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Abstract 

This paper presents an experimental study to assess the structural performance of dowelled cross-laminated 

timber (CLT) hold-down connections that are critical components for a CLT shear wall under seismic loads. 

It aims to quantify the enhanced connection performance by increasing row spacing and end distance in the 

dowel layout compared with the standard spacing/distance specified by design standards. A total of 47 

dowelled hold-down connection specimens with standard and increased row spacing and end distance in three-

, five-, and seven-layer CLT layups were tested under monotonic and cyclic loading. Additional attempt was 

also made to investigate the benefits of applying screw reinforcement to deter the onset of potential brittle 

failure modes or mode cross-over. The increased row spacing and end distance provided comparable 

connection strength but significantly increased ductility. Displacement capacity and ductility increased by 

35% and 20%, respectively and the effect was most pronounced in the five-layer CLT specimens. Dowel 

embedment tests were performed to verify the CLT Handbook equation and to determine theoretical 

overstrength. The maximum connection overstrength factor was 1.70 and the average was 1.61. Reinforcement 

by fully threaded inclined screws or the use of threaded dowels with nuts can further enhance the connection 

performance.  

Keywords: CLT, dowelled connections, hold-down, ductility, overstrength, displacement capacity, fastener 

spacing 

 

1 Introduction 

Mass timber construction is gaining popularity globally due to the increased availability and cost efficiency 

of engineered timber products and the increased demand of using more sustainable construction materials in 

the built environment [1]. In the last two decades, cross-laminated timber (CLT), manufactured as a mass 

timber panel product, has attracted great attention and offers a competitive solution for multi-storey residential, 

commercial and public buildings [2]. In seismic design of timber buildings, shear wall structures are typically 

used as lateral load resisting systems (LLRS). Conventional light timber framed (LTF) buildings often use 
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plywood or OSB sheathed shear walls as LLRS and nailed panel-frame connections provide the main source 

of ductility and energy dissipation [3]. In post-and-beam timber buildings, diagonally braced walls can also 

be used as LLRS and the braces and the associated connections are the critical components that govern the 

shear wall behaviour [4,5]. Compared to LTF, CLT structures have higher in-plane strength and stiffness [6]. 

CLT is commonly composed of an odd number of layers of timber boards laminated in a crosswise pattern to 

create large solid timber panels [7].  Performance of CLT shear walls is often governed by connection systems 

that are designed to transfer shear loads and resist overturning moments under seismic loads [8]. Dujic et al. 

[9] tested the in-plane behaviour of CLT panels; and subsequent research mainly focused on CLT shear walls 

using commercial LTF connectors [10–14]. In current CLT shear wall design for platform construction, off-

the-shelf connectors adapted from LTF construction are widely used for hold-downs and shear keys. Past and 

current examples of this construction include the 9-storey Stadthaus [1] and the recently completed Aveo 

Norwest 10-storey CLT building in Sydney [15]. These connectors typically use small diameter nails or screws 

and thin steel brackets. Having limited strength and stiffness, the connectors limit the structural efficiency of 

CLT shear walls [11] as they are often limited to axial capacity of 100kN [16,17], or less if ductile behaviour 

characterized by yielding of the nails is required [11,18,19]. Due to the higher load demand in multi-storey 

CLT buildings, CLT shear walls need to incorporate stronger and stiffer hold-downs and shear keys which 

often require a fit-for-purpose project specific solution by the designer. Recent research has thus also focussed 

on high capacity hold-downs to resist high overturning moments [20–22]. One such high capacity hold-down 

type which has been used on numerous projects in New Zealand and other countries is the dowelled connection 

with slotted-in steel plates. Large scale experimental tests confirmed their high capacity and ductile behaviour 

[23]. As an example, Figure 1 shows the application of a dowelled connection with slotted-in steel plate in 

CLT shear walls. Current design approaches for dowel-type joints in CLT are summarized by Mohammad et 

al. [24] and Ringhofer et al. [25]. 

 

 

Figure 1: Hold-down systems in CLT buildings (a) schematic (b) slotted-in steel plate dowelled hold-down 

connection. Photo by ENGCO is courtesy of Arvida Group - Living Well Apartments, Christchurch, New 

Zealand 
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A comparison of selected research on dowelled hold-downs, commercial connectors, and other high capacity 

hold-downs is provided in Table 1. 

Table 1: Comparison of selected experimental research of hold-down connections 

Research Connection  Fastener  Fastener Peak Load 

Study Description Type Quantity kN 

Gavric et al. [12] Rothoblaas WHT540 [16]1 ø4x60mm nails 12 48 

Flatscher et al. [11] Simpson StrongTie HTT22 [17] 1 ø4x60mm nails 15 51 

Dong et al. [18] Rothoblaas WHT440 [16] 1 ø4x60mm nails 30 70 

Polastri et al. [26] Rothoblaas WHT620 [16] 1 ø4x60mm nails 52 107 

Schneider et al. [22] Novel tube connector with steel rod Steel rod n/a 58 

Zhang et al. [21] Internal perforated steel plates Adhesive n/a 180 

Hashemi et al. [20] Resilient Slip Friction Joint (RSFJ) n/a n/a 350 

Ottenhaus et al. [27] Slotted-in steel plate2 ø20mm dowels 4 188 

Ottenhaus et al. [23] Slotted-in steel plate2 ø20mm dowels 16 1164 
1Commerical connector 

2Dowelled hold-downs with slotted-in steel plates 

The uptake of CLT buildings in earthquake-prone regions requires a deep understanding of the strength 

hierarchy among building elements to ensure seismic safety through capacity design [28]. Capacity design 

[29] aims to ensure ductile system behaviour and protect all brittle elements (or less ductile parts) from failure. 

The strength demand of the brittle elements is determined by the overstrength of the ductile elements [30]. For 

timber buildings, well-detailed connections with dowel-type fasteners are often used as ductile elements 

through the yielding of fasteners to provide system ductility [31]. In this regard, for CLT shear walls, the 

connection ductility and overstrength properties of hold-down connections need to be well understood so that 

they behave as ductile elements which sustain loads even at large displacement. In addition, the onset of brittle 

failure modes in ductile elements must be avoided until large displacements to ensure ductile system 

behaviour. 

Connection ductility, μ, is commonly defined as the ratio of the ultimate displacement over the yield 

displacement, as shown in Eq. 1 [32]: 

 𝝁 =
∆𝑭𝒖
∆𝒚

 (1) 

where Fu = ultimate displacement corresponding to the post-peak deformation at 80% of the maximum load; 

y = displacement at yield point. 

Connection overstrength can be defined as the discrepancy between analytically calculated design strength in 

code provisions and the 95th-percentile of the true strength distribution. Jorissen and Fragiacomo [33] defined 

the overstrength factor for timber connections, Rd, as: 
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 𝜸𝑹𝒅 = 𝜸𝑴 ∙ 𝜸𝒂𝒏 ∙ 𝜸𝟎.𝟗𝟓 =
𝑭𝒌
𝑭𝒅
∙
𝑭𝟎.𝟎𝟓
𝑭𝒌

∙
𝑭𝟎.𝟗𝟓
𝑭𝟎.𝟎𝟓

 (2) 

where M = overstrength attributed to material safety factor; an = overstrength attributed to conservatism of 

analytical models; 0.95 = overstrength attributed to difference between 5th and 95th percentile of strength 

distribution; Fk = characteristic strength; Fd = design strength; F0.05 = 5th percentile of strength distribution; 

F0.95 = 95th percentile of strength distribution.  

A lack of prescriptive design guidance in timber design standards on aspects including capacity design has 

required performance-based engineering as a path to code compliance, which can add significant project time, 

cost and uncertainty and ultimately limit implementation [34]. Tannert et al. [35] state that “designing and 

building CLT structures, also in earthquake-prone regions is no longer a domain for early adopters”, and there 

have been recent significant efforts globally such as in the United States [10,36], and Europe [37] to adopt 

seismic design provisions in upcoming design codes. So far, most timber design standards do not provide 

overstrength factors of ductile connections for capacity design and only a limited number of studies have been 

conducted to establish overstrength factors for certain connection types as ductile elements in timber shear 

walls [18,23,27,38,39]. In Canada, a supplement to CSA-O86 [40] now stipulates capacity design principles; 

however, overstrength factors for ductile elements are not provided. Thus, designers may need to rely on the 

limited available test data or assume overstrength factors for commercial or fit-for-purpose connectors 

designed as ductile elements. One rare example is the New Zealand Timber Structures Standard NZS 3603 

[41] that explicitly stipulates an overstrength factor of 2.0 for nailed connections in plywood shear walls.  

Brittle failure modes such as row shear (RS), group tear-out (GT) and net tensile failure (TF) are checked and 

explicitly adopted in the Canadian standard CSA-O86 [40], or implicitly in others such as Eurocode 5 [42]. 

Generally, the requirements of using the effective number of fasteners, minimum fastener spacing, row 

spacing, end and edge distances in dowel-type connections aim to ensure ductile response will occur as per 

Figure 2e rather than brittle failure modes shown in Figure 2a - Figure 2d. These were based on experience as 

well as comprehensive experimental investigations [43]. 

 

Figure 2:Brittle failure modes (a) row shear failure, (b) group tear-out failure, (c) & (d) net tensile failure 

from Ottenhaus et al. [44] & (e) ductile failure with significant dowel yielding and timber embedment from 

Ottenhaus et. al [23] 



5 

Currently, few timber standards provide minimum fastener spacing requirements for dowel type connections 

in CLT. The Canadian standard CSA-O86 [40] is one rare example which currently considers minimum 

fastener spacing to be the same as solid sawn timber or engineered timber products such as glulam in which 

wood fibres are oriented along one major direction. Blaβ and Uibel [45,46] have conducted a comprehensive 

test campaign on minimum fastener spacing in dowel type connections in CLT and their findings are 

summarized in Ringhofer et al. [25]. Although these minimum spacing requirements were satisfied, Ottenhaus 

et al. [23,44], however, observed cross-over failure modes with a three stage response of dowelled CLT 

connections: (1) onset of dowel bending and yielding (2) continued dowel yielding, out-of-plane bending of 

wood laminations and onset of crack growth (e.g., initiating row shear) (3) final brittle rupture in wood 

laminations. It was also found through dowelled connection tests in 5-ply 130mm thick CLT that cross-layers 

are able to provide a reinforcing effect but the brittle failures described above could still occur if dowel spacing 

was not sufficient [23,44]. CLT has a different configuration with crosswise fibre directions when compared 

to sawn timber or glulam and it is mostly manufactured without edge gluing, leaving small gaps between 

laminations. Therefore, the fastener spacing requirements in current design standards might not be fully 

applicable to CLT. More research is needed to assess the influence of fastener spacing on CLT connection 

performance and with different CLT manufacturers and timber species. 

This study is to assess the structural performance of dowelled CLT hold-down connections under monotonic 

and cyclic loading. The focus is to study the influence of increased fastener row spacing and end distance on 

strength, stiffness, ductility and overstrength of the connections. The study also investigates the benefits of 

applying screw reinforcement to deter the onset of potential brittle failure modes or mode cross-over. The 

experimental results are compared with analytical calculations to validate the design equations and derive 

connection overstrength. Meanwhile, embedment testing on the CLT materials and fastener bending testing 

are also carried out to check against the embedment strength prediction models and fastener bending yielding 

moments which are critical input for the prediction accuracy of the analytical calculations of the connection 

strength. 

2 Experimental programme 

2.1 Specimen Description 
As shown in Table 2, 47 hold-down specimens were tested in 17 series. Three different CLT layups (3-ply 

135mm thick; 5-ply 175mm thick; and 7-ply 275mm thick) were used, herein simply referred to as CLT3, 

CLT5 and CLT7, respectively. The Douglas-fir lamella were graded SG8 with average Modulus of Elasticity 

of 8 GPa according to NZS3603 [41]. The CLT panels were not edge glued. After testing, a small piece was 

cut from each specimen and oven dried to determine density and moisture content. The average moisture 

content was 11%, and the mean and characteristic densities are listed in Table 3. The characteristic density 

was determined assuming a normal distribution as per EN 14358 [47] and combining hold-down and dowel 

embedment samples with the same CLT layup.  ø12mm dowels were used in the CLT3 panels and ø20mm 
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dowels were used for the CLT5 and CLT7 specimens. The dowels were Grade 300E according to 

AS/NZS4671 [48], which specifies a yield strength in the range of 300 MPa – 380 MPa. 

In the test series labelling with the format of  XXX-YYY-Z-V, XXX refers to the CLT type (CLT3, CLT5, or 

CLT7), YYY refers to the dowel spacing type (Std indicates the standard spacing following Eurocode 5 [42] 

and CLT Handbook [49], or Inc indicates the increased spacing), Z refers to unreinforced (U) or reinforced 

specimens R1 and R2 (R1 indicates reinforcement by inclined self-tapping screw and R2 indicates 

reinforcement by threaded dowels with nut and washer), and V refers to monotonic loading (M) or cyclic 

loading (C). For all unreinforced test series, the number of samples for monotonic loading was three and for 

cyclic loading was five. The sample size for the reinforced specimens was limited to one which provided 

qualitative comparison to the unreinforced series’ results. 

 

Table 2: Dowelled hold-down test matrix 

Panel Layup Thickness Dowel Diameter Load Type Series Sample Size 

- mm mm mm - - - 

CLT3 45/45/45 135 12 M CLT3-Std-U-M 3 

CLT3-Std-R1-M 1 

C CLT3-Std-U-C 5 

CLT3-Inc-U-C 5 

CLT3-Inc-R1-C 1 

CLT5 45/20/45/20/45 175 20 M CLT5-Std-U-M 3 

CLT5-Std-R1-M 1 

C CLT5-Std-U-C 5 

CLT5-Std-R2-C 1 

CLT5-Inc-U-C 5 

CLT5-Inc-R1-C 1 

CLT7 45/35/35/45/35/35/45 275 20 M CLT7-Std-U-M 3 

CLT7-Std-R1-M 1 

C CLT7-Std-U-C 5 

CLT7-Std-R1-C 1 

CLT7-Inc-U-C 5 

CLT7-Inc-R2-C 1 
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Table 3: Density of specimens 

Panel Layup Thickness ρm ρk 

- mm mm kg/m3 kg/m3 

CLT3 45/4545 135 478 426 

CLT5 45/20/45/20/45 175 462 422 

CLT7 45/35/35/45/35/35/45 275 457 417 

 

Figure 4a - Figure 4c show isometric views of the CLT3, CLT5, and CLT7 specimens with the dimensions. 

The top dowel group of 6-7 dowels was the overdesigned connection to connect the actuator. The lower group 

of four dowels formed the hold-down connections tested to failure. The predrilled holes in CLT had the same 

diameter as the dowel. Dowel spacing parameters a2 and a3 in the hold-down connections (shown in Table 4 

and Figure 4d) were varied. Figure 4e - Figure 4m show the specific dowel size, spacing and the reinforcement 

if used for each test series. An internal slot was in the middle of each CLT specimen for the internal steel plate 

with 2mm tolerance. Thus, a 14mm wide slot was used for a 12mm thick steel plate for the CLT3 specimens 

and a 22mm wide slot was used for the 20mm thick steel plate for the CLT5 and CLT7 specimens. The 

diameter of the holes on the steel plates was 2mm larger than the dowel diameter as per NZS 3404 [50] which 

accounted for the approximately 1mm initial connection slip discussed later.  

Type 1 (R1) reinforcement was implemented on each of the CLT3, CLT5 and CLT7 specimens with standard 

or increased fastener spacing. Four fully threaded (FT) self-tapping screws (STS) were installed at α = 30° 

and at a spacing of 3 times the dowel diameter as indicated in Figure 4i, Figure 4j, and Figure 4l. These inclined 

FT STS aimed to delay the onset of the potential side wood member opening/splitting by prying action. The 

FT ø7mm STS were installed into ø4mm predrilled holes to 70% of the screw length with jigs to ensure correct 

alignment. The STS were 140mm, 180mm, and 260mm long for the CLT3, CLT5 and CLT7 panels 

respectively. Type 2 reinforcement (R2) was implemented only on the test series CLT5-Std-R2 and CLT7-

Inc-R2 by replacing the lower two smooth dowels with dowels with threaded ends for a washer and nut (R2). 

The new draft of the New Zealand timber design standard DZ NZS/AS 1720.1/V6.0 [51] requires the designer 

to take measures to ensure joint cohesion at large deformations and one possible solution to prevent timber 

member splitting/separation in dowelled connections is to replace some dowels with fitted bolts [43]. By 

implementing both R1 and R2 reinforcement in different test series, the effectiveness of using FT STS instead 

of end threaded dowels with nuts and washers was evaluated, which could also provide a more aesthetically 

appealing solution. 
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Timber design standards specify minimum fastener spacing for dowel-type connections including row spacing 

(a2) and end distance (a3). Table 4 provides a summary of minimum fastener spacing requirements in different 

design standards as well as the two types of fastener spacing (Std and Inc) used in this study. The current 

NZS3603 [41], and Eurocode 5 [42], other than German and Austrian National Annex’s (NAs), do not 

specifically mention CLT. Dowel spacing in CLT in the NAs and the CLT Handbook [49] are predominantly 

adopted from previous work by Uibel and Blaß [52,53]. The new CSA-O86 Supplement [40] and NDS [54] 

provide spacing and adjustment factors for joints in CLT. Previous studies on dowelled CLT hold-downs by 

Ottenhaus et al. [27] implemented denser dowel spacing to investigate brittle failure modes and hypothesized 

that by increasing dowel row spacing (a2) and dowel end distance (a3), increased ductility could be achieved. 

As such, in this test programme, the Std dowel spacing represents the spacing close to and representative of 

current design standards and the Inc dowel spacing represents increased a2 and a3 such that the impact of dowel 

spacing on connection ductility could be assessed. 

Table 4: Dowel spacing in design codes and test programme 

Spacing Design Codes and Handbooks Test Programme 

 
NZS36031 

[41] 

Eurocode 51 

[42] 

CLT Handbook 

[49] 

CSA-O86 

(Canada) [40] 

NDS  

(USA) [54] 
Std Inc 

a1 5d 5d 4d 4d 4d 5d 5d 

a2 2.5d2 3d 4d 3d 3d 4d 6d 

a3 8d 7d 5d 5d 7d 7d 9d 

1Dowel spacing is not specific to CLT, but to general timber connection design 

2a2 = 2.5d is calculated following Eq. 4.10 in NZS 3603 

The locations of the predrilled holes for the dowels were random with regard to the gaps between CLT 

laminations, as shown in Figure 3a - Figure 3f. The test specimens with dowel locations coinciding with the 

gaps are highlighted in the results. Figure 3b and Figure 3d show R1 reinforcement with STS and R2 

reinforcement with end-threaded dowels with nuts and washers, respectively. 
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Figure 3: Random location of dowel group with reference to CLT lamination gaps 
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Figure 4(a) CLT3 isometric (b) CLT5 isometric (c) CLT7 isometric (d) dowel spacing nomenclature (e) 

CLT3-Std-U (f) CLT3-Inc-U (g) CLT5-Std-U & CLT7-Std-U (h) CLT5-Inc-U & CLT7-Inc-U (i) CLT3-Std-

R1 & CLT3-Inc-R1 (j) CLT5-Std-R1 & CLT5-Inc-R1 (k) CLT5-Std-R2 (l) CLT7-Std-R1 & CLT7-Inc-R1 (m) 

CLT7-Inc-R2 

2.2 Methods 

Figure 5 shows a photo of the test setup. A 700kN hydraulic ram with a load cell was attached to the reaction 

frame on one end and the 20mm thick steel plate in the overdesigned connection. Parallel flange channel (PFC) 
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steel beams [50] were installed on either side of the custom connector plate for the hydraulic ram and 

overstrength connection in order to guide the loading head and provide out-of-plane restraint for the test 

specimen. Plastic shims were installed between PFCs and the loading head connector plate to minimize 

friction. The overdesigned connection consisted of six ø20mm dowels for the CLT3 specimens and seven 

ø25mm dowels for the CLT5 and CLT7 specimens. Grade 4140 [55] high strength steel dowels with minimum 

0.2% proof stress of 655 MPa were implemented, and the connection design strength was significantly stronger 

than the lower hold-down connection with a group of 4 dowels. 

Figure 6 shows the instrumentation used in the testing. 50mm linear variable displacement transducers 

(LVDTs) were used throughout except at positions 1 and 2 where 100mm LVDTs were used. The key 

measurements were the relative displacement of the lower dowel group measured on each side of the specimen 

by positions 1 and 2, and the displacement of the lower internal steel plate measured by positions 3 and 4. The 

relative displacement was determined by subtracting the average measurement of position 3 and position 4 

from the average measurement of position 1 and position 2. LVDTs at positions 5 and 6 monitored out-of-

plane rotation, and at positions 7 and 8 monitored the overdesigned connection.  

The average of three monotonic test results was used to determine the ultimate displacement of the specimen, 

which was the displacement at which the post-peak load reached 80% of the maximum load. The average 

ultimate displacement was used to define the displacement amplitudes of the modified half cyclic loading 

protocol based on ISO 16670 [56]. One half cycle amplitude at 1.25, 2.5, 5, 7.5, and 10% ΔFu were performed 

followed by three half cycle amplitudes at 20, 40, and 60% ΔFu, and then increasing increments of 20% ΔFu 

(80, 100% ΔFu etc.) until failure as defined by ISO 16670 [56] and explained later. This loading protocol was 

chosen to match previous similar testing by Ottenhaus et al. [27] for comparison purposes. The loading rate 

was 0.5mm/s and within the specified limits of ISO 16670 [56]. The test results were analysed as per EN 

12512 [32] to determine the yield strength, Fy, maximum strength, Fmax, and ultimate displacement, Fu, and 

the corresponding yield displacement, Δy, displacement at maximum strength, ΔFmax, ultimate displacement, 

ΔFu, and the elastic stiffness, k. The elastic stiffness was calculated for the range of the load-slip curve between 

10% and 40% Fmax. Herein, the displacement capacity is synonymous to the ultimate displacement. While EN 

12512 [32] limits the ultimate displacement to the minimum of 30mm connection slip or the displacement at 

which post-peak 80% Fmax is reached, connection slips greater than 30mm were recorded and they are 

presented to illustrate the impact of increased dowel spacing on connection ductility. In the CLT7-Inc-C test 

series the test was stopped due to reaching the displacement limits of the test setup before the post-peak load 

dropped to 80% Fmax. In these instances, the minimum ΔFu and ductility are reported. Ductility, μ, is reported 

as the ratio of ΔFu to Δy as shown in Eq. 1 and the connection was defined as ductile for μ> 6 [57]. The observed 

experimental overstrength factors for the maximum strength, γRd,i, was determined as per Eq. 3 whereas the 

overstrength factors for each hold-down group with the same dowel spacing were determined as per Eq. 4. 

 𝜸𝑹𝒅,𝒊 =
𝑭𝒎𝒂𝒙,𝒊

𝑭𝒎𝒂𝒙,𝒕𝒉𝒆𝒐,𝒌
 (3) 
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 𝜸𝑹𝒅 =
𝑭𝒎𝒂𝒙,𝟎.𝟗𝟓
𝑭𝒎𝒂𝒙,𝒕𝒉𝒆𝒐,𝒌

 (4) 

where Eq. 3 and Eq. 4 were derived from Eq. 2 assuming that γm = 1.0 according to Eurocode 8 [58]. Fmax,i 

was the observed experimental maximum strength, and Fmax,theo,k was the characteristic value of the theoretical 

maximum strength prediction which will be discussed further in Section 3.1. Fmax,0.95 was the 95th percentile 

of the strength distribution for each hold-down series which was determined as per EN 14358 [47] assuming 

that the data were log-normally distributed. Energy dissipation was calculated by determining the total area 

enclosed by the hysteretic loops. 

 

Figure 5: Experimental test set-up 
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Figure 6: Specimen instrumentation - CLT7 joint specimen shown 

3 Predictions of Connection Strength and Overstrength Factors 

3.1 Theoretical Considerations 

The connection strength was calculated based on the European Yield Model (EYM) [42,59] per shear plane 

(ns) per fastener (n) considering three ductile failure modes shown in Figure 7.  

 

Figure 7: European yield model ductile failure modes, adopted from [42], CLT7 panel shown 

Within the EYM, the characteristic embedment strength, fh,k, and fastener yield moment, My, are two critical 

influencing parameters. To determine the connection strength fh,k can be calculated by Eq. 5 as per CLT 

Handbook [49] and Uibel and Blaß [53] as:  
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 𝒇𝒉,𝒌 =
𝟎. 𝟎𝟑𝟏(𝟏 − 𝟎. 𝟎𝟏𝟓𝒅)𝝆𝒌

𝟏.𝟏𝟔

𝟏. 𝟏𝒔𝒊𝒏𝟐𝜽 + 𝒄𝒐𝒔𝟐𝜽
 (5) 

where d = dowel diameter, ρk was as per Table 7 and θ was 0°. My can be determined by Eq. 6: 

 𝑴𝒚,𝒑 =
𝒅𝟑

𝟔
𝒇𝒚 (6) 

where fy was for the ordered steel grade. In this instance fy was 300MPa and fy will be discussed further in 

Section 3.2. The effective plastic moment capacity (My,eff) as per Eurocode 5 [42] was not used in this study. 

Blaβ et al. [60] initially proposed My,eff based on the experimental results for dowel-type fasteners at a 

maximum 15mm connection displacement as per EN 26891 [61]. Because the reported dowel rotation angles 

were significantly less that the required 45° dowel rotation angle for full plasticization as per EN 409 [62], the 

My,eff equation was proposed and later adopted in Eurocode 5 [42]. However, recent work by Ottenhaus et al. 

[27] reported that for ductile dowel-type connections, close to full plasticisation of the fasteners occurred, and 

therefore implementing My,eff  would significantly under predict the connection strength and introduce 

additional overstrength. Therefore, in this study the full plastic yield moment was assumed similar to 

Ottenhaus et al. [27] which will be verified based on experimental observations in Section 4.2. The strength 

predictions in this study were as per the EYM in Eq. 7. 

 𝑭 𝒎𝒂𝒙,𝒕𝒉𝒆𝒐,𝒌  = 𝒎𝒊𝒏

{
  
 

  
 
𝒏𝒔 ∙ 𝒏 ∙ 𝒇𝒉,𝒌 ∙ 𝐭 ∙ 𝒅                                                              (𝒂)

𝒏𝒔 ∙ 𝒏 ∙ 𝒇𝒉,𝒌 ∙ 𝒕 ∙ 𝒅 [√𝟐 +
𝟒𝑴𝒚,𝒑

𝒇𝒉,𝒌𝒅𝒕
𝟐
− 𝟏]                      (𝒃)

𝒏𝒔 ∙ 𝒏 ∙ 𝟐. 𝟑√𝑴𝒚,𝒑𝒇𝒉,𝒌𝒅                                                   (𝒄)

 (7) 

where n = 4 for number of fasteners and ns = 2 for two shear planes, t = side member thickness, d = dowel 

diameter, fh,k  and My  are as defined previously. Rope effect was only considered for specimens CLT5-Std-R2 

and CLT7-Inc-R2 which had two dowels end-threaded with nuts and washers as per Eurocode 5 [42]. In all 

other specimens, rope effect was not considered. The side member thickness t was 56.5mm, 76.5mm, and 

126.5mm and fastener diameter d = 12mm, 20mm, and 20mm for CLT3, CLT5, and CLT7 specimens 

respectively as shown in Figure 4. In all specimens, Eq. 7b governed the connection strength.  

Theoretical overstrength, γRd,theo, can be evaluated on a component based approach. Ottenhaus et al. [27,63] 

derived a generic theoretical evaluation of overstrength such that Eq. 2 for dowelled hold-down connections 

becomes: 

 𝜸𝑹𝒅,𝒕𝒉𝒆𝒐 = 𝜸𝑴 ∙ 𝜸𝒂𝒏 ∙ 𝜸𝟎.𝟗𝟓 = 𝜸𝒂𝒏,𝑴𝒚 ∙ 𝜸𝟎.𝟗𝟓,𝑴𝒚 ∙ 𝜸𝒂𝒏,𝒇𝒉 ∙ 𝜸𝟎.𝟗𝟓,𝒇𝒉 (8) 

Where γan,My = 1.0 when the plastic yield moment is assumed [27], γ0.95,My = overstrength attributed to the 

strength distribution given in AS NZS 4671 [48], γan,fh = overstrength attributed to experimentally determined 
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embedment strength and the CLT Handbook [49], and γ0.95,fh = overstrength attributed to the strength 

distribution of the embedment tests performed.  

In this study, dowel bending capacity My and the CLT embedment strength fh were evaluated by experimental 

testing to validate the design specifications and to determine the theoretical overstrength. 

3.2 Dowel Bending Tests 

In the hold-down tests, ø12mm and ø20mm dowels with Grade 300E [48] were used. According to AS/NZS 

4671 [48], the specified yield stress fy is in a range of 300MPa - 380MPa. To verify this, three replicates of 

three-point dowel bending tests were performed according to AS/NZS ISO 10984 [64] as shown in Figure 8a. 

The dowels were 200mm long, the distance between the supports was 120mm, and the displacement was 

measured from the top of the dowel. The load displacement curves of the tests are shown in Figure 8b. 

 

Figure 8: (a) Dowel bending test set-up, ø20mm dowel shown (b) load displacement curves of ø12mm and 

ø20mm dowels 

Table 5 shows the mean results and the coefficients of variation (CV) of three replicates. The CV was less 

than 1% such that the mean yield moment, My,mean, was approximately equal to the characteristic My,k. The 

mean yield strength fy was determined to be 357 and 367MPa for ø12mm and ø20mm dowels, within the 

specified limits of AS/NZS 4671 [48]. From the tensile test data provided by the supplier, the mean fy was 343 

and 330MPa. 

Table 5: Results of dowel bending tests 

Dowel Diameter My,mean CV Panel γ95,My 

mm Nmm %  - 

12 102,815 0.69 CLT3 1.03 

20 488,900 0.87 CLT5 1.06 

   CLT7 1.03 
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Table 5 also lists the connection overstrength component γ0.95,My considering the contribution from the yield 

moment strength distribution of dowels. These overstrength components were calculated by using fy = 300MPa 

and fy = 357 and 367MPa for ø12mm and ø20mm dowels in Eq. 6 and then within the EYM Eq. 7b for the 4 

dowel group connections described in Section 2.1. γan,My = 1 is assumed when the plastic yield moment is used 

[27]. 

3.3 CLT Embedment Tests 

In order to verify the applicability of the embedment strength equation of the CLT Handbook with commonly 

available CLT sizes and layups in New Zealand Douglas-fir, 215 embedment tests were performed as shown 

in Table 6. The half-hole embedment tests with ø12, ø16, and ø20mm dowels were conducted according to 

ASTM D5764-97a [65]. CLT3, CLT5 and CLT7 panels with four different layups were tested in two load-

grain directions, i.e., parallel (Par.) and perpendicular (Perp.) to the grain of the outer CLT layer. The mean, 

ρm, and characteristic, ρk, density for each CLT layup are specified in Table 6. The minimum sample size was 

30 in order to derive 5th and 95th percentile values with a 75% confidence level as per EN 14358 [47]. 

Table 6: CLT embedment test matrix 

Panel Layup Thickness ρm ρk Load Dir. Dowel 

Diameter 

Series Sample 

Size 

- mm mm kg/m3 kg/m3 - mm - - 

CLT3 35/35/35 105 467 424 Par. 12 CLT3-105-Par-12 30 

45/4545 135 478 426 Par. 12 CLT3-135-Par-12 30 

CLT5 45/20/45/20/

45 

175 462 422 Par. 20 CLT5-175-Par-20 32 

Perp. 20 CLT5-175-Perp-20 30 

CLT7 45/35/35/45/

35/35/45 

275 457 417 Par. 16 CLT7-275-Par-16 32 

Par. 20 CLT7-275-Par-20 31 

Perp. 20 CLT7-275-Perp-20 30 

 

Figure 9a shows the embedment test set-up and Figure 9b shows representative embedment load displacement 

curves for each test series. The samples were loaded at 1mm/min in order to reach the maximum load within 

10 minutes as prescribed by ASTM D5764-97a. 
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Figure 9: (a) Embedment test set-up, CLT275-Par-20 shown (b) load displacement curve of embedment tests 

Table 7 lists the results of the 7 embedment test series. The embedment strength, fh, was determined following 

the 5th offset method as prescribed in ASTM D5764-97a [65] and the mean, 5th percentile and 95th percentile 

and CV values are listed. It should be noted that the CLT Handbook characteristic embedment strength 

prediction by Eq. 5 requires that a single CLT layer does not exceed 40mm thickness and the ratio of 

thicknesses of the longitudinal and cross laminate boards is between 0.95 and 2.1. Under these restrictions 

only the 105mm thick CLT3 layup qualifies; however, in general, the CLT Handbook was able to give 

reasonably good predictions for the test series. The ratios between the experimental 5th percentile results and 

the calculated characteristic embedment strength by the CLT handbook were from 0.88 to 1.20, with an 

average of 1.01. The ratio was less than one and therefore nonconservative in CLT3-105-Par-12, CLT3-135-

Par-12 and CLT5-175-Perp-20 test series. Similar dowel embedment strength work by Dong et al. [66] mainly 

based on three-layer CLT also reported that in some instances the CLT Handbook embedment strength 

formulation was nonconservative for Canadian spruce-pine-fir commercial species group, Douglas fir and 

southern pine species whose characteristic densities were 400, 540, and 480 kg/m3 respectively. Dong el al. 

[67] found that the ratio of the thicknesses of the longitudinal and cross laminate boards was statistically 

significant. Future research should determine a more generally applicable CLT embedment strength 

formulation which includes a broader range of CLT layup ratios and CLT with more than three layers such as 

commercially available layups tested herein. 
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Table 7: Results of embedment tests 

Test Series fh,mean fh,0.05 fh,0.95 CV fh [49] fh,0.05/ fh γan,fh  γ95,fh 
 MPa MPa MPa % MPa - - - 

CLT3-105-Par-12 30.1 25.6 35.4 8.7 28.6 0.90 0.92 1.30 

CLT3-135-Par-12 30.9 25.0 38.2 11.5 28.6 0.88 0.90 1.41 

CLT5-175-Par-20 33.5 28.9 38.8 7.9 24.1 1.20 1.13 1.24 

CLT5-175-Perp-20 25.9 19.8 33.8 14.0 21.9 0.90 0.94 1.44 

CLT7-275-Par-16 30.1 27.4 33 4.9 25.8 1.06 1.06 1.18 

CLT7-275-Par-20 29.8 25.2 35.3 9.0 23.7 1.06 1.05 1.34 

CLT7-275-Perp-20 26 22.1 30.6 8.9 21.6 1.02 1.02 1.31 

 

The differences between the experimental 5th percentile results and CLT Handbook equation, and the variation 

in experimental strength distribution (95th to 5th percentile) introduces analytical, γan,fh, and strength 

distribution, γ95,fh, overstrength, respectively. In the context of the hold-down connections described in Section 

2.1, the component overstrength from γan,fh and γ95,fh can be evaluated following Ottenhaus et al. [27] where 

the different embedment strength results were implemented within the EYM Eq. 7b. The results of each 

theoretical overstrength component are listed in Table 7. γan,fh can be greater than or less than 1.0 if fh, shown 

in Eq. 5, is less than or greater than the observed fh,0.05 respectively. Increasing the sample size for each test 

series could decrease γ95,fh. The results of the CLT3-135-Par-12, CLT5-175-Par-20, and CLT7-275-Par-20 

were used in Section 3.4 to determine the theoretical component overstrength. 
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3.4 Theoretical Predictions 

3.4.1 Connection Strength Prediction 

Table 8 summarizes the dowel bending properties and embedment strength properties used to predict the 

theoretical maximum strength Fmax,theo,k of the dowelled hold-down connections following Eq. 7b. The 

theoretical strength predictions used the material design specifications fy = 300MPa for ø12mm and ø20mm 

dowels and fh calculated as per Eq. 5 [49] using the characteristic density of 440kg/m3 as provided in the 

upcoming DZ NZS AS 1720.1/V6.0 [51]. Therefore, the theoretical strength is based on the material properties 

readily available to designers. Because the dowel tensile test data were obtained from the supplier and 

embedment tests were performed, an informed strength prediction could be made, which would eliminate 

overstrength due to analytical models, γan. The informed strength predictions were 79, 214 and 254kN 

respectively for the CLT3, CLT5 and CLT7 specimens. 

Table 8: Summary of hold-down strength predictions  

CLT Specimen Fastener Properties 
CLT Embedment 

Strength 

Hold-down 

capacity 

 Diameter fy My,p fh,k Fmax,theo,k 

mm mm MPa Nmm MPa kN 

CLT3 (135) 12 300 86,400 29.6 87 

CLT5 (175) 20 300 400,000 25.3 184 (2081) 

CLT7 (275) 20 300 400,000 25.3 247 (2781) 
1Theorectical strength prediction for specimens with two dowels end-threaded with nuts and washers. The 

rope effect for bolts was considered as per Eurocode 5 [42] for two fasteners. 

3.4.2 Connection Overstrength Prediction 

Table 9 summarizes the theoretical connection overstrength, γRd,theo based on the contribution of the 

components as per Eq. 8. From Section 3.2, γan,My is 1.0 and γ0.95,My was determined  from the dowel bending 

tests. From Section 3.3 γan,fh and γ95,fh were determined from embedment tests. The theoretical results will be 

compared to the observed overstrength, γRd, determined by the experimental strength distribution of each 

dowelled hold-down test series in Section 4.4. 

Table 9: Summary of theoretical overstrength predictions 

Panel 

(thickness) 

Dowel 

Diameter 

Embedment Test Series  My fh Overstrength 

mm mm γan,My γ95,My γan,fh γ95, fh γRd,theo 

CLT3 (135) 12 CLT3-135-Par-12 1.0 1.03 0.90 1.41 1.31 

CLT5 (175) 20 CLT5-175-Par-20 1.0 1.06 1.13 1.24 1.50 

CLT7 (275) 20 CLT7-275-Par-20 1.0 1.03 1.05 1.34 1.45 
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4 Connection Test Results and Discussion 

4.1 Overview 

Table 10, Table 11, and Table 12 provide a summary of the hold-down test results for the CLT3, CLT5 and 

CLT7 specimens respectively and the averages of each test series group. The experimental overstrength factor 

for the maximum strength of each connection type is reported as per Eq. 3 using the strength predictions in 

Table 8. The instances where dowel groups were located on a CLT lamination gap as shown in Figure 3 are 

indicated in each table. In the CLT3-Std-U-C1 test, the loading protocol did not force the dowel group back 

to the initial position at the end of each amplitude cycle. As a consequence, the reported total energy dissipated 

was significantly less than tests C2-C5; however, the backbone curve was determined unaffected by this and 

all other connection performance parameters were deemed adequate for comparison. In the test series CLT7-

Inc-U the minimum ultimate displacement and ductility are reported as the test was stopped before post-peak 

80% of the maximum load was reached due to test set-up displacement limitations. The observed experimental 

overstrength factors for the maximum strength, γRd,i, were on average within 4% to the theoretical overstrength 

factors determined through component testing in Section 3. This shows that the theoretical component 

overstrength method was valid in this instance. 

Table 10: Summary of CLT3 hold-down connections 

Series  Fy Fmax Fu Δy ΔFmax ΔFu k μ γRd,i ED 

  kN kN kN mm mm mm kN/mm   kN mm 

CLT3-Std-U M1 53.5 109.6 87.3 1.9 20.5 28.0 28.0 14.6 1.26 - 
 M2 55.3 118.3 94.6 1.5 11.6 11.9 36.9 7.9 1.36 - 
 M3 57.0 96.3 77.1 2.0 12.5 18.0 28.6 9.0 1.11 - 
 Avg 55.3 108.1 86.3 1.8 14.8 19.3 31.2 10.5 1.24 - 

CLT3-Std-R1 M 61.6 105.7 89.5 2.3 22.1 38.7 27.3 17.2 1.22 - 

CLT3-Std-U C1 69.0 119.2 94.5 2.9 22.0 32.8 24.1 11.3 1.37 6,5512 
 C21 60.3 84.5 68.1 4.9 15.9 30.0 12.4 6.2 0.97 11,741 
 C3 64.5 104.9 83.9 3.3 16.3 30.3 19.6 9.2 1.21 10,956 
 C4 66.0 108.1 86.5 3.3 19.6 33.3 19.9 10.0 1.24 13,228 
 C5 84.0 113.9 91.1 5.3 20.4 35.3 15.9 6.7 1.31 10,722 
 Avg. 68.8 106.1 84.8 3.9 18.9 32.3 18.4 8.7 1.22 10,639 

CLT3-Inc-U C1 62.8 120.6 96.5 2.4 20.1 27.7 29.8 11.4 1.39 10,504 
 C21 57.0 117.0 93.6 2.0 19.1 26.0 28.0 12.8 1.35 8,145 
 C3 56.2 118.6 94.9 2.2 15.9 29.7 26.1 13.8 1.36 10,767 
 C4 63.5 104.0 83.2 3.0 21.3 27.9 20.8 9.2 1.20 9,452 
 C5 55.0 110.8 88.6 2.3 21.7 29.7 23.6 12.7 1.27 10,283 
 Avg. 58.9 114.2 91.4 2.4 19.6 28.2 25.6 12.0 1.31 9,830 

CLT3-Inc-R1 C 63.0 122.5 98.0 2.7 21.7 36.3 23.1 13.3 1.41 13,781 
1Some or all dowels were located at CLT lamination gap 

2Loading protocol did not capture complete full reversal of hold-down 
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Table 11: Summary of CLT5 hold-down connections 

Series  Fy Fmax   Fu  Δy  ΔFmax ΔFu  k  μ γRd,i ED 

    kN kN kN mm mm mm kN/mm     kN mm 

CLT5-Std-U M1 135.0 292.8 234.2 1.5 27.4 34.9 90.9 23.5 1.59 - 
 M2 139.0 286.4 229.1 1.4 24.6 35.1 100.8 25.4 1.56 - 
 M3 135.5 276.7 221.4 1.4 24.6 37.8 95.7 26.7 1.51 - 
 Avg. 136.5 285.3 228.2 1.4 25.5 35.9 95.8 25.2 1.55 - 

CLT5-Std-R1 M 137.5 289.8 231.8 1.2 22.8 40.5 117.0 34.4 1.58 - 

CLT5-Std-U C1 155.0 268.7 213.4 2.1 17.8 34.3 74.0 16.4 1.46 35,545 
 C21 151.0 291.9 233.5 1.6 19.2 26.0 94.6 16.3 1.59 22,494 
 C3 160.0 295.3 236.2 2.0 17.8 29.8 78.8 14.7 1.61 32,568 
 C4 135.0 267.9 214.3 1.3 18.7 28.3 105.6 22.1 1.46 32,766 
 C5 135.0 268.5 214.8 1.6 16.8 30.9 83.1 19.0 1.46 34,591 
 Avg. 147.2 278.5 222.4 1.7 18.1 29.9 87.2 17.7 1.51 31,593 

CLT5-Std-R2 C 150.0 319.2 255.4 1.7 25.0 50.3 90.4 30.3 1.54 52,104 

CLT5-Inc-U C1 164.5 270.3 216.2 1.7 18.3 35.9 99.4 21.7 1.47 48,137 
 C2 161.0 267.1 213.7 2.2 31.4 42.8 72.4 19.2 1.45 46,146 
 C3 144.0 275.5 284.4 1.8 33.0 42.5 78.5 23.2 1.50 45,838 
 C41 193.5 265.5 253.8 3.1 17.2 39.4 61.9 12.6 1.44 44,175 
 C5 170.0 270.3 216.2 2.6 31.7 40.5 66.6 15.9 1.47 41,044 
 Avg. 166.6 269.7 236.9 2.3 26.3 40.2 75.8 18.5 1.47 45,068 

CLT5-Inc-R1 C 150.0 282.4 225.9 1.7 16.4 45.8 86.8 26.5 1.54 50,735 
1Some or all dowels were located at CLT lamination gap 

Table 12: Summary of CLT7 hold-down connections 

Series  Fy Fmax Fu Δy ΔFmax ΔFu k μ γRd,i ED 

  kN kN kN mm mm mm kN/mm   kN mm 

CLT7-Std-U M1 180.0 308.5 246.8 2.0 52.2 67.3 92.2 34.5 1.25 - 
 M2 193.0 328.1 262.5 2.4 49.2 66.7 81.4 28.2 1.33 - 
 M3 217.0 354.2 283.4 3.0 44.5 69.5 73.1 23.4 1.43 - 
 Avg. 196.7 330.3 264.2 2.4 48.6 67.8 82.2 28.7 1.34 - 

CLT7-Std-R1 M 176.0 352.9 328.7 1.8 45.5 70.0 100.2 39.9 1.43 - 

CLT7-Std-U C1 235.5 351.3 295.5 3.3 36.8 63.4 70.5 19.0 1.42 71,393 
 C2 225.0 360.0 288.0 3.5 32.0 48.8 64.9 14.1 1.46 53,029 
 C31 224.3 362.1 306.0 4.0 30.8 55.1 56.2 13.8 1.47 67,969 
 C4 216.0 355.0 284.0 3.4 36.4 49.7 63.0 14.5 1.44 60,247 
 C5 236.0 325.8 260.6 4.1 18.8 58.4 57.3 14.2 1.32 71,558 
 Avg. 227.4 350.8 286.8 3.7 31.0 55.1 62.4 15.1 1.42 64,839 

CLT7-Std-R1 C 177.5 337.9 270.3 2.9 45.4 63.4 60.5 21.6 1.37 69,409 

CLT7-Inc-U C1 220.5 348.7 336.0 2.7 45.4 ≥ 48.7 81.8 ≥ 18.1 1.41 46,6622 
 C2 217.0 363.6 363.6 3.8 42.8 ≥ 42.8 56.8 ≥ 11.2 1.47 63,2492 
 C3 200.0 372.2 314.5 2.3 35.3 ≥ 49.3 88.2 ≥ 21.8 1.51 51,2122 
 C41 206.8 350.2 341.3 2.3 50.3 ≥ 64.0 89.2 ≥ 27.6 1.42 78,0202 
 C5 201.0 361.3 344.6 2.0 34.9 ≥ 64.3 99.2 ≥ 32.1 1.46 78,3322 
 Avg. 209.1 359.2 340.0 2.6 41.7 ≥ 53.8 83.0 ≥ 22.2 1.45 64,4952 

CLT7-Inc-R2 C 198.0 382.3 381.8 2.7 49.0 ≥ 62.7 73.5 ≥ 23.2 1.38 75,2282 
1Some or all dowels were located at CLT lamination gap 

2 Minimum total energy dissipation as failure was not captured due to test set-up displacement limitations 
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It was found that the curves of the replicates in each hold-down series were consistent. Therefore, for each 

test series, one representative monotonic load-displacement curve and one representative cyclic load-

displacement curve are provided in Figure 10. Figure 10a, Figure 10c, and Figure 10e show that 

reinforcement increased connection displacement capacity. The cyclic load-slip curves showed typical 

pinching behaviour with a compression force required to bring the connection back to zero displacement. A 

further discussion on the effect of increased row spacing and end distance on key performance indicators is 

provided in Section 4.3.  
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Figure 10: Monotonic and cyclic load-slip curves by CLT panel size and dowel spacing; (a) CLT3 Std 

spacing, (b) CLT3 Inc spacing, (c) CLT5 Std spacing, (d) CLT5 Inc spacing, (e) CLT7 Std spacing (f) CLT7 

Inc spacing 
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4.2 Failure Modes 

Figure 11 shows typical failure modes for different test series. For the standard spacing specimens, a similar 

three-stage failure mechanism to Ottenhaus et al. [27] was observed: onset of dowel yielding, continued 

yielding leading to the onset of crack growth aligned with the dowel group and cross-layers, and then final 

brittle failure which was panel splitting as the dowel bending action caused outward prying action. Brittle 

tensile or group tear-out was not observed in any instance as reported in past denser dowel spacing 

arrangements shown in Figure 2. As shown in Figure 11a, Figure 11b and Figure 11e, CLT3-Std and CLT5-

Std specimens developed tension perpendicular-to-grain crack growth along dowel lines. This was partially 

mitigated by both STS and nut and washer reinforcement techniques as shown in Figure 11c and Figure 11f. 

For CLT3-Inc and CLT5-Inc specimens, Figure 11d and Figure 11f show that tension perpendicular-to-grain 

crack development along the dowel group lines was not observed; however, brittle panel splitting failure still 

occurred as shown in Figure 11h. In all CLT7 specimens, crack growth in the outer CLT layer was not 

observed. Significant displacement capacity was observed in both CLT7-Std and CLT7-Inc specimens. Figure 

11i - Figure 11l show significant plastic embedment deformation and that the ø20x275mm dowels achieved 

minimum 35° dowel rotation angle. In proposing My,eff, Blaβ et al. [60] developed a normalised moment-angle 

diagram and for a 35° dowel rotation angle, greater than 95% of the full plastic moment was achieved. 

Therefore, it was deemed appropriate to consider the full plastic yield moment in theoretical strength 

predictions as described in Section 3.1 in this study. Figure 11j shows that some ø20x275mm dowels from 

CLT7 test series may have started to develop four plastic hinges as per EYM Eq. 7c. For CLT7 test series, the 

strength prediction of EYM Eq. 7c was within 5% of EYM Eq. 7b. It was observed that the reinforcement by 

STS provided a similar effect as the reinforcement by nut and washer in terms of prolonging the onset of brittle 

failure. 
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Figure 11: Failure mode photos: (a) & (b) CLT3 specimens, (c)-(f) & (k) CLT5 specimens, (g)-(j) & (l) 

CLT7 specimens 
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4.3 Discussion of Performance Indicators 

4.3.1 Strength 

On average, the increased row spacing by 2 dowel diameters (50% increase) and end distance by two dowel 

diameters (30% increase) of the dowel group led to increase in maximum strength of 5%. The CV in the yield 

strength, Fy, was 8% and greater than the variation in maximum strength, Fmax, with CV of 5%. The higher 

variability in yield strength can be attributed to the sensitivity of the method of determining the yield point on 

load-slip curves [68]. Strength increased for reinforced specimens CLT5-Std-R2 and CLT7-Inc-R2 that had 

two dowels end-threaded with nuts and washers. This indicated that considering rope effect was appropriate 

in this instance.  For CLT7 specimens, reinforcement only increased strength of the specimens with increased 

row spacing and end distance. It could not be determined whether or not the specimen density had a significant 

impact on strength and this was beyond the scope of the study. The cyclic yield strength was 20% higher on 

average than the monotonic yield strength but the maximum strength was not significantly affected by the 

loading patterns. 

4.3.2 Displacement Capacity and Ductility 

Displacement capacity and ductility increased significantly with increased row spacing and end distance. In 

all instances, a 1mm correction for initial slip for the yield displacement, Δy, was used to adequately account 

for the 2mm oversized steel plate holes. The yield displacement did not appear to be influenced by increased 

panel and dowel size, although the CV was high and 30% on average which might be attributed to the 

determination method described previously. The displacement capacity, synonymous to the ultimate 

displacement, ΔFu, increased by 35% in CLT5-Std to CLT5-Inc test series. For CLT3 test series the onset of 

panel splitting was not changed with increased spacing which could be attributed to less cross-layer 

reinforcement when compared to CLT5 and CLT7 specimens. Although ΔFu was not observed in CLT7 test 

series, the load-displacement curves in Figure 10 indicated that increased displacement capacity could be 

achieved as no significant drop in load occurred. Reinforcement by STS or threaded dowels with nut and 

washer significantly improved displacement capacity in all instances as the onset of panel splitting was 

delayed. Displacement capacity was increased by 64%, 32%, and 5% for CLT3, CLT5, and CLT7 specimens 

respectively which shows that reinforcement had a more significant impact on smaller CLT panels with less 

cross-layer reinforcement.  

High ductility was achieved in all test series, and ductility increased by 20% on average with increased row 

spacing and end distance. Had the displacement capacity of CLT7-Inc-U test series been reached, the ductility 

would have increased further. It was also observed that reinforced specimens had 30% higher ductility than 

unreinforced specimens. Cyclic ductility was 33% less on average than monotonic ductility which shows the 

importance of conducting cyclic testing for these connections.  

Table 13 compares the five-layer CLT panel displacement capacity and ductility results to past 130mm thick 

five-layer CLT panel results of similar panel and dowel sizes. Both the standard and increased dowel spacing 
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test series had significantly higher displacement capacity and ductility, which shows the importance of 

specifying proper row spacing (a2) and end distance (a3) to avoid brittle tensile and group tear-out failure 

modes in CLT. Mode-cross over to these brittle failure modes was not observed with increased spacing and 

end distance and the panel splitting at large displacement remained the dominant failure mode. 

Table 13: Displacement capacity and ductility comparison with past research 

 

Ottenhaus et al. 

[27] 

Experimental programme 

Series 
A-

M  

A-

C 

B-

M 

C- 

M 

CLT5-Std-R1-

M 

CLT5-Std-U-

M 

CLT5-Std-R2-

C 

CLT5-Std-U-

C 

CLT5-Inc-R1-

C 

CLT5-Inc-U-

C 

a1 5d 5d 4d 4d 5d 5d 5d 5d 5d 5d 

a2 3d 3d 3d 2d 4d 4d 4d 4d 6d 6d 

a3 5d 5d 7d 7d 7d 7d 7d 7d 9d 9d 

Δu 

(mm) 
7.7 5.7 7.9 12.9 40.5 35.9 50.3 29.9 45.8 40.2 

μ 12.3 8.4 9.2 14.6 34.4 25.2 30.3 17.7 26.5 18.5 

 

4.3.3 Stiffness 

Stiffness did not appear to be consistently influenced by increased dowel spacing. Stiffness increased by 35% 

and 25% with increased dowel spacing for CLT3 and CLT7 specimens but decreased by 13% for CLT5 

specimens. Reinforcement also did not appear to affect stiffness and on average the results between 

unreinforced and reinforced specimens was within 5%. Zhang [69] has reported that STS reinforcement 

installed perpendicular to the dowel axis in tensile connections did not significantly impact stiffness unless 

STS were installed directly underneath the dowel. STS reinforcement perpendicular to the dowel axis was 

previously studied by Bejtka and Blaβ [70]. The results herein showed that the Eurocode 5 [42] stiffness 

prediction equation 𝑘𝑠𝑒𝑟 = 𝜌𝑚
1.5 ∙

𝑑
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∙ 𝑛𝑠 ∙ 𝑛𝑑 ∙ 𝛾 where ρm is the mean density, d is the dowel diameter, ns is 

the number of shear planes, nd is the number of dowels, and γ = 2 for steel-timber connections significantly 

over predicted the experimental stiffness by a factor greater than two. The predicted stiffness for the CLT3, 

CLT5, and CLT7 specimens was 87, 138, and 136kN/mm respectively. The difference between the test results 

and the prediction equation was more significant in CLT3 and CLT7 specimens in which the thickness ratios 

between the longitudinal and the cross laminate boards were 90:45 and 160:115. In the CLT5 specimens the 

ratio was 135:40. Sandhaas et al. [71], Rahim et al. [72], and Dong et. al [73] have also reported that the 

stiffness prediction equation overestimated the experimental stiffness considerably for dowelled and bolted 

connections in glulam timber and laminated veneer lumber. Jockwer et al. [74] has reported that the current 
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Eurocode 5 stiffness prediction equation does not consider the number and slenderness of the dowels or the 

influence of the cross laminate layer. A detailed discussion on connection stiffness is beyond the scope of this 

study, and further research should also consider the impact of the number of dowels, slenderness of the dowels, 

orientation of the timber grain, and connection reinforcement. Cyclic stiffness was more than 30% less than 

monotonic stiffness on average. 

4.3.4 Energy Dissipation 

Increased dowel spacing increased total energy dissipation when the onset of brittle panel splitting failure was 

delayed. For example, increased dowel spacing in CLT5 specimens increased average total energy dissipation 

by more than 40%, and reinforcement increased total energy dissipation by almost 30% on average. Increased 

dowel spacing did not impact total energy dissipation for CLT3 specimens as brittle panel splitting failure was 

not delayed due to less cross-layer reinforcement. The load-displacement curves of CLT7-Inc-U-C4 and C5 

specimens indicated increased energy dissipation could be achieved with increased dowel spacing as their 

total energy dissipation was greater than 20% the average of CLT7-Std specimens. However, due to 

instrumentation limitation described previously the total energy dissipation increase for CLT7 specimens 

could not be accurately quantified. The results show that significant energy dissipation can be achieved with 

minimum dowel spacing which aligns with past research by Ottenhaus et al. [23]. 

4.4 Theoretical-Experimental Overstrength Comparisons 

Table 14 compares the theoretical overstrength, γRd,theo, determined in Section 3 to the experimental 

overstrength of each test series group, γRd, determined by Eq. 4. Reinforced specimens were not included in 

the strength distribution determination. Past work by Ottenhaus et al. [27] indicated a positive correlation 

between overstrength and ductility when considering brittle to ductile dowelled connections. In this instance, 

overstrength did not change significantly with increased row spacing and end distance, although ductility 

increased. This may be attributed to the standard and increased dowel spacing specimens being highly ductile 

connections. Based on the test results, the recommended overstrength value for these dowelled connections is 

1.70, which was the maximum experimental overstrength shown in bold and is comparable to 1.68 from the 

previous study on dowelled CLT connections by Ottenhaus et al. [27]. The maximum experimental 

overstrength 1.70 was higher than the maximum theoretical overstrength 1.50; however, further research with 

a larger sample size could reduce the experimental overstrength to a value closer to the theoretical. Further, it 

should be noted that the theoretical overstrength was derived from the density distribution determined from 

the relatively smaller sample size presented herein. If, for example, a larger density sample of ungraded New 

Zealand Douglas-fir was considered such as that reported from Kimberley et al. [75], the maximum theoretical 

overstrength value became 1.88. A similar study by Ottenhaus et al. [63,76] showed the theoretical 

overstrength considering the full density distribution of ungraded New Zealand Radiata Pine timber increased 

to 1.91 from 1.68. The analytical determination of overstrength used herein has been validated by Ottenhaus 

et al. [63] with data from previous experiments and it was found to be sufficient when full timber density 
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distributions are considered. Using relatively homogenous material with reduced variability such as Laminated 

Veneer Lumber (LVL) will lead to more consistent strength properties and less overstrength. 

Table 14: Theoretical-experimental overstrength comparison summary 

Series Theoretical Experimental 

- Fmax,theo,k γRd,theo Fmax,mean F0.05 F0.95 γRd 

- kN - kN kN kN - 

CLT3-Std-U 87 1.31 106 83 137 1.57 

CLT3-Inc-U 87  114 98 133 1.52 

CLT5-Std-U 184 1.50 281 252 313 1.70 

CLT5-Inc-U 184  270 238 305 1.66 

CLT7-Std-U 247 1.45 343 302 389 1.58 

CLT7-Inc-U 247   359 317 407 1.65 

 

5 Conclusions 

The paper investigated the performance of CLT dowelled hold-down connections with one slotted-in steel 

plate with standard fastener spacing as well as increased row spacing and end distance. A total of 47 

experimental tests were performed on the dowelled CLT connections with three different CLT sizes, two 

different dowel spacing layouts, and with the addition of reinforcing elements. Dowel bending and CLT 

embedment tests were also performed to derive the theoretical connection overstrength in comparison of 

observed experimental overstrength results. The key findings are: 

 Increased dowel row spacing and end distance increased connection displacement capacity and 

ductility. This effect was most pronounced in five-layer CLT specimens, where increased row spacing 

and end distance eliminated tension perpendicular-to-grain crack development which could initiate 

mode-cross over to brittle failure. Ductile connections with μ≥6, were achieved in all instances. In 

seven-layer CLT specimens, displacement capacity ≥ 60mm and μ ≥30 was achieved with increased 

row spacing and end distance. Meanwhile, increased dowel row spacing and end distance did not 

affect connection strength as significantly as connection ductility and it also did not affect the 

connection stiffness. It was found that the stiffness prediction equation within Eurocode 5 was 

inadequate and significantly over predicted the observed stiffness. Further research should investigate 

the impact of the number and slenderness of the dowels, the influence of the timber grain orientation, 

and the reinforcement effect on connection stiffness. 

 The maximum experimental overstrength was 1.70 which was higher than the theoretical component 

overstrength of 1.50. However, the higher experimental overstrength can be attributed to the relatively 

small sample size and the variable density distribution of CLT. Using more homogenous timber 

materials such as LVL would reduce the overstrength and variability.  
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 Reinforcement by inclined self-tapping screws or replacing the lower two dowels with threaded 

dowels with nut and washer significantly increased displacement capacity and ductility by delaying 

the onset of brittle panel splitting failure. The observations made from a total of eight reinforced 

specimens (six with inclined STS reinforcement and two with nuts and washers reinforcement) 

indicated that both methods were effective. Reinforcement had a greater impact on smaller three-layer 

CLT specimens with less cross-layer reinforcement than five- and seven-layer CLT specimens. It was 

found to be appropriate to consider rope effect for the two dowels that had reinforcement with nuts 

and washer. Due to the limited number of specimens with reinforcement, further study is needed to 

quantify the effect of the reinforcement. 

 Embedment testing results indicated that the CLT Handbook equation was generally applicable to the 

CLT layups tested herein, and that the applicability of the CLT Handbook may be extendable beyond 

the 40mm maximum layer thickness and longitudinal to cross-layer thickness ratio of 0.95 to 2.1. 

Further research should determine a more generally applicable CLT embedment strength formulation 

which includes current commercial CLT layups and the impact of density on CLT embedment strength 

formulation and then dowelled hold-down connection strength. 
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