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Abstract: Cross laminated timber (CLT) is an innovative and environment friendly engineered timber product with superior structural performance. CLT offers strong resistance against both in-plane and out-of-plane loading. Hence, it is widely used as floors, roofs or wall elements. Considerable experimental research on CLT under various loading conditions has been done in the recent past. This article presents a comprehensive review of various design methods to determine basic mechanical properties such as tension, compression and rolling shear strength of CLT with primary focus on Norway spruce. All relevant experimental data available from existing literature were collated and consequently been used to evaluate the performance of various methods to design CLT structures. The comparison revealed that different methods show considerable variance in predicting the capacity of CLT panels due to the variation in timber species, which affects the corresponding mechanical properties of the lamella. In addition to species, rolling shear properties can also vary considerably depending on the type of experimental technique used for testing. A predictive model has also been proposed to correlate rolling shear strength obtained from shear analogy method to that obtained using planar shear.
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1  Introduction

Cross-laminated timber (CLT) is a promising engineered wood product that has gained popularity for mid- and high-rise construction. CLT is produced by stacking wood lamellae as cross-layers and joining these layers using structural adhesives. Cross-layering offers strength under both in- and out-of-plane loading, making it a viable application for walls and floors [1]. CLT offers mechanical properties similar to concrete while weighing only 1/5th of the same sized concrete element. The construction time is significantly reduced due to ease in handling, transportation and less labour requirement. Although CLT originated in Europe, it emerged as a popular construction material in other parts of the world, such as Canada, USA, Japan, China, New Zealand and Australia.

In recent years, extensive research has been conducted on the bending strength properties of CLT panels due its superior performance as a bending element [1–5]. Timber is an orthotropic material with significantly higher mechanical strength along the fibre direction. Nevertheless, strength perpendicular to the grain also requires attention for various structural applications, and numerical simulations to conduct reliable parametric studies. Brandner et al. [6] explored the tensile properties perpendicular to the grain of Norway spruce species, whereas Ido et al. [7] investigated the tensile properties parallel to the grain of Japanese Sugi. A state-of-the-art review on compressive properties perpendicular to the grain was conducted by Brandner [8]. This research which focused on compressive properties of CLTs perpendicular to the grain explored testing, mechanical properties and design methods. Similar effort for compressive strength properties parallel to the grain is lacking in literature, with a handful of research conducted by Oh et al. [9] on Korean larch species, He et al. [3] on Canadian hemlock no. 2 lumber and Pang et al. [10] on Korean larch and pine species. Although these tests cover some Asian and Canadian timber species, test results on European species are absent in literature. Again, a unified approach to establish the design methodology for CLT compression parallel to grain was not attempted through these studies. Rolling shear (RS) is another critical failure mode for CLT and has been investigated by several researchers. Aicher et al. [11] investigated RS modulus and strength for Beech made 3-ply CLT samples by two plate shear tests and short span flexure tests. Two plate shear tests were conducted on four different sawing patterns: flat-sawn, semi-quarter sawn, quarter sawn and with pith. Among these, the semi-quarter sawn sample showed the highest RS strength. Zhou et al. [12] conducted planar shear tests and short span bending tests on black spruce made CLT specimen. Based on RS properties and shear analogy theory, the deflection of the panels under centre point loading was predicted. Li [13] conducted modified planar shear tests along with short span bending tests on 3-layered NZ Radiata Pine CLT samples and concluded that the lamella thickness has great significance on RS strength. In addition to planar shear tests, torsional shear tests were also used by researchers to obtain RS strength of CLT specimen; Li et al. [14] reported that the torsional shear test yielded higher strengths compared to the short span bending test. These tests were performed on 5-layer and 3-layer Spruce-Pine-Fir CLT panels. Ehrhart et al. [15] tested 6 different European softwood and hardwood species for rolling shear strength and modulus using planar shear tests. The significance of various factors such as density, sawing pattern, distance of the sample from the pith and the ratio of lamella width (wl) and thickness (tl) on the RS properties such as RS strength and stiffness were evaluated. Research outcomes indicated that the ratio of lamella width-to-thickness (wl/tl) and sawing pattern are the key factors contributing to RS properties, with decrease in wl/tl resulting in reduction of the RS strength and modulus [11–15]. Finally, based on the critical analysis over 200 species, two separate empirical relationship were proposed for RS strength and modulus with respect to wl/tl.

To promote the use of CLT in construction, a unified design process is essential. Even though some research work exists on design equations for CLT strength [9,15,16], these rules were developed based on different principles which are either empirical or theoretical. Moreover, proposed design equations were either developed or verified based on the test results of the timber species considered in specific studies. General applicability of these rules for CLT panels produced from other species worldwide are yet to be verified.

Various governing bodies have also published several handbooks and manuals recently, e.g., CLT Handbook: Canadian version [17], US version [18], and the Swedish Handbook [19]. Apart from these handbooks, a few standards exist, which include Japanese Agricultural Standard for CLT [20], European standard DIN EN 16351 [21], APA Standards Committee [22]. These standards specify minimum requirements for CLTs to be used in construction, however a standardised design method is yet to be included, which is very much required to promote the use of CLT structures.

Current research work at School of Engineering in Deakin University, Australia, involves extensive experimental work on CLT specimens made from Norway spruce (Picea abies). Experimental tests were focussed to determine the tensile, compressive and rolling shear strengths of specimens made from CLT (not as single timber lamella). For the rolling shear strength test, two different test methods were implemented: planar shear test (PST) and out-of-plane short span bending tests (SSB). Furthermore, test results available in literature were extracted and collated along with results of the current program to evaluate the efficiency of the currently available design equations. All test evidence were carefully analysed to proposed design equations for predicting tensile and compressive strength of CLT panels. In addition, a predictive model has been proposed to correlate rolling shear strength obtained by shear analogy method and planar shear test.

2  Experimental Program

2.1 Source of Material

The CLT used for the experiments was made of Norway Spruce (Fig. 1). The dimensions of the CLT panels were 1500 × 1450 × 60 mm (i.e., Length × Width × Thickness) and the grade of each lamella was C24, as classified by Unterwieser et al. [16]. The CLT panels consist of three layers, each with a thickness of 20 mm resulting in a total thickness of 60 mm. The narrow face of the CLT was not bonded, whereas Polyurethane based adhesives were used for finger joints and surface bonding. The average moisture content of the CLT was 10%. Typical visual of the samples is presented in Fig. 1. Material properties relevant to the CLT specimen were retrieved from EN 338 [23] and presented in Table 1.
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Figure 1: CLT samples produced from Norway spruce
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2.2 Sample Dimensions and Test Methodology

2.2.1 Tension

Dog-bone samples were made for tensile testing (Fig. 2). Length, width and depth of the tensile region were 100, 20 and 60 mm, respectively. Four G250 steel plates were bolted to the gripping region of the tensile samples to avoid local crushing of the samples. The top and bottom side steel plates had a thickness of 25 and 5 mm, respectively. One 25 mm diameter bolt was used to connect the top side plates to apply the tensile load to the samples. Two 16 mm diameter bolts were used to connect the tensile sample and the side plates, as shown in Fig. 2 along with the dimensions of the test rig.
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Figure 2: CLT samples prepared for tensile strength testing

When a CLT panel is subjected to two-way action, both the major and minor axes will carry the applied transverse loading. Accordingly, tensile capacity along both the major and minor axes were considered for this study. Fig. 3 shows the major and minor axis of a 3 layered CLT panel. As a part of the current test program, a total 5 specimens were tested for tensile strength. The loading was displacement controlled where the displacement rate was chosen according to ASTM D198 [24], as 1.5 mm/min.
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Figure 3: Axis orientation of CLT samples (a) Major and (b) Minor

2.2.2 Compression

For compressive strength testing, sample size was selected to be 200 × 100 × 60 mm, as shown in Fig. 4. Similar to the tensile specimens, for compressive strength samples were tested along both the major and minor axes. In this case, a total of 12 specimens were tested. As per AS/NZS 4063.1 [25], the sample should fail within 2–5 min from commencement. The test load rate was 0.824 kN/s, so that the sample fails within 3.5 min to comply with the standard requirements.
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Figure 4: Test setup and sample dimensions for compressive strength experiment

2.2.3 Rolling Shear

Rolling shear is the shear capacity of timber in the perpendicular plane. Following the standards and literature available on CLT [12,13,21,24], two different setups-planar shear and out-of-plane short span bending, are used to determine rolling shear strengths.

The ideal setup for rolling shear determination is the planar shear method, commonly used for single timber boards. However, the planar shear test method requires a specific type of test setup and sample preparation. Unlike single layer boards or Glue-Laminated Timber (GLT), CLT panels typically contain odd number of layers, where the inner layer(s) are laid transversely to the panel length. Under 4-point bending, a beam specimen with shorter span endures high shear stress concentration within the support and load point on both sides. Failure initiated due to the shear stress concentration in the inner transverse layer can be utilized to determine the rolling shear capacity of the CLT panel. Thus, as an alternative to planar shear method, DIN EN 16351 [21] sets out the guideline to perform 4-point bending test for shorter span CLT panels to determine the rolling shear capacity. This alternative method is convenient to conduct with respect to planar shear test method, due to the similarity with bending capacity tests. Current test program conducts both planar shear test and short span bending tests to obtain rolling shear strength of the specimen. The following section contains further details on the test setup and procedures.

Planar Shear Test

This test program followed the procedure suggested in DIN EN 16351 [21]. A total of 8 samples with dimensions of 240 (length) × 100 (width) × 60 (thickness) mm were prepared. The length of the samples was selected to meet the 14° inclination requirement based on DIN EN 16351, as shown in Fig. 5. To replicate rolling supports/friction free supports, Teflon sheets were used. The loading was displacement controlled and the rate was selected so that the experimental process was complete within 3–5 min; final displacement rate was considered as 0.48 mm/min.
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Figure 5: Test setup to determine rolling shear properties of CLT following planar shear experiment

Short Span Bending Test

The samples were prepared in such a way that failure occurs due to shear rather than bending (Fig. 6). It can be noted that the span-to-depth ratio of the sample normally determines whether shear or bending will govern. According to DIN EN 16351 [21], in order to ensure failing of CLT panel under shear, the total span length should be limited to 12 times the depth of the panel. Here, the depth of CLT equals the summation of the thickness of all layers. In the current test program, the span length was maintained as 7 times the depth of the CLT panel. Furthermore, the distance between the loading and the supports should be minimal to ensure that the initial failure would be due to shear. The minimum spacing in the shear zone should be lower or equal to 3 times the depth of the beam to ensure shear failure when subjected to out-of-plane loading. To accommodate the above-mentioned criterion, a shear span of 2.50 times the depth was selected. Accordingly, final dimensions of the samples were–525 (length) × 200 (width) × 60 (thickness) mm. The samples were tested under four-point bending, as shown in Figs. 6 and 7. The supporting bars and the loading pins were adjusted to have an even spacing of 150 mm. The test was force controlled and rate of loading was selected as 4.5 kN/min.
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Figure 6: Four-point bending test setup for short span bending experiment
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Figure 7: Test set up for short span bending test to determine shear properties

Rolling shear strength of any beam can be obtained from flexure theory, according to ASTM D198 [24]. For a beam specimen tested under four-point bending test setup, the maximum shear stress can be determined from Eq. (1), where τmax is the maximum shear stress, Fmax is the maximum load, and b and d are the width and depth of the section, respectively. In literature, there are three different methods which are widely used to calculate various strength parameters of CLT panels under a given load condition. These are mechanically jointed beam theory (modified Gamma method), shear analogy method and Timoshenko beam theory [17]. Bogensperger et al. [26] provided a detailed description on the development of each method, the related equations and worked example to determine various design parameters (i.e., maximum bending stress or maximum shear stress) under different load conditions. In this study, the rolling shear strengths will be calculated using these methods based on the load information obtained from short span bending tests. These theoretical methods for calculating the design utilised parameters obtained from Table 1. Consequently, strengths calculated from these methods will be compared with that obtained using basic equation stemming from flexure theory presented in Eq. (1).


τmax=3bfFmax4bd
(1)

2.3 Results and Discussion

In the current section, the results obtained from the experiments will be presented. Figs. 8–11 illustrate the strength vs. deformation curves and Table 2 shows the summary of all the results. The test types, total numbers of tests, mean strength (in MPa), corresponding CoV, and the 5th percentile value are provided. In order to account for the variability that exists in wood or timber based product in relation to any mechanical properties, the 5th percentile characteristic value is recommended to consider for design purpose as suggested by EN BS 14358 [27]. Therefore, along with the mean strength, corresponding 5th percentile values are also reported.
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Figure 8: Tensile strength vs. deformation curves about major (top) and minor (bottom) axis CLT specimen
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Figure 9: Compressive strength vs. strain curves about major (top) and minor (bottom) axis CLT specimen
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Figure 10: Rolling shear stress vs. deformation results from planar shear tests
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Figure 11: Load vs. deformation curves for short span bending tests on CLT specimen

Tension and compression tests were conducted along both major and minor axes. It should be noted that for major direction, two layers are carrying the applied loads parallel to the grain, while only one layer is carrying the applied load for minor orientation (since the tested samples were 3 layered CLT). Accordingly, for both cases of tension and compression, specimens tested along major axis orientation were stronger when compared to minor axis. From Table 2, it can be observed that this difference was approximately 6.56% for tensile strength and 31.39% for compressive strength. This observation is also demonstrated graphically in strength vs. deformation curves presented in Figs. 8 and 9 for tension and compression, respectively.

From Figs. 8 and 9 it can also be observed that the strength increase was gradual in all type of tests conducted. Once an ultimate strength is reached, significant sudden drop was observed in all tensile tests, whereas the drop was gradual in case of compression tests. As expected, timber behaves non-linearly under compression and exhibit brittle behaviour in tension.

The rolling shear stress-vs.-deformations obtained during PST are presented in Fig. 10. It can be observed that the rolling shear strength increases gradually with the increase of deformation. Upon reaching ultimate strength, it follows a gradual decreasing pattern. In addition to that, Fig. 11 presents the load-deformation behaviour obtained from SSB test. Maximum load capacity obtained from these load-deformation curves were used to calculate the rolling shear strength from the four different methods, as described in the previous section. Rolling shear strength calculated using SSB test data in conjunction with different theories and that from PST were presented in Table 2. Among the four different methods, modified γ-method produced the lowest shear strength of 2.49 MPa and shear analogy method provided the maximum shear strength of 2.93 MPa. It is evident from Table 2 that RS strength obtained using PST was low: 48.19% compared to modified γ-method and 55.97% lower compared to the shear analogy method. In the following sections, these test results will be compiled with additional experimental results from literature to evaluate existing prediction models.

3  Strength Prediction Models

In this section, various prediction models available in literature to calculate tension, compression and rolling shear strengths will be described, prior to the evaluation of their efficiency in the later sections. As reported by Brandner et al. [28], the prediction models to determine the mechanical properties of a CLT panel are based on two methods,

1) Mechanical properties of single sawn boards determined experimentally followed by the calculation of the properties of CLT panel and

2) Direct testing of CLT panels.

DIN EN 16351 [21] sets out the rules for determination of CLT strengths based on the experiments. This guideline delineates the standard methods of sample preparation, loading arrangements and finally the equations for determining the mechanical properties of CLT panel from test results. However, it should be recognised that from a structural designer’s points of view, testing CLT specimens prior to each design project is cumbersome and impractical. Consequently, the first method is deemed more suitable for structural design. Firstly, a brief discussion on existing strength prediction models will be presented, followed by a performance evaluation of each model against existing test results reported in literature.

3.1 Unterwieser et al. [16] for Bending, Tensile and Compressive Strength

Unterwieser et al. [16] proposed a set of equations to predict the tensile, compressive and bending properties of a CLT panel. These rules use the lamella strength to predict the CLT properties. While developing the equations for CLT, bearing models for glue-laminated timber (GLT) were adopted by incorporating various coefficients that account for the GLT-to-CLT transformation. For this development, Norway Spruce of grade T14 was considered. Depending on the variation of the lamella’s tensile strength, CLT grades were divided into two distinctive grades as CLT 24 h and CLT 28 h. It should be noted that these models were developed based on a specific type of 5-layered CLT beam panel, with panel cross-section of 600 × 150 mm (width × depth) and lamella cross-section of 150 × 30 mm (width × depth). These equations are provided through Eqs. (2)–(6) for CLT class 24 h.


fm,CLT,k = km,CLTft,0,l,k0.8
(2)


km,CLT=ksys,mkCLT/GLTkh,CLTkCV_t
(3)


ft,0,CLT,net,k=ksys,t,0ft,0,l,k
(4)


ksys,t,0=min{0.075ln(N)+11.20
(5)


fc,0,CLT,net,k=fm,CLT,k
(6)

The Eqs. (2) and (3) are related to the bending strength of CLT. Here, fm,CLT,k = bending strength of CLT specimen, ft,0,l,k = tensile strength of an individual lamella loaded parallel to the grain, ksys,m = coefficient to account for the system effect due to parallel actions of lamellae in long direction, kCLT/GLT = coefficient considering the difference in homogenisation effects between CLT and GLT, kh,CLT = depth factor equal to the depth factor of GLT which accounts for the use of panels with height difference with respect to the reference cross-section, and lastly, kCV_t = factor allowing for the coefficient of variation in strength of the base material–CV[ft,0,l].

The Eqs. (4) and (5) are related to the tensile strength of a CLT panel, where, ft,0,CLT,net,k is the tensile strength of CLT specimen and ksys,t,0 is the factor to account for system factor allowing conversion between bending and tensile strength. ksys,t,0 is dependent on the arrangement of the layup considering the number of lamellae N running in longitudinal direction (parallel to grain).

Two different proposals were suggested to determine the compression strength of a CLT panel. Firstly, the compression strength fc,0,CLT,net,k can be considered equal to the bending strength fm,CLT,k, as shown in Eq. (6). This was found to be a conservative estimation of compressive strength which is primarily used in the absence of significant experimental results to derive a relationship between the strength of lamella and compression strength of CLT. Additionally, compressive strength can also be obtained using the same equation used for GLT members, based on density = ρl,k and number of parallel-to-grain lamellae in the cross-sections = n (Eq. (7)).


fc,0,CLT,net,k=(0.1ρl,k1−0.1n−8)(1−0.3n)
(7)

3.2 Ido et al. [7] for Tensile Strength

Ido et al. [7] conducted tensile strength tests on CLT samples by varying the cross-sectional width and the number of lamellae. Based on the test results conducted on CLTs made from Japanese Sugi, a new equation was proposed (Eq. (8)). Here, ft,0,l,k = the tensile strength of a single lamella, Aactual = gross cross-sectional area and Atransformed = transformed area based on modulus of elasticity of lamellae in different layers.


ft,0,CLT,net,k=ft,0,l,k(AtransfomredAactual)
(8)

Unlike Eq. (4), this proposal intends to account for the effect of using different strength lamellae in the CLT cross-section (heterogeneous layup). For CLT comprised of different graded laminas (i.e., strong lamella on the outer layers and weaker lamella in the inner layers), the tensile strength of the stronger lamella should be chosen as ft,0,l,k in Eq. (8). If the specimen is oriented about the minor axis, ft,0,l,k should be the tensile strength of the inner layers. The Atransformed can be calculated using Eq. (9) that considers the modulus of elasticity (MOE) values of different layers. In Eq. (9), i represents a single layer with parallel-to-grain lamella, n = the total layer number with parallel-to-grain lamella, Al,0,i = the gross-area of the ith layer, El,0,i = MOE of the ith layer and El,0,i-max = maximum MOE among all the parallel-to-grain layers.


Atransformed=∑i=1n⁡(Al,0,i×El,0,iEl,0,i−max)
(9)

3.3 Pang et al. [10] for Compressive Strength

Pang et al. [10] proposed a method to calculate the compressive load capacity of CLT specimens made from Korean larch and pine. They evaluated the effect of varying grade within the CLT cross-section. The proposal assumed that the deformation in each layer of the CLT cross-section is same. Thus, the load carrying capacity for all layers can be expressed using the capacity of one representative layer. The proposed formulation is given in Eq. (10), where, i–represents a parallel-to-grain lamella of interest which is assumed to initiate the failure, PCLT,i = load capacity at which the ith layer fails, n = the total lamella number with parallel-to-grain layers, j–represents a single lamella within parallel-to-grain layer, Al,0,j = the gross-area of the jth layer, El,0,j = MOE of the jth layer, Al,0,i = the gross-area of the ith layer, El,0,i = MOE of the ith layer and fc,0,l,i = compression strength of lamella in the ith layer. In this method, the design strength of the panel would be from the layer with maximum MOE, as that would yield the minimum load capacity using Eq. (10). Compressive strength can be determined using Eq. (11).


PCLT,i=∑j=1n⁡(Al,0j×El,0,j)Al,0,i×El,0,i×fc,0,l,i×Al,0,i
(10)


fc,0,CLT,net,k=∑j=1n⁡(Al,0j×El,0,j)El,0,i×fc,0,l,i
(11)

3.4 Ehrhart et al. [15] for Rolling Shear Strength and Modulus

For rolling shear properties, Ehrhart et al. [15] investigated CLT specimen produced from various European wood species under planar shear tests following [29]. Based on the experimental results, proposals were made for fr,CLT,k = rolling shear strength and Gr,CLT,mean = rolling shear modulus, and are presented in Eqs. (12) and (13), respectively. Both equations were expressed as a linear relationship of the ratio of wl = lamella width and tl = lamella thickness.


fr,CLT,k=min{0.2+0.3wltl1.40
(12)


Gr,CLT,mean=min{30+17.5wltl100
(13)

3.5 Comparison of Experimental Results with Strength Prediction Models

In this section, the experimental results obtained as part of the current study and results reported in literature will be used to evaluate the performance of the aforementioned prediction models. Tables 3–5 provide the geometry details for the specimens tested for tensile, compressive and rolling shear strength. The experimental results in terms of average tensile (ft,0,CLT,net,k-test), compressive (fc,0,CLT,net,k-test) and rolling shear (fr,CLT,k) strength are presented in Tables 6–12, along with the predictions using the equations presented in the previous section.
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3.5.1 Tensile Strength

In Tables 6–12, the predicted tensile (ft,0,CLT,net,k-pred) and compressive strength (fc,0,CLT,net,k-pred) were compared against both the mean and 5th percentile strengths obtained from the experiments and literature. Commonly, the 5th percentile value of the experimental data set is used as the designed value as suggested in BS EN 14358 [27]. However, the 5th percentile strength was often missing in the reported literature. Thus, in those respective cases, the 5th percentile strength was determined assuming normal distribution of test data and based on the equations provided in BS EN 14358 [27] as shown in Table 2.

To evaluate the performance of the prediction models, the term Rpred/test was used, which is the ratio of the analytically calculated strength prediction to the strength obtained from experimental tests. To capture the overall prediction performance with a single term, the weighted average of all predictions was also considered, as shown in Eq. (14).


Weightedaverage=∑i=1n⁡(ni×Rpred/test,i)N
(14)

where, i = single test source, ni = number tests specimen within the ith source, Rpred/test,i = prediction-to-test strength for ith source and N = total test cases for that respective load condition (i.e., tensile, compressive or rolling shear strength).

Tensile strength predictions were evaluated for 74 test results of CLT specimens using the methods proposed by Unterwieser et al. [16] (Eq. (4)) and Ido et al. [7] (Eq. (8)). The original proposal given by Ido et al. [7] used the experimental lamella test results to predict CLT strengths rather than standard properties of lamella. Here, both experimental results and standard strength properties were used to evaluate the performance of this method. Tables 6–8 compare experimental and theoretical results proposed by Unterwieser et al. [16] and Ido et al. [7] (using experimental lamella test results and standard properties from code results, respectively).

The standard properties of Japanese Sugi [7] and Hinoki Cypress [30] were obtained from Japanese Agricultural Standard (JAS) for cross-laminated timber [20]. For the Japanese Sugi made CLTs, two different lamella grades were used–M60A in the outer layer, and M30A in the inner layer; while the Hinoki Cypress made CLTs constitute M120A graded lamella in the outer layer and M60A in the inner layer. No lamella tests were performed as part of the current study. Hence, lamella strength parameters are taken from manufacturer’s datasheet (Table 1).

While comparing among the various methods, it is observed that the Unterwieser et al. [16] method over-predicts the tensile strength in case of Asian species made CLTs, ranging from Rpred/test-mean = 1.05~2.07 and Rpred/test-05 = 1.22~2.15. However, this method performs quite accurately for current test results where CLTs were produced from European species (Norway Spruce) with Rpred/test-mean values of 0.85~0.86 and Rpred/test-05 = 0.92~0.96. Overall, the weighted average of Rpred/test-mean = 1.50 and for Rpred/test-05 = 1.67, reflects the overall conservative approach of this equation.

The second model, proposed by Ido et al. [7], performs satisfactorily for mean strengths, ranging between Rpred/test-mean = 0.92~1.11 for Asian species, when experimental lamella strengths were implemented. Besides, minimal over-prediction was observed for the 5th percentile strengths with Rpred/test-05 = 1.00~1.28. However, this method yielded very conservative results for Norway spruce. Nonetheless, weighted average for this method was observed to have improved, compared to Unterwieser et al. [16] method with values of Rpred/test-mean = 0.97 and Rpred/test-05 = 1.10. It can be noted here that if the standard lamella strength properties from codes are used in the Ido et al. [7] method, the overall prediction performance drops down to Rpred/test-mean = 0.60 and Rpred/test-05 = 0.68. Prediction performance of these three methods for Rpred/test-05 is depicted in Fig. 12.
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Figure 12: Tensile strength prediction performance for different methods

3.5.2 Compression Strength

For compressive strength predictions, a total of 426 test results were used to evaluate the performance of three different methods for the prediction. These can be enumerated as follows:

•   Method–C1 Unterwieser et al. [16] model (Eq. (6))

•   Method–C2 Unterwieser et al. [16] model (Eq. (7)) and

•   Method–C3 Pang et al. [10] model (Eq. (10)).

The specimens were taken from five different sources with four separate species, which are Canadian Hemlock [3], Korean Larch [9,10], Korean Pine [10] and Norway spruce (current program). It should be noted that the method proposed by Pang et al. [10] require the compressive strength of the lamella used in a CLT which was obtained from respective literature. While using Method–C1, tensile strength of the lamella was required (Eq. (16)). The studies containing the test results on compressive strength have no disclosed tensile properties. Accordingly, the tensile strengths were obtained from relevant standards and papers, such as, CSA O86-19 [33] for Canadian Hemlock and Hong et al. [34] for Korean larch and pine.

The Method–C1 produced a conservative estimation of compressive strength with a large variation of Rpred/test-mean = 0.33~1.28 and Rpred/test-05 = 0.35~1.28. The same observation was also reported by the authors. The weighted average for this method was found to be Rpred/test-mean = 0.48 and Rpred/test-05 = 0.59, reflecting the overall underestimation of the method. In contrast, Method-C2 (Eq. (7)) overestimated the compressive strength of CLT for all cases except for the major axis specimen of Norway Spruce. The Rpred/test-mean and Rpred/test-05 ranged between 0.82~3.15 and 0.86~4.48 respectively, while the corresponding weighted average were Rpred/test-mean = 2.05 and Rpred/test-05 = 2.56. High level of over prediction can be attributed to the fact that mix of species and grades were not considered within the design equation, neither the axial orientation nor the lamella strength.

The accuracy in prediction using Method–C3 was within the range of Rpred/test-mean = 0.20~1.30 and Rpred/test-05 = 0.21~1.80. The predictions for Korean Larch and Pine were accurate in terms of mean compressive strengths. However, conservative predictions were observed for other species. Compared to the prior two methods, this method showed better weighted average of Rpred/test-mean = 1.01 and Rpred/test-05 = 1.26. Prediction performance of these three methods is presented in Fig. 13.

[image: images]

Figure 13: Compressive strength prediction performance for different methods

3.5.3 Rolling Shear Strength

In Table 12, experimental rolling shear strength values obtained using planar shear test setup are summarized and compared with those obtained by the predictive model proposed by Ehrhart et al. [15] as shown in Eq. (12). Although the weighted average of the predicted vs. test results Rpred/test,mean was 1.03, there was obvious scatter in predictions, which is shown graphically in Fig. 14.
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Figure 14: Prediction performance for rolling shear strengths using planar shear test using Ehrhart et al. [15] proposal–Eq. (12)

4  Development of New Proposals for Tensile, Compressive, and Rolling Shear Strength Prediction

This section will propose 3 new equations to predict tensile, compressive, and rolling shear strength for CLT specimen.

4.1 Tensile Strength

The new proposal is based on the previous method developed by Unterwieser et al. [16] and the test results assembled as a part of the current study. Tensile strength determined using Eq. (4) considers the total number of parallel-to-grain lamella (n) within the cross-section and based on that, finds a system factor ksys,t,0. The system factor ksys,t,0 was introduced to account for the contribution from adjacent lamella within the system while subjected to loading. If a particular lamella in the CLT section has low strength (i.e., 5th percentile), then it is assumed that the contribution from the surrounding lamellae will be of higher strength and balance the overall load carrying capacity. Thus, ksys,t,0 ≥ 1.0 was suggested in Eq. (5) when calculating the tensile strength of CLT section by means of lamella tensile strength.

While calculating ksys,t, no consideration was given to the axial orientation (i.e., major or minor) of the CLT specimen. Furthermore, n only included the total number of the lamella in the cross-section ignoring the effect of using various strength grades within the same CLT cross-section, whereas current literature report substantial evidence of combined strength grades.

Therefore, the proposed formulation was derived to account for the effect of different graded lamella within a CLT specimen and with distinction between major and minor axis specimen. The proposed equations are provided in Eqs. (15)–(18). The factors in Eqs. (16) and (17) were determined using nonlinear regression analysis based on the available data.


ft,0,CLT,net,k=ksys,t,0−maj/minft,0,l,k−min
(15)


ksys,t,0,maj=min{0.075ln(Ntotal) + 0.81.01
(16)


ksys,t,0,min=min{0.1ln(Ntotal) + 0.521.01
(17)


Ntotal=∑j=1n⁡(Nl,0,j × ft,l,0,j)ft,l,0−min
(18)

where, j = any layer with lamella parallel-to-grain in the cross-section, Nl,0,j = the number of full width lamella within the jth layer, and ft,l,0,j = lamella tensile strength of the jth layer and ft,l,0-min = the minimum lamella tensile strength in the cross-section.

The detailed calculations for the predictions obtained using the proposed equation are presented in Table 13 and the overall comparison with other models are already showed in Fig. 12. It is worth mentioning that the proposed analytical equation was aimed at predicting the 5th percentile strength of a CLT section rather than mean strength, as 5th percentile strength is chosen as the design strength for timber structures. From Table 13, it is evident that the proposed method can predict the 5th percentile strength conservatively but with a high accuracy of Rpred/test-05 = 0.50~1.33 compared to the other methods discussed in the previous sections. Efficiency of the proposed method is further revealed when compared with other methods (Table 14) with weighted average of Rpred/test-mean = 0.81 and Rpred/test-05 = 0.92.

[image: images]
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4.2 Compressive Strength

For compressive strength, Eq. (7) proposed by Unterwieser et al. [16] was modified. It is based on density and number of parallel-to-grain lamella in the cross-section, which overestimates the compressive strength of CLT (Table 10) compared to other methods.

The modified equation is provided in Eq. (19), where ft,0,l,k-max is the maximum parallel-to-grain lamella strength of the specimen, ρl,k-max is the density of the corresponding lamella with maximum strength and n is the number of lamella within the cross-section determined using Eq. (20).


fc,0,CLT,net,k=(ft,0,l,k−maxρl,k−max163−0.1n)(1−0.41n)
(19)


Ntotal=∑j=1n⁡(Nl,0,j×ft,l,0,j)ft,l,0−max
(20)

where, j = any layer with lamella parallel-to-grain in the cross-section, Nl,0,j is the number of full width lamella within the jth layer, and ft,l,0,j = lamella tensile strength of the jth layer and ft,l,0-max is the maximum lamella tensile strength in the cross-section.

Table 15 contains the detailed calculation of the proposed method, which shows the range of Rpred/test-mean = 0.41~1.09 and Rpred/test-05 = 0.54~1.10. It can be observed that the predictions are in the conservative side. Furthermore, Table 16 compares all the methods related to compressive strength against the new proposal. The weighted average for this method is Rpred/test-mean = 0.67 and Rpred/test-05 = 0.82, which shows its efficiency in predicting the 5th percentile strength.

[image: images]
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4.3 Rolling Shear Strength

Experimental method to obtain rolling shear strength using short span bending and planar shear test was prescribed in DIN EN 16351 [21]. It can be observed that significant differences exist in rolling shear strength obtained from planar shear test and short span bending tests. Short span bending tests are often used to determine rolling shear strength due to the similarity of the test setup with normal bending test, whereas planar shear test requires special type of test equipment and sample preparation methods according to DIN EN 16351 [21]. However, conducting short span bending tests to determine rolling shear strength could be erroneous in cases where the beam specimen produces a different failure mode rather than rolling shear, such as delamination between layers or tensile cracking of the section under flexure.

A comparison was presented in Table 17 between experimental results obtained from planar shear test (fr,CLT,k-test) and rolling shear strength obtained using shear analogy theory (fr,CLT,k-SAT), with the intention to develop a relationship. This comparison reveals that there are significant differences between experimental rolling shear strength and that obtained using the theory, which reassures the requirement to develop a relationship between these two. It can be noted that in addition to shear analogy theory, there are other existing theoretical methods to obtain the rolling shear strength as discussed in previous sections (Table 2). However, shear analogy method was chosen over these methods due to its accuracy over the other methods as reported in previous research [26]. Furthermore, shear analogy method is commonly used by other researchers for short span bending test to determine rolling shear strength.

Using the data available in the literature and results from current experiment, a new equation is proposed in Eq. (21), which considers the rolling shear strength from shear analogy theory fr,CLT,k-SAT and the width-to-thickness ratio of the lamella wl/tl. The coefficients in Eq. (21) were derived from nonlinear regression using the data reported in Table 17. The performance of Eq. (21) was also presented in Table 17, which shows the equation can conservatively predict rolling shear strength with a weighted average of Rpred /test-mean = 0.88.


fr,CLT,k−test=2.25+0.63×fr,CLT,k−SATwltl
(21)

[image: images]

5  Conclusion

Four different types of experiments were conducted to determine the tensile, compressive, and rolling shear strength of CLT specimen. For tension and compression, CLT samples were tested for both major and minor axis orientations. As expected, major axis samples demonstrated higher strength compared to minor axis. In tension, the difference between major and minor axes samples was 6.56%, while for compression this difference was found to be 31.39%. For rolling shear, the strengths obtained using the planar shear tests were found to be approximately 10%–20% lower than that calculated using theoretical method using the results from short span bending tests. A review of existing design equations to obtain tensile, compressive, and rolling shear strengths were presented, and it was revealed that the prediction accuracy varies greatly ranging from highly conservative, nearly accurate and over-predictive. As most of the available equations were developed from local species (Asian or European) and specific type of CLT specimen arrangements, these equations are mostly accurate within their corresponding scope. The current study modified the available equations for tensile and compressive strength predictions using data from European, Asian, and North American species based on non-linear regression. The accuracy of the proposed models was found to be 92% for tension and 82% for compression strength of CLT. Lastly, a relationship between rolling shear strengths obtained from planar shear test and short span bending test was established based on the experimental results of the current research and data reported in literature. Alike tensile and compressive predictions, this relationship also yielded 88% accuracy when used to predict rolling shear capacity based on the results from short span bending test.
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Table 3: Details of geometric dimensions of CLT specimens tested for tensile strength

Source Designation Axis Number of  Lamella Total Lamella Total
orientation specimens width width  thickness  depth
(mm)  (mm) (mm) (mm)
Ido et al. [7]- 5-5-Ma-150 Major 6 105.0 150.0 30.0 150.0
Japanese Sugi 5-5-Ma-300 6 105.0 3000 30.0 150.0
5-5-Ma-600 6 105.0 600.0 30.0 150.0
3-3-Ma 6 105.0 300.0 30.0 90.0
3-4-Ma 6 105.0 300.0 30.0 120.0
5-5-Ma 6 105.0 300.0 30.0 150.0
3-3-Mi Minor 6 105.0 300.0 30.0 90.0
3-4-Mi 6 105.0 300.0 30.0 120.0
5-5-Mi 6 105.0 300.0 30.0 150.0
Ogawa [30]-Hinoki  75-Ma Major 5 75.0 300.0 25.0 125.0
Cypress 105-Ma 5 105.0 300.0 25.0 125.0
124-Ma 5 124.0 3000 25.0 125.0
Current program- 20 x 60 x  Major 2 20.0 20.0 20.0 60.0
Norway Spruce 100-Ma
20 x 60 X Minor 3 20.0 20.0 200 60.0

100-Mi
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Table 8: Details of test results of CLT specimens tested for tensile strength using the methodproposed by Ido et al. [7] and based on standard
properties from codes

Source Designation Total Loioner 1 Loouter 1 fi0.k-outer. test  f,0.Lk-nner, test Aactual Atransiormed Awanstormed’  fLo.cLT, flociTmetitest MP2) R/ Rpped/
Nos. Agctmal netk-pred Ryt Ricstos
(GPa)  (GPa)  (MPa) (MPa) (mm?) (mm?) (MPa)  Mean 5% CoV  mean
percentile
Ido et al. [7]- 5-5-Ma-150 6 3.00 6.00 16.00 11.50 22500 11250 0.50 8.00 13.10 11.32 828 0.61 0.71
Japanese Sugi 5-5-Ma-300 6 3.00 6.00 16.00 11.50 45000 22500 0.50 8.00 12.70 11.07 781 0.63 0.72
5-5-Ma-600 6 3.00 6.00 16.00 11.50 90000 45000 0.50 .00 12.60 11.36 6.00 0.63 0.70
3-3-Ma 6 3.00 6.00 16.00 11.50 27000 18000 0.67 10.67  16.80 14.53 820 0.63 0.73
3-4-Ma 6 3.00 6.00 16.00 11.50 36000 18000 0.50 .00 12.00 10.10 9262  0.67 0.79
5-5-Ma 6 3.00 6.00 16.00 11.50 45000 22500 0.50 8.00 14.30 12.47 7.79 056 0.64
3-3-Mi 6 3.00 6.00 16.00 11.50 27000 9000 0.33 3.83 6.66 5.08 14.40 0.58 0.75
3-4-Mi 6 3.00 6.00 16.00 11.50 36000 18000 0.50 5.75 10.10 845 994 0.57 0.68
5-5-Mi 6 3.00 6.00 16.00 11.50 45000 18000 0.40 4.60 833 7.8 473 0.55 0.60
Ogawa [30]- 75-Ma 5 6.00 1200 25.00 16.00 37500 18750 0.50 12.50 1870 18.05 210 0.67 0.69
Hinoki Cypress 105-Ma 5 6.00 1200  25.00 16.00 37500 18750 0.50 1250 18.10 17.62 1.60  0.69 0.71
124-Ma 5 6.00 1200 25.00 16.00 37500 18750 0.50 1250 19.10 18.57 170 0.65 0.67
Current program- 20 x 60 x 2 11.00 11.00  14.00 14.00 1200 800 0.67 9.33 17.38 15.98 15.99 0.54 0.58
Norway Spruce 100-Ma
20x60x 3 11.00 11.00  14.00 14.00 1200 400 0.33 4.67 16.24 14.53 17.17 0.29 0.32

100-Mi

Weighted average 0.60 0.68
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Table 13: Prediction of tensile strength of CLT panels using the proposed method

Source Designation ~ Sample  fojiouer.  fLolkeinner, NLamella in ouer NLamella I in inner NLamella T in  Ksys, f00.cLTnet, flocttnetktest  Rpred/  Rpred/
Nos. code code layer layer wotal W kepred (MPa) Riesi. Ricsios
(MPa2) (MPa) (MPa) Mean 5™ e
percentile
Ido et al. [7]-Japanese 5-5-Ma-150 6 16.00 11.50 2.00 1.00 3.78 0.91 1041 13.10 11.32 0.80 0.92
Sugi 5-5-Ma-300 6 16.00 11.50 4.00 2.00 7.57 0.96 11.01 12,70 11.07 0.87 1.00
5-5-Ma-600 6 16.00 11.50 10.00 5.00 18.91 1.01 11.62 12.60 11.36 0.92 1.02
3-3-Ma 6 16.00 11.50 4.00 0.00 5.57 093 10.75 16.80 14.53 0.64 0.74
3-4-Ma 6 16.00 11.50 4.00 0.00 5.57 0.93 10.75 1200 10.10 0.90 1.06
5-5-Ma 6 16.00 11.50 4.00 2.00 7.57 0.96 11.01 1430 1247 0.77 0.88
3-3-Mi 6 16.00 11.50 0.00 2.00 2.00 0.59 6.76 6.66 5.08 1.01 1.33
3-4-Mi 6 16.00 11.50 0.00 4.00 4.00 0.66 7.55 10.10 8.45 0.75 0.89
5-5-Mi 6 16.00 11.50 0.00 2.00 2.00 0.59 6.76 833 7.68 0.81 0.88
Ogawa [30]-Hinoki 75-Ma 5 25.00 16.00 8.00 4.00 16.50 1.01 1e6.16 18.70 18.05 0.86 0.90
Cypress 105-Ma 5 25.00 16.00 4.00 2.00 8.25 0.96 15.43 18.10 17.62 0.85 0.88
124-Ma 5 25.00 16.00 4.00 2.00 8.25 0.96 1543 19.10 18.57 0.81 0.83
Current program-Norway 20 x 60 x 2 14.00 14.00 2.00 0.00 2.00 0.86 12,01 17.38 1598 0.69 0.75
Spruce 100-Ma
20 x 60 x 3 14.00 14.00 0.00 1.00 1.00 0.52 7.26 16.24 14.53 0.45 0.50

100-Mi
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Table 4: Details of geometric dimensions of CLT specimens tested for compression strength

Source Designation Axis Number of Lamella Total Lamella Inner Number Total
orientation specimens width ~ width thickness lamella  of layers depth
(mm) (mm) (mm) thickness (mm)
(mm)
Ohetal. 200 x 90 x Major 34 100.0 200.0 30.0 - 3 90.0
[9]- 400-Ma
Korean
Larch
Heetal. 80 x 80 x Major 10 80.0 80.0 35.0 - 5 175.0
[31- 175-Ma
Canadian g0 x 80 x  Minor 10 80.0 800 35.0 - 5 175.0
Hemlock 175.Mi
Pang L-3-90-Ma Major 30 90.0 90.0 30.0 30.0 3 90.0
etal. [10]- -5.120- 30 1200 120.0 30.0 20.0 5 120.0
Korean  pg
Larch 1 5_150. 30 1500  150.0 30.0 30.0 5 150.0
Ma
L-3-90-Mi  Minor 30 90.0 90.0 30.0 30.0 3 90.0
L-5-120-Mi 30 120.0 120.0 30.0 20.0 5 120.0
L-5-150-Mi 30 150.0 150.0 30.0 30.0 5 150.0
Pang P-3-90-Ma Major 30 90.0 90.0 30.0 30.0 3 90.0
etal. [10]- p_5-120- 30 120.0  120.0 30.0 20.0 5 120.0
Korean  pg
Pine
P-5-150- 30 150.0 150.0 30.0 30.0 5 150.0
Ma
P-3-90-Mi  Minor 30 90.0 90.0 30.0 30.0 3 90.0
P-5-120-Mi 30 120.0 120.0 30.0 20.0 5 120.0
P-5-150-Mi 30 150.0 150.0 30.0 30.0 5 150.0
Current 100 x 60 x Major 7 100.0 100.0 20.0 - 3 60.0
program- 200-Ma
Norway 100 x 60 x Minor 5 100.0 100.0 20.0 - 3 60.0
Spruce 200-Mi
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Table 9: Analytical prediction of compressive strength of CLT specimens using Unterwieser et al. [16]’s model provided m Lq. (6)

Source Designation  Total ~ fio1x Niamelta in outer layer  Ksys,  Karry kn, Koy e Km, fmoime {e0.C1 Tnet e-pred feo crmnetgetest (MP2)  Rpred/ Rpred’
Nos. (MPa) CLT  GLT cr  2swss% oot (MPa) (MPa) Reest-  Reestos
Mean 5"- CoV
percentile

Oh et al. [9]- 200 x90 x 34 7.40 2.00 1.03 094 1.05 2.54 2.60 12.90 12.90 38.70 36.85 396 033 035
Korean Larch 400-Ma

He et al. [3]- 80 x 80 x 10 6.20 1.00 1.00 0.94 098 2.54 2.35 10.14 10.14 1830 14.85 11.48 055 0.68
Canadian Hemlock 175-Ma

80 x 80 x 10 6.20 0.00 097 094 098 254 2.28 9.80 9.80 1440 11.77 11.11 0.68 0.83
175-Mi

Pang et al. [10]- L-3-90-Ma 30 8.20 3.00 1.07 094 105 254 2.68 1445 14.45 28.94 24.52 6.10 0.50 0.39

Korean Larch L-5-120-Ma 30 8.20 4.00 1.10 0.94 1.02 2.54 2.69 1448 14.48 29.47 2591 480 049 0.56

L-5-150-Ma 30 8.20 5.00 1.10 0.94 1.00 2.54 2.63 14.16 14.16 27.59 22.71 7.00 051 062

L-3-90-Mi 30 4.10 0.00 097 094 1.05 2.54 243 7.52 7.52 14.67 12.56 5.80 051 0.60

L-5-120-Mi 30 4.10 0.00 097 094 1.02 254 236 7.31 7.31 1422 11.16 9.00 051 065

L-5-150-Mi 30 4.10 0.00 097 094 1.00 2.54 231 7.15 7.15 18.96 16.05 6.10 038 045

Pang et al. [10]- P-3-90-Ma 30 6.00 3.00 1.07 094 1.05 254 2.68 1126 11.26 23.37 16.89 11.40 048 0.67

Korcan Pinc P-5-120-Ma 30 6.00 4.00 1.10 0.94 1.02 2.54 2.69 1128 11.28 22.39 16.33 11.20 0.50 0.69

P-5-150-Ma 30 6.00 5.00 .10 094 1.00 2.54 2.63 11.03 11.03 21.55 1843 5.80 051 0.60

P-3-90-Mi 30 240 0.00 097 094 105 254 243 490 4.90 10.25 7.21 12.80 0.48 0.68

P-5-120-Mi 30 2.40 0.00 097 094 1.02 254 2.36 4.76 4.76 11.16 8.92 8.10 043 053

P-5-150-Mi 30 2.40 0.00 097 094 1.00 2.54 2.31 4.66 4.66 13.41 10.16 9.90 035 046

Current program - 100 X 60 x 7 14.00 1.00 1.00 0.94 1.10 2.54 2.62 21.64 21.64 28.08 26.00 338 077 0383
Norway Spruce 200-Ma

100 x 60 x 5 14.00 0.00 097 094 1.10 254 2.53 2092 20.92 16.35 16.27 1833 1.28 1.29
200-Mi

Weighted 048 0.59

average
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Table 7: Analytical prediction of tensile strength of CLT specimens using Ido et al. [ 7] model usmg mechanical properties from experimental results

Source Designation  Total  Eoinner 11 Eo-outer 11 froticouter, test .0 k-inner, test  Aactual Atranstormed  Atransformed’  ft0.CLTnetkpred  fr0.CLTnetlctest (MP2)  Rpreg/ Rpred/
Nos. . . Y Y Aaﬁuml n Ries Rlcsl.OS
(GPa) (GPa) (MPa) (MPa) (mm~) (mm~) (mm?) (MP2a) Mean 57- CoV .
) percentile

Idoctal. [7]- 5-5-Ma-150 6 5.93 7.14 25.00 19.20 22500.00 1273739  0.57 14.15 13.10 11.32 828 1.08 125

Japanese Sugi 5.5 Ma300 6 5.93 7.14 25.00 19.20 45000.00 2547479 0.57 14.15 12.70 11.07 781 111 128
5-5-Ma-600 6 5.93 7.14 25.00 19.20 90000.00 50949.58  0.57 14.15 12.60 11.36 6.00 112 125
3-3-Ma 6 5.93 7.14 25.00 19.20 27000.00 18000.00  0.67 16.67 16.80 14.53 820 099 1.15
3-4-Ma 6 5.93 7.14 25.00 19.20 36000.00 18000.00  0.50 12.50 12.00 10.10 9.62 1.04 124
5-5-Ma 6 5.93 7.14 25.00 19.20 45000.00 25474.79  0.57 14.15 1430 12.47 779 099 1.14
3-3-Mi 6 5.93 7.14 25.00 19.20 27000.00 9000.00  0.33 6.40 6.66 5.08 1440 096 126
3-4-Mi 6 5.93 7.14 25.00 19.20 36000.00 18000.00  0.50 9.60 10.10 8.45 9.94 095 1.14
5-5-Mi 6 5.93 7.14 25.00 19.20 45000.00 18000.00  0.40 7.68 833 7.68 473 092 1.00

Ogawa [30]-  75-Ma 5 10.60 1290 3270 24.10 37500.00 21162.79 0.56 18.45 18.70 18.05 210 099 1.02

IC{mOkl 105-Ma 5 10.60 1290  32.70 24.10 37500.00 21162.79  0.56 18.45 18.10 17.62 1.60 1.02 1.05

Ypress

P 124-Ma 5 10.60 1290 3270 24.10 37500.00 21162.79  0.56 18.45 19.10 18.57 .70 097 099

Current 2060 x 2 11.00 11.00 14.00 14.00 1200.00  800.00 0.67 933 17.38 15.98 1599 054 0.58

program- 100-Ma

Norway 20%60%x 3 11.00 11.00 14.00 14.00 1200.00  400.00 0.33 4.67 16.24 14.53 17.17 029 032

Spruce L00-Mi

Weighted average 097 1.10
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Table 12: Analytical prediction of rolling shear strength using Ehrhart et al. [15] model for CLT specimens
tested for planar shear test setup

Source Designation Total ficiTirese W'l LotTkpred Rpredstest,
Nos. mean
(MPa) {MPa)
Zhouetal [12]-  No. 3 Grade-38 x89 12 1.09 2.78 1.03 0.95
Black Spruce
Gong et al. [31] Eastern SPF-2 x 4 10 0.92 3.51 1.25 1.36
Eastern SPF-2 x 6 10 1.29 4.07 1.40 1.09
Aspen 12 2.88 4.19 1.40 0.49
White birch 12 3.10 3.90 1.37 0.44
Yellow birch 12 2.66 3.40 1.22 0.46
Aicheretal [11] 100 x 35 x 135 45 5.50 1.93 0.78 0.14
Li[13]-NZ 20/20/20 30 1.98 8.25 1.40 0.71
Radiata Pine 35/35/35 30 245 471 140 0.57
Cao et al. [32]- NK 18 2.00 3.89 1.37 0.68
Yellow Pine DK 18 255 389 137 0.54
SK 18 2.48 3.89 1.37 0.55
Current program- 100 x 60 » 240 8 1.29 12.00  1.40 1.09

Norway Spruce

Weighted average 1.03
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Table 16: Comparison among various methods for compressive strength prediction

Source Designation Total Unterwieser Unterwieser Pang et al. [10]  Proposed method
Nos. et al. [16]-Eq. et al. [16]-Eq.
(16) an
Rpred/ Rpredd Rored!  Rpred/ Rpredd Rpre! Rpredd Rprod!
Reest- Riestos Riest- Reest,05 Riest- Reest,05 Reest- Reestos
Oh et al. [9]-Korean Larch 200 x 90 x 400- 34 0.33 035 082 086  0.20 021 052 0.55
Ma
He et al. [3]-Canadian Hemlock 80 x 80 x 175-Ma 10 0.55 0.68 1.84 227 086 .05 0.73 0.90
80 x 80 x 175-Mi 10 0.68 083 234 287  0.73 089 0.87 1.06
Pang et al. [10]-Korean Larch  L-3-90-Ma 30 0.50 0.59  1.53 1.80 135 1.60  0.81 0.96
L-5-120-Ma 30 0.49 056 154 175 1.22 139 083 0.95
L-5-150-Ma 30 0.51 0.62  1.65 201 114 1.38 091 1.10
L-3-90-Mi 30 0.51 0.60  3.01 352 1.04 122 074 0.86
L-5-120-Mi 30 0.51 0.65  3.19 406 1.08 137 085 1.08
L-5-150-Mi 30 0.38 045 241 284 097 1.14 065 0.77
Pang et al. [10]-Korean Pine ~ P-3-90-Ma 30 0.48 067 138 191 130 1.80  0.57 0.78
P-5-120-Ma 30 0.50 069 148 203 122 1.67 0.62 0.84
P-5-150-Ma 30 0.51 0.60  1.55 1.81  1.10 128  0.65 0.76
P-3-90-Mi 30 0.48 0.68 3.15 448 1.03 1.47 047 0.67
P-5-120-Mi 30 0.43 053 297 372 095 1.19 049 0.61
P-5-150-Mi 30 0.35 046 249 328 095 1.25 041 0.54
Current program-Norway 100 x 60 x 200- 7 0.77 083 083 090 0.50 054 077 0.83
Spruce Ma
100 % 60 x 200-Mi 5 1.28 129 132 133 043 043 1.09 1.10

Weighted average 0.48 059 2.05 256 1.01 126 067 0.82
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Table 11: Analytical prediction of compressive strength of CLT specimens using Pang et al. [ 0] model

Source Designation  Total Inner parallel layer Outer parallel layer ZAE/  Pimin  fo.CiTnet, £ .01 Tnet k-test Ryred/ Rpred/
Nos. AiEi k-pred Rlesl-mean RtesLOS
Lamella f.ou Lo Lamella £ Eip &N)  (MPa) (MPa)
Nos.
(MPa) (MPa) (MPa) (MPa) Mean 5™- CoV
percentile
Oh ct al. [9]-Korcan 200 x 90 x 34 0.0 11.7  11000.0 2.0 1.7 11000.0 2.0 14040 7.80 38.70 36.85 3.96  0.20 021
Larch 400-Ma
He et al. [3]-Canadian 80 x 80 x 10 0.0 261 107665 3.0 261 107665 3.0 21924 15.66 18.30 14.85 1148 0.86 1.05
TTemlock 175-Ma
80 x 80 x 10 20 261 107665 0.0 26.1 107665 2.0 146.16 10.44 14.40 11.77 111 0.73 0.89
175-Mi
Pang et al. [10]- L-3-90-Ma 30 0.0 459  8000.0 2.0 58.8 120000 2.0  317.52 39.20 28.94 24.52 6.10 1.35 1.60
Korean Larch L-5-120-Ma 30 1.0 459 80000 2.0 58.8 120000 2.4 517.44 35.93 29.47 2591 480 122 1.39
L-5-150-Ma 30 1.0 459  8000.0 2.0 58.8 120000 2.7 705.60 31.36 27.59 22.71 7.00 1.14 1.38
L-3-90-Mi 30 1.0 459 80000 0.0 459 80000 1.0 123.93 15.30 14.67 12.56 580 1.04 122
L-5-120-Mi 30 2.0 459  8000.0 0.0 459 80000 2.0 22032 15.30 1422 11.16 900 1.08 1.37
L-5-150-Mi 30 20 459  8000.0 0.0 459 80000 20  413.10 18.36 18.96 16.05 6.10  0.97 1.14
Pang et al. [10]- P-3-90-Ma 30 0.0 317 6000.0 2.0 455 10000.0 2.0 24570 30.33 23.37 16.89 11.40 130 1.80
Korean Pine P-5-120-Ma 30 1.0 317 6000.0 2.0 455 10000.0 2.4  393.12 27.30 2239 1633 1120 1.22 1.67
P-5-150-Ma 30 1.0 317 60000 2.0 455 10000.0 2.6 53235 23.66 21.55 1843 580 110 1.28
P-3-90-Mi 30 1.0 317 6000.0 0.0 455 100000 1.0 8559 10.57 1025 7.21 12.80 1.03 147
P-5-120-Mi 30 2.0 31.7  6000.0 0.0 455 10000.0 2.0 152.16 10.57 11.16 8.92 8.10  0.95 1.19
P-5-150-Mi 30 20 31.7  6000.0 0.0 455 100000 2.0 28530 12.68 13.41 10.16 990 0.95 1.25
Current program- 100 x 60 x 7 0.0 21.0  11000.0 2.0 21.0 110000 2.0  84.00 14.00 28.08 26.00 338  0.50 0.54
Norway Spruce 200-Ma
100 <60 x 5 1.0 21.0 110000 0.0 21.0 110000 1.0 4200 7.00 16.35 16.27 18.33 0.43 0.43
200-Mi
Weighted 1.01 1.26

average
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Table 1: Typical strength properties of the CLT specimen from literature and manufacturer’s datasheet

Specimen type Grade Property type Symbol Value Unit
Single lamella T14/C24 Bending strength o 24 MPa
Density p 470 kg/m®
Modulus of elasticity under tension
Parallel to the grain E, 12000 MPa
Perpendicular to the grain Eop 370 MPa
Tensile strength
Parallel to the grain Jo 14 MPa
Perpendicular to the grain Jio0 0.4 MPa
Compressive strength
Parallel to the grain Jeo 21 MPa
Perpendicular to the grain Je00 5.3 MPa

Shear strength Sk 2.5 MPa
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Table 6: Analytical prediction of tensile strength of CLT specimens using Unterwieser et al. [16] model

Source Designation Total fio1xc N Kgsto fio.cLTnetkopred f 0,CT T netk-test Ropred/ Ropred/
Nos. (MP2) (MPa) (MPa) Riestmean Riest0s
Mean 5%- CoV
percentile
Ido et al. [7]- 5-5-Ma-150 6 16.0 3.0 1.082 17.3 13.1 11.3 8.28 1.32 1.53
Japanese Sugi 5-5-Ma-300 6 160 60 1.134 182 127 111 781 143 1.64
5-5-Ma-600 6 16.0  15.0 1.200 19.2 12.6 114 6.00 1.52 1.69
3-3-Ma 6 16.0 4.0 1.104 17.7 16.8 14.5 820 1.05 1.22
3-4-Ma 6 16.0 4.0 1.104 17.7 12.0 101 9.62 1.47 1.75
5-5-Ma 6 16.0 6.0 1.134 182 143 125 7.79 127 1.46
3-3-Mi 6 115 2. 1.052 121 6.7 5.1 14.40 1.82 2.38
3-4-Mi 6 11.5 4.0 1.104 127 10.1 84 994 1.26 1.50
5-5-Mi 6 11.5 6.0 1.134 13.0 8.3 7.7 4,73  1.57 1.70
Ogawa [30]-Hinoki  75-Ma 5 250 12.0 1.186 38.8 18.7 18.1 2,10 2.07 2.15
Cypress 105-Ma 5 250 6.0 1.134 371 18.1 17.6 1.60 2.05 2.10
124-Ma 5 250 6.0 1.134 371 19.1 18.6 1.70  1.94 2.00
Current program- 2060 5 14.0 2. 1.052 14.7 293 16.0 1599 0.50 0.92
Norway Spruce 100-Ma
20 60x 4 140 1.0 1.000 14.0 21.6 145 17.17 0.65 0.96
100-Mi
Weighted 1.50 1.69

average
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Table 17: Performance of proposed method Fq. (21) to predict rolling shear strength

Source Designation Total f.crrieest foorrksar Wit frormie s frnorTiopred Rpred/
Nos. (MPa) (MPa) frortiesar  (MPa) Ricest
Zhou et al. [12]- No. 12 1.09 1.61 278 0.68 1.64 1.50
Black Spruce 3 grade-38
x 89
Li[13]-NZ 20120120 30 198 1.38 825 1.43 1.94 0.98
Radiata Pine 353535 30 245 1.82 471 135 1.72 0.70
Caoetal [32]- NK 18 2.00 1.77 3.89 1.13 1.68 0.84
Yellow Pine DK 18 255 1.89 3.89 1.35 1.64 0.64
SK 18 248 1.89 3.89 1.31 1.64 0.66
Current program- 100 x 60 x 8 1.29 2.93 12.00 0.44 1.71 1.33

Norway Spruce 240

Weighted average 0.88
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Table 15: Prediction of compressive strength of CLT using proposed method

Source Designation Total Niametta 11in ower feotk Niametta mininner froee Niametta no p fronx  feocrmme, foocimnetitest  Rpred! Rpred/
Nos. layer outer layer inner . total k-pred thst- Rlesl,05
(MPa) (MPa) Kg/ (MPa) (MPa) (MPa) mean
m’) )
Mean 5™-
percentile
Oh et al. [9]-Korean 200 x 90 x 34 4.0 7.40 0.0 7.40 4.0 560.0 7.40 2031 38.70 36.85 052 055
Larch 400-Ma
He et al. [3]-Canadian 80 x 80 x 175- 10 2.0 6.20 1.0 6.20 3.0 460.0 620 1343 18.30 14.85 073 090
Hemlock Ma
80 x 80 x 175- 10 0.0 6.20 2.0 6.20 2.0 460.0 620 12.50 14.40 11.77 0.87 1.06
Mi
Pang et al. [10]-Korean  L-3-90-Ma 30 6.0 8.20 0.0 4.10 6.0 560.0 8.20 23.55 28.94 2452 0.81 0.96
Larch L-5-120-Ma 30 8.0 8.20 4.0 4.10 10.0 560.0 8.20 24.60 29.47 2591 0.83 095
L-5-150-Ma 30 10.0 8.20 5.0 4.10 12.5 560.0 820 24.98 27.59 22.71 091 1.10
L-3-90-Mi 30 0.0 8.20 3.0 4.10 3.0 560.0 4.10 10.81 14.67 12.56 074 086
L-5-120-Mi 30 0.0 8.20 8.0 4.10 8.0 560.0 4.10 12.09 14.22 11.16 0.85 1.08
L-5-150-Mi 30 0.0 8.20 10.0 4.10 10.0 560.0 4.10  12.30 18.96 16.05 065 077
Pang et al. [10]-Korean  P-3-90-Ma 30 6.0 6.00 0.0 2.40 6.0 430.0 6.00 13.23 23.37 16.89 0.57  0.78
Pine P-5-120-Ma 30 8.0 6.00 4.0 2.40 9.6 430.0 6.00 13.78 22.39 16.33 0.62 0.84
P-5-150-Ma 30 10.0 6.00 5.0 2.40 12.0 430.0 6.00 14.00 21.55 1843 0.65 0.76
P-3-90-Mi 30 0.0 6.00 3.0 2.40 3.0 430.0 2.40 4.86 1025 7.21 047 067
P-5-120-Mi 30 0.0 6.00 8.0 240 8.0 430.0 240 543 11.16 8.92 049  0.61
P-5-150-Mi 30 0.0 6.00 10.0 2.40 10.0 430.0 2.4 5.53 13.41 10.16 041 054
Current program-Norway 100 x 60 x 7 2.0 14.00 0.0 14.00 2.0 350.0 14 21.48 28.08 26.00 0.77 083
Spruce 200-Ma
100 x 60 x 5 0.0 1400 1.0 1400 1.0 350.0 14 17.89 16.35 16.27 1.09 1.10
200-Mi
Weighted 067 0382

average
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Table 2: Details of test results of CLT specimens tested under current program

Test type Designation Axis Total Strength (MPa)

orientation  Nos.
Mean CoV  5th Percentile

(%) {(=Mean — 1.645
x Std Dev)

Tension 100 % 20 x 60-Ma Major 2 17.38 892  14.83
100 x 20 x 60-Mi Minor 3 16.24 1447 12.37

Compression 200 x 100 x 60-Ma Major 7 28.86 3.38  27.26
200 x 100 x 60-Mi Minor 5 19.80 18.33 13.83

Rolling shear strength

Planar shear experiment 240 x 100 x 60 Major 8 1.29 407 1.20

Out-of-plane bending

experiment

ASTM D198 standard 273 440 253

Modified y-method . 249 442 2.31

) 525 x 200 x 60 Major 5
Timoshenko beam theory 252 437 234

Shear analogy method 293 444 272
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Table 10: Analytical prediction of compressive strength of CLT specimens using Unterwieser et al. [16]
model provided in Eq. (7)

Source Designation Total P NLamina in outer layer ch.CLT,nct.k- ft,O,CLT.nct.k—tcs[ Rprcd/ Rprcd/,
Nos. pred Rresr-mean Rtest.OS
(lkg/m”) (MPa) (MPa)
Mean 5"- CoV
percentile
Ohetal. [9]- 200 x 90 x 400- 34  430.00 4.00 31.67 38.70 36.85 3.96  0.82 0.86
Korean Ma
Larch
Heetal. [3]- 80 x 80 x 175-Ma 10  460.00 3.00 3375 18.30 14.85 1148 1.84 227
Canadian g g0 x 175:Mi 10 460.00 3.00 33.75 14.40 11.77 11.11 2.34 2.87
Hemlock
Pang etal.  L-3-90-Ma 30 560.00  6.00 44.21 28.94 24.52 6.10 1.53 1.80
[Lm]'}lfomn L-5-120-Ma 30 56000 12.00 4536 2947 2591 480 154 175
ArC)
L-5-150-Ma 30 560.00 15.00 45.65 27.59 22.71 7.00  1.65 2.01
L-3-90-Mi 30 560.00  6.00 44.21 14.67 12.56 580 3.01 3.52
L-5-120-Mi 30 560.00  12.00 45.36 14.22 11.16 9,00 3.19 4.06
L-5-150-Mi 30 560.00  15.00 45.65 18.96 16.05 610 2.41 2.84
Pang etal.  P-3-90-Ma 30 43000 6.00 3232 23.37 16.89 1140 1.38 1.91
E_OJ'KOfea“ P-5-120-Ma 30 43000 12.00 33.14 2239 1633 1120 1.48 2.03
1n
¢ P-5-150-Ma 30 43000 15.00 33.34 2155 18.43 580 1.55 1.81
P-3-90-Mji 30 43000  6.00 32.32 1025 7.21 12.80 3.15 448
P-5-120-Mi 30 43000 12.00 33.14 1116 8.92 810 297 3.72
P-5-150-Mi 30 43000 15.00 33.34 13.41 10.16 9.90 2.49 3.28
Current 100 x 60 x 200- 7 350.00  2.00 2337 28.08 26.00 338 0.83 0.90
program- Ma
Norway 100 x 60 x 200- 5 350.00  1.00 21.62 16.35 16.27 18.33 1.32 133
Spruce Mi

Weighted average 2.05 2.56
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Table 5: Details of geometric dimensions of CLT specimens tested for planar shear strength

Source Designation Number Lamella Total Lamella Total Length
of width  width thickness depth (mm)
specimens (mm) (mm) (mm) (mm)
Zhou et al. [12]-Black  No. 3 grade-38 x 89 12 89.0 89.0 32.0 32.0 450.0
Spruce
Gong et al. [31] Eastern SPF-2 x4 10 87.7 87.7 37.7 104.5 265.0
Eastern SPF-2 x 6 10 85.4 854 340 101.3 277.0
Aspen 12 99.5 99.5 334 133.7 280.0
White birch 12 105.1 105.1 34.0 101.7 265.0
Yellow birch 12 86.1 86.1 37.5 104.5 255.0
Aicher et al. [11] European beech 45 100.0 100.0 35.0 350 135.0
Li [13]-NZ Radiata Pine 20/20/20 30 50.0 50.0  20.0 60.0 165.0
35/35/35 30 50.0 50.0 35.0 105.0 165.0
Cao et al. [32]-Yellow NK 18 136.0  342.0 350 105.0 342.0
Pine DK 18 136.0  342.0 350 105.0 342.0
SK 18 136.0 136.0 35.0 105.0 342.0
Current program- 100 x 60 x 240 8 100.0 100.0 20.0 60.0 240.0

Norway Spruce
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Table 14: Comparison among various methods for tensile strength prediction

Source Designation Total  Unterwieser Ido etal. [7]- Ido etal. [7]- Proposed
Nos. etal [16] tested standard method
properties properties
Rpred/  Rpred/ Rored!  Rpred/ Rpred!  Rpred/ Rpred/  Rpred/
Riest Rtest,os Riest Rtest,OS Riest- Rtest,os Riest Rtest,os
mean mean mean mean
Ido et al. [7]- 5-5-Ma-150 6 1.32 1.53  1.08 1.25  0.61 071 080 0.92
Japanese Sugi  5.5.Ma-300 6 1.43 1.64 1.11 128 063 072 0.87 1.00
5-5-Ma-600 6 1.52 1.69 1.12 125 063 070 092 1.02
3-3-Ma 6 1.05 1.22  0.99 1.15 063 073 064 074
3-4-Ma 6 1.47 1.75 1.04 1.24 067 079 090 1.06
5-5-Ma 6 1.27 146 0.99 1.14 056 064 077 0.88
3-3-Mi 6 1.82 238 0.96 126 058 075 101 1.33
3-4-Mi 6 1.26 1.50 095 1.14 057 068 075 0.89
5-5-Mi 6 1.57 1.70  0.92 1.00 055 060 0.81 0.88
Ogawa [30]- 75-Ma 5 207 215 099 1.02 067 069 086 0.90
Hinoki Cypress 105:Ma 5 205 210 102 105 069 071 085 0.88
124-Ma 5 194 200 097 099 065 067 0.81 0.83
Current 20x60x 2 085 092 054 0358 054 058 069 075
program- 100-Ma
Norway Spruce 20 x 60 x 3 086 096 029 032 029 032 045 030
100-Mi
Weighted average 1.50 1.69 097 .10 0.60  0.68 0.81 0.92






