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Abstract 6 

This paper presents a component-based numerical model to simulate seismic behaviour of a 7 

timber-steel hybrid structure consisting of glulam frames braced by buckling restrained braces 8 

(BRBs). The model is validated by existing experimental data of two full-scale BRB-braced 9 

glulam frames (BRBGFs) where dowelled connections and screwed connections were used as 10 

the critical BRB-timber interface connections, respectively. Parametric studies are also 11 

conducted by the validated model to investigate the influence of the interface connection 12 

stiffness and manufacturing tolerances on the performance of the BRBGFs. The studies showed 13 

that the interface connection overstrength factor γ = 1.5 was a suitable value to engage BRBs, 14 

ensure ductile behaviour and achieve a cost-effective connection design. Manufacturing 15 

tolerances had a negligible impact on the ultimate strength and energy dissipation under cyclic 16 

loading but might affect the performance under serviceability limit state loads. 17 

Keywords: buckling restrained braces (BRBs); glulam frames; dowelled connections; screwed 18 

connections; numerical modelling 19 

1 Introduction 20 

Multi-storey timber buildings are becoming popular around the world with the rapid 21 

development of high-performance engineered wood products [1] as well as the sustainability 22 

driver in the building industry. However, timber has a relatively lower elastic modulus 23 

compared with other construction materials. Larger member sizes are often needed for multi-24 

storey timber buildings to satisfy stiffness requirements. In heavy timber frames, beam-column 25 

connections are mostly designed to only transmit shear loads. This is because the rotational 26 

stiffness of timber connections is relatively low and the shear connections under moment have 27 

a possibility of brittle failure in the perpendicular-to-grain direction [2]. Additional braces or 28 

shear walls are often needed to form lateral force resisting systems (LFRS) in heavy timber 29 

frames. In countries with a high seismic risk like New Zealand, seismic considerations usually 30 

govern the design of LFRS of multi-storey buildings [3,4]. 31 
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In conventional braced timber frames, energy dissipation under seismic loads is 32 

designed to concentrate on the end connections of the timber braces because timber braces are 33 

brittle in tension [5]. These connections can be damaged severely during major earthquakes, 34 

which makes the repair difficult. In addition, force-drift hysteresis curves of conventional 35 

braced timber frames show pronounced pinching effects with strength and stiffness degradation. 36 

Due to these limitations, the performance of conventional braced timber frames may lead to 37 

uneconomical member design or limit the building height [6]. In this regard, LFRS that 38 

provides better performance may facilitate the design of multi-storey timber buildings in high 39 

seismic zones [7,8]. 40 

In efforts to provide improved seismic performance, two full-scale buckling restrained 41 

braces (BRBs) braced glulam frames (BRBGFs) were designed and tested by the authors [9]. 42 

It was shown that replacing the conventional timber braces with BRBs significantly increased 43 

the energy dissipation capacity, minimized the damage in the connections, and potentially 44 

improved the reparability after severe earthquakes. Nevertheless, large-scale structural testing 45 

is expensive and time-consuming, allowing studies of only a very limited number of design 46 

configurations. A robust numerical model is needed to provide a more comprehensive 47 

understanding of the structural behaviour. Various numerical models for BRBs and BRB 48 

frames (BRBFs) with different connection details were established for steel structures [10–18] 49 

and reinforced concrete (RC) structures [19,20]. The numerical results showed that the BRBF 50 

performance can be represented well by the BRB models and connection assumptions. 51 

The numerical studies of BRBGFs have also been conducted before [21,22], but the 52 

BRB-timber interface connections were simply simulated as pinned connections without 53 

considering the flexibility and the potential initial slips of the BRB-timber interface 54 

connections. The numerical studies also indicated that the performance of BRBGFs were good 55 

if appropriate connection design details were provided. The critical BRB-timber interface 56 

connections need to be verified by experimental tests and modelled in detail to achieve more 57 

accurate prediction of the performance of BRBGFs. 58 

In the BRBGF tests [4], dowelled connections and screwed connections were used to 59 

connect BRBs with the glulam frames, respectively. The strength and stiffness of dowel-type 60 

connections can be calculated by design standards such as Eurocode 5 [23]. Past research on 61 

various types of dowel-type connections [24–27] showed that Eurocode 5 conservatively 62 

predicted the strength of dowel-type connections. However, the stiffness prediction equation 63 

in Eurocode 5, shown in Eq. 1, often considerably overestimates the connection stiffness [27–64 



3 

 

29]. This may be because Eq. 1 is based on simplified assumptions without considering 65 

important influencing parameters such as fastener slenderness and quantity [30]. Jockwer and 66 

Jorissen [30] also showed that stiffness equations among different standards are quite different. 67 

None of them provides an accurate stiffness prediction for connections with multiple dowels 68 

and inserted steel plates. To improve the stiffness prediction accuracy, beam-on-foundation 69 

(BOF) models based on simple embedment tests were proposed for timber-to-timber dowel-70 

type connections [31,32]. However, for steel-to-timber dowel-type connections such as those 71 

that connect BRBs to a timber frame, further investigation is required [32]. In addition, the 72 

dowel-type connections usually have lower initial stiffness caused by oversized holes for easy 73 

installation. The influence of the manufacturing tolerances on the overall performance is still 74 

unknown. 75 

𝑘𝑠𝑒𝑟,𝑙𝑎𝑡 = 𝜆𝜌𝑚
1.5

𝑑

23
 Eq. 1 

where, kser,lat (N/mm) is the lateral stiffness per shear plane per fastener under serviceability 76 

limit state (SLS) loads; λ = 1 and λ = 2 are the modification factor for timber-to-timber 77 

connection and timber-to-steel connection, respectively; m is the mean density of timber 78 

(kg/m3); and d is the diameter of fastener (mm). 79 

The strength of screwed connections using inclined self-tapping screws (STS) can also 80 

be calculated by Eurocode 5, and STS axial withdrawal stiffness calculations can follow 81 

European Technical Approvals (ETA) provided by screw suppliers. Eq. 2 and Eq. 3 from ETA 82 

11/0190 [33] and ETA 11/0030 [34] are often used to estimate the STS axial withdrawal 83 

stiffness kser,ax,θ in softwood. However, these have been found to have errors up to 720% [35,36]. 84 

Alternatively, analytical models were proposed for stiffness predictions of inclined STS for 85 

timber-to-timber connections [37,38] and timber-to-concrete connections [39], but the 86 

feasibility of these analytical models for timber-to-steel connections still need to be verified. 87 

𝑘𝑠𝑒𝑟,𝑎𝑥,𝜃,1 = 780𝑑0.2𝑙𝑒𝑓
0.4 Eq. 2 

𝑘𝑠𝑒𝑟,𝑎𝑥,𝜃,2 = 25𝑑𝑙𝑒𝑓 Eq. 3 

where, kser,ax,θ (N/mm) is the axial stiffness per STS under SLS loads with an angle of θ to 88 

timber grain; d is the outer diameter of the STS (mm); lef is the penetration length in the timber 89 

member (mm). 90 

According to the above discussion, there is a need to quantify the BRB-timber interface 91 

connection behaviour and to model the behaviour of BRBGFs. This study seeks to address this 92 
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need by developing component models in OpenSees [40] for BRBs and connections. One-bay 93 

one-storey BRBGF numerical models will be validated by the full-scale BRBGF test data, and 94 

in particular, answers will be sought to the following questions: 95 

1) Can stiffness of the dowelled and screwed connections in the BRBGFs be predicted 96 

by numerical models or analytical methods? 97 

2) Can the overall performance of BRBGFs be represented by numerical models? 98 

3) How does the stiffness of BRB-timber interface connections influence the BRBGF 99 

performance? 100 

4) What is the effect of manufacturing tolerances on the BRBGF performance? 101 

This research will focus on developing a robust component-based model that can well 102 

capture the behaviour of the critical  BRB-steel interface connections and the system behaviour 103 

of BRBGFs. The model with reasonable computational efficiency and prediction accuracy will 104 

be used in parametric studies to investigate the key influence factors on the performance of 105 

BRBGFs and to facilitate the design of this hybrid system. 106 

2 Numerical modelling 107 

2.1 Components in BRBGFs 108 

 109 

Figure 1 Specimen setup 110 

Two 8 m wide and 3.6 m high BRBGFs, as shown in Figure 1, were tested by Dong et al. [4]. 111 

Figure 2 shows the BRB-timber interface connections at the middle span of beam used by the 112 

two BRBGF specimens, respectively. The specimens with the dowelled connections and 113 
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screwed connections were denoted as S-D and S-S, respectively. In the dowelled connections, 114 

two steel plates were inserted into prefabricated slots in timber members, while in the screwed 115 

connections, steel plates were attached to the outside of the timber members. The BRBs were 116 

designed as ductile components while the glulam members and connections were protected by 117 

the capacity design to remain elastic before BRBs reached the maximum expected storey drift 118 

ratio, i.e. 2%. In addition, the BRB components were tested in accordance with AISC 341-16 119 

[41]. Table 1 lists the properties of main components. The numerical model of the BRBGFs 120 

consisted of three main components: glulam members, BRBs and BRB-timber interface 121 

connections. 122 

 
(a) Dowelled connection (b) Screwed connection 

Figure 2 Connection details 123 

Table 1 BRBGF components and properties 124 

Specimen Timber members BRBs Gusset plates Fasteners 

S-D GL10 Radiata 

Pine [42] for 

beam (585 mm × 

315 mm) and 

column (315 mm 

× 315 mm) 

Core steel: 70 

mm × 16 mm 

Q235 [43] flat 

plate 

Two Grade 300 [44] 20 

mm thick steel plates 

Dowels: Φ12 mm Grade 300 

round bars 

S-S Two Grade 350 [44] 12 

mm thick steel plates 

with stiffeners 

Inclined Screws: Φ11 × 300 

mm STS [34] with inclined 

washers [45] 
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2.2 Modelling of BRB components 125 

The Steel4 material model in OpenSees has been successfully used previously to simulate BRB 126 

behaviour including asymmetric hardening [46]. Thus, the BRB component was represented 127 

by a truss element with this model and a cross section area of the steel core (Ac). Extra stiffness 128 

outside the steel core yield zone of BRBs, i.e. transition zone and elastic zone, was considered 129 

by a stiffness modification factor (fsm = 1.22) for this BRB geometry as defined in Eq. 4 by 130 

Vigh et al. [13]. The BRB geometry was obtained from the experimental test data [9]. Because 131 

Steel4 is highly customizable, overfitting becomes a potential issue [46] if limited BRB test 132 

data are used for parameter calibration. To avoid the overfitting issue, the BRB test calibration 133 

from Zsarnóczay and Vigh [47] was used except for the yield strength fy and the isotropic 134 

hardening ratio biso, since these two parameters are determined by properties of the steel 135 

material [46]. An average fy = 294MPa and biso = 0.08% were verified by steel coupon tests 136 

and the BRB component tests conducted in [9], respectively. More details about Steel4 137 

calibration parameters can be found in Appendix I and [47]. 138 

𝑓𝑠𝑚 =
𝑙𝑡𝑜𝑡

𝑙𝑐 + 𝑙𝑡𝑟 (
𝐴𝑐

√𝐴𝑒𝑙𝐴𝑐

) + 𝑙𝑒𝑙
𝐴𝑐

𝐴𝑒𝑙

 
Eq. 4 

where, ltot, lc, ltr, and lel are the total length, yield zone length of the steel core, transition zone 139 

length and elastic zone length of BRB (mm), respectively; Ac, Atr, and Ael are the cross section 140 

area of yield zone of steel core, transition zone and elastic zone, respectively. 141 

The BRB component tests showed higher strength, initial stiffness and post-yielding 142 

stiffness than the theoretical values [9]. There were several potential reasons for the higher 143 

strength and stiffness: 1) unbonding materials were stuck on the steel core tightly and 144 

transferred some loads to the concrete so the concrete worked as a spring parallel to the steel 145 

core [46,48]. 2) Due to the inappropriate casting of concrete, the spaces at both ends of BRBs 146 

were not sufficient, so the outward movement of steel core pushed concrete against the end cap 147 

plate as shown in Figure 3a, so the restraint from the end cap plate also worked as a spring 148 

parallel to the steel core. 3) The steel core was out of straightness during manufacturing, which 149 

required additional forces to straighten the steel core in tension. 4) The local buckling of steel 150 

core was initiated at the position close to the transition zone and the radius from the yield zone 151 

to the transition zone as shown in Figure 3b had an influence on the strength and stiffness on 152 

both tension and compression proved by Jones [49]. All of these provided extra restraints for 153 

the steel core. 154 
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The theoretical initial stiffness of the BRB kBRB,theo was 71 kN/mm using Eq. 5 and the 155 

post-yielding stiffness was expected to be below 2% of the initial stiffness [50]. However, test 156 

results showed the initial and post-yield stiffness were 98 kN/mm and 3 kN/mm, respectively. 157 

After yielding of the BRBs, the deformation was primarily concentrated on the local zone close 158 

to the transition zone as shown in Figure 3b, so the restraints were reduced. Because the reasons 159 

of additional restraints were complicated, more experimental tests and sensitivity analysis are 160 

needed to quantify the restraints more accurately as suggested by Jones [49], which is out of 161 

the scope of this paper. To consider the additional restraints provided to the steel core and to 162 

match experimental behaviour, an elastoplastic spring was added parallel to the BRB with 163 

calibrated initial stiffness of 27 kN/mm and post-yielding stiffness of 2.7 kN/mm as shown in 164 

Figure 4. The spring was modelled by Steel01 material model and its yield displacement was 165 

the same as the BRB yielding displacement (4.6 mm) derived from the testing [9]. Figure 4 166 

shows that the BRB component modelling results matched the experimental results well. The 167 

BRB specimen still showed slightly higher unloading stiffness in compression than the model. 168 

This was likely because the limited gaps between steel core and concrete grout restrained the 169 

steel core’s transverse expansion under compression. 170 

 171 

(a) End cap plate bending 172 



8 

 

  173 

(b) BRB movement concentration 174 

Figure 3 BRB movement observation 175 

𝑘𝐵𝑅𝐵,𝑡ℎ𝑒𝑜 =
𝐸𝑒𝑞𝐴𝑐

𝑙𝑡𝑜𝑡

= 71 𝑘𝑁/𝑚𝑚 Eq. 5 

where, kBRB,theo is the theoretical axial stiffness of BRB (kN/mm), Eeq (= fsmEs) is the equivalent 176 

elastic modulus of BRB (GPa) by considering the additional stiffness outside the yield zone; 177 

Es  (= 206 GPa) is the elastic modulus of core steel; Ac is the core steel area (mm2); ltot  (= 4038 178 

mm) is the BRB pin-to-pin length. 179 

 180 

Figure 4 Comparison of BRB 181 
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2.3 Modelling of BRB-timber interface connections  182 

2.3.1 Dowelled connections 183 

The connection stiffness from tests was only 50% of predicted value by Eurocode 5 [9]. 184 

Therefore, the BOF methods proposed by Lemaitre et al. [32] was used to build the dowelled 185 

connection model in OpenSees. Figure 5 shows the model of dowelled connections and the 186 

parameters used in the BOF model are listed in Table 2. The timber members and steel plates 187 

were assumed to be elastic. Steel plates transferred the load to the dowels by steel bearing 188 

which was assumed to be rigid. All non-linearity was from dowel yielding and the timber 189 

embedment deformation. The dowels were modelled as elastoplastic beams and the timber 190 

embedment behaviour was modelled by a series of non-linear springs. The distance between 191 

springs was 4 mm (< 0.4d, where d is the dowel diameter) as suggested by Lemaitre et al. [32]. 192 

As shown in Figure 6, six glulam embedment tests were conducted in accordance with ASTM 193 

D5764 [51] to obtain the compressive load-displacement relationship between the dowel-194 

timber interface. The average curve was used to calibrate the non-linear springs as shown in 195 

Figure 6b where the vertical coordinate is presented as the equivalent distributed load (N/mm) 196 

at unit length along the dowel. The force of each spring in Figure 5 will be the product of the 197 

equivalent distributed load and the distance between springs (i.e. 4 mm). The BOF modelling 198 

result was input as the backbone curve to model the cyclic response by Pinching4 model in 199 

OpenSees and the model parameters can be found in the Appendix I. 200 

 201 
Figure 5 Plan view of BOF model for the dowelled connection 202 
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(a) Embedment test setup (b) Experimental and numerical results 

Figure 6 Embedment tests and model calibration 203 

Table 2 The BOF model parameters for the dowelled connection 204 

Members Element and materials Parameters 

Timber members elasticBeamColumn Side member: 

As = 585×83 mm2 

Ew = 10000 MPa; 

Middle member: 

Am = 585×105 mm2 

Ew = 10000 MPa; 

Steel plates elasticBeamColumn Ast = 120x20 mm2; 

Est = 210000 MPa; 

Steel-steel interface EqualDOF N/A 

Dowels dispBeamColumn with fibre cross 

section 

fyd=300 MPa;  

Ed= 210000 MPa;  

d= 12 mm; 

Timber-steel interface ZeroLength with Steel02 Element size= 4 mm 

fts=1964 N; Ets=1012 N/mm 

b=0.01; R=6.0; 

 r1=0.925; r2=0.15 

Note: the parameter definition follows OpenSees documentations [40] 205 

Because the holes in steel plates are larger than the dowels and the drilling causes 206 

surrounding area of the holes in timber members softer than other parts of timber [52], initial 207 

slips are typical in the dowelled connections. An additional spring with low initial stiffness 208 

within 0.5 mm and very high stiffness beyond 0.5 mm was simulated by ElasticMultiLinear 209 

model in OpenSees and placed in series with the Pinching4 model to capture the actual 210 

connection response as shown in Figure 7. The range of 0.5 mm was chosen since the diameter 211 

of the holes in the steel plate was 1 mm bigger than the dowels. The connection movement 212 

were measured by particle tracking technology (PTT), an advanced contact-free measurement 213 

technique in the BRBGF tests [9]. It was observed by Popovski [5] and from our BRBGF tests 214 

[9] that even under small displacements, there was some permanent bearing deformation and 215 
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the unloading stiffness was higher than the initial stiffness. The unloading stiffness was 216 

considered as twice the initial stiffness based on the experimental observation from PTT. No 217 

strength degradation was considered in the model because the connections were not expected 218 

to be damaged. The simulation results were compared with the experimental results and Figure 219 

7 shows that the model predicted the test results conservatively. This could be due to the 220 

asymmetry distribution of the gaps for each dowel. Some dowels might be engaged earlier on 221 

one side than the other. In addition, timber defects such as knots could also contribute to the 222 

asymmetric performance.  223 

 224 

Figure 7 Comparison of the dowelled connection 225 

2.3.2 Screwed connections 226 

 Eq. 6 from Tomasi et al. [37] with kser,ax,θ,2 (Eq. 3) from ETA 11/0030 [34] considerably 227 

overestimated the actual stiffness of STS connections by 223% even without considering 228 

frictional effects [9]. One main reason could be that kser,ax,θ,2 from ETA 11/0030 is not 229 

appropriate to estimate the axial stiffness kser,ax,θ for long STS [53]. Another reason could be 230 

that Eq. 6 does not consider the influence of STS flexibility caused by the free length (lf 231 

highlighted in yellow colour in Figure 8) in the steel plate. The free length is due to the oversize 232 

of slotted holes in the steel plates and the lack of bearing (shank or thread) of STS on the steel 233 

plate. Tests of inclined STS with countersunk holes in the steel plate showed much higher 234 

stiffness [54], which proved the influence of lf. 235 

𝑘𝑠𝑒𝑟,𝑆𝑇𝑆 = 𝑘𝑠𝑒𝑟,𝑙𝑎𝑡𝑠𝑖𝑛𝜃(𝑠𝑖𝑛𝜃 − 𝜇𝑓𝑐𝑜𝑠𝜃) + 𝑘𝑠𝑒𝑟,𝑎𝑥,𝜃𝑐𝑜𝑠𝜃(𝑐𝑜𝑠𝜃 + 𝜇𝑓𝑠𝑖𝑛𝜃) Eq. 6 

where, kser,STS is the SLS stiffness per screw under lateral load (N/mm); θ is the angle between 236 

timber grain and screw axis (rad); and μf is the friction coefficient. 237 
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(a) Washer in the steel plate (b) Washer cross section view 

Figure 8 Washer and STS details 238 

To overcome the limitation of Eq. 6, Girhammar et al. [38] presented an analytical 239 

model for timber-to-timber connections that considers the effects of flexibility and extensibility 240 

of screws. Mirdad and Chui [39] proposed another analytical model for timber-concrete 241 

composite floors where a gap usually exists between timber and concrete. These two analytical 242 

models were combined in this paper to esimate kser,STS as Eq. 7a, where the effective axial 243 

withdrawal stiffness per unit area Kax (N/mm3) and embedment stiffness per unit area Kh 244 

(N/mm3) were based on STS withdrawal tests and embedment tests. Compared to tests in [39], 245 

the BRBGF tests used the same type of STS and similar density of timber (466 kg/m3 vs. 419 246 

kg/m3 in [39]). Past research also showed that the density of the timber members had minor 247 

inpact on stiffness [30]. Thus, Kh = 6.52 N/mm3 in [39] was used here. However, Kax in [39] 248 

was only for 80 mm and 100 mm STS. Past research on screwed-in rods indicated that axial 249 

stiffness was disproportional to the penetration length [55]. Because of this, Kax in [39] might 250 

not be suitable for 300 mm STS in the BRBGF tests. In this regard, STS withdrawal tests with 251 

different embedment length were conducted with three replicates for each penetration length 252 

as shown in Figure 9. Figure 9c shows the test results with the prediction curves of kser,ax,θ,1 (Eq. 253 

2) and kser,ax,θ,2 (Eq. 3). It is illustrated that kser,ax,θ,1 provided a conservative prediction while 254 

kser,ax,θ,2 overestimated the axial stiffness considerably, which proved that kser,ax,θ,2 was not 255 

suitable for long STS. Figure 9c also shows two power series models kser,ax,θ,3 and kser,ax,θ,4 based 256 

on the mean value (Eq. 8) and 5th-percentile value (Eq. 9) of test results calculated by EN 257 

14358 [56], respectively. kser,ax,θ,3 and kser,ax,θ,4 can be used to estimate Kax in modelling and 258 

design of the screwed connections, respectively. It should be noted that although kser,ax,θ,1 259 

provided conservative prediction, Blass et al [53] stated that kser,ax,θ,1 was not applicable outside 260 

of their test series and should not be transferred to screws from other manufacturers. Therefore, 261 

it is recommended that screw manufacturers should conduct STS withdrawal tests and provide 262 

conservative stiffness equations in form of kser,ax,θ,4 for their products in their ETA reports. 263 
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𝑘𝑠𝑒𝑟,𝑆𝐿𝑆 =
3𝐸𝑆𝑇𝑆𝐼𝑑[2(3𝑙𝑓 + 2𝑙𝑒𝑓)𝐾𝑎𝑥,𝑒𝑞𝜋𝑙𝑒𝑓(𝑐𝑜𝑠2𝜃 + 0.5𝜇𝑓𝑠𝑖𝑛2𝜃) + 𝐾ℎ,𝑒𝑞𝑙𝑒𝑓

2 (𝑠𝑖𝑛2𝜃 − 0.5𝜇𝑓𝑠𝑖𝑛2𝜃)]

6𝐸𝑆𝑇𝑆𝐼(3𝑙𝑓 + 2𝑙𝑒𝑓) + 𝐾ℎ,𝑒𝑞𝑑𝑙𝑒𝑓
2 𝑙𝑓

3𝑠𝑖𝑛2𝜃
 Eq. 7a 

with: 264 

𝐾𝑎𝑥,𝑒𝑞 = 𝐾𝑎𝑥

tanh (𝜔𝑙𝑒𝑓)

𝜔𝑙𝑒𝑓

 Eq. 7b 

𝐾ℎ,𝑒𝑞 = 2𝐾ℎ

𝑠𝑖𝑛ℎ2(𝜆𝑙𝑒𝑓) − 𝑠𝑖𝑛2(𝜆𝑙𝑒𝑓)

𝜔𝑙[sinh(𝜆𝑙𝑒𝑓) cosh(𝜆𝑙𝑒𝑓) − sin (𝜆𝑙𝑒𝑓)cos (𝜆𝑙𝑒𝑓)]
 

Eq. 7c 

𝜔 = 2√𝐾𝑎𝑥,𝑒𝑞/𝐸𝑆𝑇𝑆𝑑 
Eq. 7d 

𝜆 = √𝐾ℎ𝑑/(𝐸𝑆𝑇𝑆𝐼)4   Eq. 7e 

𝐾𝑎𝑥 =
𝑘𝑠𝑒𝑟,𝑎𝑥,𝜃

𝜋𝑙𝑒𝑓𝑑
 Eq. 7f 

𝐾ℎ =
𝑘𝑠𝑒𝑟,𝑙𝑎𝑡,𝜃

𝑙𝑒𝑓𝑑
 Eq. 7g 

where, screw diameter d = 11 mm; elastic modulus of screw ESTS = 210 GPa; I = πd4/64 (mm4); 265 

The free length lf = 12 mm; lef = (lem - 10 mm) is the effective penetration length of STS (mm); 266 

lem = 249 mm is the penetration length including the screw tip; kser,ax,θ and kser,lat,θ are the axial 267 

stiffness and lateral stiffness of STS with an angle of θ to the timber grain. 268 
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(a) Test side view (b) Test setup 

 
(c) Test results and curve fitting 

Figure 9 STS withdrawal test 269 

𝑘𝑠𝑒𝑟,𝑎𝑥,𝜃,3 = 3433𝑙𝑒𝑓
0.267 for mean value (N/mm) Eq. 8 

𝑘𝑠𝑒𝑟,𝑎𝑥,𝜃,4 = 3321𝑙𝑒𝑓
0.218 for 5th-percentile value (N/mm) Eq. 9 

 Based on withdrawal tests, Kax=1.81 N/mm3 calculated by Eq. 7f and Eq. 8 was used 270 

to calculate the kser,SLS in Eq. 7a. Table 3 shows that the analytical results underestimated the 271 

test results by 18% with friction coefficient μf=0.25 which was recommended by Krenn and 272 

Schickhofer [54] based on European practice. The reasons could be 1) μf is higher than 0.25 273 

[38], for example μf=0.45 was reported by Mirdad and Chui [39]; 2) The assumption that 274 

withdrawal stresses along the length of the STS are evenly distributed is not appropriate. The 275 
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part of STS deeply embeded into timber may engage less so the even distribution assumption 276 

underestimated the Kax close to the timber surface. Because the analytical model provides 277 

reasonbly conservative prediction of the stiffness, it is used to model the screwed connection 278 

performance in the BRBGFs. 279 

Table 3 Stiffness prediction comparison (kN/mm) 280 

μf Analytical model Experimental*[9] Difference (%) 

0.25 303 371 -18 

0.45 340 371 -8 

*Note: this is for the screwed connection with 32 STS 281 

 282 

Figure 10 Comparison of the screwed connection 283 

Because no damage of the screwed connections was observed in the BRBGF tests [9], 284 

the screwed connection loading stiffness was assumed to be constant. The stiffness prediction 285 

with μf=0.25 from the analytical model was input as the loading stiffness for the cyclic model 286 

simulated by Pinching4 model in OpenSees. The reason for choosing μf as 0.25 was that it 287 

provided conservative predictions and was recommended by the European practice [54]. The 288 

unloading stiffness of the screwed connections was assumed as three times of their loading 289 

stiffness based on test observations to consider the loosening of STS under cyclic loading [9]. 290 

The parameters of Pinching4 model for the screwed connections are also listed in Appendix I. 291 

Figure 10 shows the experimental and numerical results for the screwed connection. The results 292 

show that the model can be used to represent the performance of the screwed connections. 293 
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2.4 BRBGF model validation 294 

The models of BRBGF specimens with the dowelled connections (S-D) and screwed 295 

connections (S-S) were established in the OpenSees as shown in Figure 11. The BRBGF tests 296 

by Dong et al. [9] showed that the dowelled connections and the  screwed connections had 297 

limited moment-resisting capacity, so the beam-column connections were modelled as pinned 298 

connections. The BRB-timber interface connections were modelled by element 1-4 with two 299 

overlapped nodes. For each element, the translational stiffness, i.e. the horizontal and vertical 300 

connection stiffness, was modelled by the connection models introduced in Section 2.3, and 301 

the rotation stiffness was neglected due to the limited moment-resisting capacity of the 302 

connections. The initial slips of the top connection (element 1) and the bottom connections 303 

(element 2 and 3) were superposed together at the top connection and simulated by the 304 

ElasticMultiLinear material in OpenSees to simplify the models and improve the convergence 305 

of the models. Figure 12 illustrated that the model simulated hysteresis curves well. The 306 

difference between the experimental and numerical results was primarily from the BRB fit 307 

error shown in Figure 4 and the maximum force error of experimental tests in two loading 308 

directions. The accumulated energy dissipated by models was similar with the test results as 309 

shown in Figure 13. The difference was that the models dissipated slightly less energy in cycle 310 

No.8-No.11, which might be due to the higher unloading stiffness of BRBs in tests as 311 

mentioned before. The computational time with the loading protocol in Figure 12 and a 312 

displacement increment of 0.03 mm was 19.7 s for S-D model and 21.9 s for S-S model on a 313 

desktop with a Core i7-7700 processor and 16 GB RAM. 314 

 315 

Figure 11 BRBGF model 316 
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(a) S-D (Dowelled connections) (b) S-S (Screwed connections) 

Figure 12 Comparison of BRBGF hysteresis curves 317 

  

(a) S-D (Dowelled connections) (b) S-S (Screwed connections) 

Figure 13 Comparison of BRBGF accumulated energy dissipations 318 

Figure 14 and Figure 15 show BRB deformation versus frame drift for S-D and S-S, 319 

respectively. BRB-S and BRB-N represent the southern and northern BRB in Figure 1, 320 

respectively. The positive drift (toward north in Figure 1) causes elongation in the BRB-S and 321 

shortening in the BRB-N. At small drift levels, the BRB deformation in tests matched the 322 

simulation very well. At large drift levels, the BRB had greater elongation deformation than 323 

the shortening deformation, which was not captured by the model very well. This was likely 324 

because BRB in compression was restrained by concrete grout and had slightly higher stiffness 325 

than the BRB in tension. The different BRB deformation between S-D and S-S probably was 326 

caused by the variation of the yield location in tension. The yielding deformation might be 327 
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concentrated on any location along the yield zone and the restraints around the location could 328 

be different. The strength difference of BRBGFs was also partially caused by the variation of 329 

restraints. Better quality construction of BRBs can reduce the uncertainty of restraints and help 330 

to achieve a more consistent performance. 331 

  

(a) BRB-S (b) BRB-N 

Figure 14 Comparison of BRB deformation in S-D (Dowelled connections) 332 

  

(a) BRB-S (b) BRB-N 

Figure 15 Comparison of BRB deformation in S-S (Screwed connections) 333 

To investigate the influence of the BRB-timber interface connections on the overall 334 

performance of the BRBGF, the Pinching4 models in the S-S model were removed from Figure 335 

11, so this new model only included the initial slips caused by the pin-end BRBs but the timber-336 

steel interface connections were simulated to be translationally rigid. The hysteresis loops of 337 
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the model with the rigid connections were compared with the S-S model in Figure 16. Figure 338 

16 shows that the stiffness of the S-S model before BRBs’ yielding was overestimated by 67% 339 

(65 kN/mm for the model rigid connections vs. 39 kN/mm for the S-S model). In addition, 340 

neglecting the increased slips due to the higher unloading stiffness of the timber connections 341 

will overestimate the energy dissipation. Therefore, it is important to include the connection 342 

models in the BRBGFs. 343 

 344 

Figure 16 Comparison of the hysteresis curves with different connection modelling methods 345 

3 Parametric studies 346 

The validated one-bay one-storey BRBGF model in Figure 11 was used as a benchmark model 347 

for the parametric studies to investigate the influence of the critical BRB-timber interface 348 

connection details on the overall behaviour. The BRB restraint element shown in Figure 11 349 

was removed from the model considering that the insufficient unbonding between the steel core 350 

and concrete grout was avoided by good quality construction of BRBs. The design overstrength 351 

factor of BRBs (γd,BRB = ωβ) is set as 1.5 at 2.0% drift ratio according to the BRB model analysis. 352 

This γd,BRB is also typical of real BRBs [46]. 353 

3.1 Influence of interface connection stiffness 354 

The stiffness of the BRB-timber interface connections could impact the efficiency of the BRBs. 355 

Unlike welded or bolted connections in steel frames, timber connections are more flexible. Eq. 356 

10 defines the lateral stiffness ratio η between BRBGFs with translationally semi-rigid 357 

interface connections (Kin,γ) and translationally rigid interface connections (Kin,∞, i.e. pinned 358 

connections). The connection overstrength factor γ in Eq. 11 is the ratio between the interface 359 
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connection design strength Rd in Figure 2 and the lateral yield strength Fk,BRB contributed by 360 

two BRB components.  361 

𝜂 = 𝐾𝑖𝑛,𝛾/𝐾𝑖𝑛,∞ Eq. 10 

𝛾 = 𝑅𝑑/𝐹𝑘,𝐵𝑅𝐵 Eq. 11 

𝐹𝑘,𝐵𝑅𝐵 = 2𝜙𝑚𝑓𝑦𝐴𝑐cos 𝛼 Eq. 12 

where, ϕm (= 1.25) is the material overstrength obtained from the coupon tests [9]; α is the 362 

inclined angle of BRBs as shown in Figure 11. 363 

A series of BRBGF simulations were conducted. Here the same BRBs were used in all 364 

BRBGFs, so Fk,BRB was assumed to  remain constant, but γ was increased from 1.0 to 2.5. The 365 

increase in γ implied a greater number of dowels and screws in the connections. This increased 366 

connection stiffness and stiffness ratio η. The relationships between η and γ for S-D and S-S 367 

frames are shown in Figure 17. It was found that η was increased by 19% (from 0.75 to 0.89) 368 

and 38% (from 0.58 to 0.80) for S-D and S-S, respectively, when γ was increased from 1.0 to 369 

2.5. However, increasing γ did not improve η proportionally and might significantly increase 370 

the fastener number of connections. For example, by increasing γ from 1.5 to 2.5 by 67%, 371 

meaning the interface connections were significantly stronger, η was increased by only 9% 372 

(from 0.82 to 0.89). For S-S, η was increased by 18% when γ was increased from 1.5 to 2.5, 373 

slightly more efficient than S-D. Figure 18 shows the pushover curves of S-D with different γ. 374 

It was illustrated by Figure 18 that when the capacity design was not achieved (γ < 1.5).  In this 375 

case, the connections were designed to be weaker than the expected maximum strength of 376 

BRBs considering their overstrength at 2% drift ratio. Inelastic deformation in the connections 377 

could occur and the system stiffness was lower than the case when capacity design would be 378 

achieved (γ = 1.5 and γ = 2.5). Therefore, it is important to keep γ equal to or even exceed the 379 

BRB overstrength factor γd,BRB to maximize the efficiency of BRBs and avoid significant 380 

inelastic response or damage of the connections. When γ was over γd,BRB (γ = 1.5 and γ = 2.5), 381 

the stiffness difference was relatively small. For a more cost-effective connection design, γ = 382 

1.5 is recommended for both connections. Because this is the minimum value (i.e. γ = γd,BRB) 383 

to ensure the achievement of the capacity design and the connections also have enough stiffness 384 

to engage BRBs. 385 
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Figure 17 The relationship between stiffness 

ratio and connection overstrength 

Figure 18 Pushover curves of S-D with 

different connection overstrength 

Figure 18 also shows that the ultimate strength at 2.0% drift ratio is 654 kN for γ = 1.5 386 

and 659 kN for γ = 2.5 with less than 1% increase. The post-yield stiffness is similar among 387 

different γ because it is controlled by the stiffness of BRBs. As a result, when γ is over γd,BRB, 388 

the connection stiffness only had a small impact on the initial stiffness, but a negligible effect 389 

on the ultimate strength and post-yield stiffness. Lower initial stiffness could increase the yield 390 

displacement and SLS might become the governing case for the system design. 391 

3.2 Influence of manufacturing tolerances 392 

The pin-end connections of BRBs to the gusset plates require tolerances for installation as well 393 

as the dowelled connections in S-D. The slack caused by the tolerances may reduce the 394 

system’s energy dissipation under cyclic loading [57]. Therefore, the influence of 395 

manufacturing tolerances on the cyclic performance of the BRBGFs was investigated. 396 
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Figure 19 Hysteresis curves with different 

initial slips 

Figure 20 Energy dissipation per cycle of 

BRBGFs 

The tolerances in the pin and dowel holes can cause initial slips of the system, so 397 

BRBGFs with different initial slips were modelled to study the influence of manufacturing 398 

tolerances. All connections were designed by the same connection overstrength factor γ (= 1.5). 399 

The benchmark BRBGF model contained two BRBs and three connections as shown in Figure 400 

11. Each BRB allows 1 mm tolerance in total from pin holes on both ends [44], which can 401 

cause a 0.5 mm initial slip in the system. Similarly, each dowelled connection can have 402 

minimum 1 mm and maximum 2 mm tolerances [23], i.e. 0.5 mm and 1.0 mm initial slips. 403 

Therefore, the upper limit of initial slips for the S-D model was assumed as 4.0 mm (there 404 

were two BRBs in the S-D model and the initial slip was  0.5 mm from each BRB, i.e.  0.5 405 

× 2; while there was one top connection and two bottom connections in the S-D model and the 406 

initial slip was  1.0 mm from each connection as the maximum, i.e.  1.0 mm × 3. The upper 407 

limit initial slip was 0.5 mm × 2 plus 1.0 mm × 3) and the lower limit was assumed as 2.5 408 

mm ( 0.5 mm × 2 from the BRBs plus 0.5 mm × 3 from the connections). The screwed 409 

connections can be tight fit while a maximum 1 mm tolerance is considered conservatively to 410 

fully engage all STS. For S-S, the upper and lower limits were  2.5 mm (0.5 mm×2 from the 411 

BRBs plus  0.5 mm × 3 from the connections) and 1.0 mm (0.5 mm×2 from the BRBs plus 412 

0.0 mm×3 from the connections), respectively. 413 

Figure 19 shows the hysteresis loops of S-D following the loading protocol in the 414 

experimental tests [9] as an example. It is shown that S-D with 2.5 mm initial slips started to 415 

carry the load 1.5 mm earlier than S-D with 4.0 mm initial slips before yielding and when the 416 
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load direction changed. However, they tended to be consistent at post-yielding stage. Figure 20 417 

shows the energy dissipation in each cycle of S-D and S-S. The results show that hysteresis 418 

loops with different initial slips were similar and the maximum difference of energy 419 

dissipations in one cycle is within 5% (117 kJ for “S-D 2.5 mm” vs. 112 kJ for “S-D 4.0 420 

mm” and 115kJ for “S-S 1.0 mm” vs. 110 kJ for “S-S 2.5 mm” in cycle No. 17). Therefore, 421 

the initial slips from manufacturing tolerances increase the yield displacement. A higher 422 

displacement before yielding is expected with larger manufacturing tolerances and SLS may 423 

become the governing case for the system design. The manufacturing tolerances have a 424 

negligible impact on the ultimate strength and energy dissipation of BRBGFs.  425 

4 Conclusions 426 

This paper presented a component-based numerical model in OpenSees to simulate the cyclic 427 

behaviour of BRBGFs. Special intent was the stiffness of the BRB-timber interface connections 428 

and the manufacturing tolerances as well as their effects on the BRBGF performance. The main 429 

conclusions are drawn as follows: 430 

(1) The beam-on-foundation (BOF) model provided more accurate stiffness predictions of the 431 

dowelled connections compared with the stiffness equation in Eurocode 5. The combined 432 

analytical model from literature was able to predict the stiffness of the screwed connections 433 

with reasonable accuracy. It is suggested to build databases of the standard embedment 434 

tests for dowels and different timber species, so the stiffness for dowelled connections can 435 

be predicted by the BOF model and the stiffness equations in Eurocode 5 can be improved. 436 

More withdrawal tests of screws are also suggested to be conducted by the screw suppliers 437 

for the improved stiffness predictions. 438 

(2) The BRBGF model predictions agreed well with the experimental results of two full-scale 439 

BRBGFs in terms of force-drift responses, accumulated energy dissipation and BRB 440 

deformations. 441 

(3) The dowelled connections and screwed connections as the BRB-timber interface 442 

connections effectively engaged the BRBs. The parametric studies showed that when 443 

connection overstrength factor γ was 1.5, the stiffness of BRBGFs with the dowelled and 444 

the screwed connections achieved 82% and 68% of the stiffness of BRBGFs with 445 

translationally rigid BRB-timber connections (pinned connections), respectively. Further 446 

increasing the connection strength did not increase the system lateral stiffness significantly. 447 
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(4) The manufacturing tolerances can cause initial slips of BRBGFs. The parametric studies 448 

showed that the practical manufacturing tolerances did not affect the energy dissipation 449 

and ultimate strength of the BRBGFs significantly under cyclic loading. However, 450 

excessive initial slips could cause more system drifts before the yielding of BRBs, and 451 

might affect the serviceability performance. The manufacturing tolerances should be 452 

decided by design engineers according to the serviceability loads and drift limit of non-453 

structural elements in a project. 454 
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Appendix I: Parameters for the numerical models in OpenSees 462 

The parameters for the Steel4 in Section 2.2 are listed in the Table A1. The parameters were 463 

calibrated by Zsarnóczay and Vigh [47] and the detailed information of the model and 464 

parameters can be found in the OpenSees documentation [40]. 465 

Table A1 Parameters for Steel4 466 

Parameters Tension Compression 

Steel properties 
Steel core area Ac (mm2) = 1120 

Modulus of elasticity (MOE) Es (MPa) =210000 

fsm 1.22 

Equivalent MOE Eeq (MPa) Esfsm=256200 

Yield strength fy (MPa) 294 

Ultimate strength fu (MPa) 1.65fy=485 2.5fy=735 

Hardening ratio bk 0.4% 2.5% 

R0 25.0 

r1 0.91 
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r2 0.15 

Ru 2.0 

bi 0.08% 

bl 0.06+0.02×600/Ay=0.07% 

i 1.15+0.45×600/Ay=1.39 0.85+0.25(600/Ay)
0.5=1.03 

Ri 3.0 

lyp 1.0 

The dowelled connections in Section 2.3.1 was simulated by Pinching4 and Elastic 467 

MultiLinear models in the OpenSees. The parameters of the top connection are listed in Table 468 

A2. The bottom connections were assumed to be half the strength of the top connections 469 

because the load level for the bottom connections wasapproximately half the top connections. 470 

The meaning of parameters can be found in Figure A1 and the OpenSees documentation [40]. 471 

The parameters for the negative curve (for example, eNd1 and eNf1) were chosen to be the same 472 

with those for the positive curve.  473 

Table A2 Pinching4 and ElasticMultiLinear parameters for the dowelled connection 474 

Material Parameters 

Pinching4 ePd1 = 0.01 mm, ePf1 = 12028 N; ePd2 = 0.7 mm, ePf2 = 421008 N; 

ePd3 = 2.0 mm; ePf3 = 774948 N; ePd4 = 3.4 mm. ePf4 = 962000 N; 

rDsipP = 0.0, rForceP = 0.0, uForceP = -0.05;  

gKlim = gDlim = gFlim = gE = 0.0; 

ElasticMultiLinear -strain: [-2.0 -0.5 0.0 0.5 2.0] (mm) 

-stress: [-50000000 -8000 0 8000 5000000] (N) 
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 475 

Figure A1 Pinching4 model in the OpenSees 476 

The screwed connections in Section 2.3.2 was simulated by Pinching4 model in the 477 

OpenSees. The parameters of the top connection are listed in Table A3. The bottom 478 

connections were assumed to be half the strength of the top connections as well. The parameters 479 

for the negative curve (for example, eNd1 and eNf1) were chosen to be the same with those for 480 

the positive curve. 481 

Table A3 Pinching4 parameters for the screwed connection 482 

Material Parameters 

Pinching4 ePd1 = 0.01 mm, ePf1 = 9090 N; ePd2 = 2.0 mm, ePf2 = 606000 N; ePd3 = 4.0 

mm; ePf3 = 1212000 N; ePd4 = 10.0 mm. ePf4 = 1333200 N; rDsipP = 0.3, rForceP 

= 0.2, uForceP = -0.1;  

gKlim = gDlim = gFlim = gE = 0.0; 
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