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1 Background and objective

Tall buildings need to bear high horizontal loads, particularly from wind and seismic loading. Apart
from shear stresses, these loads are generating vertical forces in the bracing elements of such build-
ings. In steel and concrete structures, vertical tension loads are transferred by reinforcement bars,
prestressing tendons, or the steel structure itself. As timber structures feature a comparatively low
self-weight to counterbalance vertical tension forces and are typically made up of a relatively large
number of single elements, a rather large quantity of fasteners such as screws or dowels is required
to transfer the vertical tension forces.

This led to the idea of introducing vertical prestressing elements in order to counterbalance these
tension forces. With this system, the horizontal joints only have to bear compression and shear
stresses, which are easier to handle and enable the use of e. g. form-fitting connections without ad-
ditional fasteners.

For the application of this system, it needs to be clear how a concentrated in-plane load introduced
by the anchorage of a prestressing tendon into the CLT-panel distributes downwards. In addition, the
creep behaviour of CLT loaded under in-plane compression loads is a prerequisite for the application
of such systems. The objective of the project described in the following was to contribute answers to
these two questions, based on experimental tests and parameter studies.

2 Load distribution in-plane

2.1 Definition of the load distribution angle

A single in-plane load on the narrow edge of an orthotropic plate distributes downwards in a nonlin-
ear manner, governed by several material and geometric parameters. The bearing force on the bot-
tom edge or any horizontal section is distributed in a bell-shaped curve, whose integral over the hor-
izontal length represents the single load applied on the top (Fig. 1 left). For engineering applications
(e. g. steel, concrete, masonry) it is widely accepted common practice, to assume a linear distribution
over a certain horizontal length, which is normally defined by a fixed angle of load distribution for
each material (e. g. 30° for (any type of) masonry, up to 45° for concrete or steel). (Wallner-Novak et
al. 2018) recommend an angle of 25° for CLT with 33 % cross-layer proportion, and indicates a range
between 15° and 45° between 0 % and 100 % cross-layer proportion.

The approach presented in this paper uses a calculated, respectively measured total width of load
distribution (until the strain curve converges to zero), then cuts off 5 % of the integral, and calculates
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the angle of load distribution to the point, at which 95 % of the force are covered (Fig. 1 left). The
width of the strain distribution was firstly calculated by an FE-parameter study (Westermayr 2016),
and subsequently verified by mechanical tests in a specialized test setup.
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Figure 1 left: definition of the load distribution angle a, right: specimen placed in the test setup

2.2 Parameter Study

A parameter study was realized by means of a FE-model to determine the influence of the parameters
on the load distribution angle: narrow face bonding, cross layer proportion, variability of material
properties, range of mechanical material parameters, the position of the load application and the
height/width proportion of the CLT-element. With the 3-D model, the bearing force of each configu-
ration was calculated and plotted on a diagram over the length of the linear support at the bottom
edge. This enabled the calculation of the load distribution angle for each set of parameters.

The model was a volume model representing single boards, which were defined with the material
properties shown in table 1. The gaps between single boards were set with a width of 2 mm, the
supports were defined as rigid nodal supports, and the FE-mesh featured a squared mesh width of
20 mm (Fig. 2 left). A typical load distribution diagram is shown in Fig. 2 right, similar diagrams where
derived for all parameters mentioned above.
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Figure 2 left: FE-model, deformation u,, right: diagram of load distribution with different cross layer proportions (Westermayr 2016)
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Table 1 Material properties for the FE-model, according to (Neuhaus 2009)

E-modulus [N /mm?] ‘ Shear-modulus [N /mm?] ‘ Poisson ratio
L R T LR TR TL LR TR TL
10.000 800 450 600 40 650 0,027 0,6 0,033

The following conclusions from the parameter study can be drawn:
e The cross layer proportion has a significant influence on the width of the load distribution

¢ Narrow-face bonding leads to a smoother strain distribution, and in total to an increase of the load
distribution angle of 2° to 3°

e The poisson ratio and varying material properties show a very low influence
e The wall height in a typical range from 2 m to 5 m has a very small influence

¢ The board width was 160 mm, broader boards lead to broader load distribution angles, the maxi-
mum is identical with the values for narrow face bonded CLT

e The bottom support was ideally rigid. This can never be achieved in practice, leading to broader
distributions as calculated.

e Theangle of load distribution, taking into account all models and parameters, ranged between 21°
(10 % cross layer proportion) and 28 ° (50 % cross layer proportion)

2.3 Experimental investigation
2.3.1 General

To verify and calibrate the results from the FE-model, a series of mechanical tests was conducted.
The objective was to measure the force per unit length along the bottom edge of a CLT-plate, which
was loaded on the upper edge by a concentrated in-plane load.

2.3.2 Test setup

The measurement of the force per unit length at the bottom of the CLT-panel was done by placing it
on a specially designed steel beam, which was equipped with 56 vertically oriented strain gauges.
The steel beam was slotted into single elements, featuring 50 mm horizontal length in the middle
and 100 mm on the sides of the beam (Fig. 3). The strain gauges provided the vertical compression
strain in these elements, which could be converted into compression stress in the steel, correspond-
ingly the force per unit length in the contact line between steel and CLT, and thus the stresses and
distribution of stresses in the CLT-element. All strain gauges were calibrated after application to the
beam by applying compression strain by calibrated test equipment and verifying the correct readings.

The steel beam was supported sidewise by two steel beams in order to prevent possible lateral de-
flection, and placed on the concrete floor of the laboratory in a thin layer of high-strength cement
grouting to achieve the highest possible vertical stiffness. The joint between steel and CLT was
smoothed accordingly with a thin (= 1 mm) layer of cement grouting, to ensure a full surface contact
regardless to minor unevenness.
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Figure 3 left: steel beam as measurement device, right: detail of single elements with strain gauge

Three different CLT-layups where used, featuring five or seven layers, total thicknesses from 150 to
200 mm, and a proportion of cross layers from 25 % to 40 %. The CLT-elements were not-narrow-
face-bonded, graded as C24, and featured a height of 750 respectively 1500 mm, and width of 2000
mm. The load was applied in three steps from 5 N/mm? to 15 N/mm? on the CLT-layers with vertical
orientation, by a steel plate of 300 mm length and a force controlled hydraulic cylinder (Fig. 1 right).

2.3.3 Test results

The measured strain and derived mechanical stress distribution showed a bell-shaped curve, as ex-
pected with the maximum value in the symmetry line of the load application (Fig. 4 left). This result
fitted well with the derived load distribution angle from the results of the FE-model. The strain was
plotted over the bottom length, and then a gaussian bell curve fitted to the measurements with the
least square method. To this curve the same 95 % rule as used in the FE-study was applied, and the
resulting angle calculated. This angle showed a range from 21° at 25 % cross layer proportion, to
23,2° at 40 % cross layer proportion (Fig. 4 right).
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Figure 4 left: measured data and curve fit (40 % cross-layer-proportion), right: comparison between FE-model and test results

2.4 Conclusion

The angle of load distribution in CLT panels is primarily dependent on the bonding of the narrow
faces, the width of the single boards, the height of the CLT-element, the proportion of cross layers,
the wall height, and the stiffness of the contact surface at the bottom edge. Finite-Element studies
as well as mechanical tests showed, that a single load applied on the narrow edge of a CLT panel
distributes downwards in an angle of 21° to 28°. For practical engineering use, the assumption of this
angle to 25° and a linear strain distribution in any horizontal section appears justified for CLT-walls
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up to 5 m height, with or without narrow face bonding, and a cross layer proportion of at least 20 %.
This simplified assumption takes into account, that the bottom contact surface in any application of
CLT in reality is not “ideally stiff” but always featuring a certain flexibility in z-direction. This leads to
a broader distribution of load, and therefore to lower compression stresses as calculated theoreti-
cally. Furthermore, the distribution is always nonlinear, with its peak level normally in the centre line
under the load application. The approach suggested in this paper uses a linear load distribution, and
consequently underestimates the maximum value in the centre. Such an approach is widely used and
well established in engineering practice for typical structural materials (masonry, concrete, steel),
some of which show typical brittle failure behaviour. The authors consider this approach to be ap-
propriate for CLT as well, bearing in mind its ability for elastic-plastic redistribution of loads to lower
stressed regions within the panel under in-plane loads. In addition, the verification against buckling
of 2-dimensional CLT panels is typically on the safe side when it is realized as uniaxial verification on
a “representative 1-m-strip” e. g. with the equivalent member method.

Regarding the question of standardisation it may be taken into account that practice asks for calcu-
lation methods as manageable, less error-prone and less time-consuming as possible. More detailed
approaches may be more accurate in some cases, but tendency for misinterpretation or disapproval
of practice is higher due to reasons of time and qualification of engineers.

3 Creep behaviour of CLT under compression stresses in plane

3.1 Influencing factors

The creep behaviour of timber is mainly dependent on the type of mechanical stresses (bending,
shear, tension, compression), size, type and grade of specimens, moisture content and changes in
moisture content and load level. In particular the ambient conditions and resulting changes in timber
moisture content contribute a large share to the long-term behaviour, generally intensified with re-
duction of size of specimens. The type of processing, respectively the type of the final timber product
is relevant as well, as influences like grading, cut type, thickness of lamellas and added glue may add
additional uncertainty and statistic scatter to any mathematical prediction of the creep behaviour.
Due to this broad range of parameters, tests results and — to an even higher extent — extrapolated
final creep ratios found in literature show an extensive variety.

3.2 Literature und existing test results

Most creep tests described in literature where realized as bending tests in different setups, often
with rather small specimens and in some cases from ungraded timber.

Literature on creep tests can be roughly divided into two areas of interest: The first group is repre-
sented by the creep behaviour of bending beams, which are loaded by quasi-permanent loads per-
pendicular to the longitudinal axis. Depending on the geometry, different proportions of tension,
compression and shear stresses result in this type of specimen, and lead to corresponding creep be-
haviour. Consequently, deflections perpendicular to the longitudinal axis where measured over time
(e. g. (Gressel 1983), (Rautenstrauch 1989), (Jobstl et al. 2007)). The second group is represented by
creep and load carrying capacity tests with slender compression members. This research intended to
investigate, describe and predict the long-term-load capacity in terms of a possible stability failure
due to increasing strain induced by second order effects. Usually, the specimens where loaded with
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combined compression and bending strain, and different imperfections where applied. The meas-
ured parameter was normally the deflection perpendicular to the member’s axis, similarly to the
method known from bending tests. ((Hartel 2000), (Becker 2002), (Hartnack 2004), (Morlier 2007),
(Moorkamp et al. 2001))

Unfortunately, especially in older literature, the load levels were often not specified. This makes it
difficult to compare tests results, and to draw conclusions on the behaviour of real-size CLT from
graded and kiln-dried boards loaded in compression. Some scientific evidence (Glos et al. 1987), (BlaR
1988) suggests, that creep test results from bending, or combined bending and compression may not
fit to the creep behaviour of timber under pure compression load. For a realistic design of prestressed
timber members, the creep behaviour in longitudinal direction is the only relevant parameter for the
prediction of losses in prestressing force. The question of stability, or respectively long term load
carrying capacity is to be answered in an additional second step, by using creep values derived from
bending tests as mentioned above.

On this basis, a specific series of creep tests in different load grades and climate conditions was real-
ized, to get more specific results for the application “CLT under longitudinal compression”.

33 Experimental test setup

3.3.1  General layout

The test series consisted of seven creep tests, with three different load levels and three different
climate conditions (Table 2). All test specimens where made of 5-layered CLT, without edge bonding,
featuring a length of 8,0 m and a width of 150 mm (Fig. 5 and Fig. 6). The CLT was made of spruce,
graded as CL24, and retrieved from the normal production line of Zublin Timber GmbH in Aichach,
Germany. The average density was 440 kg/m?>, the timber moisture content was u = 10,8 %. No ab-
normal visual characteristics or damages were observed, the precision of machining, gluing and
straightness was as planned and ordered.

Hinged support, welded to the steel beam

CLT specimen Buckling support, moveable Moveable support

Tendon anchorage and measuring

Steel beam 8000 devices

Figure 5 General layout of the test setup

The compression stress applied to the longitudinal lamellas was 5, 10 and 15 N/mm?. The compres-
sion force was applied by a single unbonded monostrand tendon St 1660/1860, Ap = 150 mm?, which
was inserted in a centric slot of 34 x 34 mm? (Fig. 6 left). This slot was applied during production of
the panels by adding and later removing corresponding spacers. This method is described in detail in
(Grafe et al. 2018). The specimens were placed in pairs on a steel beam, which was equipped with
welded-on hinged and moveable supports. One side of each specimen was fixed against the steel
beam, while the other end was able to move freely in longitudinal direction. The moveability of the
supports was ensured by roller bearings, and partly PTFE-sheating between timber and steel. This
setup ensured that the steel beam was free of any force resulting from deformations of the timber,
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and that the measured force was completely transferred by the corresponding specimen. The dis-
tances of the lateral supports were calculated as to prevent buckling in any direction, and were set
to 4,0 m for the specimens type A, and 2,0 m for the specimens type B and C (Fig. 5 and 6 left).
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Figure 6 left: view of specimen B2 and C2 at the outdoor test location, right: cross sections of test types A, B, C
3.3.2  Prestressing process

Each tendon, resp. specimen, was prestressed to approximately 220 kN by a hand-driven hydraulic
jack. After the wedges were driven into their seats and the hydraulic pressure released, the force
dropped to the Pmo value, which was between 203 kN and 210 kN. During the prestressing process
the deformations and forces where measured, allowing to subsequently calculating the individual
modulus of elasticity of each specimen (Table 2).

Table 2 Specimen properties, prestressing forces, deformations and calculated modules of elasticity

Test No. A1l Al2 B1 B2 c1 C2 C3
Prax [KN] 220,0 221,0 222,0 221,5 222,9 220,5 222,5
Ppo [EN] 203,7 206,5 207,7 209,5 210,3 208,22 210,5
U [mm] @ Py 4,40 3,76 7,65 7,40 9,91 10,10 11,02
E [N/mm?] 9.379 11.083 11.292 12.738 12.738 11.466 11.466
o, [N/mm?] 5,0 5,0 10,0 10,0 15,0 15,0 15,0
Aper [mm?] 39.644 39.644 19.244 19.244 13.328 13.328 13.328
0c/feomean [%0] 14 14 28 28 42 42 42
Climate type (see.3.4) 1 1 1 2 1+3 2 3
Duration [h] 1.400 1.400 2.000 9.800 9.800 9.800 7.300

3.3.3  Measuring systems — force, ambient conditions, deformation

In climate 2, the measurements of tendon force, ambient conditions, the material temperatures of
the CLT specimen and the supporting steel beam and deformation of the specimens were realized
electronically by means of load cells (500 kN Type 722, Induk GmbH), relative humidity and air tem-
perature sensors from the modularized programmable e Tinkerforge System, and inductive displace-
ment sensors. The deformation of the specimens in climate 1 and 3 (laboratory at TUM) was meas-
ured by mechanical gauges (Fig. 7). Both the inductive sensors and mechanical gauges had an accu-
racy of 1/100 mm, while the load cell had a guaranteed accuracy of + 1 %.
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Figure 7 left: detail drawing of measuring devices, middle: cross section type A, right: side view of measuring devices
3.3.4  Measuring systems — timber moisture content

The timber moisture content for the specimens in climate 1 and 3 was measured continuously with
the electric resistance method and permanently installed electrodes. The applied method and tech-
nical equipment was identical with the systems described in (Dietsch et al. 2015). (Mugrauer GmbH,
Gigamodul and Softfox software). Eight pairs of electrodes where applied in depths from 15 mm, 25
mm, 40 mm and 70 mm at representative locations throughout the specimens. Representative tim-
ber moisture contents are plotted over time in fig. 9 left.

The timber moisture content of specimen B2 and C2 in the outdoor test in Aichach was measured at
least every four weeks by a hand-held electric resistance-type measuring device (Type GANN Hy-
dromette RTU 600), at eight permanently installed pairs of electrodes in 15 mm and 25 mm depth.

3.4 Ambient climate conditions

3.4.1  Types of climate

Three different climate conditions where used: a constant climate of 20° C and 60 % RH (Climate 1),
the natural outdoor climate in Aichach, southern Germany (Climate 2), and a climate cycle with
weekly changes between 40 % and 90 % RH (Climate 3).

3.4.2 Climate 1

The tests were performed in the timber test laboratories of TUM, in which relatively constant ambi-
ent conditions are ensured by a heating and air moisturising system. Slight variations in the climate
conditions typically occur by the occasional opening of windows and entrance gates, and by the in-
fluence of the outdoor air temperature in summer as no cooling system is installed.

3.4.3 Climate 2

The location was a rain-sheltered, shady place in an all-side open storage shed in Aichach, Germany
(48°26'29.2"N 11°07'11.0"E, fig. 6 left). The described test period lasted from May 2017 to June 2018,
the climate was typical for the region of southern Germany. The measured relative humidity and
temperature is shown together with the Savitzky-Golay-filtered data in fig. 8. The filtered relative
humidity ranged from approximately 60 % RH to 90 % RH, while the according temperature range
was — 3 °Cto 22 °C (Fig. 8).
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Figure 8 Air temperature (left) and relative humidity (right) in Aichach, Germany from May 2017 to May 2018 (Climate 2)
3.4.4 Climate 3

After the tests in constant climate 1 conditions where finished, the test setup in the laboratory was
encased with plastic sheeting, followed by the placement of a customary ultrasonic air humidifier and
a condensation dryer inside. This machinery was fitted with integrated sensors and controllers, which
kept the conditions automatically at the preselected values. The volume of the casing was approxi-
mately 10 m3, which was constantly circulated by an electric fan with a capacity of 125 m3/h to ensure
even conditions within the whole volume. As the temperature in the laboratory was conditioned to
a relatively constant level, the temperature in the test casing remained constant as well at any hu-
midity conditions inside. The climate cycles consisted of four dry (40 % RH) and four wet (90 % RH)
7-day phases, followed by a four-week wet, and a five week dry phase. The measured relative humid-
ity over time is shown in fig. 9 left, together with the intended nominal values. Before and after the
cyclic changes the conditions were constant as described for climate 1. Some scattering occurred
around 2.000 h due to testing procedures of the air conditioning machinery.
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Figure 9 Relative humidity (left) and measured timber moisture content (right) in climate 3

3.5 Modelling of creep deformations

3.5.1  Calculation method for creep deformations

The reading of the gauges, respectively of the inductive deformation sensors show the superposition
of influences from creep, shrinkage, swelling, variations in tendon force and temperature. To derive
the desired creep deformation, the gauge reading has to be corrected by these parameters. As influ-
ences from changing timber moisture content are difficult to describe and to calculate, only time
periods with identical timber moisture contents were investigated for the creep evaluation.
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The tendon force was measured over time. In combination with the known individual modulus of
elasticity, this allowed easily to account for varying deformation due to variations of compression
force, respectively compression strain in the CLT elements.

Temperature changes were taken into account by using the measured material temperatures, and
assuming thermal expansion coefficients of 6,0 * 10 for timber longitudinally and of 12,0 * 10 for
steel. All deformation plots and derived creep values presented hereinafter are correspondingly cor-
rected values according to the following formula:

ucreep = Umeasured + uT,steel + uT,timber + Upp + Ugys

3.5.2  Creep model and extrapolation

The test results in this research project were analysed and extrapolated by the rheological model
introduced by (Pfefferle 1971), see fig. 10. This model consists of two springs, and one non-linear
damper. The model was introduced originally to describe the behaviour of concrete, adapted to tim-
ber by changing the linear to a non-linear damper by (Rheinhardt 1973), and evaluated by test results
from (Mohler and Maier 1970) and (Kollmann 1964). The model is equivalent to the standard solid
model, but uses a damping element whose force is proportional to the square root of the time. The
element deforms faster in the beginning, but converges significantly slower to its final value com-
pared to the standard solid model.
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Figure 10 left: Rheological model from Pfefferle, right: formula

Advantages of this model are its good fit to the natural behaviour of wood, and the relatively simple
interpretability. More complex models which integrate directly e. g. the mechano-sorptive effects
(Hanhijarvi 1995), (Toratti 1992) provide theoretically a better fit to test results, with the difficulty to
correctly determine the necessary parameters, which are mutually dependent in a rather complex,
highly nonlinear manner. Although even simpler models such as the exponential model (used e. g. by
(Wanninger 2015)) may provide a good fit to the initial time of a creep test, they seem to be less
adequate to correctly approximate the behaviour over longer periods.

After extensive literature review the Pfefferle-model was chosen from as the best compromise be-
tween a good fit to natural material behaviour, and simplicity und comprehensibility of its parame-
ters.

3.6 Results
3.6.1 General observations

The tendon forces decreased only slightly (less than 5 %) over time, mostly due to relaxation of the
tendons. This is understandable, as the lengthening of the tendons during initial prestressing was
about 100 mm, while the creep deformations of the timber reached only to 3 mm in the maximum.
No buckling or visible lateral deflections were observed.
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The reaction of the specimens to changes in relative humidity was very sensitive. For instance a tem-
porary opening of windows with a resulting drop in relative humidity of up to 10 % led to a clear
reaction to the length of the specimen of some 1/100 mm within approximately half an hour.

Shrinkage due to drying of the timber has a strong impact on total deformation, while swelling due
to moisturizing in the same extent leads to lower values. All changes in timber moisture content lead
to a clear increase of creep deformation.

3.6.2  Tendon force

The losses in tendon force fit well to the calculated values derived from the technical approval (Z-
12.3-84) of the used monostrand tendons St 1660/1860 with very low relaxation (Fig. 11). Therefore

the calculation approach stated in the approval was subsequently used to determine relaxation
losses.
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Figure 11 Measured and calculated values of tendon force, Test A1.1
3.6.3 Tests in indoor climate, specimens A1, B1, C1

The test results of the specimen Al, B1, C1 together with the related creep model curves are shown
infig. 12. Clearly visible is a better fit and clearer creep curve, as higher the load level is. Test A showed
a considerable scatter and no clear measurements, as the influence of interferences like slight
changes in temperature or relative humidity is relatively high. Specimen B1 and C1 show a pretty
good fit to the selected creep model, and a clear decrease in the speed of creep deformations. The
creep ratios were approximately 0,06 after 2000 h for specimen B1, and 0,10 for C1 respectively.
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Figure 12 Creep test results and Pfefferle-models for constant climate, from left to right Tests B1, C1 to 2500 h, C1 to 8000 h

The parameters for the Pfefferle-models of specimen B1 and C1 were determined as follows:

@1 (t) = 0,15 - (1 — e~ 001125
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©c1(t) =0,2- (1 — e—0,01652-\/f)

For specimen Al no parameters were calculated, as the measurements were not sufficiently stable
and generally very low.

3.6.4  Tests in cyclic climate, specimens C1 and C3

The measured deformation of specimen C1 is plotted together with the nominal relative humidity in
fig. 13 left. The strong dependency of deformations on the relative humidity — and according timber
moisture content—is clearly visible. Specimen C3 followed the behaviour of C1 very closely, although
it was loaded initially at the beginning of the cyclic climate change at around 2500 h.
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Figure 13 left: Measured deformation and nominal relative humidity of C1, right: comparison of the deformations of C1 and C3

The creep deformations in the cyclic climate are approximately twice as high as in constant climate
(Fig. 13 right). Interestingly, the creep deformation does not increase further after = 6000 h, which
supports the assumption of the existence of a final creep ratio (Fig. 13 left). The parameters for the
Pfefferle-model of specimen C3 were determined as follows:

Pc3 t)=04- (1 _ 6_0'01193'*/5)
3.6.5 Tests in natural outdoor climate, specimens B2 and C2

The relative deformation of specimens B2 and C2 is shown in fig. 14 left as smoothed and tempera-
ture- and force-corrected (see section 3.5.1) measurement data. The grey line comparatively repre-
sents the Pfefferle-model of specimen C3 (section 3.6.4), which is considered to be representative
for service class 2 conditions. Remarkable is the strong dependency of deformation to relative (air)
humidity. The relative deformation grew with its maximum speed by about 0,2 in 1000 h. In the
timespan up to approximately 7000 h (March 2018), the creep deformation is superimposed by the
lengthening of the specimen due to swelling, resulting in negative relative deformations. As the rel-
ative humidity decreased substantially starting in March 2018, the timber moisture content followed
accordingly (Fig. 14 right). As the test was started in March 2017, the moisture content of both spec-
imen was on average u = 10,8 % and increased subsequently to its maximum of u = 15,6 % in Decem-
ber 2017. Until summer 2018 the specimen dried to a moisture content of u = 12 %. As swelling is
partly impeded by the compression stress of the prestressing, the lower compression strain of spec-
imen B2 resulted in larger swelling effects compared to specimen C3. Both tests B2 and C2 deformed
to a lesser extent as the model C3 (grey curve) suggests.
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Figure 14 left: relative deformations of specimen B2 and C2, plotted together with relative humidity over time, right: dependency of
relative humidity and timber moisture content

3.6.6  Extrapolated final creep ratios

Recommendations for final creep ratios derived from the creep models are shown in table 3. They

represent the expected relative creep deformation after an assumed timespan of 500.000 h, which
is about 57 years.

Table 3 Final creep ratios derived from the Pfefferle-model after 500.000 h, CLT from spruce loaded by compression in grain direction

Load level 0./ fc0mean SC1 Sc2

over 30 % 0,2 0,4
from 15 % to 30 % 0,15 0,3
under 15 % 0,1 0,2

3.7 Conclusion

All test results show creep deformations which are significantly lower than expected from literature
data and design standards (e. g. (Gressel 1983) and (Eurocode 5)). This applies to the comparison of
measured data at any specific time, as well as to final creep ratios derived from extrapolations with
the applied creep model.

The difference between test results and literature can be explained by the different test setup and
boundary conditions. Most tests reported in literature were conducted as bending tests either with
small clear specimen, or solid wood. In the present test series, real-size CLT-specimen made from
graded, kiln-dried, finger jointed sawn timber were used and stressed by compression in grain direc-
tion at specified practical load levels. Glos et al. (1987) report similar results from tests with speci-
mens under compression stress. Based on this data Blaf$ (1988) recommends a final creep ratio of
0,1 for compression stress at constant climate, and twice this value (0,2) for changing climate condi-
tions as typical in SC 2. This approach can be confirmed by the comparison between tests C1 and C3,
where the changing conditions lead to a doubling of the creep deformations (Fig. 13 right). The tests
in outdoor climate show a strong dependency of deformations on the variation of relative humidity
over the course of the year. Anyway, the overall creep deformations in the natural climate do not
exceed the deformations realized in the artificial climate with weekly cycles in climate type 3.

The test results lead to the first recommendation, that creep tests on timber should be conducted
always with boundary conditions similar to the intended practical application (size and type of spec-
imen, load level, direction of strain, climate conditions, moisture content and grading). Any setup
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using test specimen and boundary conditions with properties diverging significantly from the in-
tended application will result in measurements which are difficult to transfer into practice. Although
improvements have been made in the last years in the field of computational creep modelling, related
results are still associated with significant uncertainties.

Secondly, the conclusion may be drawn that current creep values stated in (Eurocode 5) significantly
overestimate the creep behaviour of CLT or glulam under compression stresses in grain direction,
especially for service class 1 conditions and stresses below 15 N/mm?. The test results do not confirm
the assumption that bending and compression creep has more or less the same level, instead com-
pression creep seems to be significantly lower.

Following this, for the design of prestressed timber elements primarily loaded in grain direction it is
proposed to answer the following two questions separately: The design regarding bending effects
(including buckling and other stability cases) should be performed using creep factors derived from
bending tests, the known data from standards and literature may apply. The calculation of prestress-
ing losses is a question of creep due to compression in grain direction, and accordingly a shortening
of the element. Consequently, creep factors derived from compression tests will result in correct cal-
culation results. As only few references provide such test data, results from (Glos et al. 1987) and
additionally this publication may be used.
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Discussion

The paper was presented by M Grafe

H Blass commented that the steel tendon is used to pre-stress and creep is defined as
deformation under continuous load. He questioned whether the loading can be con-
sidered continuous. M Grdife agreed that they do not have continuous loading.

S Aicher discussed the use of steel supporting rail and asked how the buckling load
was determined under such loading condition. M Grdife responded that an average
load at mid height was used.

H Blass and M Grdfe discussed the meaning of buckling of the CLT whether it is bend-
ing stiffness based or compression failure based.

S Aicher asked which width of the load distribution is considered. M Grife answered
that it is the load corresponding to the width at mid height of the CLT panel. He also
said that some FEM studies on 2D elements has been performed which show high ca-
pacity compared to individual columns.

A Frangi asked what happens when the load is not applied at the middle. M Grife said
that the situation is not the same and will be different. He said that it will be a good
future topic. A Frangi received confirmation that the beams were end sealed.

H Blass asked about the effective width for buckling design. M Grdfe explained that it
is based on the load distribution angle to establish the width at mid height. H Blass
said that if you have continuous load versus concentrated load and you cut out a strip,
it would be too conservative. You could use a large effective width from the remaining
part of the member which takes some loads.

U Kuhlmann commented that the load distribution needs to be examined carefully.
There is a big different between parallel to face grain and perpendicular to face grain
loading and the angle should be bounded to stiffness. M Grdiife responded that this is
already considered based on the percentage of cross layers in the panel.

| Abeysekera asked how conservative is the proposed method compared to the length
of effective width approach. | Abeysekera and M Grdfe discussed about the load dis-
tribution angle always between 20 to 30 degrees.
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