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Abstract 

Coupled cross-laminated timber (CLT) walls can be created by connecting steel link beams between 10 

adjacent CLT wall panels and present an efficient alternative to conventional cantilevered CLT shear 

walls. Effective coupling in the coupled wall system requires the beam to wall connections to have 

adequate strength to ensure a ductile link beam response and adequate stiffness to yield the link 

beams at relatively low inter-storey drifts. This study evaluates beam to wall connections with a group 

of self-drilling dowels (SDDs) installed through a steel knife plate to connect 200UB18 steel link beams 15 

to 5-ply CLT walls. A method for determining the connection strength is presented within a capacity 

design framework and compared to the results of the three experimental tests. The capacity design 

method was validated for the tested specimens because the damage was concentrated in the steel 

link beams and the connection’s peak strength was not exceeded. This study indicates that the SDD 

connections may be a feasible beam to wall connection solution in the proposed coupled CLT wall 20 
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system because the capacity protected connections had adequate strength and relatively high 

stiffness. 
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1. Introduction 

Mass timber buildings using cross laminated timber (CLT) have been gaining global popularity over 25 

the last decade in part due to reduced cost of mass timber products and sustainability considerations 

by building owners. For the seismic design of mid and high-rise CLT buildings, coupled walls offer 

unique advantages as a lateral load resisting system as they can provide flexibility for fitting within 

architectural plans and enhanced strength, stiffness, and system ductility when compared with single 

cantilevered shear walls. One type of coupled mass timber wall system with steel link beams was first 30 

introduced by Karsh and Green [1] in the FFTT (Finding the Forest Through the Trees) building system. 

The FFTT system proposed the use of a timber core assembly using solid wood panels with embedded 

steel beams to provide coupling and optional perimeter steel moment frames to form a dual system 

for taller buildings. This coupled wall system was investigated by Zhang et al. [2] at the system level 

by running nonlinear time history analyses to estimate appropriate seismic design factors for the use 35 

within the Canadian National Building Code [3]. In addition, a further study by Zhang et al. [4] using 

more complex reliability analyses demonstrated that the proposed seismic design factors were 

appropriate. Link beam connection testing was undertaken by Bhat [5] and Azim [6] and was used to 

calibrate the nonlinear models used by Zhang et al. [2] in the previously mentioned studies (see 

summary by Zhang et al. [7]). 40 

The link beam-to-wall connection proposed in the FFTT system consisted of a horizontal notch in the 

CLT wall panel where the steel beam was embedded to transfer the loads through steel-to-timber 

bearing at its top and bottom flange surfaces. The experiments by Bhat [5] and Azim [6] 

demonstrated its ability to provide adequate strength to achieve ductile responses of the link beams 

but the damage was not always limited to the link beams. The eccentric configuration between the 45 
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link beam and CLT wall caused wood splitting and rolling shear failures in the experiments which 

either prevented the steel beam from reaching its peak strength or caused significant pinching of the 

hysteretic loops under cyclic loads. Additionally, the FFTT connection requires a significant amount 

of wood removed from the CLT wall to create the notch for beam embedment, which may cause 

design issues due to the reduced net cross sections over the height of the CLT walls.  Therefore, 50 

alternative connection types between steel beams and solid timber walls, like the one in this study, 

may provide engineers with attractive alternatives to create coupled CLT wall systems. 

A simplified diagram of a coupled CLT wall system with steel link beams is shown in Figure 1. The link 

beam connections transfer shear and bending loads between the beam and wall elements and 

significantly affect the system performance in an earthquake. Adequate stiffness and tightness must 55 

be provided by the connections to ensure the link beams are engaged at relatively low drift levels. In 

addition, they should be protected from severe damage in major earthquakes as the steel link beams 

are designated as ductile elements responsible for dissipating energy.  

 

Figure 1: Coupled CLT wall structure behaviour under earthquake loading with beam to wall connection highlighted (a) and deformed 60 
shape with connection forces under lateral loading (b). 
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Small fasteners like nails and timber rivets can be used to create moment connections between 

timber beams and columns, such as the knee joints in timber portal frame structures [8]. However, 

they are not applicable for the beam to wall connections in the coupled CLT wall system because 

many fasteners are required to transfer significant loads. Conventional dowels or bolts are often used 65 

for large capacity timber connections because they are simple and economical [9]. However, timber 

splitting often limits the moment capacity of these connections due to high perpendicular to grain 

tensile stresses in the connection and reinforcing methods are needed. Self-tapping screws can be 

used for reinforcing timber perpendicular to grain, as demonstrated by Lam et al. [10]. In addition to 

potential splitting, a concern for bolts is the oversized holes (typically 1-2mm larger than the bolt 70 

diameter) are required for assembly. The oversized holes may cause initial slips of the connections 

and significantly delay engagement of the steel link beams in the coupled wall system until large 

interstorey drifts are experienced by the structure.  

An experimental study by Dong et al. [11] demonstrated the ability to create strong, stiff, and tight 

moment connections for glulam beam-column joints using self-drilling dowels (SDDs). The SDD 75 

connections do not require predrilling in timber and can be drilled through internal steel knife plates 

with a high-speed drill up to a certain thickness. The glulam members used self-tapping screw 

reinforcement to prevent premature timber splitting. In contrast to glulam, CLT is not as susceptible 

to splitting failures due to its orthogonal layup [12] and therefore screw reinforcement may not be 

required. The authors also presented an analytical method for predicting the monotonic behaviour 80 

of the SDD moment connections which agreed well with the test results. 

SDDs may also have the potential to create moment connections between steel link beams and CLT 

walls in a coupled timber wall system. Commonly available Ø7mm SDDs (Figure 2c) have a drilling tip 
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to create their own holes through timber and internal steel plates, which creates a tight connection. 

Additionally, a threaded region under the head creates additional forces to pull dowels into the 85 

timber. An SDD group connection’s strength depends on: (1) the amount and diameter of dowels, (2) 

group spacing and edge distances, (3) the number of internal plates (i.e. amount of shear planes), 

and (4) the strength and thickness of the timber.  

In this study, a type of SDD connection, shown in Figure 2, is proposed to connect the steel link beams 

in coupled CLT wall systems. The link beam is welded to an end plate which is welded to a knife plate. 90 

The knife plate is inserted into a slot in the CLT panel’s edge and SDDs are then installed through the 

CLT panel and the knife plate to connect the assembly together. This study presents analytical 

predictions and experimental testing of this connection type to evaluate the feasibility and 

robustness of the SDD connections. 

 95 

Figure 2: Typical self-drilling dowel group beam to CLT wall connection (a, b) and typical self-drilling dowel fastener (c). 

2. SDD Connection Design 
2.1. Analytical method 
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The strength of SDD moment connections can be calculated using an iterative approach based on the 

analytical method presented by Dong et al. [11]. Their study found the method to be a conservative 100 

prediction of their experimental results and was more accurate than the other three analytical 

methods proposed for the glulam specimens in their study. However, the complexity of the analytical 

method is likely too rigorous for routine use by practicing engineers. Therefore, two simplifying 

modifications were made to the Dong et al. method in this study to reduce the complexity: (1) the 

bearing stresses between the beam and the column were assumed to have a triangular stress block 105 

with the peak stress of fc,0 and (2) the centre of rotation was not restricted to an assumed trajectory. 

This simplified method can be more readily implemented in a spreadsheet for design applications. 

It is expedient to only consider two strength levels when analysing the connection: the yield (Mc,y and 

Vy) and ultimate (Mc,u and Vu) strengths; which can be found by determining the force at which the 

first dowel yields and all the dowels yield, respectively. This method assumes that all the dowels can 110 

achieve an adequate level of ductility to deform beyond their yield displacement and presumes 

simple elastic-plastic behaviour of each SDD (no strain hardening). Alternatively, a complete 

backbone moment-rotation plot may also be found by evaluating the forces for the progressive 

yielding of the dowel group. This approach is used and compared to the experimental results in 

Section 4.2. 115 

Figure 3 shows the forces and notations used to determine the connection strength. Applied forces 

are shown in blue while the resisting forces are shown in red. The applied moment is shown at 3 

locations: M at the end of the link beam, Mc at the geometric centroid of the dowel group, and M’c 

at the centre of rotation. M’c, shown at the centre of rotation (O’), is relevant for calculating the 
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connection strength because it is about point O’ that the moments are summed and is related to the 120 

moment at the geometric centroid by M’c=Mc+x’oV. 

The solution process and governing equilibrium equations are summarized below but further detail 

is available in Dong et al [11]. First, a single dowel’s nominal strength, Fd, is calculated using the 

Johansen equations [13,14] which are used in Eurocode 5 [15]. Second, a centre of rotation (O′) is 

assumed, shown in Figure 3, and the individual dowel forces are determined. The individual SDD 125 

forces vary based on whether the connection yield (Vy) or ultimate strength (Vu) is being determined. 

The yield strength of the connection is found by assuming SDD forces are proportional to their 

relative distance from the centre of rotation (fi = Fdr'i/r'max), where the dowel furthest from point O′ 

has a force equal to its yield strength. Alternatively, the ultimate connection strength assumes all 

SDDs have yielded (fi = Fd). 130 
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Figure 3: Free body diagram and notation for calculating dowel group connection strength (applied forces in blue, resisting forces in 
red). 

Third, the equilibrium of the connection is checked, using the assumed centre of rotation (O’), with 

the following governing equations: 135 

∑𝐹𝑥 = 𝐹𝑐 +∑𝑓𝑥,𝑖 =
𝑙𝑐𝑏𝑒𝑓𝑓𝑐,0

2
+∑𝑓𝑥,𝑖 = 0 

(1) 

∑𝐹𝑦 = −∑𝑓𝑦,𝑖 − 𝐹𝑓 + 𝑉 = −∑𝑓𝑦,𝑖 − μ
𝑙𝑐𝑏𝑒𝑓𝑓𝑐,0

2
+ 𝑉 = 0 

(2) 

∑𝑀 =∑𝑓𝑖 𝑟𝑖 +
2𝑙𝑐
3
𝐹𝑐 + 𝐹𝑓𝑥𝑓 −𝑀𝑐

′ = 0 
(3) 

where  

Fc is the contact force, 

lc is the contact length, 

bef is the total CLT board thickness oriented parallel to the Fc, 

fc,0 is the compression strength of the boards oriented parallel to Fc, 140 

fx,i and fy,i are the SDD component forces, 

Ff is the friction force (µFc), 

µ is the friction coefficient (0.2 for steel-timber contact), 

and other dimensions are as shown in Figure 3. 

If these equilibrium equations are not satisfied within an acceptable error tolerance, then a new 145 

centre of rotation must be assumed and the terms are recalculated until an acceptable level of 

accuracy is achieved. 

2.2. Connection Stiffness 

The connection’s pre-yield rotational stiffness can be estimated by evaluating the rotation at which 

the first SDD yields. The individual dowel stiffness ksdd = ρ1.5d/23 in Eurocode 5 [15] can be used unless 150 
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specific test data is available. The following equation is used to determine an approximate rotational 

stiffness for the connection: 

𝑘𝑟𝑜𝑡 =
𝑀′𝑐,𝑦

arctan (𝐹𝑑/(𝑘𝑠𝑑𝑑𝑟𝑚𝑎𝑥))
 

(4) 

where M’c,y, Fd, and r are defined in Section 2.1. 

In addition, the pre-yield translational stiffness of the connection can be approximated by the 

number of SDDs multiplied by the individual dowel stiffness (kv=nksdd). 155 

2.3. Capacity Design 

A coupled timber wall system should yield the steel link beams to dissipate energy during major 

earthquakes and capacity design should be used to prevent premature failures in non-dissipative 

elements [16,17]. The capacity design process includes multiplying the link beam’s nominal strength 

(Vb,n) by an overstrength factor (φo) to determine an amplified force demand on the non-dissipative 160 

connection or element. In a simplified form, the link beam’s overstrength can be determined as the 

overstrength factor multiplied by the minimum of its nominal shear or bending strength: 

𝑉𝑏,𝑜𝑠 = 𝜙𝑜𝑉𝑏,𝑛 = 𝜙𝑜𝑀𝐼𝑁(0.6𝐹𝑦𝐴𝑤 , 2𝐹𝑦𝑍/𝑒) (5) 

where Fy is the specified minimum yield stress, Aw is the web area, Z is the plastic section modulus, 

and e is the link beam length.  

However, eccentric braced frame (EBF) link beam design requirements in relevant design standards 165 

should be followed for calculating the link beam strength in a coupled wall structure to consider the 

additional factors such as (but not limited to) axial force interactions, deformation capacity as a 

function of link length [18], and web stiffener requirements.  
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Overstrength factors will vary based on the specified grade of steel and the applicable national design 

standard. The New Zealand steel standard (NZS 3404 [19]) provides an overstrength factor of 1.67 170 

for hot rolled steel sections produced in accordance with the AS/NZS 3679.1 standard [20]. A notably 

lower factor of 1.21 is found in the American steel standard (AISC 341 [21]) for A992 steel sections 

because this grade has an upper bound on the yield stress. Therefore, engineers can design a more 

economical structure by using steel grades with lower overstrength. 

The specimens in this study used a 200UB18 section with an effective link length of e=760mm (twice 175 

the cantilever length in the test setup) and specified minimum yield stress of Fy=300MPa. The 

nominal link beam strength and overstrength were determined using Equation Error! Reference 

source not found. as Vb,n=142kN and Vb,os=237kN. Therefore, the overstrength force demand on the 

dowel group was calculated as V=237kN and Mc=128kNm.  

Using the analytical method described in Section 2.1, the connection’s nominal yield and ultimate 180 

strengths (i.e. material strength reduction factor of 1.0) were found to be Vy=177kN and Vu=239kN, 

respectively. The nominal connection strength was calculated with a characteristic board 

compression strength of fc,0=18Mpa and a single Ø7x170mm SDD nominal strength of Fd=11.2kN. The 

nominal SDD strength was found using the European Yield Model equations from Eurocode 5 (EC5) 

[15] with a characteristic embedment strength of fh=32MPa (characteristic prediction from Uibel and 185 

Blaß [22]) and yield moment of my=32,000Nmm [23]. It should be noted that a modified version of 

Equation 8.11 (h) in EC5 was used, shown in Equation (6) without the rope effect term, to determine 

the nominal dowel strength because the pre-factor of 2.3 is used to adjust the equation for a material 

safety factor of γM,steel=1.3 (see discussion in Blaβ and Sandhaas [14]). No modification factor was 
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used because CLT is not explicitly addressed in EC5 Table 3.1 (i.e. kmod=1), although a factor of 1.1 190 

may be justified.  

2.0√𝑀𝑦,𝑅𝑘𝑓ℎ,1,𝑘𝑑 
(6) 

 

 

The ultimate nominal connection strength is greater than the link beam’s overstrength demand (Vu 

239kN > Vb,os 237kN) but the connection’s yield strength is lower. Therefore, some yielding of the 

SDDs is implicitly accepted in the test specimen. It may or may not be acceptable, within the goals of 195 

a performance-based design framework, to allow yielding of the dowels in a DG connection. 

In addition to specifying the amount, size, and spacing of the fasteners, the designer must also ensure 

the other non-ductile components including the welds, end plate, and knife plate along the load path 

are stronger than the link beam’s overstrength demand. Also, the CLT wall panel’s shear and bending 

strength would need to be greater than the cumulative effect of the coupling beams’ overstrength 200 

demands. These components are just as important as the SDD group but detailed design of the other 

elements is beyond the scope of this study. 

3. Experiment Details and Setup 
3.1. Specimen details and material properties 

Three identical specimens were fabricated and tested until failure, including one monotonic test 205 

(DG10-M) and two cyclic tests (DG11-C, DG12-C). Each specimen consisted of an SDD group 

connection with 50-Ø7x170mm between a 200UB18 steel link beam and a 205mm (45/35/45/35/45) 

CLT wall panel, shown in Figure 4. Typical minimum spacing and edge distances of a1=a2=a4=40mm 

were used. The edge distance (a2) was below the minimum required value from the product 
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specification (80mm) [23] for sawn timber but no limit is specified for CLT. The limit for sawn timber 210 

was ignored because the orthogonal layup of CLT reduces the tendency for edge splitting. Two M20 

threaded rods with nuts and washers were also installed at the extremes of the dowel group near 

the CLT edge. This was done according to the recommendations from Blaß and Sandhaas [18] to 

prevent timber from splitting (prying open) in the thickness of the timber member. The threaded 

rods were not considered when calculating the connection strength because of the oversized hole 215 

diameters (2mm greater than rod diameter) used to install these rods. 

 

Figure 4: Self-drilling dowel group connection and link beam specimen details. 

SDDs were concentrated near the extreme edges of the knife plate as this maximised the moment 

strength. The 200UB18 link beam was welded to a 20mm-thick steel end plate which was welded to 220 

an 8mm-thick knife plate. A typical 6mm fillet weld was used except at the beam’s web where a 4mm 

fillet weld was specified. 6mm plate stiffeners were welded on both sides of the web at 150mm 
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centres which meets the requirements of an active EBF link according to the NZ Steel Design Standard 

NZS3404 [19]. 

Ø6x25mm pilot holes were pre-drilled on the timber surface to prevent surface splitting and the SDD 225 

were installed using a high-speed drill according to the manufacturer’s specifications [23]. All 

experiments used 5-ply CLT wall panels (45/35/45/35/45) with the face layers oriented perpendicular 

to the link beam’s axis. The CLT was made of 45mmx200mm primary boards (grade SG8 [24]) and 

35mmx175mm cross layers (grade SG6) Radiata Pine with a mean density of 460kg/m3 and COV of 

0.042. The mean moisture content, measured by oven-dried samples, was 11% at the time of testing 230 

and the COV was 0.045. The characteristic compressive strength fc,0=18MPa for the SG8 boards  was 

used to calculate the connection’s nominal strength in Section 2.3. The steel link beams in the ductile 

tests were fabricated from standard hot rolled I-beam sections (Grade 300) in accordance with 

AS/NZS 3679.1-300SO [20]. 

3.2. Experiment setup and instrumentation 235 

For testing convenience, the connection specimens were rotated 90 degrees from their real 

orientation in a coupled wall system. The panel was anchored to the concrete strong floor with two 

M36 threaded rod tie downs at each end to prevent rotation and shear keys were installed on both 

sides to prevent sliding. Horizontal loads were applied by a 400kN hydraulic actuator through a 

Ø50mm pin on the link beam. The loading point on the beam represents the point of contraflexture 240 

at the mid-span of a link beam. A pair of guide rails with nylon contact surfaces were installed on 

either side of the beam to restrain out-of-plane displacement (Dy) and twisting deformation about 

the beam’s length (Rz). 
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Figure 5: Experimental setup for cyclic testing of link beam specimens with SDD group connections. 245 

The load was measured by a load cell on the hydraulic actuator and the displacement was measured 

by a string potentiometer. Rigid body movement of the CLT panel was monitored by spring 

potentiometers located at the shear key and at each tie down. Spring pots were also placed at the 

bases of the steel shear keys to measure lateral displacements. Additionally, two string 

potentiometers were connected to the beam flanges at the actuator height to monitor out-of-plane 250 

displacement and twisting of the link beam.  

Local instrumentation in the connection region is shown in Figure 6. The lateral displacement of the 

connection was measured by horizontal linear potentiometers connected between the CLT edge and 

the steel end plate. The rotation of the connection was measured with a series of vertical 

potentiometers and calculated by fitting a linear trendline through the data points to determine the 255 

rotation. Strain gauges were also placed on the surface of the steel link beam. 
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Figure 6: Local instrumentation for self-drilling dowel group connection specimen. 

3.3. Displacement protocol 

The monotonic test (DG10-M) was loaded at a constant load rate until adequate strength loss was 260 

achieved. The cyclic tests (DG11-C, DG12-C) used the displacement protocol from AISC 341 Section 

K2.4c [21]. This protocol is typically used to evaluate the performance of EBF link-to-column 

connections, an application similar to the connection in this study. According to the protocol, a series 

of increasingly large chord rotations are imposed while the number of cycle repetitions decreases as 

the rotation level increases, as shown in Figure 7. Displacement was applied at a rate between 5mm 265 

and 20mm per minute, increasing for the cycles with the largest chord rotations, but was held 

constant for each cycle. All tests were terminated upon reaching 50% strength loss from the peak 

strength. 
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Figure 7: Loading protocol for cyclic link beam-to-wall connection tests. 270 

4. Test Results and Discussion 

Table 1 lists the key results including peak force (Fpk) and the corresponding moments in the beam 

(Mb,pk) and at the centroid of the dowel group (Mcon,pk). The beam and connection moments are found 

by multiplying the force by the lever arm from the loading point to the end of the beam (380mm) 

and centroid of the connection (540mm), respectively. The distance from the loading point to the 275 

centroid of the SDD group was 540mm in the undeformed position but was adjusted to account for 

the loading pin moving along an arc path. The yield force and corresponding chord rotation (Fy, θy) 

were determined based on the intersection of two lines fit to the test data before and after the 

apparent yield point. Chord rotation was chosen as the deformation unit because it is a convenient 

design quantity used in coupled reinforced concrete wall design [25]. The lateral and rotational 280 

connection stiffnesses (kv, km) were determined by fitting tangent lines in the range of 20% to 60% of 

Fpk on the backbone plots. The results of the cyclic tests include the values for the positive and 

negative cycles. 

Table 1: Summary of observed peak forces, chord rotations, and connection stiffnesses. 

ID Fy Fpk Mb,pk Mcon,pk θy θpk kv km 

 kN kN kNm kNm rad rad kN/mm kNm/rad 

DG10-M 168 219 83 122 2.98% 11.8% 129 15,800 

DG11-C 177/-178 250 95 124 2.83% / -2.89% 5.7% / -8.0% 153/-164 13800/-19300 

DG12-C 178/-177 247 94 123 3.32% / -2.81% 8.4% / -8.1% 156/-134 12900/-13100 

 285 

The cyclic peak loads were slightly higher than the monotonic peak load, as listed in Table 1. However, 

the cyclic specimens reached their peak strength at a lower displacement level.  The beam’s actual 
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overstrength was reasonably close to the value calculated for capacity design, as shown by the 

dashed line in Figure 8b (250kN vs. 237kN). Therefore, the overstrength factor of 1.67 from NZS3404 

[19] was appropriate. 290 

4.1. Global behaviour and damage 

The plotted test results are shown in Figure 8 with actuator force on the Y axis and chord rotation on 

the X axis. The chord rotation at each point is determined by dividing the actuator displacement 

(minus support sliding and rotation) by the distance from the loading point to the end of the I-beam 

(380mm). The link beam demonstrated a ductile failure and dissipated significant amounts of energy, 295 

as shown by the large hysteretic loops in Figure 8b. The cyclic tests showed a reduced deformation 

capacity and more strength loss when compared to the monotonic test due to accumulation of 

damage in the system through repeated cycles. The hysteretic behaviour of the cyclic tests closely 

resembles the results of long EBF link tests by Engelhardt and Popov [18]. It should be noted that the 

hysteretic behaviour in Figure 8b shows minor slips when the force in the system changed from 300 

unloading to loading due to some damage in the SDD group. 
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(a) 

 

(b) 

Figure 8: Global force vs. chord rotation behaviour of monotonic (a) and cyclic tests (b). 

Figure 9 shows the typical damage observed in each specimen. The link beam’s lowest panel zone 

experienced web and flange yielding and inelastic buckling. Finally, the beam fractured at the web-

flange joint (Figure 9b) which caused significant strength loss and led to the termination of the test. 305 

Although the damage in the connection is evident from the connection behaviour plots (Figure 10), 

the dowels were not measurably bent after disassembling the specimens. However, minor local 

crushing damage was observed around the dowel holes inside the CLT (Figure 9c). 
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Figure 9: Observed damage including: (a) inelastic yielding and buckling of lowest panel zone in link beam, (b) fracture at flange-to-310 
web joint, and (c) local internal crushing around the self-drilling dowel. 

4.2. Connection behaviour 

The connection behaviour is displayed in the plots of Figure 10. Plots a/b show the connection lateral 

behaviour, c/d show the rotational behaviour, and e/f show the normalized neutral axis depth 

(neutral axis location divided by length of end plate) against the connection rotation. The lateral and 315 

rotational plots do not exhibit linear elastic behaviour although the connection slip and rotation were 

relatively small. The pinched hysteresis loops are a typical response for dowel-type fasteners 

subjected to lateral loads. Minor connection damage is in part due to the chosen design approach 

which used the ultimate connection strength, rather than yield strength, to satisfy the capacity design 

requirements (see Section 2.3). The ultimate strength assumes a fully plastic behaviour of the 320 

connection and therefore implicitly accepts dowel yielding to redistribute the forces. 



21/30 

 

 

The last two cycles in the moment-rotation plots (Figure 10d) appear to indicate post-peak strength 

loss in the connection. However, this is not representative of the physical reality of tested specimens 

but was rather a result of the instrumentation method and asymmetric damage of the link beam. 

When the link beam experienced asymmetric flange fracturing, the loading on the end plate became 325 

eccentric and applied a twisting moment about the length of end plate. However, there was 

insufficient deformation data captured by the specimen’s instrumentation to adequately quantify 

the twisting behaviour. The final three cycles of the moment-rotation plot include this twisting 

deformation and therefore are erroneous as they do not represent real post-peak behaviour or 

strength loss in the connection. A greater degree of out-of-plane restraint, such as that provided by 330 

an adjacent floor diaphragm, to the CLT wall panel may prevent or delay the observed asymmetric 

flange failure mode.  

Plots of the neutral axis depth (Figure 10e and f) reveal a convergence towards a depth of 

approximately 35% of the end plate length from the toe. This value is in good agreement with the 

calculated contact length of 28% determined when analysing the connection with the analytical 335 

method described in Section 2.12.3. 
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(a) 

 

(b) 

 

(c) 

 

(d) 
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(e) 

 

(f) 

Figure 10: Monotonic and cyclic connection behaviour including: lateral (a,b), rotational (c,d), and normalized neutral axis depth (e,f). 
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Connection Stiffness 

The mean connection stiffness values were 147 kN/mm and 15,000 kNm/rad for the lateral and 340 

rotational components, respectively. Using the approximate stiffness methods described previously 

in Section 2.2 with a mean density of 460kg/m3, values of 160 kN/mm and 15,200kNm/rad are found. 

Both stiffness values were predicted reasonably well with errors of -9.4% and +1.2%, respectively. 

This level of error is likely acceptable for design purposes. 

The moment-rotation backbone was predicted for the progressive yielding of the connection at the 345 

mean level with a typical SDD strength of Fd=11.2kN (fh=35Mpa per Uibel and Blaβ [22]) and board 

compression strength of fc,0=30Mpa (MSG8 axial test data [26] from Scion, a NZ research institute). 

The comparison agreed well with the backbones of the cyclic results shown in Figure 10d and 10e but 

under-predicted the monotonic response of DG10-M. This may be due to the cyclic loading causing 

progressive stiffness degradation which create better agreement with the predicted backbone. 350 

The connection’s lateral and rotational behaviour represent a significant source of deformation for 

the link beam and connection assembly. Table 2 shows the chord rotations for each specimen at the 

yield (θy) and peak (θpk) force levels with corresponding contributions from the lateral (θy,cv, θpk,cv) and 

rotational (θy,cr, θpk,cr) connection deformations. On average, the specimens reached their yield 

strength at a chord rotation of 2.97% radians including a connection chord rotation contribution of 355 

0.99% radians (0.34% from lateral and 0.65% from rotational movement). A greater amount of chord 

rotation was observed in the connection components at the peak load but they were smaller relative 

to the total mean peak chord rotation of 8.39%. Additional in-plane CLT deformations further 
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contribute to the flexibility of the system but were not specifically captured by the specimen’s 

instrumentation. 360 

Table 2: System and connection chord rotations observed at yield and peak forces. 

Specimen θy θy,cv θy,cr θpk θpk,cv θpk,cr 

DG10-M 2.98% 0.38% 0.56% 11.8% 0.55% 0.72% 

DG11-C 2.83% / -2.89% 0.33% / 0.32% 0.67% / 0.51% 5.7% / -8.0% 0.51% / 0.54% 1.09% / 1.02% 

DG12-C 3.32% / -2.81% 0.34% / 0.35% 0.75% / 0.76% 8.4% / -8.1% 0.51% / 0.58% 1.23% / 1.29% 

mean 2.97% 0.34% 0.65% 8.39% 0.54% 1.07% 

 

The connection’s flexibility increases the chord rotation required to reach the yield strength of the 

link beam. Considering a 200UB18 cantilever beam with L=380mm and Fy=300MPa, a predicted yield 

chord rotation can be calculated as 0.50% using basic beam theory as P/GAw + PL2/3EIxx where P is 365 

equal to the observed yield strength of the beam (170kN). This predicted chord rotation is 

approximately 1/6th of the actual chord rotation observed in the experiments and represents an 

estimate of the chord rotation contribution of the steel beam element. As discussed above, 0.99% 

out of the 2.97% chord rotation was attributed to the connection. Therefore, an approximate mean 

chord rotation of 1.5% (2.97% - 0.50% - 0.99%) can be attributed to the in-plane deformations of the 370 

CLT panel. 

Therefore, it is critical to consider the connection stiffness and in-plane CLT deformations in the 

analysis of a coupled wall system as they significantly affect the deformations at which the link beams 

yield and dissipate energy. However, the in-plane CLT deformations will change based on the width 

and thickness of the CLT in a coupled wall structure.  375 
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Initial Displacement 

The initial displacement of the SDD connection was minimal due to the nature of the self-drilling 

dowel but it was not exactly zero and increased with repeated cyclic loading. This can be observed in 

the cyclic lateral and rotational connection plots (Figure 10b and d). Residual displacements and 

pinching behaviour developed after repeated cycles and can be observed in the region where the 380 

specimen changes from unloading to loading and crosses the X axis. This residual displacement and 

sudden stiffness decrease caused the pinched shape in the connection hysteresis. 

4.3. Energy dissipation 

The energy dissipated by the specimen, shown in Figure 11 with the initial cycles truncated, was 

dominated by yielding of the steel link beam. The dissipated energy in the connection is also shown 385 

for the lateral (v) and rotational (r) degrees of freedom. The connection contributions represent a 

small portion of the total dissipated energy in the system and their magnitude relative to the total 

dissipated energy reaches a plateau as the chord rotation increases. 
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Figure 11: Cumulative energy dissipation of cyclic tests for the global system and connection behaviour. 390 

5. Conclusions 

Coupled CLT shear walls with steel link beams have a great potential to be used in mass timber 

buildings since they provide a more structurally efficient lateral load resisting system compared with 

single cantilever shear walls. The connections between the steel link beams and the CLT wall panels 

are critical to the efficiency and robustness of the coupled wall system. This study presented one 395 

possible connection solution using a group of SDDs for 200UB18 link beams in a 5-ply CLT wall. Based 

on this work, the following conclusions are made: 

1. The SDD groups in this study were successfully capacity-protected for the overstrength of 

dissipative 200UB18 link beam elements.  

2. The ultimate (rather than yield) strength of the SDD group connection can be used to satisfy the 400 

capacity design requirements with minor damage occurring due to timber embedment 

crushing. This may be acceptable depending on the performance requirements selected by the 

designer. 

3. The presented analytical methods for determining the strength and stiffness of the SDD 

connections provided reasonable estimations when compared with the test results. 405 

4. The connection stiffness and in-plane CLT deformations significantly increase the chord rotation 

required to yield the link beam elements. Therefore, they must be carefully considered in the 

system-level analysis. 

This study was limited to the analysis and testing of three full-scale specimens which were capacity 

designed to facilitate yielding of the steel link beams. Future work may include the consideration of 410 

axial loads in the link beams, different connection details, CLT layups, or steel link beam sections. 
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