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-Reviewer 2
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The authors addressed most comments reasonably well and significantly improved the 
manuscript. Two major comments, however, were simply brushed aside but should be 
properly addressed: 1) The manuscript should be properly structured into review - 
materials - methods - results - discussion. It is rather interesting to read that the 
authors claim that the journal requires anything different. 2) Previous work on CLT 
shearwall hold-downs and approaches for hybrid walls (combining CLT with LVL) need 
to be properly discussed to provide the context of the presented work and allow the 
reader to understand what is novel. 

1) Thank you for your comment. The paper follows the structure that is required by the journal 
guidelines which can be found here: https://www.elsevier.com/journals/engineering-
structures/0141-0296?generatepdf=true
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 Material and methods
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 Results
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 Conclusions
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 Material and Methods
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 Calculation
 Results and Discussion
 Conclusions

2) Thank you for your comment. More references to literature on both LVL-CLT panels and 
hold-downs have been added in the introduction. Furthermore, the significance of dowelled 
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 Monotonic and cyclic tests of 12 large-scale dowelled CLT connections with 3 layouts
 Eurocode 5 strength prediction were safe and good ductility was achieved (3.3-7.1)
 An overstrength factor of 1.68 was safe for cyclic loading
 Connection strength and ductility can be improved by using a CLT-LVL hybrid material
 Connection strength and ductility can also be improved by using a wider dowel spacing
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Abstract

This paper presents an experimental study on 12 large-scale dowelled CLT connections under monotonic 

and cyclic loading. The connection design was inspired by hold-downs in tall CLT shear wall systems, 

however, the connections were loaded uniaxially to assess the accuracy of the strength prediction with 

Eurocode 5 and to evaluate the connection behavior in terms of strength, stiffness, ductility, energy 

dissipation, and overstrength based on the load-displacement relationship. Two different connection 

layouts and two different panel layups were considered in the testing. The test results suggested that the 

tested connections had on average medium to high ductility (4.8-6.3) without the introduction of an 



excessive amount of overstrength (1.10-1.63) and the connections were able to dissipate a significant 

amount of energy.

It was also found that connection strength can be significantly improved by replacing the outer timber 

laminations with Laminated Veneer Lumber (LVL) laminations or by using a wider dowel spacing. 

Furthermore, the LVL laminations also increased the connection’s ductility by a factor of 1.3 under cyclic 

loading and a factor of 1.4 under monotonic loading. Based on test observations, for dowelled connections 

it is recommended to use bolts or dowels with threaded ends with nuts and washers in the end row of 

the connection to avoid opening up of the laminations, thus improving the overall connection behavior.

Keywords: Large-scale connection; dowels; CLT; ductility; overstrength; energy dissipation
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1 Introduction

Engineered wood products such as Cross Laminated Timber (CLT) and Laminated Veneer Lumber (LVL) 

as well as hybrid mass timber panels [1] have gained popularity in the last few decades in the 

construction of tall timber buildings [2-4]. If located in an earthquake-prone area, these buildings have 

to withstand not only vertical gravity loads but also horizontal loads such as wind loads and seismic 

loading [5]. To ensure robustness against seismic loads, a strength hierarchy needs to be defined with 

certain components / assemblies designed as weak links to dissipate energy and provide system ductility 

[6]. In timber buildings ductility is often achieved through plastic deformation of dowel-type 

connections, such as nailed connections in light timber framed shear walls and hold-downs in CLT shear 

walls as shown in Figure 1. Therefore, it is necessary to have a good understanding of the behavior of 

those critical connections in terms of ductility, energy dissipation, and overstrength under cyclic loading. 

Often, hold-downs for CLT shear walls are adopted from light timber framing and consist of steel 

brackets that are nailed onto the shear wall [7, 8], however, high load demands in tall timber buildings 

require stronger and stiffer hold-downs such as dowelled connections with a slotted-in steel plate. As 

current design provisions for connections such as the modified Johansen Equations in Eurocode 5 [9] are 

based on small-scale test results in sawn timber, it is necessary to validate their applicability for large-

scale dowelled hold-downs in CLT and hybrid panels by means of large-scale testing.



Figure 1. Hold-downs in tall timber buildings.

2 Material and Methods

The objective of this study was to understand the behavior of large-scale dowelled connections in CLT 

and a CLT-LVL hybrid material subjected to monotonic and cyclic loading. The connection design and 

loading scheme were chosen to mimic the response of a typical hold-down connection of tall CLT shear 

walls under seismic loading. The connections’ performance was assessed in terms of strength, stiffness, 

ductility, overstrength, and energy dissipation.

2.1 Connection testing

A total of 12 CLT panels with two different connection layouts and two different panel layups were 

subjected to monotonic and cyclic tensile loading in the x-direction as shown in Figures 2a and 2b [10]. 

The panels were 4.0 m long and 2.5 m wide and consisted of 5 layers of New Zealand Radiata pine 

timber and LVL. The panel layups and connection layouts are given in Table 1, where ax designates the 

dowel spacing in x-direction, ax,end designates distance between the panel edge and the end row of 

dowels, and ay designates the dowel spacing in y-direction, all given both in millimeters and as a 

function of the dowel diameter, d.



The outer layers and the mid layer were oriented parallel to the x-direction, and the two cross-layers 

were oriented parallel to the y-direction. For all layouts, the internal layer was tint = 35 mm thick and the 

cross-layers were tcross = 40 mm thick, all made of SG10 sawn timber as specified in NZS 3603:1993 [11]. 

The outer layer was made of tout = 45 mm thick sawn timber for layout L1 (panel 01 to 04) and L3 (panel 

09 to 12). For layout L2 (panel 05 to 08) the outer layer was made of tout = 43 mm thick LVL11 as 

specified in AS/NZS 4357.0:2005 [12].

All panels were stored inside the laboratory prior to testing which had an average temperature of 17°C 

and 50% relative humidity. The average moisture content was 10.8% for CLT and 10.1% for LVL, 

measured by means of oven drying. The mean and characteristic densities of CLT and LVL were mean,CLT = 

447 kg/m3 and k,CLT = 407 kg/m3, and mean,LVL = 592 kg/m3 and k,LVL = 550 kg/m3, respectively.

As shown in Figure 2d, the connection consisted of a 25 mm thick slotted-in steel plate specified 

Grade 350 [13] and 12 φ20 mm smooth dowels and 4 additional φ20 mm dowels with threaded ends 

and washers and hand-tight nuts installed at the corners. All dowels were specified Grade 300 [13]. The 

internal plate was connected to a reaction frame at the center of the panel edge and the panel was 

secured against tilting by additional support frames as displayed in Figures 2a and 2c. The force was 

applied by two hydraulic actuators to the panel via two sets of 3 φ30 mm internal tensile rods and two 

50 mm thick steel bearing plates. This connection was designed to remain elastic during testing, and 

deformations less than 0.5 mm were recorded in the plate bearing area.

While the experiments were displacement controlled, the nature of the hydraulic actuators did not 

allow for a constant displacement rate to be applied. Each layout was first subjected to monotonic 

loading in order to derive the ultimate displacement, which was the reference displacement to define 

the cyclic loading protocol. Subsequently, another three panels of the same layout were subjected to 

cyclic loading according to the ISO 16670 loading protocol [14].



(a)

(b) (c)



(d)

Figure 2. Experimental setup: a) 3D sketch, b) schematic drawing, c) photo of panel 09 at the end of testing, d) 

technical drawing layout L1.

Table 1. Connection layout and panel layup. Timber material and diameter d in brackets.

Connection

type

CLT Layup tint

[mm] 

tcross

[mm] 

tout

[mm] 

ax

[mm] 

ay

[mm] 

ax,end

[mm] 

L1: CLT dense

(01 to 04)

45/40/35/40/45 35

(SG10)

40

(SG10)

45

(SG10)

140 (7d) 140 (7d) 140 (7d)

L2: CLT-LVL

(05 to 08)

45/40/35/40/45 35

(SG10)

40

(SG10)

43

(LVL11)

140 (7d) 140 (7d) 140 (7d)

L3: CLT wide

(09 to 12)

45/40/35/40/45 35

(SG10)

40

(SG10)

43

(SG10)

140 (7d) 240 (12d) 140 (7d)



2.2 Material testing

After completion of the experiments, small clear samples were cut from the large panels and their 

densities were measured by means of oven drying. The yield moment of the steel dowels was 

established on three samples according to ISO 10984 [15, 16] and half-hole embedment tests were 

carried out according to ASTM D5764–97a [17, 18]. 

3 Theory

Traditionally, the seismic safety of timber buildings relies on the connections’ ability to respond in a 

ductile manner and dissipate energy as timber itself is a brittle material. In order to ensure that the 

brittle timber members remain elastic, and non-linear connection behavior can be developed, the dowel 

group overstrength needs to be understood.

3.1 Ductility

Cyclic connection ductility in timber structures relies on plastic deformation of steel fasteners, i.e. their 

ability to be repeatedly loaded beyond their yield limit without a significant loss of strength or hysteretic 

damping capacity. EN 12512 [19] presents the 1/6th method to derive ductility for timber connections 

under cyclic loading as shown in Figures 3a and 3b. From experimental testing the maximum load, Fmax, 

and ultimate load, Fu = 0.8 Fmax (or Fu = Fmax for brittle failure) are known. The corresponding 

displacements are ΔFmax and Δu. The yield point is then derived by fitting a straight line through the load 

displacement curve or backbone of the hysteresis loops at 10% and 40% of Fmax. The angle between this 

line and the x-axis is α. Subsequently, a tangent is fitted to the load displacement curve with tg(β) = 1/6 

tg(α). The intersection between the two lines in the yield point Fy, with yield displacement Δy.

The ductility ratio μ = Δu / Δy was classified by Smith et al. [20] as shown in Table 2. 



(a) (b)

Figure 3. Ductility definitions: a) 1/6th method according to EN 12512 [19], b) cyclic ductility

Table 2. Ductility classification according to Smith et al. [20]

designation brittle

(B)

low ductility

(LD)

medium ductility

(MD)

high ductility

(HD)

ductility ratio μ ≤ 2 2 < μ ≤ 4 4 < μ ≤ 6 6 < μ

3.2 Overstrength

Jorissen and Fragiacomo [21] defined overstrength as the difference between the analytically calculated 

design strength of the ductile component, Fd, and the 95th percentile of the true strength distribution, 

F0.95, as shown in Figure 4a and given in Equation 1.

𝛾𝑅𝑑 = 𝐹0.95 𝐹𝑑 1

As the material safety factor, γM, is given in design codes, the theoretical overstrength factor can be 

reduced with Equation 2.

𝛾𝑅𝑑,𝑡ℎ = 𝐹0.95 𝐹𝑘 2

where Fk is the characteristic connection strength. This factor can be further broken down into its 

components, i.e. overstrength introduced by conservatism in analytical models, γan= F0.05 / Fk, and 



material overstrength γ0.95= F0.95 / F0.05, where F0.05 designates the 5th percentile of the strength 

distribution. A detailed explanation of how these individual components can be derived and calculated is 

given in Ottenhaus et al. 2017 and 2018 [22, 23].

Figure 4b displays how overstrength is derived from experimental connection testing. First, a ductile 

strength prediction, Fk,pred, is made based on the knowledge of the characteristic material properties. 

The overstrength limit of the connection, Fos= γRd,th * Fk,pred, is calculated from a previously established 

overstrength factor. In this study, an overstrength factor of γRd,th = 1.68 was established by Ottenhaus et 

al. [22] from a small-scale version of the tested connections. Subsequently, the connection is subjected 

to a loading protocol that simulates earthquake loading. The maximum experimental load, Fmax,exp, is 

recorded for each experiment and the experimental overstrength factor is calculated by Equation 3.

𝛾𝑅𝑑,𝑒𝑥𝑝 = 𝐹𝑚𝑎𝑥,𝑒𝑥𝑝 𝐹𝑘,𝑝𝑟𝑒𝑑 ≤ 𝛾𝑅𝑑,𝑡ℎ 3

In order to derive the full overstrength factor, the experiment needs to be designed such that full 

ductility can be developed as described by Equation 4 and shown in Figure 4b.

𝐹𝑑𝑢𝑐 = 𝐹𝑘,𝑝𝑟𝑒𝑑 ≤ 𝐹𝑚𝑎𝑥,𝑒𝑥𝑝 ≤ 𝐹𝐵𝑅 4

This concept is explained in detail in Ottenhaus et al. 2018 [24]

(a)



(b)

Figure 4. Overstrength concepts: a) theory, b) experiments.

3.3 Energy Dissipation

The energy dissipation, ED, of the connections is calculated by determining the total area enclosed by 

the hysteretic loops.

4 Calculation: Connection strength prediction

The input parameters in Table 3 for the connection strength predictions (Fk,pred,CLT for layout L1 and L3, 

Fk,pred,L2 for layout L2) were based on CLT and LVL densities, ρ, established in previous small-scale testing 

[25], and the plastic yield moment, My = d3/6*fy, of the ordered steel grade. The embedment strength, 

fh, was calculated for CLT using the CLT Handbook (fh=0.031(1-0.015d)ρk
1.16 )[7] and for the LVL layers 

with an embedment strength formula suggested by Franke and Quenneville (fh=0.075(1-0.0037d)ρk
 )[26].

Table 3. Characteristic material properties and strength predictions based on previous small-scale testing and 
supplier information

property ρCLT

[kg/m3]

ρLVL

[kg/m3]

fh,L1&3

[MPa]

fh,L2

[MPa]

My

[Nm]

Fk,pred,CLT

[kN]

Fk,pred,L2

[kN]

γRd,th 

[-]

Fos,CLT

[kN]

Fos,L2

[kN]

1) previous 

tests [22, 25] 

435 585 24.95 29.38 400 788 881 1.68 1325 1481



2) supplier 

[23]

402 480 22.77 25.61 400 737 794 1.91 1407 1517

The strength was then calculated with the modified Johansen Equations per shear plane for a single 

fastener in double shear with an internal steel plate as given in Eurocode 5 [9] and presented here in 

Equation 5 and Figure 5: 

𝐹𝑘,𝑝𝑟𝑒𝑑 = 𝑚𝑖𝑛{
𝑡1𝑑𝑓ℎ (𝑎)

𝑡1𝑑𝑓ℎ( 2 +
4𝑀𝑦

𝑑𝑓ℎ𝑡1
2 ‒ 1) +

𝐹𝑎𝑥

4 (𝑏)

2.3 𝑀𝑦𝑑𝑓ℎ +
𝐹𝑎𝑥

4 (𝑐)

5

with side member thickness t1 = tout + tcross, dowel diameter d, and rope effect Fax/4 = Fk,pred/4. The rope 

effect was only considered for the threaded dowels with nuts and washers located in the end row. Case 

(b) was governing for all connection layouts.

It should be noted that γRd,th = 1.91 is a safer estimate as it is based on the full density distribution of the 

CLT products provided by the CLT supplier, whereas γRd,th = 1.68 is based on knowledge from previous 

experiments. It can be seen from Table 3 that the approach of using the supplier provided information 

leads to more conservative strength predictions thus producing higher overstrength. The first approach 

could allow for a more economic design if both Fk,pred ≤ Fmax,exp and γRd,exp ≤ γRd,th are met. This, however, 

requires that the designer has good prior knowledge of the material properties, e.g. through 

experimental testing of material samples, which is uncommon.



Figure 5. Single fastener in double shear: a) embedment, b) embedment and fastener yielding, 2 plastic hinges, c) 

embedment and fastener yielding, 4 plastic hinges.

5 Results and Discussion

Table 4 displays the results from experimental connection testing for the different layouts: L1 CLT with 

dense dowel spacing (ay = 7d) in panel 01 to 04, L2 CLT-LVL hybrid with dense dowel spacing (ay = 7d) in 

panel 05 to 08, and L3 CLT with wide dowel spacing (ay = 12d) in panel 09 to 12, as well as the average 

cyclic results for each layout. The letters M and C indicate whether the panel was tested monotonically 

or cyclically. As can be seen, neither γRd,th1 = 1.68 nor γRd,th1 = 1.91 were exceeded by the largest 

experimentally established overstrength factors (γRd,exp1,max = 1.63 and γRd,exp2,max = 1.75), which means 

both approaches resulted with the desired outcome. Furthermore, all panels with one exception 

showed good ductility (medium to high). The connection strengths, Fi, and total energy dissipation, ED, 

were significantly improved by substituting the outer layers with LVL (L2) and by using a wider dowel 

spacing (L3). L2 showed a significant and consistent improvement in ductility (average μ = 6.3), and L3 

also showed improved ductility (average μ = 5.3).

Table 4. Test results large-scale monotonic (M) and cyclic (C) connection testing.

panel Fy

[kN]

Fmax

[kN]

Fu

[kN]

Fpred1

[kN]

γRd,exp1

[-]

Fpred2

[kN]

γRd,exp2

[-]

Δy

[mm]

Δu

[mm]

μ=Δu/Δy

[-]

K

[kN/mm]

ED

[kN.mm]

01 M 722 1023 1023 788 1.30 737 1.39 5.7 25.4 4.5 (MD) 126.7 -



02 C 812 1000 800 788 1.27 737 1.36 6.6 37.0 5.6 (MD) 123.0 139797

03 C 701 943 943 788 1.20 737 1.28 6.1 20.4 3.3 (LD) 114.9 38452

04 C 710 871 696 788 1.10 737 1.18 6.9 38.0 5.5 (MD) 102.9 161637

av. L1C 741 938   1.19  1.27   4.8 (MD)  113296

05 M 826 1311 1049 881 1.49 794 1.65 7.6 47.5 6.3 (HD) 108.7 -

06 C 870 1292 1033 881 1.47 794 1.63 7.8 51.0 6.5 (HD) 111.5 184174

07 C 855 1239 991 881 1.41 794 1.56 6.8 41.0 6.0 (HD) 125.7 170832

08 C 825 1268 1014 881 1.44 794 1.60 7.8 50.1 6.4 (HD) 105.8 235567

av. L2C 850 1266   1.44  1.59   6.3 (HD)  196857

09 M 830 1286 1028 788 1.63 737 1.75 7 49.4 7.1 (HD) 118.6 -

10 C 849 1106 885 788 1.40 737 1.50 10.1 48.9 4.8 (MD) 84.1 191521

11 C 920 1210 968 788 1.53 737 1.64 9.9 49.8 5.0 (HD) 92.9 198342

12 C 849 1177 942 788 1.49 737 1.60 8.2 49.0 6.0 (MD) 103.5 210454

av. L3C 873 1164 1.48 1.58 5.3 (MD) 200106

γRd,exp1 

< 1.68

γRd,exp2 

< 1.91

Figure 6 displays the hysteresis loops for the cyclic tests of the different layouts (left), and the 

monotonic load displacement curves, backbone curves, predicted strength, Fk,pred1, and predicted 



overstrength, Fos (right). As can be seen, the ultimate displacement, Δu, was larger for both L2 and L3 

compared to L1. The elastic loading stiffness, on the other hand, was slightly lower for both L2 and L3.

(a)

(b)

(c)

Figure 6. Left: Hysteresis loops. Right: Load displacement curves, backbone curves and overstrength. a) CLT dense 

layout L1, b) CLT-LVL hybrid layout L2, c) CLT wide layout L3.



As can be seen from Table 5, the actual CLT density was closer to the supplier information, whereas the 

LVL density was closer to that established in previous experiments. Nevertheless, both embedment 

strengths exceeded the predicted embedment strengths. Furthermore, the results from three point 

dowel bending tests suggest that a higher steel grade (i.e. Grade 500 [13]) was delivered. While this 

error can significantly increase overstrength by up to a factor 1.51 [16, 23], it did not seem to lead to 

premature brittle failure in this study. The predicted strengths calculated with the measured material 

properties, Fpred,3, as well as the resulting average overstrength, γRd,3, are given in Table 5.

Table 5. Fifth percentile material properties determined experimentally 

property ρCLT

[kg/m3]

ρLVL

[kg/m3]

fh,CLT

[MPa]

fh,CLT-LVL

[Mpa]

My

[Nmm]

Fpred,3,CLT

[kN]

Fpred,3,L2 

[kN]

γRd,3 [-]

measured 407 550 26.18 32.21 795000 923 987 1.21

Figure 7a displays the connection failure of the different panels. It can be seen that the connections 

exhibited a range of different failures in the outer layers, including wood splitting, row shear and tensile 

failure between the fasteners. Figures 7b and 7c display that the dowels responded in mode (b) as 

predicted by Equation 5 and shown in Figure 5.



(a)

(b) (c)

Figure 7. a) Connection failure, b) cross section through panel, c) dowel bending.



While tensile failure occurred predominantly in L1 and L3 at different locations in and around the 

connection area, all layouts exhibited tensile splitting between the dowels regardless of the layout. 

Furthermore, all panel layouts ultimately experienced delamination of the outer layers as well as 

splitting between the inner layer and cross layer. This effect was most severe in the layouts with wide 

dowel spacing with warping of the panel. The dowels with threaded ends and nuts and washers were 

pulled into the panel due to the dowel bending deformation. The connection design may be improved 

by positioning all threaded dowels in the end row closest to the panel edge and using larger diameter 

and thicker washers in order to provide more out-of-plane restraint.

6 Conclusions

A total of 12 large-scale dowelled connections in 5-layer CLT panels with three different layouts were 

subjected to monotonic and cyclic testing. It was found that the modified Johansen Equations given in 

Eurocode 5 combined with CLT and LVL embedment formulas available in literature provided 

conservative strength predictions for large-scale connections. Substituting the outer layers with LVL 

laminations significantly improved strength, ductility and energy dissipation of the connections. Using a 

wider dowel spacing also improved the connection strength and energy dissipation, and slightly 

improved ductility.

All the connections with one exception (μ = 3.3) achieved medium to high ductility (μ = 4.5 - 7.1). It was 

found that an overstrength factor of γRd = 1.68 was safe when the strength prediction was based on 

material properties obtained from previous testing and for all connections subjected to cyclic loading, 

whereas an overstrength factor of γRd = 1.91 was also safe when the strength prediction was based on 

available supplier information. An average value of γRd = 1.21 was obtained when the experimentally 

measured material properties were used. 



While the delivered dowels had a higher steel grade than specified (Grade 500 instead of Grade 300), 

this did not seem to negatively impact overstrength significantly. However, this cannot be commonly 

assumed and designers need to assure that the correct steel grade is delivered.

From testing observation, it is advisable to use bolts or threaded dowels with nuts and washers in the 

end row of a connection to prevent unfavorable delamination of the outer layers.
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