying the minimum allowable stress (or the factored limit state 

stress) by the section modulus of the cross-section. 
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The WASA was firstly proposed and investigated by Jombock and Clark (1968) to determine 

crippling strength of aluminium sheet members as shown in the following equations, 

𝑀𝑢 = 𝑓𝑊𝑇𝑆 (2.12) 

𝑓𝑊𝑇 =
𝑓𝑓𝐴𝑓 +

1
3𝑓𝑤𝐴𝑤

𝐴𝑓 +
1
3𝐴𝑤

 (2.13) 

Where S is the section modulus = I/(h/2), Af and Aw are the cross-sectional areas of the web and 

single flange, and ff and fw are the allowable stresses of the flange and web. 

 

Kim and Pokoz (2003) then developed this approach by multiplying hc
2/2 on both the 

denominator and numerator in Eq. (2.13). Then the weighted average stress and section 

moment capacity can be determined using Eq. (2.14) and Eq. (2.15), respectively. However, it 

is evident from the calculation procedure that the WASA is limited to simple and symmetric 

cross-sections. 

𝑓𝑊𝑇 ≅
𝑀𝑓 +𝑀𝑤

𝐼𝑓 + 𝐼𝑤
(
ℎ𝑐
2
) =

𝑀𝑢

𝐼
(
ℎ𝑐
2
) (2.14) 

Hence, 

𝑀𝑢 = 𝑓𝑊𝑇𝑆 (
ℎ

ℎ𝑐
) (2.15) 

Where Mf, Mw and Mu are the section moment capacities of the flange, web and whole cross-

section respectively, and If, Iw and I are the moment of inertia about the neutral axis of the 

flange, web and whole cross-section, respectively.  

 

TMCA was also proposed and investigated as an alternative to calculate the section moment 

capacity. There are two TMCAs in their study, referred to as TMCA1 and TMCA2. Unlike the 

WASA, stresses were separately assigned to the flange and web in TMCA. The whole cross-

section is firstly divided by two components: web and flange, or two groups: web groups and 

flange groups if there is multiple flanges and webs in a complex-shaped cross-section. Then 

the limit state stress of the critical compressive element of each group is computed and used to 
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determine the stresses of other elements of each group based on the linear stress distribution 

diagram shown in Figure 2.8, where the left graph was the actual ultimate stress distribution 

and the right ones were the approximate calculation by TMCA. Afterwards, the section moment 

capacity of each element can be calculated by multiplying the calculated stress by its section 

modulus about neutral axis of the whole cross-section. Finally, the section moment capacities 

of all elements are added to determine the whole section moment capacity as shown in Eq. 

(2.16) as TMCA1.  

 

Figure 2.8 Linear approximations in TMCA1 and TMCA2 (Kim and Pekoz, 2003) 

 

𝑀𝑢 = 𝑓𝑤𝑆𝑤 + 𝑓𝑓1𝑆𝑓1 + 𝑓𝑓2𝑆𝑓2 +⋯ (2.16) 

Where fw, ff1 and ff2 are the allowable stress of the web, Flange 1, and Flange 2 respectively, 

and Sw, Sf1 and Sf2 are their corresponding section modulus about neutral axis of the whole 

cross-section. 

 

However, for asymmetric aluminium sections, the neutral axis is not located at the mid-depth 

or even far from the mid-depth. This may cause the calculated stress of the tensile flange based 

on the linear stress distribution diagram exceeding its yield limit. To address this issue, at the 

first step of the TMCA, the whole cross-section is divided into three groups: the compressive 

flange group, the tensile flange group, and the web group. Then the three critical stress of each 

group are calculated and the whole section moment capacity can be computed by following 
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TMCA1 design method. This approach is referred to as TMCA2, as shown in Eq. (2.17). And 

TCMA2 becomes TCMA1 when the section is symmetric due to the equal allowable stress of 

critical compressive and tensile stresses, or the section is relatively slender due to a less 

allowable compressive stress. 

𝑀𝑢 = 𝑓𝑤𝑆𝑤 + 𝑓𝑐𝑓1𝑆𝑡𝑓1 + 𝑓𝑡𝑓1𝑆𝑡𝑓1 +⋯ (2.17) 

Where fw, fcf1 and ftf1 are the allowable stress of the web, Compressive flange 1, and Tensile 

flange 1 respectively, and Sw, Scf1 and Stf1 are their corresponding section modulus about neutral 

axis of the whole cross-section. 

 

2.3.5. Kesawan et al.’s design rule investigation on aluminium mullions 

Due to the complexity of aluminium mullion shapes, the WASA and Eurocode 9 (2007) are 

not appliable. The former one is because most of aluminium mullions are not symmetric 

sections, while the later one involves iterative procedure which is difficult and impossible for 

complex-shaped aluminium mullions. Kesawan et al. (2018) conducted a comparison between 

the rest of design rules and the experimental results and evaluated their applicability in 

predicting section moment capacity of aluminium mullions: ADM (2015) including DSM and 

LSM, and TMCA2. The results showed that the mean and COV comparison ratios of 

experimental results to DSM, LSM and TMCA2 are 1.06 and 14%, 1.31 and 11%, and 1.20 

and 15%, respectively, which indicates that DSM predicted most accurately, while LSM least 

accurately and that all design methods were conservative compared with experimental results. 

 

2.4. Composite mullion development 

Aluminium is one of the preferred materials used in fenestration products. But for the reason 

of high thermal conductivity of aluminium, improved thermal performance for the framing 

members is important and hence many thermal barrier designs have been used. Figure 2.9 

depicts one of typical poured and debridged thermally broken aluminium extrusions (AAMA, 

2008). The initial aluminium mullion is a single continuous extruded aluminium section. Then, 

the thermoset material is poured into the semi-cavity of the extrusion. After its curing, the 

aluminium bridge is removed to break the heat flux between the exterior and interior extrusions. 
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But most part of the section is still aluminium. More information of thermally broken 

aluminium mullions can be found in AAMA (2008). 

 

Figure 2.9 Poured and debridged thermally broken aluminium mullion (AAMA, 2008) 

 

Huang (2014) investigated the thermally broken composite mullions as shown in Figure 2.10. 

which were symmetric aluminium sections without coupling mechanism. In her experimental 

study, shear connection tests were firstly performed to investigate the composite actions 

between aluminium extrusions and thermal break. The mullions were fully restrained at the 

exterior aluminium extrusion while a quasi-static load was applied on the interior extrusion as 

shown in Figure 2.11. Results showed that the connection failed in the thermal break slipping 

away from the extrusions and that the shear capacity could reach 45 N/mm at room temperature. 

Then four-point bending tests were conducted to investigate its bending capacity as shown in 

Figure 2.12. During the tests, the full section was firstly subjected to bending, then the shear 

failure of the connection happened between the exterior aluminium mullion and thermal break, 

and finally only interior extrusion was subjected to bending.  
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Figure 2.10 Thermally broken composite mullion details, dimensions in mm (Huang, 2014) 

 

Figure 2.11 Shear connection tests (Huang, 2014) 
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Figure 2.12 Four-point bending tests (Huang, 2014) 

 

Composite mullion made of aluminium and timber also were proposed and used in small 

curtain wall systems (Vicbeam Laminated Timber Specialists, and Scandinavian Timber Ltd). 

In thermal performance, they have the same advantages with thermally broken aluminium 

mullions by using low thermally conductive timber. Furthermore, three types of curtain wall 

mullions (aluminium mullion, carbon steel mullion and glulam mullion) were evaluated and 

compared on their environmental impacts (Azari-N and Kim, 2012). The results showed that 

the extruded aluminium curtain wall frame is the lightest one in weight, however, causes largest 

environment impact including the contribution of global warming, acidification and human 

toxicity, with approximately seven times amount of emission of carbon dioxide, sulphur oxides 

and nitrogen oxides than timber curtain wall.  

 

2.5. Bending behaviour of timber  

2.5.1. Elasticity of timber 

Timber, as a natural structural material, tends to be preferred in buildings as mentioned. It is 

an orthotropic material along three axes, referred to as longitudinal (parallel to grain), 

tangential (tangent to annual growth rings), and radial axes (perpendicular to annual growth 

rings). In the elastic stage of finite element analysis, the stress in the nth iterative can be 

described by Eq. (2.18). The stress tensor {∆𝜎} of an orthotropic element can be linked with 
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the strain tensor {∆𝜀} by the stiffness matrix [Del] as shown in Eq. (2.19). The stiffness matrix, 

available in ABAQUS, contains nine independent constants as shown in Eq. (2.22).  

 

{𝜎}𝑛 = {𝜎}𝑛−1 + {∆𝜎}𝑛 (2.18) 

{∆𝜎}𝑛 = [𝐷𝑒𝑙]{∆𝜀}𝑛 (2.19) 

Where 

{∆𝜎} = {∆𝜎11 ∆𝜎22 ∆𝜎33 ∆𝜏12 ∆𝜏13 ∆𝜏23}
𝑇 (2.20) 

{∆𝜀} = {∆𝜀11 ∆𝜀22 ∆𝜀33 ∆𝛾12 ∆𝛾13 ∆𝛾23}
𝑇 (2.21) 

[𝐷𝑒𝑙] =

[
 
 
 
 
 
𝐷1111 𝐷1122 𝐷1133

𝐷2222 𝐷2233
𝐷3333

0 0 0
0 0 0
0 0 0

𝑠𝑦𝑚
𝐷1212 0 0

𝐷1313 0
𝐷2323]

 
 
 
 
 

 (2.22) 

𝐷1111 = 𝐸1(1 − 𝜈23𝜈32)𝜰 (2.22a) 

𝐷2222 = 𝐸2(1 − 𝜈13𝜈31)𝜰 (2.22b) 

𝐷3333 = 𝐸3(1 − 𝜈12𝜈21)𝜰 (2.22c) 

𝐷1122 = 𝐸1(𝜈21 + 𝜈31𝜈23)𝜰 = 𝐸2(𝜈12 + 𝜈32𝜈13)𝜰 (2.22d) 

𝐷1133 = 𝐸1(𝜈31 + 𝜈21𝜈32)𝜰 = 𝐸3(𝜈13 + 𝜈12𝜈23)𝜰 (2.22e) 

𝐷2233 = 𝐸2(𝜈32 + 𝜈12𝜈31)𝜰 = 𝐸3(𝜈23 + 𝜈21𝜈13)𝜰 (2.22f) 

𝐷1212 = 𝐺12 (2.22g) 
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𝐷1313 = 𝐺13 (2.22h) 

𝐷2323 = 𝐺23 (2.22i) 

𝜰 =
1

1 − 𝜈12𝜈21 − 𝜈23𝜈32 − 𝜈13𝜈31 − 2𝜈21𝜈32𝜈13
 (2.22j) 

 

Where the D is the material stiffness parameter, determined by Eqs. (2.22a-j). E is the MOE, 𝜈 

is the Poisson’s ratio and G is the shear modulus, and the subscript 1, 2 and 3 indicate the 

longitudinal, tangential and radial axes, respectively. 

 

2.5.2. Compressive plasticity of timber 

Timber also has differences with metal materials in compressive plasticity. In simulating 

orthotropic plasticity, ABAQUS adopts the generalised anisotropic Hill’s potential function as 

shown in Eq. (2.23). 

𝑓(𝜎) = √𝐹(𝜎22 − 𝜎33)2 + 𝐺(𝜎33 − 𝜎11)2 +𝐻(𝜎11 − 𝜎22)2 + 2𝐿𝜏232 + 2𝑀𝜏312 + 2𝑁𝜏122 (2.23) 

 

Where f(σ) is the rectangular Cartesian stress components, and F, G, H, L, M and N are 

constants defined by, 

𝐹 =
1

2
(
1

𝑅22
2 +

1

𝑅33
2 −

1

𝑅11
2) (2.24) 

𝐺 =
1

2
(
1

𝑅33
2 +

1

𝑅11
2 −

1

𝑅22
2) (2.25) 

𝐻 =
1

2
(
1

𝑅11
2 +

1

𝑅22
2 −

1

𝑅33
2) (2.26) 

𝐿 =
3

2𝑅23
2 (2.27) 
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𝑀 =
3

2𝑅13
2 (2.28) 

𝑁 =
3

2𝑅12
2 (2.29) 

 

Where σ11, σ22 and σ33 are the normal stresses along three different axes, τ23, τ31 and τ12 are the 

shear stresses, and R11, R22, R33, R12, R13 and R23 are anisotropic yield stress ratios defined as 

follows respectively, which is input in *POTENTIAL options in ABAQUS. 

𝜎11
𝜎0

,
𝜎22
𝜎0

,
𝜎33
𝜎0

,
√3𝜏1̅2
𝜎0

,
√3𝜏1̅3
𝜎0

,
√3𝜏2̅3
𝜎0

 

Where 𝜎11, 𝜎22, 𝜎33, 𝜏1̅2, 𝜏1̅3and 𝜏2̅3are the measured yield stress values and 𝜎0 is user-defined 

reference yield stress. 

 

2.5.3. Rupture of timber 

The fracture mechanics in a timber crack surface can be classified as Normal Mode 

(perpendicular to the crack surface), Shear Mode 1 (in-plane parallel to the crack surface), and 

Shear Mode 2 (out-of-plane parallel to the crack surface). There are several investigations done 

on the rupture behaviour of timber. Snow et al. (2006) Reichert and Ridley-Ellis (2008) used 

lattice model to simulate rupture behaviour with removable failed element. The stress in each 

iterative was checked with the defined input stress and the spring element was removed when 

the stress exceeds the input stress. This process was not repeated until there is no further 

removable element. However, this method is cost- and time-consuming.  

 

Later, contact element pairs were developed in finite element models to simulate the rupture 

behaviour (Franke, 2008, Franke and Quenneville, 2011). Instead of removable spring elements, 

the rupture surfaces were pre-defined using cohesive zones. The rupture surface depends on 

the current stress-strain distribution in the contact cohesive zones. The required input constants 

were fracture energy Gn, fracture stresses σn, and cohesive stiffness K. If, for example, only 

Normal Mode is considered, the relations between normal stress σn and surface separation un, 

where the subscript n indicates normal direction. before reaching the modulus of rupture, ft, is 
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meter Kelvin [W/(m2∙K)]. The U-value of most mullions, however, is much higher than that of 

the glazing units. Several composite design strategies, as mentioned in Chapter 1, have been 

used to minimise the heat exchange through façade frames including thermally broken mullions, 

structural mullions, and glulam composite mullions. These commercial applications break the 

heat flux pathway, minimise the radiation on the exterior boundary, or partially replace or 

reduce the aluminium component but they are neither economically efficient, nor do they have 

a coupling mechanism for easy on-site installation. Two-dimensional finite element analysis is 

usually used in the numerical simulation on the thermal performance of the frames. Researchers 

calculated, evaluated and compared current window frames or façade frames to further develop 

energy-efficient frames. A large body of literature exists on improving the thermal performance 

of window frames, while the literature on the thermal performance of curtain wall frames in 

general and mullions in particular, is scarce. 

 

2.6.1. Simulation method 

There are two popular calculation methods to evaluate the U-values of window: North 

American method (ANSI/NFRC 100-2014) and European method (ISO 15099). Despite some 

difference such as interior and exterior boundary conditions, surface resistance and the 

dimensions of glazing sections, these two standards have similar calculation procedure, and 

both eventually refers to ISO 10077-2 to calculate the U-value of the window frames (i.e. 

mullion). In the thermal aspect, this research mainly is focused on the thermal performance of 

the mullions. Therefore, in calculation of the U-value of mullions in this research, only ISO 

10077-2 is adopted to compare the thermal performance of different mullions. 

 

Two-dimensional calculation is used as suggested in ISO 10077-2. For complex-shaped 

window frames, two-dimensional finite element analysis such as THERM is usually used to 

explicitly and accurately calculate the thermal heat flow. The solid frame materials like window 

frames, thermal break, and weather stripping, are considered as solid polygons in the simulation. 

ISO 10077-2 provides the thermal conductivity λ, of the materials usually used in window 

frames as shown in Table 2.1. 
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Table 2.1 Thermal conductivity of selected materials provided by ISO 10077-2 

Material group Material 
Thermal conductivity 

W/(m∙K) 

Frame Aluminium 160 

 Steel 50 

 Polyvinylchloride (PVC) 0.17 

 Hardwood 0.18 

 Softwood 0.13 

 Fibreglass 0.40 

 Brass 120 

Thermal break Polyamide 0.25 

 Polyamide with 25% glassfibre 0.30 

 PVC 0.17 

 Polyurethane (PU) 0.25 

Weather stripping Silicone 0.35 

 PVC 0.17 

 

The treatment of cavities should also be clearly performed and reported. Although the material 

in the cavity (air) is the same with the exterior and interior elements, it shall be also considered 

as thermal polygons with equivalent thermal conductivity λeq. The equivalent thermal 

conductivity is dependent on (1) the heat flux governed by heat convection, heat radiation, and 

heat conduction, (2) its conductivity and (3) its geometry. For a rectangular unventilated cavity, 

if there is no specific information available, the equivalent thermal conductivity is computed 

by Eq. (2.34). For a non-rectangular unventilated cavity, the equivalent geometry is the one 

with the same depth to width ratio and the same area, and the calculation process of the 

equivalent thermal conductivity is the same with the rectangular cavity given in Eq. (2.34).  

𝜆𝑒𝑞 =
𝑑

𝑅𝑠
 (2.34) 

𝑅𝑠 =
1

ℎ𝑎 + ℎ𝑟
 (2.35) 
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ℎ𝑎 = max (
0.025

𝑑
; 1.57) (2.36) 

ℎ𝑟 = 2.11 (1 + √1 + (𝑑/𝑏)2 − 𝑑/𝑏) (2.37) 

Where d is the dimension (in meter) of the cavity in the direction of the heat flux and b is the 

dimension (in meter) of the cavity perpendicular to the direction of the heat flux. 

 

As can be seen in Figure 2.14, the ventilated cavities are classified into three groups: considered 

unventilated, slightly ventilated, and well-ventilated cavities with the slit widths of not 

exceeding 2 mm, greater than 2 mm but not exceeding 10 mm, and greater than 10 mm, 

respectively. The considered unventilated cavity is treated the same with the mentioned 

unventilated cavity, the equivalent thermal conductivity of the slightly ventilated cavity is twice 

that of an unventilated cavity of the same geometry, while the well-ventilated cavity is treated 

as an exposed surface with a surface resistance of 0.2 (m2∙K)/W for the interior boundary and 

0.04 (m2∙K)/W for the exterior boundary. 

 

Figure 2.14 Schematic example for the treatment of cavities and grooves and the treatment of 

the boundaries, dimensions in mm (ISO 10077-2) 
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Where A is adiabatic boundary, B is exterior boundary, C is normal interior boundary, D is 

interior boundary with increased surface resistance, E is glazing, F is unventilated cavity, G is 

slight ventilated cavity or groove, and H is well ventilated cavity or groove 

 

Figure 2.14 also shows the treatment of the exterior and interior boundary conditions. The 

normal boundary condition on the interior side is 293 K in temperature and 0.13 (m2∙K)/W in 

surface resistance, while that on the exterior side is 273 K in temperature and 0.04 (m2∙K)/W. 

However, for the parts in edges or junctions between two surfaces, reduced radiation and/or 

convection as shown in Figure 2.14 and Figure 2.15, should be considered on the interior side 

with a 0.2 (m2∙K)/W of surface resistance. The edge of glazing units shall be considered as 

adiabatic boundary.  

 

Figure 2.15 Schematic representation of surfaces with an increased surface resistance, 

dimensions in mm (ISO 10077-2) 

 

To eliminate the influence of different thermal conductivity of glazing units, a calibration panel 

(or two for mullion frames) with a fix thermal conductivity of 0.035 W/(m∙K) are inserted to 

the flame in the location of the glazing units with an insertion of greater than 5 mm but not 

more than 15 mm, as shown in Figure 2.16. The visible length of the calibration panel should 

not less than 190 mm to ensure the thermal bridging effect on the calibration panel all covered.  
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Figure 2.16 Calibration panel details (ISO 10077-2) 

 

The two-dimensional thermal conductance Lf
2D of the entire section including the window 

frame and the calibration panel can be calculated using finite element analysis. The U-value of 

the frame, Uf, is computed using the following equation, 

𝑈𝑓 =
𝐿𝑓

2𝐷 − 𝑈𝑝 ∙ 𝑏𝑝

𝑏𝑓
 (2.38) 

Where Up is the U-value of the centre of the panel, bf is the projected width of the frame, bp is 

the visible width of the panel. 

 

2.6.2. Window frames 

Appelfeld et al. (2010) investigated on the development of a slim window frame of glass fibre 

reinforced polyester (GFRP). The thermal performance of three newly developed GFRP frames 

was calculated and compared with wooden and aluminium reference frames (References 1 and 

2, respectively). In the evaluation on the U-values of these five frames, it was found that 

Reference 1 frame had the least heat flux through the frame among the five frames due to the 

low thermal conductivity of the frame material (even lower than GFRP), while Reference 2 

frame had the greatest U-value. However, with the consideration of the window frame area 

percentage and solar gain, the alternative solutions of GFRP frames performed better than the 

reference frames with lower building energy demanding and space heating.  



 

37 

 

 

Gustavsen et al. (2011) conducted a comparative and parametric study on 5 types of window 

frames: two aluminium frames with polyurethane and polyamide thermal breaks, two wooden 

frames with and without polyurethane insulation material, and a PVC frame. The results 

showed that the wooden frames and PVC frame performed better than thermally broken 

aluminium mullions. It is also found that the U-value of the pure wooden frame was more 

sensitive to the decrease of the thermal conductivity of the frame material than other frames. 

The reason is supposed to be that the wood used in the pure wooden frame, as a form of thermal 

break, consisted of most whole window frames, while other thermal breaks only took account 

for small parts of window frames. They concluded some energy-efficient strategies to further 

reduce the U-value of window frames: (1) development of lower heat-conductive window 

frame materials including both frame material itself, spacer, structural insulating material and 

thermal break, (2) development of frame designs, and (3) development of window designs. 

 

Van Den Bossche et al. (2015) conducted an optimisation investigation on the thermal 

performance of window frames using two-dimensional numerical simulations. Aluminium, 

vinyl and wooden frames were developed to improve thermal performance by proposed 

energy-efficient strategies. On one hand, several optimisation strategies for aluminium window 

frames were evaluated as shown in Table 2.2. The lowest achievable reduction percentage of 

the frame U-value was 56%. On the other hand, wooden frames and their the thermal 

performance were evaluated. A U-value of 1.640 W/(m2∙K) of the reference wooden frame was 

obtained, and it reduced to 0.584 W/(m2∙K) by combining appropriate techniques with a 

reduction rate of 64%. Further, three energy-efficient strategies were proposed: (1) replacing 

middle three layers of hardwood by cork, polyurethane and cork, (2) replacing one rectangular 

part of the central mass by cork, and (3) making cavities in the wood with minimised rection 

of its strength. The results showed that the first two strategies (up to 47% reduction) were better 

than the cavity approach (only 9% reduction with 16% reduction of cavity volume).  

 

 

 

 



 

38 

 

Table 2.2 Optimisation strategies for aluminium window frames. 

Optimisation strategies 
U-value 

[W/(m2∙K)] 

Improvement 

(%) 

Start: model aluminium window frame 2.775 0 

A. optimisation width of aluminium profile members 2.759 1 

B. thermal break (from λ=0.30 W/(m∙K) to λ=0.17 W/(m∙K)) 2.624 5 

C. extended thermal break (from 34 mm to 54 mm) 2.660 4 

D. dividing central gasket (depth cavities 6 mm) 2.713 2 

E1. dividing thermal break (depth cavities 6 mm) 2.411 13 

E2. insulation at thermal break (λ=0.035 W/(m∙K)) 2.336 16 

F1. extended glazing sealing to block radiation 2.570 7 

F2. shifted glazing (from 15 mm to 30 mm in glass rebate) 2.486 10 

F3. insulation between blazing and frame (λ=0.035 W/(m∙K)) 2.475 11 

G. untreated aluminium in cavities (ε=0.3) 2.499 10 

H. triple glazing 2.618 6 

Combination A+B+C+D+E1+F1 1.709 38 

Combination A+B+C+D+E1+F2 1.594 43 

Combination A+B+C+D+E1+F3 1.518 45 

Combination A+B+C+D+E2+F1 1.649 41 

Combination A+B+C+D+E2+F3 1.473 47 

Combination A+B+C+D+E2+F3+H 1.210 56 

 

2.6.3. Façade frames 

Van Den Bossche and Maref (2016) conducted a parametric study on North American and 

European energy-efficient aluminium mullions. These types of aluminium mullions, as shown 

in Figure 2.17, are lack of coupling mechanism, hence require more time and cost in on-site 

installation, while the advantages of them are that there is no solid connection between exterior 

and interior aluminium extrusions. They are connected through spaced screw fins to maintain 

strength. The difference between North American and European mullions is only drainage 

design in aluminium extrusions. A comprehensive parametric analysis was conducted to 

investigate the thermal performance of the aluminium mullion with respect to (a) profile width 
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and length, (b) length of the aluminium screw fins, (c) position of the glass units, (d) spacing 

between screws, (e) glazing unit thickness, (f) thermal conductivity of screws, (g) snap cover 

length (exterior part), (h) materialisation of the curtain wall frame, and (i) additional insulation 

in the cavity. It is found:  

• (a) a smaller frame length and width, or (d) a greater spacing between screws slightly 

reduced the U-value. 

• (c) increasing the insertion of the glazing units, (f) reducing the thermal conductivity of 

the screw fins, or (h) reducing the conductivity of the frame material obtained a larger 

reduction of the thermal performance. 

• (b) decreasing the length of aluminium screw fins, (e) increasing glazing unit thickness, 

or (i) adding additional insulation in the cavity significantly improved its thermal 

performance. 

• (g) snap cover length did not influence much on the U-value. 

 

 

(a)                                                 (b) 

Figure 2.17 Commercial curtain wall systems, shown for (a) North American and (b) 

European  
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3. EXPERIMENTAL INVESTIGATION OF AN INNOVATIVE 

COMPOSITE MULLION MADE OF ALUMINIUM AND 

TIMBER 

3.1. Introduction 

The façade, as the building envelope, is an essential form in residential, industrial and 

commercial buildings to provide the functions of waterproofing, thermal isolation and 

structural resistance against environmental actions. Although the façade system is not 

responsible for the vertical loading from the building, it is an important structural component 

to transfer wind loading to the main structure. In curtain wall façades, the structural system is 

mainly comprised of vertical members named mullions and horizontal members named 

transoms. The mullions are the dominant structural members transferring the wind loading 

from glass panels to slabs and floors, while the transoms provide lateral restraints to the 

mullions. Extruded aluminium curtain wall façade frames have been widely used in high-rise 

commercial buildings due to their light weight, high corrosion resistance and easy extrudability. 

Owing to the extrudability of the material, aluminium extrusions can maintain continuity and 

strength after being heated, extruded, stretched and cooled in manufacturing. Hence, 

aluminium extrusions can be manufactured into any complex-shaped profile to meet 

architectural, structural and weather requirements. Some of the extruded mullions, named 

unitised mullions, are usually manufactured into two coupled complex cross-sectional shapes 

for easy installation and to allow movements, referred to as male mullions and female mullions. 

In the unitized system, panels are assembled and glazed in the factory. These panels are then 

shipped to construction sites and erected to high-rise storeys by cranes as shown in Figure 3.1. 

The adjacent unitised façade panels are connected by the interlocking mechanism through the 

coupled mullions’ legs without any mechanical fixings, as shown in Figure 3.2 (a), (b) and (c). 

This technology significantly reduces labour cost and installation time in high-rise buildings. 
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Figure 3.1 Curtain wall installation using a crane 

(From G.James Glass & Aluminium, https://www.gjames.com/aluminium-products) 

 

The energy consumed in buildings accounts for over one-third of the global energy 

consumption (Agency IE, 2013). Space heating and cooling contribute to over one-third of the 

building energy use worldwide, and up to half of that in cold climate countries (Agency IE, 

2013). The façade of a building is responsible for most of the heat transfer between indoor and 

outdoor thermal environments (Manioğlu & Yılmaz, 2006). Even though aluminium is a 

durable material, the conventional aluminium mullion as shown in Figure 3.2 (a) has poor 

thermal performance, as aluminium is a highly heat-conductive material. Therefore, the 

building and construction industry is facing a dilemma in regard to durability and energy 

efficiency. Thermally broken aluminium mullion (two aluminium extrusions joined by a 

thermal break) with energy-efficient double glass panels are often used to reduce the energy 

consumption in space heating and cooling, as shown in Figure 3.2 (b). This solution improves 

the thermal performance of the façade systems by separating exterior and interior aluminium 

components and using a low heat-conductive component as a thermal barrier.  

 

Further, architects may expect modern curtain wall frames to have other important features, 

including aesthetics and sustainability. However, to some extent, aluminium might detract from 
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the visual beauty inside the buildings, while timber as a natural building material, offers an 

aesthetically pleasing and psychologically comfortable indoor environment (Rowlinson, 2017). 

Hence, recently another thermal barrier composite mullion has been proposed as shown in 

Figure 3.2 (c), where architectural timber is glued on the interior aluminium extrusion. 

However, this composite mullion is not economically efficient. Furthermore, although 

aluminium could be recycled, manufacturing aluminium products consumes much energy and 

emits a large amount of greenhouse gases (Buchanan & Honey, 1994). Particularly, the 

embodied energy of aluminium (approximately 150 MJ/kg) is much greater than that of wood 

(approximately 10 MJ/kg). To address this issue, composite mullions made of aluminium and 

sawn timber have been recently proposed to obtain the better of these two materials, as shown 

in Figure 3.2 (d), whereby aluminium extrusions are still used as exterior components for 

durability against weather conditions (Vicbeam, Scandinavian). Sawn timber is screwed to the 

aluminium extrusions to improve thermal performance, aesthetics and sustainability. However, 

the problem with this design is that there is no coupling mechanism for efficient on-site 

installation and hence the sawn timber composite application (Figure 3.2 (d)) is only limited to 

windows, doors and small curtain wall systems.  

 

Hence there is a need to develop an innovative mullion which is structurally sound, durable, 

energy efficient, aesthetically pleasing and sustainable, while having the coupling mechanism 

for effective installation in a wide range of curtain wall and window wall applications. This 

paper presents the details of the development of a new composite mullion made of aluminium 

and structural plywood as shown in Figure 3.3. Table 3.1 summarises all the beforementioned 

curtain wall frames with their advantages and disadvantages. Experimental studies were also 

conducted in this study to investigate the bending behaviour and section capacity of the 

composite mullion and to compare its strengths with traditional aluminium mullions. 
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Figure 3.2 Currently available mullions, shown for (a) aluminium mullion, (b) thermally 

broken aluminium mullion, (c) thermally broken aluminium mullion with architectural 

timber, (d) sawn timber composite mullion 

 

 

                      

(a) (b) 

(c) (d) 

Male 

mullion 

Female 

mullion 

Coupled 

mullions 
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3.2. Proposed composite mullions 

The proposed composite mullion comprised four parts: an aluminium exterior extrusion, a 

plywood web, a plywood flange and an aluminium flange as shown in Figure 3.3. The 

composite mullion shared the same centre line of the web and flange with the aluminium 

mullion. The durable exterior aluminium extrusion remained to connect the glass panels and to 

resist weather conditions. Commercially available 651 series male and female aluminium 

mullions manufactured by G. James Glass and Aluminium Pty. Ltd were chosen to be cut for 

the aluminium exterior extrusions due to their large openings for double glass panels. The 

original aluminium web and flange were replaced by the structural plywood web and flange 

cut from F17 grade (AS/NZS 1720.1-2010) marine plywood to improve the thermal 

performance, aesthetics and sustainability. Plywood provides higher strength perpendicular to 

the beam direction to avoid warping than LVL or sawn timber. Furthermore, marine plywood 

offers superior water resistance, pliability, impact resistance and surface finish. It should be 

noted that the geometry in the plywood web and plywood flange connection as shown in Figure 

3.3 provides a better longitudinal alignment of the web and flange. 

 

The mullions in façade systems are the main load-bearing components to carry negative 

(suction away from buildings) and positive (pressure toward buildings) wind actions as shown 

in Figure 3.4 and are hence subjected to bending.  

 

 

Figure 3.4 Negative loading and positive loading on curtain wall frames 

Negative loading Positive loading 

Mullion couple Mullion couple 

Glass panels Glass panels 

Inside building 

Outside building 
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In recent decades, tests have been performed to investigate the bending behaviour of various 

structural elements, such as cold-formed steel thin-walled beams (Anapayan et al., 2011, Seo 

& Mahendran, 2011, Pham & Hancock, 2013, Siahaan et al, 2016), aluminium beams (Kim & 

Pekoz, 2003, Zhu & Young, 2009, Su et al., 2014, Su et al., 2016, Wang et al, 2016) and 

sustainable structural beams (Uzel et al., 2018, He et al., 2018, Li et al., 2018, Chybiński & 

Polus, 2019). In terms of the bending behaviour of mullions, American Architectural 

Manufacturers Association (AAMA): TIR-A8-08 provides design guidelines and structural test 

methods of the thermal barrier composite mullion (Figure 3.2 (b)). However, it only 

investigates elastic bending behaviour. Wang (2006) conducted experimental tests on E-type 

aluminium mullions using four-point bending test set-up, but the mullions were assembled as 

a couple. Huang (2014) investigated a composite façade mullion with thermal breaks and tested 

its section moment capacity. However, the composite mullions tested were symmetric and 

without a coupling mechanism. Kesawan et al. (2018) conducted a series of experimental tests 

to investigate the section moment capacity of aluminium mullions. 15 different complex-

shaped aluminium mullions with a span of 1,100 mm were tested using a four-point bending 

test set-up under both negative and positive loading cases. All aluminium mullions failed in 

local or distortional inelastic buckling. In order to verify the structural adequacy of the 

proposed mullion, an experimental investigation was conducted in the current study using four-

point bending test set-up to as detailed next. 

 

3.3. Four-point bending test specimens 

Composite mullions with two different thicknesses (12.5 mm and 19.5 mm) of plywood were 

considered in this study as shown in Figure 3.5, as the thickness of aluminium mullion was 2.3 

mm and the MOE ratio of aluminium to timber is approximately five. The construction profiles 

of these two plywood panels are listed in Table 3.2. Furthermore, the traditional 2.3 mm thick 

aluminium mullions were also considered as references. Both male and female mullions were 

tested under negative and positive loading cases. A total of 24 tests were performed including 

12 repetitive tests, i.e. 3 sections × male and female × 2 loading types × 2 tests per configuration. 

The test specimens were labelled to indicate the loading case (negative ‘N’ or positive ‘P’), the 

section type (male ‘M’ or female ‘F’) and the mullion type (aluminium ‘AL’ or composite 

‘CO’). Furthermore, the number “1” and “2” indicated the thin and thick plywood used in the 

composite mullions, and the letter “R” indicated the repetitive test. For example, “P-F-AL” 
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was designated for the test of an aluminium female mullion subjected to positive loading and 

“N-M-CO-2-R” was designated for the repetitive test of a thick composite male mullion 

subjected to negative loading.  

 

Table 3.2 Construction profiles of plywood panels 

Construction 12.5-mm-thickness plywood 19.5-mm-thickness plywood 

Thickness (mm) Number of plies Thickness (mm) Number of plies 

Cross band 2.5 3 2.5 4 

Long band 1.5 2 2.5 3 

Face 1 2 1 2 

 

   

(a) 
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(b) 

Figure 3.5 Aluminium and composite mullion sections, shown for (a) male mullions; (b) 

female mullions (dimensions in mm) 

 

Figure 3.6 outlines the manufacturing process of the newly developed mullion in the laboratory. 

Firstly, plywood panels and currently used aluminium mullions were cut into appropriate 

dimensions as shown in Figure 3.6 (a). It should be noted that the aluminium flanges and 

aluminium exterior extrusions will be directly and individually extruded instead in industrial 

manufacturing if the composite design is used for building facades. Then, grooves were cut 

into plywood webs and flanges for connection and alignment, as shown in Figure 3.6 (b). 

Finally, exterior aluminium extrusions, plywood webs, plywood flanges and aluminium 

flanges were connected as shown in Figure 3.6 (c) and the mullions were coupled as shown in 

Figure 3.6 (d). 
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3.4. Material Properties 

3.4.1. Aluminium tensile coupon tests 

The tested aluminium extrusions were made of 6063 T6 aluminium alloy, i.e. with nominal 

yield stress, ultimate stress and compressive modulus of elasticity (MOE) of 172 MPa, 207 

MPa and 70,000 MPa respectively, according to Table 3.3A of AS/NZS 1664.1 (1997). Tensile 

coupon tests were conducted in accordance with AS 1391 to obtain the actual aluminium 

mechanical properties. 10 coupons (same manufacturing batch) were cut from the webs, where 

the thickness is constant, of each male and female aluminium mullion. Before the tensile 

coupon tests, the widths and thicknesses were measured at three points in the narrow region 

using a vernier caliper and a micrometre, respectively. The specimens were then loaded in 

tension using a 30 kN universal Instron testing machine in displacement control at a strain rate 

of 1mm/min. A 25-mm-gauge-length extensometer was fitted on the coupon and recorded the 

strain. The yield stresses were determined using the 0.2 % proof strength method. The average 

actual Young’s modulus of male mullions and female mullions were calculated as 63,457 MPa 

(COV=2.3%) and 62,383 MPa (1.9%), respectively. The average measured yield stresses were 

204 MPa (2.6%) and 191 MPa (5.4%) for male mullions and female mullions, respectively, 

while the average measured ultimate stresses were 224 MPa (2.5%) and 222 MPa (3.5%). 

 

3.4.2. Plywood non-destructive tests 

The plywood panels were made of F17 grade (AS 1720.1) marine plywood with two 

thicknesses of 12.5 mm and 19.5 mm. The mechanical properties of F grade structural plywood 

are given in Table 5.1 of AS 1720.1. The characteristic MOE and compression strength parallel 

to grain are 14,000 MPa and 36 MPa, respectively. The Beam Identification by Non-destructive 

Grading (BING) software (CIRAD) was used to measure the dynamic MOE of the plywood 

sheets using a non-destructive acoustic method. The natural frequency of a beam is the function 

of its MOE, cross-sectional geometry, density and length (Brancheriau & Bailleres, 2002). Two 

nominally 90 mm wide (perpendicular to grain of face veneers) × 2,400 mm long (parallel to 

grain of face veneer) specimens were cut from opposite sides of each plywood sheet used in 

the manufacturing process for non-destructive testing. Each specimen was placed on two 

rubber band supports to achieve free-free supported boundary conditions as shown in Figure 

3.7 (a). The plywood specimens were then impacted by a hammer at one end of the beam, and 
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a microphone was placed at the other end to collect the free vibration from the beam. Then the 

vibration signal was transferred to the BING software which calculated the dynamic MOE from 

the recorded dominant frequencies, measured mass and measured dimensions of the samples. 

Immediately after non-destructive testing, a piece of plywood was cut and weighted for 

moisture content (MC) measurement.  

 

Due to the cross-laminated structure of plywood, the measured MOE does not correspond to 

the actual MOE parallel to grain of the timber itself. Table 3.3 shows the material properties 

and MC of the plywood. The results of two specimens from the opposite sides of plywood 

sheets were less than 5% for all tests. The nomenclature of the section details presented in 

Table 3.3 is detailed in Chapter 3.3. The measured MOE is converted to the MOE parallel to 

grain as shown in Table 3.3 using the following equations,  

𝑀𝑂𝐸𝑝 =
𝑀𝑂𝐸𝑛
𝜇

 
(3.1) 

and  

𝜇 =
𝐴𝐿

𝐴𝑡𝑜𝑡𝑎𝑙
 

(3.2) 

where MOEp is the MOE parallel to grain of the timber, MOEn is the MOE measured from non-

destructive testing, AL is the cross-sectional area of the veneers with the orientation parallel to 

grain, Atotal is the total cross-sectional area.  

 

3.4.3. Plywood compressive destructive tests 

Compressive tests were conducted to obtain the compressive strength of all plywood sheets 

used in the manufacturing process. To avoid global buckling instabilities during the 

compressive tests, three 90-mm wide (perpendicular to grain of face veneers) × 220-mm long 

(parallel to grain of face veneer) pieces were cut per plywood sheet and glued together using a 

polyurethane-based structural adhesive. The samples were then trimmed to 70 mm wide × 200 

mm long with the top and bottom surfaces cut with a fine timber blade to produce flat surfaces 

and avoid stress concentration. The samples were then loaded in compression along the 

longitudinal direction of the face veneers, as shown in Figure 3.7 (b), between a fixed bottom 
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3.4.4. Moisture content  

The MC of the samples immediately cut after plywood non-destructive tests, plywood 

compressive tests and full section tests was measured using the oven-dry test method in 

accordance with AS 1080.1. The samples were dried in a well-ventilated oven set at a 

temperature of 103 °C until they reached equilibrium, i.e. no more than a weight loss of 0.2% 

within a 6-hour interval. The MC of the samples were determined from Eq. (3.5),  

𝑀𝐶 =
𝑀𝑖 −𝑀𝑜

𝑀𝑜
× 100 

(3.5) 

where MC is the moisture content (in %) of the test sample, Mi and Mo are the initial mass and 

oven-dry mass of the test piece. Table 3.3 lists the MC results of all MC samples. 

 

Table 3.3 Measured plywood modulus of elasticity, compressive strength and moisture 

content results 

Section 

Modulus of elasticity 

(MPa) 

Compressive 

strength (MPa) 

Moisture content 

(%) 

NT 
CT CT 

NT CT FBT 

Mean COV Mean COV 

N-M-CO-1 20,711 19,381 3.3% 60.7 1.8% 11.8 12.8 11.0 

N-M-CO-1-R 20,711 19,381 3.3% 60.7 1.8% 11.7 12.8 11.3 

N-M-CO-2 16,198 15,672 6.3% 53.5 1.2% 12.0 13.0 10.8 

N-M-CO-2-R 14,877 13,729 2.4% 48.9 0.5% 11.5 12.8 11.1 

N-F-CO-1 19,229 18,604 4.2% 60.6 1.1% 11.8 12.9 10.8 

N-F-CO-1-R 19,229 18,604 4.2% 60.6 1.1% 12.2 12.9 11.8 

N-F-CO-2 16,198 15,672 6.3% 53.5 1.2% 11.7 13.0 11.0 

N-F-CO-2-R 16,508 17,390 4.8% 57.2 3.5% 11.5 12.9 11.0 

P-M-CO-1 17,786 16,377 10% 57.4 1.7% 12.3 12.8 11.1 

P-M-CO-1-R 20,711 19,381 3.3% 60.7 1.8% 11.8 12.8 11.2 

P-M-CO-2 16,198 15,672 6.3% 53.5 1.2% 11.2 13.0 10.8 

P-M-CO-2-R 16,198 15,672 6.3% 53.5 1.2% 12.1 13.0 11.3 

P-F-CO-1 19,229 18,604 4.2% 60.6 1.1% 11.6 12.9 - 

P-F-CO-1-R 21,148 20,054 0.5% 63.7 1.3% 11.1 13.1 10.5 
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P-F-CO-2 16,198 15,672  53.5  11.9 13.0 - 

P-F-CO-2-R 16,198 15,672  53.5  11.5 13.0 11.2 

Note: NT – Non-destructive tests, CT – Compressive tests, FBT – Four-point bending tests 

 

3.5. Aluminium-timber Connections 

3.5.1. Test specimens 

In the development of the composite mullion, the strength of the web joint between aluminium 

and timber is important to ensure composite action. In this study, a total of 12 connection 

specimens were tested in shear to investigate the behaviour of connections. The specimen 

comprised an aluminium plate (cut from aluminium mullions) and a timber section (cut from 

F17 (AS 1720.1) grade marine plywood sheet) as shown in Figure 3.8. The length of the 

specimens was 300 mm. The total depth was 195 mm with 135 mm of a plywood, 75 mm of 

an aluminium plate and 15 mm of overlap connection. A groove with the same thickness as the 

aluminium plate was cut in the plywood to insert the aluminium plate. It should be noted that 

six 12-mm holes, rather than four, in the aluminium plates was chosen such that the bearing 

failure can be eliminated. 

 

Four different types of connections were considered as shown in Figure 3.9: Type 1 and 2 

specimens used 4g screws (self-drilling flat head countersunk zinc plated screws), spaced every 

150 mm for Type 1 (i.e. 2 screws over the 300 mm) and 75 mm for Type 2 (i.e. 4 screws over 

the 300 mm) to connect the two materials. Type 3 specimens used 10g screws, spaced every 

150 mm (i.e. 2 screws over the 300 mm). The spacing of the screws was selected considering 

the requirement in Table 4.8 in AS 1720.1. Due to the short overlap connection (15 mm), the 

sizes of screws were up to 5 mm. The flat heads were chosen for aesthetics reason while the 

drilling ends were able to be screwed in through the aluminium plates. In Type 4 specimens, 

the two materials were glued using a commercially available 1-component polyurethane 

reactive (PUR) structural adhesive which could bond metal and timber. According to its 

instruction, every Type 4 connection specimen was made with less than 30 minutes of open 

time for the adhesive, more than 2 hours of pressing time and at least 24 hours before testing. 

Each type of connection was tested with three repetitions of the test. The specimens were 

labelled to indicate the connection type (screw ‘S’ or glue ‘Glue’), the diameter of the screw 
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 Figure 3.9 Different connection test specimens, shown for (a) Type 1, (b) Type 2, (c) Type 3, 

(d) Type 4 

 

3.5.2. Test set-up and procedure 

The tests were conducted using a Material Testing System (MTS) 500 kN universal testing 

machine at Griffith University Engineering Laboratory. Figure 3.10 shows the connection shear 

test set-up. Two nominally identical specimens were fully restrained using T-shaped steel 

plates and steel packing plates using M10 bolts. A three-point loading test set-up was used, 

where the two aluminium plates were connected to a rigid steel plate to form one entity. A 

compressive platen mounted on a spherical was used to ensure equal loading of each shear 

plane. The centre line of the platen was aligned with the aluminium plates to prevent eccentric 

loading as shown in Figure 3.10. One laser linear variable differential transducer (LVDT) was 

placed underneath the aluminium plate to measure its vertical displacement. 
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(a)                                              (b)                                             (c) 

Figure 3.12 Failed connection test specimens, shown for (a) Type 1 and 2, (b) Type 3, (c) 

Type 4 

 

3.6. Four-point bending test set-up and procedure 

The section moment capacity tests were conducted using a universal 500 kN MTS testing 

machine. Figure 3.13 shows the schematic illustration of the four-point bending test set-up. 

Due to the manufacturing limitation in the laboratory, the composite specimens can only be 

manufactured in a relatively short length (i.e. 1200 mm). The span of all 24 test specimens is 

1,100 mm, where the length of the non-constant bending region (400 mm) is greater than that 

of the constant bending region (300 mm). Figure 3.14 and Figure 3.15 show the test set-up of 

the aluminium and composite mullions respectively. Due to the asymmetrical geometry, two 
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mullions sections were assembled back-to-back where their webs were restrained with T-

shaped steel plates using M16 high tensile bolts. Web side plates shown in Figure 3.13 were 

connected on the other side of the web to prevent web crippling. Steel equal angles were used 

on the top and bottom flanges of the mullions through fastened screws to prevent any lateral 

movement. A steel half roller and a steel roller were placed under the T-shaped plates at the 

supports, and two steel rollers were placed on the T-shaped plates at the loading points to 

achieve a simply supported beam under four-point loading. Due to a short span of the 

composite mullion, the in-plane shear force was relatively great when it reached the ultimate 

section moment in comparison with long-span mullions. Therefore, aluminium brackets and 

some plywood reinforcement were added in the non-constant bending regions of the composite 

mullions to prevent shear failure and bearing failure, as shown in Figure 3.15 (b), except for 

N-F-CO-1 and N-F-CO-1-R. Screws were used in (1) the exterior aluminium extrusion and the 

plywood web connection and (2) the plywood web and the plywood flange connection to 

prevent rolling shear failure in the veneers where the grains are perpendicular to the beam 

direction. Aluminium brackets were also used to further improve the connection between the 

exterior aluminium extrusion and the plywood web. Reinforcement plywood pieces were glued 

on both sides of the web to prevent bearing failure at loading points and supports and also 

further improve shear resistance of the web. 

 

Figure 3.13 Schematic illustration of the bending test set-up 

 

The load was applied through a spreader beam pinned connected to the cross-head of the testing 

machine. Four laser LVDTs were used in this test. To measure the vertical displacements, Laser 

LVDT 2 was placed underneath the bottom flange at mid-span. Laser LVDTs 1 and 3 were 
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Table 3.5 Section moment capacities and failure modes 

Loading 

direction 

Mullion 

types 

Section moment capacities (kNm) and failure modes 
Composite / 

Aluminium 

Aluminium mullion 
Composite mullion 

Thin Thick 
Thin Thick 

Test 1 Test 2 Mean Test 1 Test 2 Mean Test 1 Test 2 Mean 

Negative 

Male 
5.04 4.79 4.92 5.89 5.93 5.91 6.92 6.67 6.80 

1.20 1.38 
Local buckling Plywood compressive yielding and aluminium local buckling 

Female 
4.92 5.06 4.99 4.97 4.87 4.92 6.18 6.07 6.13 

0.99 1.23 
Local buckling Plywood compressive yielding and aluminium local buckling 

Positive 

Male 
6.59 6.59 6.59 6.58 6.97 6.78 7.91 7.07 7.49 

1.03 1.14 
Distortional buckling Plywood brittle crack 

Female 
5.76 5.63 5.70 5.77 5.69 5.73 6.42 5.80 6.11 

1.01 1.07 
Distortional buckling Plywood brittle crack 
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3.7.3. Failure modes 

All the aluminium and composite mullions failed in the constant bending region and Table 3.5 

summarises the failure modes obtained from the four-point bending tests.   

 

Figure 3.18 and Figure 3.19 show the failure modes under negative loading for male and female 

mullions, respectively. The red arrows in the figures indicate the loading direction and the red 

circles indicate the failure regions. Similar to the experimental study done by Kesawan et al. 

(2018), when subjected to negative loading, aluminium mullions failed in initiated local 

buckling on the internal side flange at mid-span (Figure 3.18 (a) and Figure 3.19 (a)). For the 

male composite mullion tests also under negative loading, elastic local buckling was observed 

first in the aluminium flange. Then compressive yielding developed on the top surface of the 

plywood flange. Later, compressive yielding fully occurred throughout all veneers of the 

plywood flange. When the specimens reached the maximum loads, the composite mullions 

finally failed in local buckling of the aluminium flange and fracture in the veneers of the 

plywood flange perpendicular to the grain (Figure 3.18 (b) and (c)). The local buckling of the 

aluminium flange in composite mullions was located near the loading point and the edge of the 

reinforcement. It may be due to the concentrated loading or the different stiffness between the 

constant bending region and the non-constant bending region. However, the aluminium flanges 

in female composite mullions were fully glued on the timber flange (i.e. both ends were 

restrained), hence it was less likely to buckle before the yielding of the plywood flange. 

Therefore, the female composite mullions had a similar structural behaviour to the male 

composite mullions (Figure 3.19 (b) and (c)), except that the slight elastic local buckling in the 

aluminium flange and the fracture in the plywood flange did not happen at the ultimate load. 

 

Figure 3.20 and Figure 3.21 show the failed male and female mullions under positive loading 

respectively. Under positive loading, distortional buckling similar to Kesawan et al. (2018)’s 

experimental tests was observed (Figure 3.20 (a) and Figure 3.21 (a)). Both male and female 
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3.7.4. Other performance requirements 

Even though the bending behaviour and capacity of the proposed composite mullion are 

promising, further studies are required to (1) investigate the durability of the composite mullion 

under thermal and moisture variations, (2) conduct life cycle assessment and life cycle cost 

assessment, (3) conduct fire resistance investigation, (4) quantify the reduction of heat flow of 

the composite mullions compared to aluminium mullions, (5) investigate the structural 

behaviour of composite façade frames under static and cyclic wind loading, and (6) optimise 

the composite mullion profile to effectively achieve the structural, thermal and other 

performance requirements. 

 

3.8. Summary 

This paper presented the details of the development and experimental investigation of an 

innovative composite mullion with a coupling mechanism. Aluminium tensile coupon tests, 

plywood non-destructive tests and plywood compressive tests were firstly conducted to obtain 

the mechanical properties of the aluminium and composite mullions. Twelve connection 

specimens were also tested to ensure composite action and to determine the aluminium to 

timber optimum connection for the composite mullion. The adhesive bond forms the composite 

connection with the highest strength and aesthetic appearance. Four composite and two 

aluminium mullion types were then tested under both positive and negative loading cases using 

a four-point bending test set-up. The aluminium mullions failed in local buckling under 

negative loading, while the composite mullions failed due to plywood compressive yielding 

and aluminium flange local buckling. Moreover, distortional buckling was observed during 

aluminium mullion tests subjected to positive loading, while the composite mullions failed due 

to parallel to the grain tensile failure in the plywood flanges. The results showed that the 

innovative composite mullions have greater section moment capacities than the traditional 

aluminium mullions. Further studies will be conducted to investigate other performance 

requirements of the newly developed composite mullion.   
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4. NUMERICAL STUDIES ON THE STRUCTURAL 

BEHAVIOUR OF TIMBER-ALUMINIUM COMPOSITE 

MULLIONS 

4.1. Introduction 

Facade systems are essential elements to prevent weather and thermal impacts on the building. 

Nowadays, various forms of facade walls are designed, evaluated, manufactured and installed 

to satisfy structural, architectural and thermal requirements. One of them, referred to as the 

extruded aluminium framing facade, has gained its popularity among high rise buildings in 

recent several decades due to high strength to weight ratio, high corrosion resistance and, more 

importantly, the extrudabality of aluminium. The aluminium frames are allowed to be 

manufactured into any continuous complex cross-sectional shapes for optimised structural 

resistance, low weight and easier installation procedure. The vertical aluminium frames, 

referred to as mullions, are the dominate structural components, which transfer the wind actions 

from glazing units to the main frame of a building. To reduce the time and resource cost in 

installation procedure, facade industries prefabricate unitised facade panels, where mullions 

are connected with glazing units by silicon sealant in factories. These panels are then shipped 

to construction sites and erected to high storeys by cranes. Thereafter, the adjacent unitised 

facade panels are connected by interlock mechanisms without any screws or bolts as shown in 

Figure 4.1 (a). 

 

However, despite these benefits, the aluminium frames in buildings are highly heat conductive 

(Gustavsen et al., 2011) sections with high embodied energy (Buchanan & Honey, 1994) with 

low sustainability (Azari-N & Kim, 2012). Thus, pure aluminium framing facade might not be 

preferred by building designers if energy efficiency, global warming and sustainability are 
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important design criteria. Some researchers have performed evaluation and comparison 

investigations on reducing the use of aluminium in window and door frames (Gustavsen et al., 

2011, Appelfeld et al., 2010, Van Den Bossche et al., 2015), where several attempts were done 

on aluminium frame façade systems including thermally broken aluminium mullions and 

aluminium-timber composite mullions (AAMA, 2008, Huang, 2014, VicBeam, Scandinavian). 

The recent studies (See Chapter 3 and Chapter 5) evaluated and investigated current façade 

frames and proposed a further optimised composite solution as shown in Figure 4.1 (b). This 

novel composite solution was proven to have superior bending strength and energy efficiency 

than the traditional aluminium mullion by the experimental and thermal investigation, 

respectively.  

 

Figure 4.1 demonstrates the details of the traditional aluminium mullions and innovative 

composite mullions. Mullions in façade walls are often subjected to two types of wind actions: 

negative loading (suction away from buildings) and positive loading (pressure towards 

buildings). They are usually asymmetrical sections due to the requirement of coupling 

mechanism and architectural purposes such as drainage and pressure equalisation. In the novel 

composite mullions, the exterior aluminium extrusions remained to resist the weather 

conditions, while the webs and flanges were replaced by timber to improve their thermal 

performance, aesthetics and sustainability. There are two challenges to investigate the 

structural behaviour of this novel aluminium-timber composite mullions. On one hand, 

mullions are commonly asymmetric complex-shaped thin-walled sections but the investigation 

on asymmetric complex sections is not much. Structural behaviour subjected to bending on 

singly-symmetric thin-walled sections have been investigated by many researchers, such as 

numerical investigations of the flexural behaviour of aluminium alloy sections (Kim & Pekoz, 

2003, Zhu & Young, 2009, Su et al., 2014, Su et al., 2016) and of the section moment capacities 

(Kim & Pekoz, 2003, Zhu & Young, 2009, Anapayan et al., 2011, Anapayan & Mahendran, 

2012, Siahaan et al., 2016, Siahaan et al., 2018). Kesawan et al. (2018) and Kesawan & 

Mahendran (2019) experimentally and numerically investigated the section moment capacity 

of aluminium mullions, respectively. On the other hand, timber is an orthotropic natural 





 

75 

 

 

This paper presents a detailed numerical investigation on the section moment capacity of the 

novel aluminium-timber composite mullion. Rupture mechanism were introduced in timber to 

simulate the orthotropic and brittle properties. Two finite element models are presented, 

referred to as “experimental models” and “ideal models”, which were both validated by the 

comparisons with 24 experimental results (Jiao et al., 2019). The ideal models were then used 

in parametric studies considering several parameters such as mullion types, mullion depth 

timber thickness and timber grade, and design rule development for both negative and positive 

loading cases. 

 

4.2. Experimental studies 

Twenty-four mullion experimental tests were conducted to investigate and compare the section 

moment capacity of the traditional mullions and the novel composite mullions (Jiao et al., 

2019). The material properties of the aluminium and timber used in this experimental study 

were investigated by aluminium tensile coupon tests, timber non-destructive tests and timber 

compressive tests. The connection between aluminium and timber was investigated and glue 

connection was chosen used in the composite mullions. The composite mullions with two 

different thicknesses of plywood were manufactured using the original aluminium mullions 

and F-17 graded (AS 1720.1, 2010) plywood sheets, where the centre lines of the web and the 

flange were the same as the aluminium mullions. The mullions were tested under four-point 

bending with a span of 1,100 mm, as shown in Figure 4.2. Two nominally identical mullions 

were back-to-back restrained using T-shaped steel plates to avoid web crippling. Steel brackets 

were fastened on the top and bottom flanges to restrain their lateral movement. It needs to be 

noted that due to the length of the manufactured of the composite mullion, the shear force 

between the supports and the points of application of the loads was relatively high during the 

tests. Therefore, some reinforcements were applied on the non-constant bending regions to 

prevent shear failure and bearing failure. The loading was applied with a constant rate of 1 
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4.3. Model description 

Two types of numerical models were considered to simulate the bending behaviour of the 

aluminium and composite mullions using ABAQUS in this study, an “experimental model” 

and an “ideal model”. The experimental models simulated the loading of the experimental 

study presented in Chapter 4.2, as shown in Figure 4.3 (a), where the specimen stiffness, section 

moment capacity and failure modes can be compared. The idealised uniformed bending 

condition was applied to only simulate the constant bending regions in the ideal models, as 

shown in Figure 4.3 (b), where only section moment capacity can be compared. 

 

(a) 

 

(b) 

Figure 4.3 Loading and bending moment diagram, shown for (a) ideal condition, (b) 

experimental condition 

 

It should be noted that it was difficult to measure the dimensions and thicknesses of both 

aluminium mullions and composite mullions in the experimental study as they were complex-

F F 

L 
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shaped asymmetrical sections as shown in Figure 4.1 (Jiao et al., 2019). Therefore, the 

dimensions and thicknesses of the mullions in both experimental and ideal models were the 

nominal values from the information provided by the manufacturers. 

 

4.3.1. Finite element type and size 

Kesawan and Mehendran (2019) considered shell elements to numerically investigate thin-

walled aluminium mullions. However, the thickness-to-width ratios of the composite mullions 

were greater than typical thin-walled beams and hence the change of thickness was not 

negligible. To consider this effect, solid elements were considered in this study to establish 

both experimental and ideal models, although they were expensive in terms of computational 

time and resources. 8-node linear three-dimensional brick elements with reduced integration 

(C3D8R) were used to model the aluminium and timber materials. 8-node three-dimensional 

cohesive elements (COH3D8) were used to model the regions were timber fractured. 

 

A convergence study was firstly performed to seek the proper mesh size. It was found that the 

mesh size density of the non-constant bending region in the experimental models was less 

sensitive than that of the constant bending region. A mesh size density of 3 mm × 3 mm in the 

constant bending region was required to accurately fit the failure modes and the section 

moment capacities as shown in Figure 4.4. Some manual adjustments on the edges of profile 

were performed to make the solid element less distorted. 
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Figure 4.4 Mesh sensitivity analysis 

 

4.3.2. Material definition 

4.3.2.1 Aluminium mechanical properties 

The measured Modulus of elasticity (MOE), yield stresses and ultimate stresses of aluminium 

were 63,457 MPa, 204 MPa and 224 MPa for male mullions and 62,383 MPa, 191 MPa and 

222MPa for female mullions, respectively (Jiao et al., 2019). In this paper, the measured 

aluminium stress-strain curves were converted to true plastic curves as input values in FE 

software Abaqus by Eqs. (4.1) and (4.2).  

𝜎𝑖𝑛𝑝𝑢𝑡 = 𝜎𝑒𝑛𝑔(1 + 𝜀𝑒𝑛𝑔) (4.1) 

𝜀𝑖𝑛𝑝𝑢𝑡 = 𝑙𝑛(1 + 𝜀𝑒𝑛𝑔) − 𝜎𝑖𝑛𝑝𝑢𝑡/𝐸 (4.2) 

Where the 𝜎eng, and 𝜀eng are the measured stresses and strains, and 𝜎input and 𝜀input are the input 

stresses and strains, respectively. 
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4.3.2.2 Timber mechanical properties 

4.3.2.2.1 Elastic properties 

Timber is an orthotropic material with three axes named longitudinal axis (parallel to grain), 

tangential axis (tangent to annual growth rings) and radial axis (perpendicular to annual growth 

rings). Hereafter, Subscripts L, T and R indicate longitudinal, tangential and radial axes of 

timber, respectively. Timber was modelled as an orthotropic material in this study. To 

accurately simulate the material properties, the MOEs of timber were calculated as the 

measured load difference ∆F divided by the effective area Aeff and the measured strain 

difference ∆ε from the material tests in the experimental study (See Chapter 3.4.2), where Aeff 

= b∙t∙(μ+ET/EL(1-μ)), b and t are the measured width and thickness of material test samples 

respectively, and 𝜇 is the ratio of parallel to the total area of plies. This calculation considered 

the contribution of the stress of the plies perpendicular to grain. The MOE perpendicular to 

grain is smaller than the MOE parallel to grain, and the ratios of ET/EL and ER/EL of the timber 

(pine wood) in this study were obtained from the Wood Handbook (Ross, 2010). They were 

taken as 0.06 and 0.1, respectively. Similarly, shear modulus GLR, GLT and GRT and Poisson 

ratios 𝜈LR, 𝜈LT, 𝜈RT, 𝜈TR, 𝜈RL and 𝜈TL to ET were also obtained according to Wood Handbook 

(Ross, 2010) and are given in Table 4.1. Table 4.2 presents the elastic material properties used 

for the numerical simulation. 

 

Table 4.1 Ratios of material properties to EL and Poisson ratios of timber used for the 

numerical simulation 

ET/EL ER/EL GLR/EL GLT/EL GRT/EL 𝜈LR 𝜈LT 𝜈RT 𝜈TR 𝜈RL=𝜈TL 

0.06 0.1 0.08 0.07 0.011 0.35 0.35 0.4 0.35 0.03 

Note: Subscripts L, T and R are referred to as longitudinal, tangential and radial axes of 

timber, respectively. 
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Table 4.2 Measured material properties of five plywood sheets used for the numerical 

simulation 

Modulus of elasticity, shear modulus and modulus of rupture (N/mm2)  

EL ET ER GLR GLT GRT fc,L 
fc,R= 

fc,T 
ft,L ft,T 

15141 907 1482 1206 1080 170 47.9 5.3 83 29 

16169 968 1582 1288 1153 181 49.6 5.5 87 29 

18828 1127 1842 1500 1343 211 52.2 5.7 103 29 

17481 1047 1710 1393 1247 196 52.1 5.7 100 29 

19225 1151 1881 1532 1371 216 54.6 6.0 113 29 

Fracture energy (N/mm)   

𝐺𝐿
𝑐 𝐺𝑇

𝑐  𝐺𝐿𝑇
𝑐 , 𝐺𝐿𝑅

𝑐  𝐺𝑇𝑅
𝑐 , 𝐺𝑇𝐿

𝑐    

20 0.7 1.2 0.6   

 

4.3.2.2.2 Plasticity 

The compressive failure mode of the timber was simulated through anisotropic yield based on 

a modified elastic-perfectly plastic anisotropic Hill yield criterion, as shown in Eq. (4.3), 
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= 1 (4.3) 

 

where fc,L, fc,R and fc,T are the longitudinal, radial and tangential compressive strengths, 

respectively, and σLL, σRR and σTT are the longitudinal, radial and tangential stresses, 

respectively. 

 

The compressive yield stresses of the plywood were calculated as the measured peak load Fmax 

divided by the effective area of plywood Aeff from the material property tests in the 

experimental study (See Chapter 3.4.3), where Aeff = b∙t∙(μ+ET/EL(1-μ)), b and t are the 

measured width and thickness of test samples respectively, and 𝜇 is the ratio of parallel to the 
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total area of plies. Again, this considered the contribution of the plies perpendicular to grain in 

resisting the load. Table 4.2 also shows the measured plastic properties as input parameters. 

The yield stresses perpendicular to grain, fc,T and fc,R , were both taken as fc,L multiplied by 0.11, 

according to the average value for pine species in Wood Handbook (Ross, 2010).  

 

4.3.2.2.3 Fracture 

To simulate the tensile fracture mechanisms parallel to the grain observed during the 

experiments under positive loading, a crack path through the entire timber part was modelled 

in the constant bending moment region using cohesive elements as shown in Figure 4.5, where 

the red arrows indicate the grain directions. The locations of the crack path in the FE models 

are detailed in Chapter 4.3.3. Crack propagation can be classified according to three modes: 

Mode I (normal to fracture plane), Mode II (in-plane shear) and Mode III (out-of-plane shear). 

For all three modes, the stiffness was chosen so to match the elastic stiffness of the timber 

material. The maximum nominal stress criterion was used to define the crack initiation in the 

timber part of the FE models by Eq. (4.4).   

 

𝑚𝑎𝑥 (
〈𝜎𝑛〉

𝑓𝑛
;
𝜎𝑠
𝑓𝑠
;
𝜎𝑡
𝑓𝑡
) = 1 (4.4) 

where n and (s, t) indicate the normal and tangential directions to the crack path, respectively, 

σn, σs and σt are the stress normal to the crack path, in-plane shear stress and out-of-plane steer 

stress, respectively, and fn, fs and ft are the tensile strength normal to the crack path, in-plane 

shear strength and out-of-plane strength, respectively. It should be noted that n, s and t were 

different for the plywood layers with different grain directions. For instance, n, s and t of the 

first layer of the plywood flange in Figure 4.5 are longitudinal direction (z axial), longitudinal-

tangential direction (zx plane) and longitudinal-radial direction (xy plane), respectively, while 

for the second layer of plywood, n, s and t are tangential direction (z axial), tangential-

longitudinal direction (zx plane) and tangential-radial direction (xy plane), respectively. Table 
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4.3.3. Load and boundary conditions 

4.3.3.1 Experimental models 

In the experimental models, the loading and boundary conditions were simulated similar to the 

actual loading conditions in the experimental tests and are shown in Figure 4.6, where the 

numbers of 1, 2 and 3 indicate the restraints on x-, y- and z-axis translations and those of 4, 5 

and 6 indicate x-, y- and z-axis rotations, respectively. All connections were considered as 

perfect connections since no slip and no failure occurred in the connection in the experimental 

tests. Hence, the composite mullions in this study were modelled as whole sections. Due to 

symmetric loading conditions, only half of the mullion was simulated with symmetric plane 

boundary conditions (345) for both negative and positive loading cases. The T-shaped steel 

plates used at the loading and support points shown in Figure 4.2 (a) were not explicitly 

modelled. They were simulated using single point constraints (SPC) constraining the elements 

in the red zones as shown in Figure 4.6. The T-shaped steel plate at the loading points (Figure 

4.2 (a)) provided rotational restraints about y- and z-axis and translation restraint along x-axis 

(156), while that at the support points, they provided these restraints and an addition translation 

restraint along y-axis (1256). During the experimental test, there was no failure near the steel 

equal angles (Figure 4.2 (b)). Hence, the steel equal angles were also simulated using SPCs 

restraining the rotation about z-axis and the translation along x-axis (16) at their locations. A 

displacement-controlled loading was applied at the loading SPC. Furthermore, the additional 

reinforcing plywood between the loading points and the supports as shown in Figure 4.2 (b) 

was explicitly simulated to match with the stiffness of the test specimens.  
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4.4. Validation 

4.4.1. Comparison of experimental models 

Table 4.3 compares the section moment capacities from the experimental study and 

experimental model results. The mean (1.02) and COV (4.2%) values of the FEA/Exp ratios 

suggest that the experimental model can accurately predict the section moment capacities for 

aluminium and composite mullions under both negative and positive loading cases.  

 

Table 4.3 Comparison of experimental tests and finite element analysis for both experimental 

models and ideal models 

Section Test (kNm) 
FEA (kNm)  FEA/Exp ratio 

Exp. Ideal  Exp. Ideal 

N-F-CO-1 4.92 4.93 5.09  1.00 1.03 

N-F-CO-2 6.13 6.03 6.70  0.98 1.09 

N-M-CO-1 5.91 6.11 6.20  1.03 1.05 

N-M-CO-2 6.80 6.85 7.44  1.01 1.09 

P-F-CO-1 5.73 5.67 5.60  0.99 0.98 

P-F-CO-2 6.11 6.77 7.03  1.11 1.15 

P-M-CO-1 6.78 6.98 6.75  1.03 1.00 

P-M-CO-2 7.49 8.10 7.93  0.94 1.06 

N-F-AL 4.99 5.15 4.62  1.03 0.93 

N-M-AL 4.92 4.66 5.40  0.95 1.10 

P-F-AL 5.70 5.92 5.50  1.04 0.96 

P-M-AL 6.59 6.69 6.96  1.02 1.06 

Mean     1.02 1.04 

COV (%)     4.2 6.2 
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4.5. Parametric study 

4.5.1. Description of the parametric study 

The validated ideal models were used in the parametric study to investigate the section moment 

capacity in terms of several interested parameters. The results of the parametric study were 

used to develop and propose design rules to predict the section moment capacity of the 

composite mullions. In this parametric study, six parameters were selected for investigation: 

loading cases (negative or positive), mullion types (male or female), timber thicknesses (12.5 

mm, 16.5 mm and 19.5 mm), nominal depths (160 mm and 185 mm), ply layouts (plywood, 

laminated veneer lumber (LVL) and optimised layout), and timber grades (F17, F27 and F34). 

 

The previous experimental study (Jiao et al., 2019) presented the parameters of loading cases, 

mullion types and timber thicknesses. This parametric study extends another series of 

composite mullions with 25 mm greater depths. Figure 4.10 presents three different layouts 

considered in this study, where the light and dark colours indicate the plies parallel and 

perpendicular to the longitudinal direction, respectively. Plywood, as a cross-laminated timber 

structural product, was chosen in the experimental study due to its ease of manufacturing and 

higher strength perpendicular to the beam direction than LVL. This character of plywood helps 

the composite mullions to prevent warping against shrinkage difference due to a long-term 

thermal or moisture cyclic movement, however, reduced their longitudinal bending strength. 

Therefore, a user-defined or optimised cross-laminated timber is recommended as shown in 

Figure 4.10, which provides sufficient resistant against the cyclic movement and greater 

strength against bending than the plywood layout. The approximate percentages of the plies, 

which grain is parallel to the longitudinal direction, are 50%, 85%-90% and 100% for plywood, 

optimised cross-laminated timber and LVL, respectively.  
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(a)                                    (b)                                    (c) 

Figure 4.10 Different ply layouts, shown for (a) plywood, (b) optimised layout, (c) LVL 

 

The material properties used in the parametric study were defined using the nominal value from 

AS/NZS 1720.1 (2010). The MOE, compressive stress and modulus of rupture of timber were 

taken as: (1) 21500 MPa, 68 MPa and 54 MPa for F34 grade, (2) 18500 MPa, 55 MPa and 45 

MPa for F27 grade, and (3) 14000 MPa, 36 MPa and 27 MPa for F17 grade, respectively. Other 

elastic constants were calculated using the ratios described in Chapter 4.3.2. The fracture 

energy was defined by multiplying the selected value in Chapter 4.3.2 (20 N/mm) by the ratio 

of modulus of rupture as the energy fracture is proportional to the modulus of rupture if 

assuming that the full separation gap uf is constant (Sandhass, 2012). The MOE, yield stress 

and ultimate stress for 6063 T6 aluminium alloy were taken as 70000 MPa, 172 MPa and 207 

MPa (AS 1664.1, 1997) and the ultimate strain was calculated based on the CSM bilinear 

material model, according to the study done by Buchanan et al. (2016) as follows, 

𝜀𝑢 = 𝐶1 (1 −
𝑓𝑦

𝑓𝑢
) + 𝐶2 (4.6) 

Where fy and fu are the nominal yield stress and the ultimate stress respectively, and the values 

of C1 and C2 are taken as 0.13 and 0.06 for aluminium.  
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4.5.2. Results of the parametric study 

Table 4.4, Table 4.5, Table 4.6 and Table 4.7 present the results from the parametric study for 

male composite mullions under negative loading, female composite mullions under positive 

loading, male composite mullions under positive loading and female composite mullions under 

positive loading, respectively. 

 

It is evident that the section moment capacity increases with the increase of the timber cross-

sectional area in the mullion profile. From 12.5-mm thickness to 16.5-mm and 19.5-mm 

thickness, the section moment capacity increases averagely by 10% and 19.5%, respectively, 

while the quantity of the timber used increases by 32% and 56% respectively. Hence, when it 

comes to the timber using efficiency, a composite mullion with smaller thickness of timber is 

considered as a more economic design. From nominally 160-mm depth to 185-mm depth, the 

quantity of used timber increases 15% on average, however the section moment capacity 

increases by 29% on average. It is indicated that though the depth of the composite mullion is 

limited to the façade design, a greater depth is recommended to gain the section moment 

capacity. Timber layouts also significantly influence the section moment capacity with an 

average increase of 34% and 44% from plywood to other two timber layouts. Therefore, the 

optimised layout might be considered as recommended layout for the composite mullion layout, 

which has both greater section moment capacities and long-term durability against thermal and 

moisture movement. The increase of 31% and 45% also can be seen in F27 and F34 grades 

compared to F17 grade. 
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Table 4.4 Comparison of section moment capacities of male composite mullions with design 

rules under negative loading 

 Grade Section moment capacities (kNm)  Comparison ratios to FEA 

  FEA TMCA LSM 
Modified 

TMCA 
 TMCA LSM 

Modified 

TMCA 

12.5-P-160 F34 6.34 4.82 4.54 6.22  1.31 1.40 1.02 

 F27 5.80 4.55 4.28 5.83  1.27 1.35 0.99 

 F17 4.91 3.89 3.84 5.23  1.26 1.28 0.94 

12.5-P-185 F34 8.15 6.14 5.65 7.92  1.33 1.44 1.03 

 F27 7.40 5.67 5.32 7.39  1.30 1.39 1.00 

 F17 6.15 4.88 4.79 6.57  1.26 1.28 0.94 

12.5-O-160 F34 7.89 5.95 5.02 7.89  1.33 1.57 1.00 

 F27 7.22 5.58 4.90 6.87  1.29 1.47 1.05 

 F17 6.03 4.87 4.71 6.05  1.24 1.28 1.00 

12.5-O-185 F34 10.20 7.68 6.57 10.19  1.33 1.55 1.00 

 F27 9.28 7.17 6.39 9.31  1.29 1.45 1.00 

 F17 7.55 6.25 6.12 7.96  1.21 1.23 0.95 

12.5-L-160 F34 8.44 6.47 5.21 8.66  1.30 1.62 0.97 

 F27 7.72 6.03 5.07 7.90  1.28 1.52 0.98 

 F17 6.49 5.20 4.84 6.73  1.25 1.34 0.96 

12.5-L-185 F34 10.95 8.41 6.85 11.25  1.30 1.60 0.97 

 F27 9.95 7.76 6.64 10.19  1.28 1.50 0.98 

 F17 8.31 6.69 6.32 8.59  1.24 1.32 0.97 

16.5-P-160 F34 6.95 5.18 4.63 6.75  1.34 1.50 1.03 

 F27 6.38 4.88 4.54 6.26  1.31 1.41 1.02 

 F17 5.37 4.05 3.97 5.51  1.33 1.35 0.97 

16.5-P-185 F34 8.91 6.65 6.06 8.66  1.34 1.47 1.03 

 F27 8.17 6.24 5.92 8.00  1.31 1.38 1.02 

 F17 6.82 5.15 5.05 6.99  1.32 1.35 0.98 

16.5-O-160 F34 9.26 7.00 5.31 9.37  1.32 1.75 0.99 

 F27 8.42 6.47 5.14 8.49  1.30 1.64 0.99 

 F17 7.07 5.37 4.88 7.12  1.32 1.45 0.99 

16.5-O-185 F34 12.13 9.15 7.04 12.27  1.33 1.72 0.99 

 F27 10.95 8.40 6.79 11.04  1.30 1.61 0.99 

 F17 9.09 6.99 6.40 8.86  1.30 1.42 1.03 
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16.5-L-160 F34 9.52 7.29 5.42 9.80  1.31 1.76 0.97 

 F27 8.66 6.72 5.24 8.84  1.29 1.65 0.98 

 F17 7.28 5.54 4.96 7.38  1.31 1.47 0.99 

16.5-L-185 F34 12.52 9.57 7.20 12.86  1.31 1.74 0.97 

 F27 11.29 8.74 6.93 11.54  1.29 1.63 0.98 

 F17 9.34 7.24 6.52 9.51  1.29 1.43 0.98 

19.5-P-160 F34 7.92 6.02 4.89 7.83  1.32 1.62 1.01 

 F27 7.38 5.59 4.77 7.17  1.32 1.55 1.03 

 F17 6.08 4.64 4.47 6.16  1.31 1.36 0.99 

19.5-P-185 F34 10.58 7.69 6.43 10.13  1.38 1.65 1.04 

 F27 9.58 7.16 6.25 9.24  1.34 1.53 1.04 

 F17 7.97 5.90 5.74 7.86  1.35 1.39 1.01 

19.5-O-160 F34 9.89 7.57 5.48 10.04  1.31 1.81 0.98 

 F27 8.94 6.85 5.29 9.05  1.31 1.69 0.99 

 F17 7.43 5.59 4.99 7.52  1.33 1.49 0.99 

19.5-O-185 F34 13.03 9.92 7.29 13.20  1.31 1.79 0.99 

 F27 11.68 9.06 7.00 11.82  1.29 1.67 0.99 

 F17 9.58 7.31 6.57 9.71  1.31 1.46 0.99 

19.5-L-160 F34 10.34 8.16 5.66 10.74  1.27 1.83 0.96 

 F27 9.34 7.33 5.45 9.64  1.27 1.72 0.97 

 F17 7.76 5.96 5.12 7.94  1.30 1.52 0.98 

19.5-L-185 F34 13.69 10.67 7.56 14.17  1.28 1.81 0.97 

 F27 12.26 9.65 7.24 12.63  1.27 1.69 0.97 

 F17 10.03 7.73 6.75 10.28  1.30 1.49 0.98 

Mean       1.30 1.53 0.99 

COV (%)       2 10 3 

Note: The abbreviations in the first column indicates thickness, wood layout and total depth, 

where “P” represents the plywood layout, “O” represents the optimised layout and “L” 

represents the LVL layout. 

  



 

98 

 

Table 4.5 Comparison of section moment capacities of female composite mullions with 

design rules under negative loading 

 Grade Section moment capacities (kNm)  Comparison ratios to FEA 

  FEA TMCA LSM 
Modified 

TMCA 
 TMCA LSM 

Modified 

TMCA 

12.5-P-160 F34 5.47 4.06 3.73 5.28  1.35 1.47 1.04 

 F27 4.93 3.71 3.46 4.86  1.33 1.43 1.01 

 F17 4.08 3.08 3.02 4.19  1.33 1.35 0.97 

12.5-P-185 F34 7.42 5.08 4.64 6.75  1.46 1.60 1.10 

 F27 6.23 4.62 4.29 6.19  1.35 1.45 1.01 

 F17 5.55 3.85 3.74 5.31  1.44 1.48 1.04 

12.5-O-160 F34 7.02 5.40 4.67 7.06  1.30 1.50 0.99 

 F27 6.35 5.01 4.54 6.05  1.27 1.40 1.05 

 F17 5.17 4.18 4.09 5.18  1.24 1.27 1.00 

12.5-O-185 F34 9.02 6.93 6.07 9.14  1.30 1.49 0.99 

 F27 8.13 6.38 5.88 8.23  1.27 1.38 0.99 

 F17 6.64 5.28 5.16 6.82  1.26 1.29 0.97 

12.5-L-160 F34 7.82 5.92 4.87 7.85  1.32 1.60 1.00 

 F27 6.87 5.47 4.73 7.07  1.26 1.45 0.97 

 F17 5.94 4.65 4.49 5.85  1.28 1.32 1.02 

12.5-L-185 F34 9.87 7.66 6.36 10.22  1.29 1.55 0.97 

 F27 9.18 7.03 6.14 9.15  1.31 1.49 1.00 

 F17 7.19 5.95 5.80 7.49  1.21 1.24 0.96 

16.5-P-160 F34 6.16 4.61 4.30 5.89  1.34 1.43 1.05 

 F27 5.59 4.28 3.99 5.38  1.31 1.40 1.04 

 F17 4.62 3.33 3.25 4.57  1.39 1.42 1.01 

16.5-P-185 F34 7.88 5.88 5.41 7.57  1.34 1.46 1.04 

 F27 7.19 5.32 4.96 6.88  1.35 1.45 1.04 

 F17 5.80 4.21 4.12 5.80  1.38 1.41 1.00 

16.5-O-160 F34 8.47 6.48 5.00 8.62  1.31 1.69 0.98 

 F27 7.64 5.96 4.83 7.72  1.28 1.58 0.99 

 F17 6.26 4.88 4.56 6.31  1.28 1.37 0.99 

16.5-O-185 F34 11.06 8.45 6.58 11.31  1.31 1.68 0.98 

 F27 9.89 7.68 6.32 10.06  1.29 1.56 0.98 

 F17 8.03 6.31 5.93 8.13  1.27 1.35 0.99 
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16.5-L-160 F34 8.75 6.79 5.11 9.05  1.29 1.71 0.97 

 F27 7.89 6.22 4.93 8.09  1.27 1.60 0.98 

 F17 6.52 5.07 4.64 6.58  1.29 1.41 0.99 

16.5-L-185 F34 11.46 8.88 6.75 11.91  1.29 1.70 0.96 

 F27 10.24 8.05 6.47 10.57  1.27 1.58 0.97 

 F17 8.30 6.56 6.04 8.50  1.26 1.37 0.98 

19.5-P-160 F34 7.27 5.44 4.59 7.05  1.34 1.58 1.03 

 F27 6.60 5.02 4.45 6.37  1.31 1.48 1.04 

 F17 5.45 3.96 3.83 5.31  1.38 1.42 1.03 

19.5-P-185 F34 9.39 6.98 5.97 9.14  1.35 1.57 1.03 

 F27 8.43 6.42 5.78 8.22  1.31 1.46 1.03 

 F17 6.96 5.06 4.89 6.79  1.38 1.42 1.03 

19.5-O-160 F34 9.27 7.08 5.18 9.32  1.31 1.79 0.99 

 F27 8.32 6.38 4.99 8.32  1.30 1.67 1.00 

 F17 6.79 5.15 4.68 6.75  1.32 1.45 1.01 

19.5-O-185 F34 12.18 9.24 6.85 12.27  1.32 1.78 0.99 

 F27 10.84 8.37 6.56 10.88  1.30 1.65 1.00 

 F17 8.73 6.69 6.11 8.72  1.30 1.43 1.00 

19.5-L-160 F34 9.72 7.60 5.36 10.02  1.28 1.81 0.97 

 F27 8.71 6.81 5.15 8.91  1.28 1.69 0.98 

 F17 7.12 5.45 4.82 7.18  1.31 1.48 0.99 

19.5-L-185 F34 12.85 9.99 7.12 13.25  1.29 1.80 0.97 

 F27 11.41 8.98 6.80 11.70  1.27 1.68 0.98 

 F17 9.18 7.11 6.30 9.31  1.29 1.46 0.99 

Mean       1.31 1.51 1.00 

COV (%)       3 9 3 

Note: The abbreviations in the first column indicates thickness, wood layout and total depth, 

where “P” represents the plywood layout, “O” represents the optimised layout and “L” 

represents the LVL layout. 

  



 

100 

 

Table 4.6 Comparison of section moment capacities of male composite mullions with design 

rules under positive loading 

 Grade 
Section moment capacities 

(kNm) 
 Comparison ratios to FEA 

  FEA TMCA LSM  TMCA LSM 

12.5-P-160 F34 4.35 4.06 3.98  1.07 1.09 

 F27 4.02 3.68 3.62  1.09 1.11 

 F17 3.26 2.61 2.57  1.25 1.27 

12.5-P-185 F34 5.49 5.14 5.04  1.07 1.09 

 F27 5.04 4.64 4.57  1.09 1.10 

 F17 4.02 3.28 3.23  1.23 1.25 

12.5-O-160 F34 5.71 5.32 4.92  1.07 1.16 

 F27 5.21 4.93 4.79  1.06 1.09 

 F17 3.89 3.41 3.34  1.14 1.16 

12.5-O-185 F34 7.34 6.88 6.44  1.07 1.14 

 F27 6.66 6.31 6.17  1.06 1.08 

 F17 4.89 4.33 4.24  1.13 1.15 

12.5-L-160 F34 6.38 5.77 5.12  1.10 1.25 

 F27 5.80 5.34 4.97  1.09 1.17 

 F17 4.24 3.79 3.70  1.12 1.15 

12.5-L-185 F34 8.22 7.52 6.74  1.09 1.22 

 F27 7.45 6.91 6.52  1.08 1.14 

 F17 5.36 4.82 4.71  1.11 1.14 

16.5-P-160 F34 4.63 4.52 4.39  1.02 1.05 

 F27 4.23 4.06 3.96  1.04 1.07 

 F17 3.10 2.83 2.77  1.09 1.12 

16.5-P-185 F34 5.93 5.65 5.49  1.05 1.08 

 F27 5.43 5.06 4.94  1.07 1.10 

 F17 3.93 3.52 3.44  1.12 1.14 

16.5-O-160 F34 6.67 6.10 5.23  1.09 1.27 

 F27 6.04 5.60 5.06  1.08 1.19 

 F17 4.34 4.01 3.89  1.08 1.12 

16.5-O-185 F34 8.68 8.02 6.94  1.08 1.25 

 F27 7.84 7.33 6.68  1.07 1.17 

 F17 5.57 5.12 4.81  1.09 1.16 
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16.5-L-160 F34 7.02 6.36 5.35  1.10 1.31 

 F27 6.37 5.82 5.16  1.09 1.23 

 F17 4.60 4.22 4.09  1.09 1.13 

16.5-L-185 F34 9.26 8.39 7.11  1.10 1.30 

 F27 8.36 7.63 6.83  1.10 1.22 

 F17 6.02 5.44 5.26  1.11 1.14 

19.5-P-160 F34 5.40 5.12 4.81  1.05 1.12 

 F27 4.93 4.66 4.52  1.06 1.09 

 F17 3.48 3.20 3.11  1.09 1.12 

19.5-P-185 F34 7.01 6.68 6.32  1.05 1.11 

 F27 6.37 6.02 5.82  1.06 1.09 

 F17 4.60 4.11 3.99  1.12 1.15 

19.5-O-160 F34 7.05 6.47 5.42  1.09 1.30 

 F27 6.39 5.91 5.22  1.08 1.22 

 F17 4.57 4.26 4.11  1.07 1.11 

19.5-O-185 F34 9.26 8.57 7.21  1.08 1.29 

 F27 8.31 7.78 6.91  1.07 1.20 

 F17 5.91 5.52 5.31  1.07 1.11 

19.5-L-160 F34 7.60 6.89 5.60  1.10 1.36 

 F27 6.89 6.28 5.38  1.10 1.28 

 F17 5.00 4.60 4.42  1.09 1.13 

19.5-L-185 F34 9.98 9.18 7.49  1.09 1.33 

 F27 9.00 8.30 7.16  1.08 1.26 

 F17 6.45 5.96 5.72  1.08 1.13 

Mean      1.09 1.17 

COV (%)      3 7 

Note: The abbreviations in the first column indicates thickness, wood layout and total depth, 

where “P” represents the plywood layout, “O” represents the optimised layout and “L” 

represents the LVL layout. 
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Table 4.7 Comparison of section moment capacities of female composite mullions with 

design rules under positive loading 

 Grade 
Section moment capacities 

(kNm) 
 Comparison ratios to FEA 

  FEA TMCA LSM  TMCA LSM 

12.5-P-160 F34 3.47 3.29 3.20  1.06 1.08 

 F27 3.12 2.91 2.85  1.07 1.10 

 F17 2.33 1.99 1.94  1.17 1.20 

12.5-P-185 F34 4.39 4.16 4.06  1.05 1.08 

 F27 3.93 3.68 3.60  1.07 1.09 

 F17 2.90 2.50 2.44  1.16 1.19 

12.5-O-160 F34 5.00 4.78 4.56  1.05 1.10 

 F27 4.48 4.25 4.14  1.05 1.08 

 F17 3.08 2.83 2.76  1.09 1.12 

12.5-O-185 F34 6.40 6.15 5.92  1.04 1.08 

 F27 5.71 5.41 5.27  1.06 1.08 

 F17 3.90 3.60 3.50  1.08 1.11 

12.5-L-160 F34 5.67 5.26 4.78  1.08 1.19 

 F27 5.09 4.81 4.62  1.06 1.10 

 F17 3.50 3.23 3.14  1.09 1.12 

12.5-L-185 F34 7.28 6.80 6.23  1.07 1.17 

 F27 6.52 6.19 6.01  1.05 1.09 

 F17 4.45 4.10 3.99  1.08 1.11 

16.5-P-160 F34 3.91 3.73 3.61  1.05 1.08 

 F27 3.49 3.29 3.19  1.06 1.09 

 F17 2.40 2.22 2.15  1.08 1.12 

16.5-P-185 F34 4.99 4.92 4.74  1.01 1.05 

 F27 4.45 4.32 4.18  1.03 1.06 

 F17 3.06 2.89 2.80  1.06 1.09 

16.5-O-160 F34 6.08 5.65 4.92  1.08 1.24 

 F27 5.46 5.15 4.74  1.06 1.15 

 F17 3.77 3.52 3.40  1.07 1.11 

16.5-O-185 F34 7.89 7.43 6.37  1.06 1.24 

 F27 7.03 6.73 6.11  1.05 1.15 

 F17 4.83 4.60 4.43  1.05 1.09 
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16.5-L-160 F34 6.43 5.91 5.04  1.09 1.28 

 F27 5.78 5.37 4.85  1.08 1.19 

 F17 4.03 3.74 3.60  1.08 1.12 

16.5-L-185 F34 8.36 7.76 6.65  1.08 1.26 

 F27 7.48 7.00 6.36  1.07 1.18 

 F17 4.64 4.80 4.62  0.97 1.00 

19.5-P-160 F34 4.82 4.66 4.46  1.03 1.08 

 F27 4.32 4.08 3.93  1.06 1.10 

 F17 2.92 2.72 2.61  1.08 1.12 

19.5-P-185 F34 6.19 5.99 5.74  1.03 1.08 

 F27 5.52 5.24 5.04  1.05 1.10 

 F17 3.75 3.47 3.35  1.08 1.12 

19.5-O-160 F34 6.51 6.06 5.12  1.07 1.27 

 F27 5.84 5.50 4.92  1.06 1.19 

 F17 4.05 3.82 3.66  1.06 1.11 

19.5-O-185 F34 8.48 7.96 6.76  1.07 1.25 

 F27 7.58 7.19 6.46  1.05 1.17 

 F17 5.20 4.92 4.71  1.06 1.10 

19.5-L-160 F34 7.05 6.49 5.30  1.09 1.33 

 F27 6.34 5.87 5.09  1.08 1.25 

 F17 4.48 4.16 3.98  1.08 1.12 

19.5-L-185 F34 9.22 8.58 7.04  1.07 1.31 

 F27 8.23 7.70 6.71  1.07 1.23 

 F17 5.74 5.37 5.13  1.07 1.12 

Mean      1.07 1.14 

COV (%)      3 6 

Note: The abbreviations in the first column indicates thickness, wood layout and total depth, 

where “P” represents the plywood layout, “O” represents the optimised layout and “L” 

represents the LVL layout. 
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4.6. Design rule development 

Kesawan et al. (2018) evaluated the applicability of four design rules for the design of 

aluminium mullions, namely: (1) ADM (2015) design rules including limiting stress method 

(LSM), weighted average method and direct strength method (DSM), (2) Eurocode 9 (2007) 

and continuous strength methods, (3) Kim and Pekoz’s  (2003) method, and (4) DSM in AISI 

(2012). They found that ADM (2015) design rule using weighted average method is limited to 

symmetric sections and that Eurocode 9 design rule (2007) needs time-consuming iterative 

calculation. Hence, both approaches were not considered further in their development of design 

rules for aluminium mullions. They evaluated LSM and DSM in ADM (2015) and one of the 

methods proposed by Kim and Pekoz (2003), referred to as total moment capacity approach 

(TMCA), which were all conservative with the mean values of the test to predicted ratios of 

1.31, 1.06 and 1.20 respectively. Kesawan and Mahendran (2019) also numerically evaluated 

the buckling behaviour of aluminium mullions using finite strip analysis and demonstrated its 

applicability to determine the moment capacity of aluminium mullions. In the current study, 

the applicability of LSM and TCMA design approaches are evaluated to predict the section 

moment capacities of the composite mullion. DSM and finite strip analysis are not considered 

due to the compact nature of the composite mullion. 

 

4.6.1. Comparison of current design rule of aluminium mullion design 

4.6.1.1 Limiting Stress Method (LSM) 

The limiting stress method is a conservative calculation method, where the section moment 

capacity is calculated by multiplying the minimum allowable stress of all elements in the 

section by its overall section modulus, as shown in Eq. (4.7). Despite its conservative results, 

it is straightforward and less time-consuming, hence, usually used in industrial practices. 

𝑀𝐿𝑆𝑀 = min (𝑓1, 𝑓2 , 𝑓3…)𝑆 (4.7) 

Where the fi is the allowable stress of Element i and S is the section modulus of the mullion. 
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However, previous investigation on limiting stress method focused on pure aluminium section 

rather than composite sections. To apply the limiting stress method and other design rules for 

the composite mullion, an idealised transformed cross-section based on the MOE ratios k (i.e. 

MOEtimber / MOEaluminium) is introduced as shown in Figure 4.11. The section moment capacity 

can be determined using Eq. (4.8), where the allowable stresses of the plies which grain is 

perpendicular to the beam direction are not considered. For the complex-shaped transformed 

section, it is difficult and tedious to manually determine its section modulus. Therefore, the 

software “ShapeDesigner” as shown in Figure 4.11 (c) was used in this study, which can easily 

analyse any cross-sectional shape, and export comprehensive elastic information. The detailed 

calculation procedure of LSM is presented in Appendix A. 

𝑀𝐿𝑆𝑀 = min(𝑓𝑎1, 𝑓𝑎2 , 𝑓𝑎3… , 𝑘𝑓𝑡1, 𝑘𝑓𝑡2 , 𝑘𝑓𝑡3… )𝑆 (4.8) 

Where the fa1 is the allowable stress of Aluminium element 1, the ft1 is the allowable stress 

parallel to grain of Timber element 1, and S is the section modulus of the transformed cross-

section. 

 

Table 4.4-Table 4.7 present the prediction of LSM and the ratio of the prediction to the section 

moment capacity from FEA. The mean and COV values of the ratios for the negative loading 

case are 1.52 and 10% respectively, and those for the positive loading case are 1.16 and 7% 

respectively,  which suggests that LSM is capable to predict the section moment capacity of 

the composite mullion, although it is very conservative for the negative loading case. 

Nevertheless, it is still recommended in industrial practice as it costs less time and resources. 
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                      (a)                                      (b)                                            (c) 

Figure 4.11 Mullion cross-sectional profiles, shown for (a) the original profile, (b) the 

transformed profile, (c) the transformed profile in ShapeDesigner 

 

4.6.1.2 Total Moment Capacity Approach (TMCA) 

Kim and Pekoz (2003) proposed two total moment capacity approaches: TMCA1 and TMCA2. 

In TMCA1, the whole section was divided into two linear stress groups: web groups and flange 

groups, as shown in Figure 4.11 (b). Then, the allowable stress of the critical compressive 

element in the flange group and the greater allowable stress of two ends of the web group were 

determined. Then, a linear stress distribution was considered to calculate the stresses of other 

elements in each group as shown in Figure 4.12. Thereafter, the section modulus of each 

element across the cross-section with respect to the neutral axis was calculated and then 

multiplied by the calculated stress to compute the section moment of each element. Finally, 

these section moments were added together to determine the net section moment, i.e. the 

section moment capacity. However, the problem of TMCA1 was that the stress of the element 

in tensile extreme fibre could exceed over the tensile yield stress, which could over-predict the 
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section moment capacity. Therefore, in TMCA2, the cross-section was firstly divided into three 

linear stress groups: web group, compressive flange group and tensile flange group to more 

accurately predict the stress distribution when the section reach the ultimate moment as shown 

in Figure 4.12. The required allowable stresses were the critical stress at the extreme 

compression flange, the critical tensile stress at the tensile flange and the greater stress of two 

ends of the web. The section moment capacity could be calculated using the same procedure 

as TMCA1. Kim and Pekoz (2003) suggested that the use of a single linear distribution for both 

compressive and tensile flange groups (TMCA1) would not be realistic, and Kesawan et al. 

(2018) considered TMCA2. Therefore, in this paper, only TMCA2, as shown in Eq. (4.9), was 

used to calculate the section moment capacity through total moment capacity approach. 

Hereafter, the abbreviation “TMCA” is only referred to as TMCA2. The beforementioned 

software “ShapeDesigner” is also capable to determine the section modulus of each element 

and the neutral axis of the whole transformed section. The detailed calculation procedure of 

TMCA is presented in Appendix A. 

𝑀𝑇𝑀𝐶𝐴 = 𝑓𝑡𝑓1𝑆𝑡𝑓1 + 𝑓𝑡𝑓2𝑆𝑡𝑓2 +⋯+ 𝑓𝑐𝑓1𝑆𝑐𝑓1 + 𝑓𝑐𝑓2𝑆𝑐𝑓2 +⋯+ 𝑓𝑤𝑒𝑏𝑆𝑤𝑒𝑏 (4.9) 

Where ftf1, fcf1, fweb and Stf1, Stf1, Sweb are the yield stresses and section modulus of Tension flange 

1, Compression flange 1 and the web, respectively. 

 

Table 4.4-Table 4.7 present the prediction of TMCA and comparison with the results from FEA. 

The mean and COV values of the ratios are 1.31 and 3% for negative loading, and 1.08 and 3% 

for positive loading, respectively. TMCA has more accurate prediction than LSM, although it 

is still conservative for the negative loading case. 
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Figure 4.12 Total moment capacity approach (On the tensile side, the solid line represents TMCA1 with the prime symbol at the stress symbols, 

and the dash line represents TMCA2)
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Where fi, Ai and di are the yield stress, the cross-sectional area, and the distance between the 

neutral axis and the centroid of Element i, respectively. 

 

 

Figure 4.14 Stress distribution from FEA for N-M-12.5-160-L-F34 (fc,L = 68 MPa) 

 

Similar theoretical calculation to predict the bending moment capacity of aluminium-timber 

composite structures was done by Chybiński & Polus (2019), which considered the position of 

the plastic axis. However, for the complex-shaped composite mullion, it is tedious and time 

consuming to calculate the actual plastic axis. Furthermore, the results from FEA show there 

is not too much position difference between the elastic axis and the plastic axis. Therefore, the 

neutral axis in the modified TMCA is considered as the elastic neutral axis of the composite 

mullion. 

 

The mean and COV values of the ratios of FEA and calculated ultimate section moment from 

Eq. (4.10) is presented in Table 4.4-Table 4.7, which also demonstrate the ratios of the ultimate 

section moment from experiments and Eq. (4.10). Figure 4.13 (b) shows the data points of the 

FEA result versus the prediction of LSM, TMCA and the modified TMCA under negative 
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loading, which also clearly indicates the accuracy of the modified TMCA. Therefore, it is 

recommended that the modified TMCA (Eq. (4.10)) can be used in the design of the composite 

mullions under negative loading. 

 

Even though the proposed design rule to predict the section moment capacity of the composite 

mullion are promising, further studies are required to (1) consider other composite mullions 

with different aluminium cross-section, (2) consider other façade members (transoms, sills and 

heads), (3) conduct reliability analysis based on more data of other composite mullions and 

façade members. 

 

4.7. Summary 

This paper has presented the details of numerical studies and design rule development of a 

novel aluminium-timber composite mullion. The initial development and experimental study 

were firstly reviewed. The finite element models were then developed in this study to further 

understand the bending behaviour and section moment capacity of the composite mullions. The 

numerical models adopted orthotropic properties and fracture mechanism on the timber 

elements. Both experimental and ideal finite element models are considered and investigated. 

The loading and boundary conditions in the experimental model were simulated as closely as 

the actual experiment test set-up, while the ideal model simulated the composite mullion under 

an idealised uniformed bending moment. The finite element models were validated by the 

comparison of the section moment versus displacement curves, failure modes and ultimate 

section moments. A detailed parametric study was conducted based on the validated ideal 

model to investigate some geometrical and mechanical characters of the composite mullion. 

This paper also evaluates current two design methods, limiting stress method (LSM) and total 

moment capacity approach (TMCA) used in aluminium mullions to predict the bending 

moment capacity of composite mullions. It is founded that TMCA has more accurate prediction 

than LSM. TMCA is recommended in the design of the composite mullion under positive 

loading however it was found to be more conservative under negative loading. The proposed 

design rule, modified from TMCA based on full plastic stress distribution improves the 

accuracy of prediction.  
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5. THERMAL INVESTIGATION AND OPTIMISATION OF 

ALUMINIUM - TIMBER COMPOSITE MULLIONS 

5.1. Introduction 

In recent decades, climate change has provided greater impetus to the ideas and development 

of energy-efficient buildings. The energy consumed in buildings has been estimated as one-

third of global energy consumption (Agency IE, 2013). Space heating and cooling contribute 

one-third to building energy consumption worldwide and up to half in cold climate countries. 

As some of the largest elements of a building, facades are responsible for most of the heat 

transfer between the exterior and interior thermal environments. Facades provide amongst 

other things, waterproofing, thermal insulation and wind resistance. Glass curtain wall façade 

systems are popular among high rise commercial buildings due to such things as efficiency of 

installation and aesthetic appearance. The vertical members in curtain wall systems, referred 

to as mullions, are essential structural members to transfer wind actions from glazing units to 

the main structural frame. The vast majority of mullions are made of aluminium due to its high 

corrosion resistance, lightweight and extrudability. With the development of new glazing 

technologies (e.g. double glazing, krypton, argon or xenon gas fill or vacuum glazing), the 

centre-of-glazing thermal transmittance (U-value) of the glazing units can achieve almost 1.0 

watts per square meter Kelvin [W/(m2∙K)]. The U-value of the majority of mullions, however, 

is much higher than that of the glazing units. Several methods have been used to minimise the 

heat exchange through façade frames including thermally broken mullions, structural mullions, 

and glulam composite mullions. These commercial applications break the heat flux pathway, 

minimise the radiation on the exterior boundary, or partially replace or reduce the aluminium 

component. They are for the most part, neither economically efficient, nor do they have a 

coupling mechanism for easy on-site installation. To resolve these issues, Jiao et al. (2019) 

proposed and developed a novel aluminium-timber composite mullion with a coupling 

mechanism. They found that the composite mullion has equal or greater bending strength than 

the aluminium mullion subjected to wind actions. However, only structural behaviour was 

considered and analysed in their investigation. 
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A large body of literature exists on improving the thermal performance of window frames, 

while the literature on the thermal performance of curtain wall frames in general, and mullions 

in particular, is scarce. In relation to research on window frames, three slim window frames 

made of glass fibre reinforced polyester (GFRP) were investigated and compared with 

traditional wooden and aluminium windows (Appelfeld et al. 2010). In terms of the frame U-

value, the wooden window frame and GFRP window frames all have superior thermal 

performance than the aluminium window frame. Another comparative study on five highly 

insulating window frames was conducted, showing that the thermal performance of window 

frames can be improved by reducing the conductivity of thermal breaks and frame materials 

(Gustavsen et al. 2011). Reducing the conductivity of the frame material in wooden windows 

has a much larger effect on the frame U-value than reducing the conductivity of the thermal 

break in aluminium window frames. The reason is that the whole wooden window frame is 

made of a low heat-conductive material, while the thermal break is only a small part of a 

window frame. Aluminium, vinyl and wooden window frames were analysed and compared 

by a thermal optimisation study on window frames (Van Den Bossche et al. 2015). Particularly, 

a range of optimisation strategies on aluminium frames was considered and combined, where 

the lowest achievable reduction of U-value was 56%. In relation to curtain wall frames, a 

comprehensive parametric investigation on commercial European and North American curtain 

wall mullions (exterior and interior aluminium extrusions joined by screw fins) were conducted 

(Van Den Bossche & Maref 2016). A series of simulations was performed to evaluate the 

influence of several design parameters on the thermal performance. The results showed that 

the most influential parameters on the thermal performance of the mullion are the length of the 

screw fin, glass unit thickness and additional insulation in the cavity. 

 

This paper presents an evaluation of the thermal performance of typical commercial aluminium 

mullions as well as the newly developed aluminium-timber composite mullion. In addition, 

further possible optimisation strategies based on the new composite mullion are proposed and 

analysed. Furthermore, a generic parametric study is also conducted to evaluate the influence 

on the U-value of the new composite mullion and to optimise its thermal performance.  
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5.2. Mullion frames 

To satisfy the architectural and structural requirement, mullions are often designed and 

manufactured into complex-shaped profiles, where the internal aluminium component is a 

relatively large hollow section to resist wind loading, and the external aluminium component 

is often a small plate or absent for aesthetical appeal. However, aluminium is highly heat-

conductive, and the interior geometry of mullions creates a relatively large radiative area. The 

mullion thus creates a thermal bridging effect resulting in much lower thermal performance 

than the glazing unit.  

 

Typical interlocking façade panels, consisting of glazing units and two individual sub-

assemblies, referred to as male and female mullions, are joined by an interlocking system 

without any screw, nail or bolt. The façade panels are firstly manufactured and assembled in 

the factories in the order of male mullion - glazing unit - female mullion. Then these façade 

panels are brought to construction sites and assembled there by coupling the two together. This 

efficient technology significantly reduces the installation time and labour cost. 

 

In this study, nine different mullions are considered, evaluated and compared: Four typical 

commercial mullions (Types 1, 2, 3a and 3b), the proposed and developed aluminium-timber 

composite mullion (Type 4), and four possible optimised aluminium-timber composite 

mullions (Types 5-8) based on preliminary simulations on Type 4 mullion. The cross-sectional 

profiles of Types 1, 2 and 3 mullions are gathered from façade company websites. Preliminary 

results for this newly-developed aluminium-timber composite mullion show some 

improvement of the thermal performance but leave room for further improvement. Thus, four 

types of improvement on the aluminium-timber composite mullions (C-shaped, additionally 

insulated, structural and thermally broken) are also considered in this study. The thickness of 

the aluminium extrusion is approximately 2.5 mm, and that of the plywood is 12.5 mm.  

 

5.2.1. Type 1 mullion (captive glazing or traditional aluminium) 

The reference case in this study, Type 1 mullion as shown in Figure 5.1, is a typical aluminium 

mullion, which is still popular in commercial buildings. This type of aluminium profile 
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sometimes differs for drainage purposes, glazing thickness or the existence of anti-buckling 

clips to resist torsional loading, however these differences have minimal influence on the 

thermal performance. The total width and depth are 70 mm and 160 mm respectively, with a 

web depth of 100 mm. 

 

Figure 5.1 Cross-sectional profile of Type 1 mullion. The blue elements represent aluminium 

frame, the grey elements represent sealant, the green element represent the unventilated or 

slight ventilated cavities, and purple elements represent the calibration panels. 

 

5.2.2. Type 2 mullion (structural aluminium)  

Type 2 mullion is a structural aluminium mullion as shown in Figure 5.2, where the aluminium 

extrusion on the outside is almost invisible (1 mm) on the building facade. Some advanced 

structural aluminium mullions are more complex in shape creating a cavity for pressure 

equalisation and drainage. Again, this has minimal influence on the thermal performance. Type 

2 mullion and glazing units are connected by structural gaskets. This design is typically chosen 

for aesthetic and energy-efficient considerations.  
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Figure 5.2 Cross-sectional profile of Type 2 mullion. The blue elements represent aluminium 

frame, the grey elements represent sealant, the brown elements represent structural gaskets, 

the green element represent the unventilated or slight ventilated cavities, and purple elements 

represent the calibration panels. 

 

5.2.3. Type 3 mullions (thermally broken aluminium) 

Type 3a and 3b mullions are the commercial thermally broken aluminium mullions as shown 

in Figure 5.3. In this case, the thermal break is made of glass fibre reinforced polyamide. Each 

individual section in Type 3a mullion contains two coupled thermal breaks to maintain 

structural stability. Type 3b is another thermally broken aluminium mullion with the structural 

configuration (Type 2). The outside surface of the thermal breaks is covered by aluminium 

caps to resist weather intrusion. The conductivity of the thermal break varies from 0.5 W/(m∙K) 

to a notional 0.005 W/(m∙K). 

 

5.2.4. Type 4 mullion (aluminium-timber) 

Type 4 mullion is the proposed composite mullion made of aluminium and timber as shown in 

Figure 5.4 (Jiao et al. 2019). The exterior aluminium extrusion remains to resist weather 

intrusion. The aluminium flange and web are replaced by structural marine pine plywood to 

improve the thermal performance and interior aesthetic appearance. Aluminium flanges are 

attached to the inside of the plywood to retain air seal. Wood composite mullions have a much 

lower environmental impact than aluminium mullions during the whole life cycle (Azari-N and 

Kim 2012). Moreover, the bending strength of Type 4 mullion with 12.5-mm thickness is 
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approximately equal to Type 1 mullion (Jiao et al. 2019). The conductivity of the plywood 

varies from 0.14 W/(m∙K) to a notional 0.005 W/(m∙K) and the embedment depth at the joint 

from 5 mm to 20 mm (initially 15 mm). The position and thickness (ranging from 16 mm to 

31.6 mm) of the glazing units, the total width of the mullion (ranging from 70 mm to 110 mm) 

and web depth of the mullion (ranging from 40 mm to 140 mm) are also investigated. 

 

 

Figure 5.3 Cross-sectional profile of Type 3a (above) and Type 3b (below) mullion. The blue 

elements represent aluminium frame, the pink elements represent the thermal break, the grey 
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elements represent sealant, the green element represent the unventilated or slight ventilated 

cavities, and purple elements represent the calibration panels. 

 

 

Figure 5.4 Cross-sectional profile of Type 4 mullion. The blue elements represent aluminium 

frame, the orange elements represent wood, the grey elements represent sealant, the green 

element represent the unventilated or slight ventilated cavities, and purple elements represent 

the calibration panels. 

 

5.2.5. Type 5 mullion (C-shaped aluminium-timber) 

Type 5 mullion is one of the possible optimised aluminium-timber composite mullions as 

shown in Figure 5.5. Type 4 mullion was designed mainly considering the joint strength, the 

bending strength and the ease of manufacturing. However, the composite geometry can be 

designed to further improve the thermal performance of the aluminium-timber composite 

mullion. For Type 5 mullion, the plywood fully covers the interior boundary to reduce the heat 

loss around the joint as shown in Figure 5.5. The conductivity of the plywood varies from 0.14 

W/(m∙K) to a notional 0.005 W/(m∙K), and the embedment depth at the joint from 5 mm to 20 

mm. 
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Figure 5.5 Cross-sectional profile of Type 5 mullion. The blue elements represent aluminium 

frame, the orange elements represent wood, the grey elements represent sealant, the green 

element represent the unventilated or slight ventilated cavities, and purple elements represent 

the calibration panels. 

 

5.2.6. Type 6 mullion (additionally insulated aluminium-timber) 

The conductivity of the cavity between mullion couples [0.367 W/(m∙K)] is greater than that 

of pine plywood [0.14 W/(m∙K)]. Thus, Type 6 mullion is another possible optimised 

aluminium-timber composite mullion as shown in Figure 5.6, where the cavity is filled with 

additional insulation as an ideal insulated case. The conductivity of the plywood varies from 

0.14 W/(m∙K) to a notional 0.005 W/(m∙K), and the conductivity of the additional insulation 

from 0.367 W/(m∙K) to 0.005 W/(m∙K). In addition, Types 5, 7 and 8 mullions are also 

considered in the parametric study regarding the conductivity of the additional insulation. 
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Figure 5.6 Cross-sectional profile of Type 6 mullion. The blue elements represent aluminium 

frame, the orange elements represent wood, the pink elements represent the additional 

insulation, the grey elements represent sealant, the green element represent the unventilated 

or slight ventilated cavities, and purple elements represent the calibration panels. 

 

5.2.7. Type 7 mullion (structural aluminium-timber) 

Combining Type 2 and 4 mullions, Type 7 mullion is another possible optimised aluminium-

timber mullion as shown in Figure 5.7. The conductivity of the plywood varies from 0.14 

W/(m∙K) to a notional 0.005 W/(m∙K). 

 

Figure 5.7 Cross-sectional profile of Type 7 mullion. The blue elements represent aluminium 

frame, the orange elements represent wood, the brown elements represent structural gaskets, 
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the grey elements represent sealant, the green element represent the unventilated or slight 

ventilated cavities, and purple elements represent the calibration panels. 

 

5.2.8. Type 8 mullion (thermally broken aluminium-timber) 

Combining Type 3a and Type 4 mullions, Type 8 mullion is also one of the possible optimised 

aluminium-timber mullions as shown in Figure 5.8. The conductivity of the plywood varies 

from 0.14 W/(m∙K) to a notional 0.005 W/(m∙K), and the conductivity of the thermal break 

from 0.5 W/(m∙K) to a notional 0.005 W/(m∙K). 

 

Figure 5.8 Cross-sectional profile of Type 8 mullion. The blue elements represent aluminium 

frame, the orange elements represent wood, the pink elements represent the thermal break, 

the grey elements represent sealant, the green element represent the unventilated or slight 

ventilated cavities, and purple elements represent the calibration panels. 

 

5.3. Numerical procedure 

5.3.1. Mullion U-value Calculation Method 

Two popular and similar approaches are used to calculate the thermal performance of windows 

and curtain walls, the North American approach and the European approach. This study, 

however, is only concerned with the U-value of the frame (i.e. the mullion) excluding the effect 

of glazing units and the overall performance of whole windows. Since both of the above 

approaches refer to EN ISO 10077-2 to explicitly calculate the U-value of the curtain wall 
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frames, despite slightly different treatment of cavities, in this paper, the U-value of the mullion 

is calculated in accordance with EN ISO 10077-2. As indicated in Annex C.1 of EN ISO 10077-

2, a calibration panel with a thermal conductivity of 0.035 W/(m∙K) is inserted into the mullion 

with up to a clearance of 5 mm, but no more than 15 mm. The U-value of the mullion is defined 

by, 

 

𝑈𝑓 =
𝐿𝑓

2𝐷 − 𝑈𝑝 ∙ 𝑏𝑝

𝑏𝑓
 (5.1) 

 

Where: 

Lf
2D is the thermal conductance of the section; 

Up is the U-value of the centre of the panel; 

bf is the projected width of the mullion; 

bp is the visible width of the calibration panel. 

 

In EN ISO 10077-2, the projected width of the section is not explicitly defined whether it is 

exterior or interior. However, for some mullion configurations shown in Chapter 5.2, the 

exterior projected widths are different from the interior projected widths. In particular, the 

exterior projected width of Type 2 mullion configuration is so small that it would cause a 

significantly high mullion U-value, while the interior projected widths of the mullions are 

similar. Therefore, in this paper, the projected width of a mullion is explicitly defined as the 

interior projected width to accurately compare the thermal performance of all types of mullions 

(Figure 5.9). Of note, the projected width bf used in the equation or the projected area Af is only 

approximately a quarter of the developed length lf.d or the developed area Af.d (total surface 

length or area of the mullion in contact with the internal air). The projected width of the interior 

mullion (i.e. around a quarter of bf.d) might result in a much higher mullion U-value than the 

insulated double glazing unit, but the developed length U-value of the mullion interior surface 

is still reasonable. To avoid misunderstanding, the U-value of the mullions in this paper, is 

defined as the projected width U-value in accordance with Annex C.1 of EN ISO 10077-2, 

though it seems very high. 
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Figure 5.9 Projected width and developed length of the mullion. Where bf.i is the interior 

projected width, bf.e is the exterior projected width and the developed length lf.d = bf.i + d1 + d2 

 

Two-dimensional heat transfer finite element program, THERM, was used to investigate the 

thermal performance of various types of mullions. The thermal conductance of the section is 

defined as the total heat flow rate (𝛷) per unit height (l) divided by the temperature difference 

between indoor and outdoor (∆T). Hence, it could be calculated by,  

𝐿𝑓
2𝐷 =

𝛷𝑓
′ + 𝛷𝑝

′

∆𝑇 ∙ 𝑙
= 𝑈𝑓′ ∙ 𝑏𝑓 + 𝑈𝑝′ ∙ 𝑏𝑝 (5.2) 

 

Where the Uf’ and Up’ are the U-values of the mullion and the calibration panel obtained from 

simulation.  

 

5.3.2. Material properties, treatment of cavities and boundary conditions 

Table 5.1 summarises the conductivity used in the models. The cavities are filled with solid 

polygons to ensure that there is no void in the geometry. The convection and radiation 

coefficients for cavities were determined to calculate the conductivities of cavities according 

to EN ISO 10077-2 referring to EN ISO 15099. Non-rectangular air cavities are converted into 

rectangular air cavities with the same area and depth-to-width ratio. The equivalent 



 

125 

 

conductivity of the unventilated air cavity is governed by thermal convection, thermal radiation, 

and the cavity geometry. Cavities are treated as unventilated cavities when the width of slits 

connecting to the external or internal environment is not greater than 2 mm. For the cavities 

with slits of 2-10 mm width, the equivalent conductivities are taken as twice that of an 

unventilated air cavity of the same size. In cases not covered, the cavities are considered as 

well-ventilated and exposed to the environment. The treatment of well-ventilated cavities 

defines the surfaces of the cavities with reduced radiation and convection.  

 

Table 5.1 Conductivity of mullion materials 

Material Mullion Thermal conductivity 

[W/(m∙K)] 

Aluminium All mullions 160 

Wood Aluminium-timber mullion 0.14 

Polyamide with 25% glass 

fibre 

Thermally broken mullion 0.3 

Weather sealant All mullion 0.25 

Structural gasket structural mullion 0.3 

Additional insulation Type 6 mullion 0.033 

Calibration panel All mullions 0.035 

 

Figure 5.10 shows the configuration of boundary conditions. The temperatures of the outdoor 

and indoor boundaries are defined as 0 °C and 20 °C respectively in accordance with Table D.1 

in Annex D of EN ISO 10077-2. The surface resistance is 0.04 m2∙K/W and 0.13 m2∙K/W for 

normal outdoor and indoor surfaces. For those in edges, well-ventilated cavities or junctions 

between two surfaces on the interior side, an increased surface resistance of 0.2 m2∙K/W is 

used due to reduced radiation and convection, whilst there is no increased surface resistance 

on the exterior boundary. The extreme edges of the calibration panel are considered as adiabatic 

boundaries.  
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Figure 5.10 Configuration of boundary conditions. The black lines represent adiabatic 

boundary conditions, the blue lines represent outdoor boundary conditions, the orange lines 

represent indoor boundary conditions, and the purple lines represent indoor boundary 

conditions with increased surface resistance. 

 

5.4. Results 

The simulation results are presented as below in the form of tables and figures (Figure 5.11-

Figure 5.13) to demonstrate the thermal performance of commercial aluminium mullions, 

Types 1-3, the improvement of Types 4-8 mullions, and the relationship between U-value and 

various factors described in Chapter 5.2. Figure 5.14 - Figure 5.19 demonstrate the 

relationships between various parameters (i.e. the conductivity of plywood, embedment depth, 

glazing position and thickness, total width, and web depth) and the U-value of Type 4 mullion. 

The black rectangular markers indicate the parameters in EN ISO 10077-2 and real cases. Table 

5.2 lists the U-values of all types of mullions.
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Table 5.2 U-value of mullions and percentage improvements 

Type Frame material Description U-value [W/(m2∙K)] Improvement on 

Type 1 (%) 

Improvement on 

Type 4 (%) 

1 Aluminium Reference 12.310 - - 

2 Aluminium Structural design 7.046 43 - 

3a Aluminium Thermally broken 3.649 70 - 

3b Aluminium Thermally broken and structural 3.233 74 - 

4 Aluminium and wood Jiao et al. 2019 5.942 52 - 

5 Aluminium and wood C-shaped wood 5.166 58 13 

6 Aluminium and wood Filling additional insulation 4.735 62 20 

7 Aluminium and wood Structural design 3.867 69 35 

8 Aluminium and wood Thermally broken 2.608 79 56 

 Aluminium and wood Combination of Type 5 and 6 3.486 72 41 

 Aluminium and wood Combination of Type 5 and 7 3.623 71 39 

 Aluminium and wood Combination of Type 5 and 8 3.147 74 59 

 Aluminium and wood Combination of Type 6 and 7 3.298 73 44 

 Aluminium and wood Combination of Type 6 and 8 2.219 82 63 

 Aluminium and wood Combination of Type 5, 6 and 7 2.634 79 56 

 Aluminium and wood Combination of Type 5, 6 and 8 1.859 85 69 
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5.4.1. Types 1, 2 and 3 mullions (commercial aluminium mullions) 

Figure 5.11 shows the temperature and heat flux contours of these commercial aluminium 

mullions. It is evident that Type 1 mullion (the traditional aluminium mullion, also the 

reference mullion) exhibits poor thermal performance [12.31 W/(m2∙K)]. The U-value of Type 

2 mullion (the structural aluminium mullion) is 7.045 W/(m2∙K), while Type 3 mullions 

(thermally broken aluminium mullions) have significant reductions of the U-value [3.649 

W/(m2∙K) and 3.233 W/(m2∙K)]. Figure 5.14 shows the relationship between the conductivity 

of the thermal break and U-value of Type 3 mullions, where the black rectangular marker 

indicates the thermal break in EN ISO 10077-2.  

  

  

(1) 

  

(2) 
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(3) 

Figure 5.11 Temperature (left) and heat flux(right) contours of (1) Type 1, (2) Type 2 and (3) 

Type 3 mullions 

 

5.4.2. Type 4 mullion (newly developed composite mullion) 

Figure 5.12 shows the temperature and heat flux contours of Type 4 mullion. An improvement 

of 48.3% [5.942 W/(m2∙K)] is obtained when replacing the aluminium flange and web with 

plywood. Figure 5.13 depicts the temperature and heat flux contours of these optimised 

composite mullions.  
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Figure 5.12 Temperature and heat flux contours of Type 4 mullions 

 

  

(1) 
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(2) 

  

(3) 

  

(4) 

Figure 5.13 Temperature and heat flux contours of (1) Type 5, (2) Type 6, (3) Type 7, and (4) 

Type 8 mullions 
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5.5. Discussion 

5.5.1. Current commercial thermal improvement 

The U-values of three types of commercial aluminium mullions are shown in Table 5.2. It is 

evident that the heat flux is extremely high through the aluminium extrusions. Without any 

thermal break in Type 1 and Type 2 mullions, the temperature in the aluminium extrusions is 

generally constant, and the heat from the interior boundary can easily flow towards the exterior 

boundary through the aluminium extrusions as evident from Figure 5.11. However, due to a 

considerably short exterior boundary of the aluminium extrusion (1 mm), Type 2 mullion has 

a much lower U-value than Type 1 mullion. However, the bending strength of Type 2 structural 

mullion is much lower than Type 1 captive glazing mullion (Kesawan et al., 2018). For Type 

3 mullions, the thermal break performs very well, and the thermal bridging effect is less 

significant as shown in Figure 5.11. However, the thermal break is much softer compared to 

aluminium and hence negligible in structural designs (AAMA 2008) and the joint is vulnerable 

when subjected to bending (Huang, 2014). 

 

5.5.2. Improvement of aluminium-timber composition 

For Type 4 mullion, the plywood preforms as another form of thermal barrier and impedes the 

heat transfer from the interior boundary to the exterior boundary as evident from Figure 5.12. 

An improvement of U-value of 52% is obtained by partially replacing aluminium with wood. 

There are, however, still some drawbacks regarding thermal performance. Firstly, as this timber 

composite mullion was initially developed mainly considering the ease of manufacture and the 

mechanical behaviour, not the thermal performance, the interior boundary has a section of 

exposed aluminium not covered by timber. This causes unnecessary heat loss through the 

aluminium extrusion near the joint as shown in Figure 5.12. Secondly, for Types 1, 2 and 3 

mullions, the conductivity of aluminium [160 W/(m∙K)] is almost 400 times than that of the 

cavity between male and female mullions [approximately 0.4 W/(m∙K)], which makes the heat 

loss through the cavity negligible. However, the conductivity of the plywood [0.14 W/(m∙K)] 

is approximately only one-third as that of the cavity. Therefore, unlike the aluminium-based 

mullion, the heat loss through the plywood-formed cavity between male and female mullions 

is more critical than that through the mullion as evident from the heat flux contours of Type 4 

mullion (Figure 5.12). Thirdly, the heat flux through the exterior aluminium extrusion is still 
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significant as shown in Figure 5.12. Hence, a greater reduction of U-value can be achieved if 

combining aluminium-timber composition and energy-efficient strategies in the commercial 

aluminium mullions.  

 

5.5.3. Improvement of further optimisation strategies 

Type 5 mullion (C-shaped composite mullion) is one of the alternatives to further reduce the 

U-value based on Type 4 mullion as shown in Figure 5.13, where the timber fully covers the 

aluminium extrusion to further resist the heat transfer from the interior boundary. It is evident 

that the exposed aluminium on the interior boundary in Type 4 mullion contributes to 

considerable heat flux at the joint, while the C-shaped geometry impedes the heat flux around 

the joint as evident from Figure 5.13. With the C-shaped geometry in Type 5 mullion, the U-

value reduces by 13% from 5.942W/(m2∙K) to 5.166 W/(m2∙K).  

 

To reduce the heat flux through the cavity between mullion couples, thermally insulating 

materials (e.g. expanding insulation foam, low-conductivity solid extrusions or vacuum 

insulation panels) can be used to fill the cavity (Type 6 mullion) as an alternative to further 

reduce U-value. The initial thermal conductivity of additional insulation is assumed as 0.033 

W/(m∙K) according to a commercial insulation foam, which is lower than that of timber. 

Compared with Type 4 mullion, a reduction of U-value of 20% is obtained in Type 6 mullion 

from 5.942 W/(m2∙K) to 4.735 W/(m2∙K). In Type 6 mullion, the heat flux through the cavity 

is less than that through the timber components as evident from Figure 5.13. 

 

For Type 4 mullion, the heat still can be easily transferred through aluminium from the joint to 

the exterior boundary, although the interior timber section can significantly resist the heat flux 

from the interior boundary to the joint. Thus, Type 7 and Type 8 mullions are proposed to 

improve the thermal performance of the exterior parts by referring to Type 2 and Type 3 

mullions. The U-values of Type 7 and Type 8 mullion are 3.867 W/(m2∙K) and 2.608 W/(m2∙K), 

which are 51% and 68% lower than that of Type 4 mullion respectively. Type 7 and Type 8 

mullions have improvements of the U-values of 45% and 29% than Type 2 and Type 3 

commercial aluminium mullions respectively. However, like Type 2 and Type 3 mullions 

discussed in Chapter 5.5.1, the structural performance of Type 7 and Type 8 mullions are lower 
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than Type 4 mullion. Particularly, Type 8 composite mullion is a four-layer sandwich beam, 

causing the risk of instability subjected to bending and greater financial cost to manufacture 

and assemble. 

 

5.5.4. Influence of the plywood conductivity 

Aluminium-timber composite mullions (Types 4-8 mullions) are also investigated to reduce 

the U-value by decreasing the conductivity of plywood as shown in Figure 5.15. It is evident 

that decreasing the wood conductivity from 0.14 W/(m∙K) to a notional 0.005 W/(m∙K), 

significantly reduces the U-value of mullion as the wood is the main interior mullion material. 

Type 5 mullion has the largest reduction percentage of U-value when decreasing the 

conductivity of the wood. With the conductivity of 0.14 W/(m∙K), the U-value of Type 5 

mullion is as twice as that of Type 8 mullion. They are, however, almost the same when the 

conductivity is 0.005 W/(m∙K). It is mainly because the exposed aluminium extrusion on the 

interior boundary in Types 4, 6, 7 or 8 mullion becomes more critical heat flux pathway when 

decreasing the wood conductivity, while Type 5 mullion significantly impedes the heat flux 

near the joint.  

 

5.5.5.  Influence of the thermal break conductivity 

The conductivity of the thermal break depends on the material and often less than 0.5 W/(m∙K). 

The conductivity of wood used in Type 3 and Type 8 mullions is 0.3 W/(m∙K). In this study, 

the conductivity of thermal breaks varies from 0.5 W/(m∙K) to a notional 0.005 W/(m∙K). 

Figure 5.14 shows that decreasing the thermal break conductivity results in a lower U-value of 

the mullion. Decreasing the conductivity from 0.5 W/(m∙K) to 0.005 W/(m∙K) obtains 

reductions of U-value of 39% for Type 3a mullion, 34% for 3b mullion, and 33% for Type 8 

mullion respectively.  

 

5.5.6. Influence of the conductivity of additional insulation 

A parametric study on the additional insulation is also conducted to investigate the influence 

of thermal conductivity on the U-value of the mullion. Additional insulations with different 
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Several combination strategies are also investigated to further optimise the thermal 

performance of curtain wall frames. The lowest U-value in Table 5.2 is 1.859 W/(m2∙K), 

reduced by 69% based on Type 4 mullion, and 85% based on Type 1 mullion, when combining 

Type 5, 6 and 8 energy-efficient strategies. Note that this lowest U-value is obtained when the 

conductivities of all mullion materials are the nominal values in Table 5.1, hence even lower 

U-value than 1.859 W/(m2∙K) may be achievable with new low heat-conductive materials. The 

minimised U-value, however, is still lower than some advanced commercial double glazing 

units. Thus, the most energy-efficient composite mullion is not considered as redundant 

optimisation. However, for these new optimised strategies, the structural performance, long-

term durability and environmental impact needs to be considered and further investigated. The 

parametric study presents the influence of several parameters (e.g. conductivity of mullion 

material, mullion dimension, glazing unit thickness, etc.). It is found that a lower U-value can 

be obtained when the web depth decreases, or the total width increases and that the position 

and thickness of glazing units have minimal influence on the mullion U-value. The strategies 

to further minimise the U-value of the new composite mullions are summarised as, 

• Optimisation of the cross-sectional profile (e.g. C-shaped section and joint type).  

• Incorporating the structural and thermally broken strategies from aluminium mullion 

design.  

• Development and investigation on more energy-efficient mullion materials (e.g. 

structural wood, insulation material, thermal break, etc).  

 

5.6. Summery 

This paper evaluates the thermal performance and optimisation of an innovative aluminium-

timber composite mullion with a coupling mechanism, which is energy-efficient, structurally 

capable, aesthetically pleasing and sustainable. In curtain wall systems, the U-value of the 

mullion is much greater than that of glazing units. To reduce the U-value of the mullion, the 

façade industry uses structural and/or thermally broken aluminium mullions. The newly 

developed aluminium-timber composite mullion achieves better thermal performance (52%) 

by partially replacing aluminium with timber. Optimisation strategies to further reduce the U-

value are proposed and analysed: (1) optimisation of the cross-sectional profile, (2) adding 
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additional insulation in the cavity and (3) incorporating the structural design and thermal break 

from commercial aluminium mullions. The combination of these optimisation strategies can 

achieve a reduction in heat loss of up to 69% compared to the initial aluminium-timber 

composite mullion design. Moreover, a generic study is also conducted to evaluate the 

influence of several parameters on the thermal performance of the composite mullion and to 

optimise its performance. The parametric results and recommendation are presented in detail.   
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6. CONCLUSIONS 

6.1. Thesis findings 

This thesis presents a novel composite mullion which is energy-efficient, structurally capable, 

aesthetically pleasing and sustainable. It experimentally and numerically investigates the 

structural behaviour of an innovative aluminium-timber composite mullion subjected to 

bending, and numerically investigates, evaluates and reports its thermal performance. The main 

contributions and outcomes of this thesis are summarised as follows: 

 

Chapter 3 presents the development and experimental study of the innovative aluminium-

timber composite mullions. The material properties of aluminium and timber were obtained by 

aluminium tensile coupon tests, plywood non-destructive acoustic tests and plywood 

compressive tests. To ensure the composite actions, connection tests between aluminium and 

timber were firstly conducted. The optimum connection (the glue connection) was chosen for 

the composite mullions. Four composite and two aluminium mullions were then tested 

subjected to four-point bending to investigate the bending behaviour and section moment 

capacity. The aluminium mullions failed in local buckling under negative loading and in 

distortional buckling under positive loading, while the composite mullions failed in plywood 

compressive yielding and aluminium buckling under negative loading and in plywood tensile 

fracture under positive loading. The results showed that the innovative composite mullions 

have greater section moment capacities than the conventional aluminium mullions. 

 

Chapter 4 presents the numerical investigation on the section moment capacity of the composite 

mullion using finite element analysis. Two numerical models, experimental models and ideal 

models, were considered. The loading and boundary conditions of experimental models are 

similar to the experimental loading conditions, while the ideal models provide an idealised 

loading and boundary conditions subjected to uniformed bending moments. The material 

definition of aluminium and timber, element types and sizes, and the analysis method are 

detailed in Chapter 4. The models were validated by the experimental results from Chapter 3. 

The ideal models were then used to perform a parametric study with respect to several 

characters of the composite mullions. Current design methods on the traditional aluminium 
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mullions were also evaluated and compared: limiting stress method (LSM) and total moment 

capacity approach (TMCA). It is suggested that the TMCA is more accurate than LSM and that 

TMCA is accurate in predicting the section moment capacity under positive loading, however, 

conservative in predicting under negative loading. The modified TMCA to improve its 

accuracy is proposed and presented in the thesis. 

 

Chapter 5 presents the thermal performance of the novel composite mullion. The thermal 

performance of the novel composite mullion was investigated using finite element models and 

compared with current aluminium mullions. It was found that the aluminium-timber composite 

mullion had superior thermal performance than the traditional mullion with an improvement of 

52%. Though having more U-value than the thermally broken aluminium mullion, the novel 

composite mullion could be further improved by four proposed energy-efficient strategies as 

described in this thesis. Furthermore, the combination of these strategies could achieve up to 

an improvement of thermal performance of 69% compared with the initial design of the 

composite mullion. Finial, a parametric study was conducted to investigate the influence of (1) 

the thermal conductivity of mullion materials, cavity insulation, and thermal breaks, (2) the 

mullion width and depth, and (3) glazing positions and thickness.  

 

6.2. Recommendations for future research 

This thesis also illustrates some related topics required to be investigated in future research and 

they are summarised as follows, 

• Durability under thermal and moisture variations, 

• Structural behaviour under static and cyclic wind loading,  

• Fire resistance, 

• Life cycle assessment and life cycle cost assessment, 

• Development of low heat-conductive wood, insulating material and thermal breaks. 
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APPENDIX A. CALCULATION EXAMPLES 

A1. Limiting stress method (LSM) 

This section presents the procedure to calculate the section moment capacity of a male 

composite section with 12.5-mm thickness, 160-mm depth, the plywood layout, and F34 

graded timber under negative loading (N-M-12.5-Ply-160-F34), as shown in Figure A.1. 

 

 

Figure A.1 the cross-sectional profile of M-12.5-P-160-F34, dimension in mm 

 

Then, the moment of inertia around the whole neutral axis,  and the distance between the whole 

neutral axis and compression/tension extreme fibre of the elements can be determined using 

software such as AutoCAD and ShapeDesigner as shown in Table A.1 and Figure A.2. 
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Table A.1 The moment of inertia and neutral axis location of each element. 

Element 
Moment of inertia  

(mm4) 

Neutral axis to extreme 

element fibre depth 

(mm) 

Tension flange group 1 129223 35.45 

Tension flange group 2 290195 69.02 

Tension flange group 3 490714 76.15 

Compression flange group 1 592640 74.35 

Compression flange group 2 335535 81.85 

Web group 195061 69.35 

 

The compressive and tensile yield stresses of aluminium are 172 MPa according to ADM 

(2015). 

 

fC = fT = 172 MPa 

k = 70000/21500 = 3.256 

kfc,t = 3.256 × 68 = 221 MPa 

 

Compression flange group 1 

fC1 = 172 MPa 

Compression flange group 2 

fC2 = 221 MPa  

 

Web group 

fweb = kfc,t = 221 MPa 
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Tension flange group 1 

fT1 = 172 MPa  

Tension flange group 2 

fT1= 172 MPa  

Tension flange group 3 

fT1t = 172 MPa 

 

MLSM = min (fC1/cC1, fC2/cC2, fweb/cweb …) I 

MLSM = 2033380 × 166/74.35 = 4.54 kNm 

 

A2. Total moment capacity approach (TMCA) 

fC = fT = 172 MPa 

k = 70000/21500 = 3.256 

kfc,t = 3.256 × 68 = 221 MPa 

 

Compression flange group 1 

f = 172 MPa 

Compression flange group 2 

f = 183 MPa (calculated based on linear stress distribution) 

 

Web group 

nfc,t = 221 MPa 

 

Tension flange group 3 
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fT3 = 176 MPa >172 MPa, therefore, 172 MPa. 

 

Figure A.2 Stress distribution diagram of N-M-12.5-Ply-160-F34 

 

Tension flange group 1 (calculated based on linear stress distribution) 

fT1 = 80 MPa < 172 MPa 

Tension flange group 2 (calculated based on linear stress distribution) 

fT2 = 156 MPa < 172 MPa 

 

MTMCA = Mcom, fl,1 + Mcom, fl, 2 + Mweb+ Mten, fl, 1 + Mten, fl, 2 + Mten, fl, 3  

MTMCA = 592640 × 172/74.35 + 335535 × 189/81.85 + 195061 × 221/69.35 + 129223 × 

80/35.45 + 290195 × 156/69.02 + 490714 × 172/76.15 

MTMCA = 4.82 kNm 

 

A3. Modified TMCA 

The modified TMCA requires to determine the area as well as the yield stress and the distance 

between the neutral axis and the centroid of the element as presented in Eq. (4.10), 

 

𝑀𝑇𝑀𝐶𝐴 =∑(𝑓𝑖𝐴𝑖𝑑𝑖) = 𝑓𝑡𝑓1𝐴𝑡𝑓1𝑑𝑡𝑓1 +⋯+ 𝑓𝑐𝑓1𝐴𝑐𝑓1𝑑𝑐𝑓1 +⋯+ 𝑓𝑤𝑒𝑏𝐴𝑤𝑒𝑏𝑑𝑤𝑒𝑏 
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Element 
Area 

(mm2) 

Neutral axis to the 

centroid of the element 

(mm) 

Tension flange group 1 172.5 26.9 

Tension flange group 2 108.5 50.8 

Tension flange group 3 90.9 73.4 

Compression flange group 1 134.7 66.3 

Compression flange group 2 58.6 75.6 

Web group 158.7 23.1 

 

MTMCA=172.5×172×26.9+108.5×172×50.8+90.9×172×73.4+134.7×172×66.3+58.6×221×75.6

+ 158.7×221×21.9=798123+948030+1147594+1536065+979065+810179=6219056 Nmm 

MTMCA = 6.22 kNm 
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APPENDIX B. ADDITIONAL EXPERIMENTAL RESULTS 

B1. Aluminium tensile coupon test results 

The following figures show the 10 tensile coupon tests from male aluminium mullions (See 

Chapter 3.4.1), where the dash lines are the 0.2% lines. 
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The following figures show the 10 tensile coupon tests from female aluminium mullions (See 

Chapter 3.4.1), where the dash lines are the 0.2% lines. 
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B2. Plywood compressive test results 

The following figures show the plywood compressive test results used in Chapter 3.4.3 and 

Chapter 4.3.2, where the stresses are the average stress of the cross-section. 
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Sheet 2: 
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Sheet 3: 
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Figure C.9 Failure mode comparison of N-F-A 

 

 

Figure C.10 Failure mode comparison of P-M-A 

 

 



 

171 

 

C2. Moment versus displacement curves 

 

Figure C.11 Moment versus displacement curves of N-F-1 

 

 

Figure C.12 Moment versus displacement curves of N-F-2 
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Figure C.13 Moment versus displacement curves of N-M-1 

 

 

Figure C.14 Moment versus displacement curves of N-M-2 
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Figure C.15 Moment versus displacement curves of P-F-1 

 

 

Figure C.16 Moment versus displacement curves of P-F-2 
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Figure C.17 Moment versus displacement curves of P-M-1 

 

 

Figure C.18 Moment versus displacement curves of P-M-2 
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Figure C.19 Moment versus displacement curves of N-F-AL 

 

 

Figure C.20 Moment versus displacement curves of P-F-AL 
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Figure C.21 Moment versus displacement curves of N-M-AL 

 

 

Figure C.22 Moment versus displacement curves of P-M-AL 
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APPENDIX D. ADDITIONAL TEST PHOTOGRAPHS 

D1. Aluminium tensile coupon tests 
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D3. Plywood compressive tests 
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D4. Plywood tensile coupon tests 
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D5. Connection tests 
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D6. Manufacturing process 
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D7. Four-point bending tests 

The following photos demonstrates four-point bending experimental test set-up, test 

process and failed specimens of aluminium mullions. 

Negative loading: 
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Positive loading: 
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The following photos demonstrates four-point bending experimental test set-up, test 

process and failed specimens of composite mullions. 

Negative loading: 
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Positive loading: 
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