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Abstract 

The north of the Netherlands has a rich agricultural history. As a result, many of the old farms still remain. Most of 

these farms can be grouped under the Frisian-house group. Barns of these farms (so-called Frisian-aisled barns) 

are characterized by a large timber structure which often functions without structural masonry. This research 

focusses on timber portal frames with diagonals at the frame corners connected using so-called (in-plane) dovetail 

connections, ultimately concentrating on the behavior of these connections under cyclic loading. Researching the 

behavior of the dovetail connections will help to assess the ductility of these connections and therefore the ability 

to withstand a seismic event. This graduation project in general might provide information useful for the assessment 

of the structural safety of these objects. Not only is this important because these structures have an economic value, 

but also because they belong to the Dutch cultural heritage.  

 

Timber retrieved from a 150 year old barn has been investigated on structural capacity regarding compression and 
shear. Visible imperfections and decay in timber is present -yet surprisingly, also a significant reduction of timber 
properties in the considered ‘healthy’ timber is observed. Assumingly, the climate (e.g. presence of livestock, 
relative high humidity) in these barns is the cause of the observed ‘invisible decay’ of the timber.  
 

Static tests performed on dovetail connections show that these type of connections (can) have a large elastic and 

plastic capacity. Remarkable is that this connection can function as a full timber connection, and shows significant 

plasticity in tension. The conclusions drawn are only expected to be valid when slender nails are provided in the 

connection; dowels or other fasteners can induce more stiff and perhaps brittle behaviour. The out-of-plane 

movement of the brace -out of the connection with the leg element- should be accounted for, as in cyclic behaviour 

this is the cause of a rapid loss of strength and stiffness. A reinforcement method is proposed and its effectiveness 

studied. A stiffness model for the dovetail connection is proposed as well, based on the component method.  

 

A case study, representative for the Groningen area, is used to investigate several characteristics of these 

structures. It appears that wind loading is a governing load case, rather than a seismic load specific for the area. A 

minimum level of safety (disapproval level) cannot be demonstrated following regulations. Unclear mechanisms 

(e.g. shear stiffness due to the conjunction of elements in the roofing area) might be present, which are not 

accounted for. As it appears that the near-collapse situation for these portal frames is at the end of the elastic slip 

in the connections, by definition a behavior factor q equal to 1 is proposed. Basically, energy is dissipated due to 

friction and elastic clamping of the dovetail in the bearing surfaces; but as this behavior is present over the full 

elastic branch it appears to be difficult to determine a behavior factor for these effects. The difference in base shear 

between the non-linear time history analysis and the lateral force method of analysis show that possibly ductile 

class medium (q = 2) could be assigned, mostly due to the earlier described energy dissipation in the elastic phase. 

All in all, a lot of the behavior is depending on the condition of the structure, as these require maintenance: it is not 

uncommon that reparations are needed after a severe storm. Neglect can weaken the structures significantly, 

leading easily to a sudden failure.  

 

Important parameters in the lateral stiffness of these portal frames are the beam elements (dimensions and type -

round wood or sawn timber) and the geometry of the portal frame itself. From the conclusions regarding ductile 

behaviour, lateral stiffness, governing load case and other characteristics has to be remarked that these are not 

generally verified for other subtype structures. A representative structure is analysed to obtain a certain objective 

of important aspects regarding these structures. Soil contributions were not integrated in the numerical model. 

Regarding the dovetail connections; the splendid structural capacities in compression and tension of this 

connection, as a full timber connection, makes it an interesting possibility in new timber structures. Contemporary 

technologies make it possible to fabricate carpentry connections precisely, without any physical effort -for that 

reason this connection can definitely be beneficial to the timber building industry. 
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1 Introduction 

 Definitions related to farm and barn structures 

General 

Certain terms related to farms are introduced to avoid confusion. The definitions used by the author are:   

 

Farm  The housing of an agricultural company- in this case often divided in a 

dwelling and a barn or byre; 

Dwelling Or house, a residence for persons to live in, which can be part of the 

farm (as in- attached to the housing); 

Barn, shed A building used to stock food for animals, which can be part of the farm 

(as in- attached to the housing); 

Byre A building used for livestock, which also can be part of the farm (as in- 

attached to the housing). 

 

Dutch translations, [19] - [23] 

Since the structures of barns in this research are a Dutch way of design, there are several Dutch terms for the 

individual parts that cannot be translated into English. Simple terms are used in this research to define members. 

Below often used Dutch (or sometimes Frisian) terms are listed. The English terms below refer to figure 1. See also 

figure 16. 

 

Primary column   Gebintstijl 

Primary beam   Ankerbalk / dekbalk 

Primary brace   (gebintbalk)schoor / korbel 

Secondary beam   Gebintplaat 

Secondary brace   Schoor / jaagband / gebintplaatschoor 

Rafter    Spoor / spant 

Rafter braces   Gordingschoor / gordingschut 

Ridge beam   Nok(balk) / nokgording 

Stiffening beam   Sporenhout / hanenbalk 

Supporting timber for roofing Gordingen / panlatten / rietlatten 

Rafter support beam/purlin Gording 

 

  

Figure 1: Naming the main structural elements in a timber structure of a Frisian-aisled barn 

 Remark 

(Total) potential energy  → Referring to total energy, or dissipated energy (see figure 95) 
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 Subject 

The north of the Netherlands has a rich agricultural history. As a result, many of the old farms still remain. Some of 

them are still in use by agricultural companies, others now used for housing. Most of these farms can be grouped 

under the Frisian-house group. Barns of these farms (so-called Frisian-aisled barns) are characterized by a 

large timber structure which often functions without structural masonry. The house directly connected to the barn, 

or built attached to the barn, is a traditionally type of (Dutch) design. In short, the design is as follows: a strip footing 

foundation, masonry bearing walls, timber floors and a timber roof structure. These farms were built before design 

codes were developed. The way they are built, with respect to dimensions and types of connections vary by region 

and is fully based on experience. Preferences or/and experiences of the builder can be named as a reason. Little 

is known about the behavior of the timber barn structures under regular load conditions; for example: would these 

structures be considered ‘structurally safe’ and comply with today’s regulations?  

 

For a long period of time the load on these structures was limited to dead load and internal loading, plus the regular 

external loadings such as wind and snow. Unfortunately, for some years earthquakes have been a new 

phenomenon in the north-east part of Groningen (province of the Netherlands). These earthquakes are categorized 

as induced seismicity. As this suggests, these earthquakes are the result of human actions; in this case by extracting 

natural gas from porous stone since the 1960s. Nowadays circa 50 earthquakes occur every year in this area. 

Keywords to timber structures to withstand seismic loading is low mass and ductility (in short: the ability to dissipate 

-seismic- energy) in the connections. The structural safety of the (farm-)barns is assured by dovetail connections 

which are specific for this part of the country. Researching the behavior of the dovetail connections will help to 

assess the ductility of these connections and therefore the ability to withstand earthquakes. 

 

 

 
Figure 2: Examples of kop-hals-romp farms, a type of farm belonging to the Frisian-house group[20] 
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Known (and seen) is that the traditional way of house building in the Netherlands does not always result in structures 

able to dissipate the energy released during an earthquake. As a result, buildings will collapse or left damaged even 

near collapse. Most of these buildings are constructed using structural masonry plentifully, this in contrast to the 

large barns of farms belonging to the Frisian-house group. As mentioned before, the latter are mainly timber 

structures. The effect of a seismic load on these structures is unknown; known is that these barns have been 

exposed to wind loads for decades. Therefore, it is interesting to evaluate the effect of a seismic load in comparison 

to the wind load. In general the behavior of structures found in Frisian-aisled barns needs to be analyzed and 

evaluated for its behavior under different load conditions. 

 

 

 
Figure 3: In-plane dovetail connection 

 

The cross-sections in figure 2 show the typical structural design of these Frisian-aisled barns. The vertical and 

horizontal stability is realized by portal frames (or trusses). As mentioned, the connections that assure the stability 

in these portal frames differ. This research focusses on timber portal frames with diagonals at the frame corners 

connected using so-called (in-plane) dovetail connections (see figure 3), ultimately concentrating on the behavior 

of these connections under cyclic loading. The failure mode of these connections can be brittle (no energy is 

dissipation) or ductile (energy is dissipated).  

 

One of the main goals of this study is to determine whether this failure could be ductile, although the design of the 

connection already reveals the potential. From literature[24] the following key-points are retrieved, which describe 

the design of a proper ductile timber connection: 

(1) Detail in such manner that elements or parts will not be easily pulled out; 

Suspected is that this argument relates to dowel-type connections –but in the case of dovetail 

connections the whole concept of the design is to prevent the brace from being pulled out.  

(2)  Use materials with a ductile failure, consequently behaving under repetitive loading; 

Both in compression and tension the dovetail connection activates compressive bearings –a fact 

is that in timber only in compression ductile behavior is generated. 

Quite easily could be concluded that the connections have large potential –a potential that needs extensive 

investigation, especially when considering existing structures. These structures were, in the first place, not designed 

to obtain maximum ductility levels and therefore can be stated that one should be considerate when expecting 

ductile behavior of these structures in practice. The structure should in that case be investigated beyond its 

connections, to prevent brittle failure in other elements before yielding occurs in the connections. 
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 Chronological index 

In this research the structural safety of Frisian-isled barns will be elaborated, specifically barn structures in the 

north-east Groningen area facing seismic events. To do so, the main structural components are recognized [part 

1], (laboratory) research is performed to material properties [part 2] and an in-depth (laboratorial and analytical) 

study is done to a timber connection typical for this kind of structure in the north-east Groningen area [part 3]. 

Ultimately, a (numerical) study is performed to the behavior of the main portal frames of these barns [part 4] using 

a case study. Conclusions, remarks and recommendations to further research are presented in part 5; an overview 

of all performed laboratory research part of this thesis is presented in part 5 as well. 

 
Figure 4: Aspects of importance for assessing the structural behavior of Frisian-aisled barn structures 

 Relevance 

New structural design codes are being developed to assist engineers and contractors to consider the induced 
seismicity in the north-east Groningen area. This is required to keep existing and new buildings safe. This 
graduation project in general might provide information useful for this development. Related to the connection and 
the type of structure this research contributes to the assessment of the structural safety of these objects. Not only 
is this important because these structures have an economic value, but also because they belong to the Dutch 
cultural heritage.  
 
Research into historical carpenter connections as the dovetail connection helps to widen the knowledge about 
timber structures and connections. This is beneficial for the use of timber as a structural material, also in the future, 
for example when a new barn needs to be rebuilt with respect to the Dutch cultural heritage. Until this day there is 
little structural design information about carpenter connections in (earthquake) codes, which makes it more difficult 
for timber to be an alternative (equal) structural material. New technologies make it possible to fabricate carpentry 
connections precisely, without any physical effort. 
 

 Goals of this research 

Main goal: 
(1)  ‘Describe the behavior and structural safety of the timber portal frames of Frisian-aisled barns. This will be 

achieved by making use of a case study (one typical for the Groningen area). Seismicity in the Groningen 
area is taken in account as one of the types of loading on these portal frames’; 

 
Sub-goals to achieve the main goal are: 
(a)  ‘Investigate the material properties for this type of structures in literature and by laboratory research’; 
(b)  ‘Analyze analytically the failure modes of in-plane dovetail joints. Determine estimated failure loads and 

stiffnesses in both uniaxial tension and compression’. 

  

Structural behavior of Frisian-aisled barn structures

Environmental factors, loads, dead 
load

Schematization of structure
Connections

Hysteresis behavior

Elements

Material  properties
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2 Historical outline 

 Introduction 

The use of timber as a structural material is well-known. Aside from caves, the first man-made shelters were most 

likely made of wood and upon today timber is an important structural material. Timber can be found almost all over 

the world, and in contrast to for example masonry, concrete and steel it is fairly straightforward in use after retrieving 

the base material. This study relates to large timber structures belonging to the Frisian-house group. In the past 

decades seismic activity in the province of Groningen (The Netherlands) has resulted in damages to these 

structures -mainly to the masonry dwellings, not particularly the barn-, and questions arise about today’s structural 

safety. A brief overview of these structures and the present seismicity is given below.  

 

 The Frisian-house group 

The origin of the Frisian-house group dates back to the mid-16th century. It groups several types of farms that are 

seen in the northern part of the Netherlands (arced grey in figure 5; from left to right the provinces Noord-Holland, 

Friesland & Groningen are recognized). A so called oud-Fries woonstalhuis (old-Frisian dwelling-barn-house) used 

to be common in this area, where farmers and livestock lived under the same roof. A separate shed or barn was 

used to store food for their livestock. Before 1600, attempts were made to combine byre and barn. In Friesland this 

had already led to an early-stage form: the so called kop-hals-romp (head-neck-body) farm (see figure 2), where a 

house is connected to a large barn. This type is also seen without the neck, as for example the farm timber has 

been retrieved from in paragraph 5.2. 

 

 

 
 

Figure 5: Several types of farms of the Frisian-house group, and roughly where they can be found in the total environs of the 
Frisian-house group (arced gray). The type of farms found in Noord-Holland is not pictured in this research[19][20][21] 

 

In Noord-Holland, this movement led to the stolp. A farm similar to the stelp, but with a square footprint. Also here 

byre, barn and housing were combined under one roof. A bigger farm was often needed in Friesland, which led to 

a same type of farm, but with a rectangular footprint: the stelp. Over the years, this has become the most seen type 

of farm in Friesland. A possible reason might be that building a stelp farm was less expensive than a kop-hals-romp 

farm. Later a new type of farm (Oldambtster) develops in the east part of Groningen. This type is aesthetically quite 

similar to the stelp, but different is that in most cases the ridge runs continuously until the high, noble front façade. 

The house is built in front of the barn as well, separated from the barn by a fire wall. The common factor in these 

types of farms is that they all have a ‘Frisian’ aisled barn. 
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 Induced seismicity caused by gas exploiting in the Netherlands 

2.3.1 Overview gas exploiting 
As mentioned before, for some years earthquakes are a frequent occurring phenomenon in the north-east part of 
Groningen. Although at first a controversial issue, it is now commonly recognized and accepted by all stakeholders 
that the extraction of gas from reservoirs (porous stone) at a depth of circa 2.5 to 3 km is the cause [26]. The main 
source -the Groningen reservoir near Slochteren- was discovered at the end of the 1950s, and shortly after the 
production begun. Prior, already more reservoirs were discovered in the north of the Netherlands. The Groningen 
reservoir has proven itself to be one of the largest on-land ever to have been discovered.  
 

Concerning the exploitation of gas from porous stone, it was known that geotechnical effects could occur. The 

subsidence of soil for example, due to collapsing of the cavities in the porous stone by extracting the gas. This was 

considered a ‘minor’ effect, because the subsidence was expected to occur gradually over a large area. Severe 

damage to buildings would most likely not occur. Years later, it appeared that this subsidence doesn’t always occur 

gradually. In 1986 the first earthquake was officially registered [25]. Since then, more earthquakes occurred.  

 

Figure 6 shows the link between exploitation of gas (annual production) and the annual seismicity, both seem to 

follow the same trend. The magnitude and frequency of these earthquakes have increased, resulting in a more 

severe earthquake in 2012 (M = 3.6) [25], which has resulted in a lot of research and development of design codes 

(earlier on there were no guidelines in the Dutch building industry regarding existing and new buildings in seismic 

active areas). Research into the future magnitude holds that according to the Royal Netherlands Meteorological 

Institute, KNMI (2013)[27], earthquakes could go up to a magnitude of 5 on Richter’s scale. 

 

 
 Figure 6: The annual production (BCM, billion cubic metres of natural gas) linked to the annual seismicity 1999-2012 [25] 

Although the effects are known, upon today the production of gas is not terminated. Mostly because it is an 

economic necessity: nowadays most Dutch households -for example- are dependent of this gas for heating and 

other domestic equipment. This equipment is adjusted to the specific caloric composition of the Groningen gas, 

which is different compared to other natural gas resources. Around 100 smaller gas reservoirs are being exploited 

in the Netherlands [28], now used to mix with the gas from the Groningen field. Next to the domestic use of gas, 

part of the production is exported. Although the seismicity is a concern for the government and even more to the 

residents of that area, the economic factor -partly due to long term contracts- is apparently too important to stop 

production. 
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2.3.2 Effects of seismicity 
The social impacts of the earthquakes are not discussed in this report. The focus is on the physical damage to 

buildings and structures. As previously stated, design codes dealing with earthquake loading were absent in the 

Netherlands in the past. That these are needed, is clearly seen by the damages occurring to buildings in the north-

east part of Groningen. These buildings and structures were not designed to withstand this type of loading. The 

grade of damage varies between: 

- Non-structural damage (no danger of collapse);   

- Structural damage;     

- Collapse (partly or completely). 

Several scales can be used to express the magnitude of an earthquake. So far, the magnitude on the scale of 

Richter was used in this study, but the magnitudes by Richter can be too abstract when trying to understand the 

severity of an earthquake to structures. The Mercalli intensity scale relates more to what is happening locally 

(intensity), rather than giving a number to the released energy at the epicenter (magnitude). Though table 1 presents 

the magnitude and intensity together, there are multiple parameters of influence; partly explained by the fact the 

Mercalli is determined locally by observation and Richter relates to a measured value to one set location. More 

about seismicity in paragraph 9.4. 

 

Considering the expected earthquakes up to a magnitude of 5 and reading the Mercalli scale, the expected damage 

should be close to none. Seen in the Groningen area is that low magnitude earthquakes can cause severe damage 

to buildings. Reasons for this damage can be repeated loading (weakening of the structure), brittle and high mass 

elements that are not designed to withstand lateral loading (for example masonry walls), local instabilities due to 

changes in the structure or decay in older structures, soil compositions and most definitely the depth of the 

hypocenter. Although not focused on masonry in this study (masonry is not a primary part of the structure of Frisian-

aisled barns), the classes described in table 1 are not representative when considering older masonry walls.  

 

   

Figure 7: Oldambtster farm, recently partly collapsed in Kolham, 2017 (source images: GinoPress B.V., 2017), cause unknown 
by author 

  

Figure 8: Kop-hals-romp farm, collapsed in Bedum, 2014 (source images: 'meternieuws.nl', 2014), cause unknown by author 
(but linked to seismic activity by local people) 

That damages and collapses of Frisian-aisled barns occurred; is shown by figure 7 and figure 8. Unknown (by the 

author) is if these collapses were the direct result of the prior described seismic activity. Generally, it is known that 

these structures require regular maintenance and repairs, especially after severe storms. Theoretically these large 

timber structures should be able to withstand seismic loading to a certain degree, although several aspects can 

have an influence on the seismic capacity. Jorissen (2015)[29] mentions the following aspects: 

- Soft grounds increasing response; 

- Asymmetrical structures; 

- Insufficient structural members and connections; 

- Heavy roofs compared to a light timber structure; 

- Decay of the timber. 

Changes to the structure, neglecting or local weakening of the structure could be causes too; most likely it is a 

combination of factors. Apart from whether seismicity is a principal cause for these collapses: it shows the 
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importance of assessing these structures. Knowing the structural behavior helps to do so more straightforwardly on 

critical aspects. 

 
Table 1: Magnitude and intensity of earthquakes up to a magnitude of 6, higher is not expected in this area [10] 

Richter scale Modified Mercalli scale 

Up to 2 Micro 
I Not felt. Marginal and long period effects of large earthquakes. 

Up to 3 

Minor 
 Up to 4 

II 
 

Felt by persons at rest, on upper floors, or favorably placed. 

III 
Felt indoors. Hanging objects swing. Vibration like passing light trucks. Duration 
estimated. May not be recognized as an earthquake. 

Up to 5 Light 

IV 

Hanging objects swing. Vibration like passing of heavy trucks; or sensation of a jolt 
like a heavy ball striking the walls. Standing motor cars rock. Windows, dishes, doors 
rattle. Glasses clink. Crockery clashes. In the upper range of IV, wooden walls and 
frame creak. 

V 
Felt outdoors; direction estimated. Sleepers wakened. Liquids disturbed, some 
spilled. Small unstable objects displaced or upset. Doors swing, close, open. 
Shutters, pictures move. Pendulum clocks stop, start, change rate. 

Up to 6 Moderate 

VI 

Felt by all. Many frightened and run outdoors. Persons walk unsteadily. Windows, 
dishes, glassware broken. Knickknacks, books, etc., off shelves. Pictures off walls. 
Furniture moved or overturned. Weak plaster and masonry D cracked. Small bells 
ring (church, school). Trees, bushes shaken (visibly, or heard to rustle). 

VII 

Difficult to stand. Noticed by drivers of motor cars. Hanging objects quiver. Furniture 
broken. Damage to masonry D, including cracks. Weak chimneys broken at roof line. 
Fall of plaster, loose bricks, stones, tiles, cornices (also unbraced parapets and 
architectural ornaments). Some cracks in masonry C. Waves on ponds; water turbid 
with mud. Small slides and caving in along sand or gravel banks. Large bells ring. 
Concrete irrigation ditches damaged. 

Masonry A: Good workmanship, mortar, and design; reinforced, especially laterally, and bound together by using steel, concrete, etc.; designed 
to resist lateral forces. 
Masonry B: Good workmanship and mortar; reinforced, but not designed in detail to resist lateral forces. 
Masonry C: Ordinary workmanship and mortar; no extreme weaknesses like failing to tie in at corners, but neither reinforced nor designed against 
horizontal forces. 
Masonry D: Weak materials, such as adobe; poor mortar; low standards of workmanship; weak horizontally. 
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3 Frisian-aisled barns 

 Introduction  

A brief overview of the history of the Frisian-house group was presented in paragraph 2.2. Several types of farms 

can be recognized within this group, all connected by the presence of so-called Frisian-aisled barns. This type of 

barn is recognized by its lay-out and can be characterized by the use of three aisles: one larger, higher aisle in the 

middle and two smaller, lower ones on the sides (see figure 9). The larger mid-aisle was generally used to store 

food for the livestock, like hay or harvest products. One lower aisle allows access to the higher mid-aisle, the other 

often functioned as a cowshed.  

  

Figure 9: Naming the main structural elements in a timber structure of a Frisian-aisled barn 

The structural built-up is specific for these barns as well, which will be explained in paragraph 3.2. Although the 

structural built-up type is consistent; the size of the structures can vary considerably. Sizes of the rectangular 

footprint of 12 by 8 meters and a height of 5 meters, to the more common ones with a footprint up to 25 by 15 

meters and a height of 10 meters.  

 

In the analysis of this research a clear distinction is made between primary structure and secondary structure. The 

primary structure relates to all structural elements that contribute to the structural in-plane behavior of the main 

portal frames in transverse direction, as is shown in figure 10. Elements that connect the portals in bay direction, 

are considered as secondary elements, because they mainly function in longitudinal direction. 

 

 
Figure 10: Main portal frame, see full cross-section in figure 108 

  



11 
 

 In general: mid-aisle, main structure 

Two aspects are distinctive for Frisian-aisled barns; the first aspect is the transverse arrangement of the main portal 

frames (gebinten, in figure 9 mentioned as primary) over the length of the barn. -the footprint of the barn is usually  

rectangular of shape. Figure 11 shows the transverse arrangement of portal frames (dwarsgebinten), which usually 

have a center-to-center distance between four and five meters. It also shows the difference to when the structure 

would be built up with portal frames in longitudinal direction of the barn.  

 

 

  
Figure 11: Difference between structures with arrangement of main portal frames in transverse direction (left) or arrangement in 

longitudinal direction (right) [22] 

The second aspect relates to the structural coupling of the transverse placed portal frames in longitudinal direction. 

In Frisian-aisled barns so-called ‘dekbalkgebinten’ are used (in figure 9: secondary beam). This points to the location 

of the secondary beam on top of the transverse placed portal frames. The secondary beam is only connected to 

the primary beam; in other types the secondary beam is connected directly to the primary column (see figure 12).  

 

 
Figure 12: The coupling of the different transverse placed portal frames by a secondary beam, joint in various ways. Mortise-
and-tenon joints are, in this typical example, used in the main portal frames (Left to right: ‘dekbalkgebint’ (secondary beam on 

top of primary beam), ‘tussenbalkgebint’ (secondary beam coupled to primary column), ‘ankerbalkgebint’ (secondary beam 
coupled to primary column, coupling of primary beam varies from the ‘tussenbalkgebint’), ‘kopbalkgebint’ (secondary beam, 

primary beam and primary column coupled in one node)) [23] 
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 Stability 

Base 

Generally, very shallow foundations are applied in the these barn structures. On a certain depth, cow hides are 

piled up to stabilize and spread the load applied to the base in the soil -on top of the cow hides a masonry base is 

placed. Both the masonry facades and column were supported in this setup. In soft soil layers, wooden foundation 

piles seem obvious, yet it is thought to be unlikely these are applied in any of these structures. Subsidence and 

settlement are for that reason not uncommon to observe, but often, after many years, an equilibrium state is 

considered to be achieved.  

 

(1)  (2)    
Figure 13: Examples of the coupling base – column (see also figure 20), (1) seen in the Groningen area, (2) in the Friesland 

area 

A proper connection between the column and the masonry base is non-existing: it relies fully on the presence of 

compression in the column and the resulting friction (see figure 13).  

 

TRANSVERSE DIRECTION 

Local stability  

The rafters run from the lower masonry walls (usually between 1.5 and 2.5 meters in height) to the ridge. In most 

cases these rafters are parted in two, where at the secondary beam an overlap is present. Structurally this overlap 

can be considered a hinge. Due to this hinge, stability of the roof structure above the mid-aisle is not contributed by 

the transverse portal structure. This also holds the other way around: structural elements in the roof structure above 

the mid-aisle do not contribute to the stability of the primary structure. This is shown in figure 14. To re-assure 

stability of rafters above the mid-aisle, often a stiffener is added between the rafters of each roofing side (element 

A in figure 15). 

 

 
Figure 14: Dividing the stability in transverse direction in two groups (color image), the defined local stability does not contribute 

to the global stability 

Global stability 

In the transverse direction of the barn the primary portal frames are assumed to be the main stabilizing elements in 

the total structure. Several elements could be added to the structure with an expected positive influence on the 

behavior of the structure -in respect to the overall lateral displacement in case of horizontal loading, thus a higher 

stiffness. Regarding seismic loading the opposite is obtained: a higher stiffness will induce a higher response of the 

structure to the seismic load. Figure 15 shows these elements in two example structures. This figure also expresses 

the large variety of members in various structures. In general, the most common structural composition is presented 

in figure 9. 
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Figure 15: Two structures (built in the Nederlands Openluchtmuseum in Arnhem) with marked the elements which are expected 

to influence the stability [31] 

 

Legend belonging to figure 15; 

Stiffening beam (A) The stiffening beam near the ridge of the roof is present in most structures, and is 
therefore also drawn in figure 9. The rafters are in all observed cases hinged in point 
1 (where the rafters find support on the secondary beam).  
 
The most obvious reason is that the length of the elements used to function as rafter: 
their length is limited, and obviously the common length is not enough to stretch 
from the side-wall to the ridge. Structural lengthening by finger jointing was not yet 
developed at the time of erection. Therefore, stability of the roofing above the mid-
aisle does not relay on other parts of the structure. Adding element (A) will result in 
a stiffer roof structure above the mid-aisle and limit deflections of the rafters, yet it 
is not expected that adding element (A) will contribute to the overall stiffness of the 
primary structure.  
  

Rafter braces (B) The rafter braces are connected to the main portal frames, and can therefore 
influence the stiffness of the primary (global) structure. The effect is expected to be 
negligible on the primary structure, due to the dimensional size (and stiffness) of 
these elements compared to the primary elements of the portal frame.  
 
The main function of these braces is expected to be supporting the rafters, resulting 
in a smaller spanning length of the rafters. In most observed cases the rafter bracing 
ran from the primary column to the rafter, but sometimes the rafter bracing was 
attached to the secondary braces as well.  
 

Rafter braces (C) 
(additional) 

The function of these rafter braces is expected to be a combination of the elements 
(A) and (B). The rafters are supported and the spanning length is reduced; at the 
same time more stiffness is created in the roofing above the mid-aisle. Again, the 
addition of these elements does not result in a contribution to the overall stiffness of 
the primary structure. 
  

Side-isle portals (D) The substructures that lean onto the portal frames come in several variants. Figure 
16 shows two most common variants, which are consisting of a vertical and 
horizontal member, and often provided with a brace. The variant in figure 16-1 has 
inclined vertical members.  
 
The so-called ‘blokkeel’ is in some cases made out of steel, rather than wood. The 
steel variant is shown in figure 16-1. The same picture also shows side-isle portals 
(D) being combined with rafter braces (B). The presence of these substructures is 
expected to contribute to the stiffness of the primary structure. 
 

Stable (cow / horse) (E)  In most barns one of the side-aisles houses a cow or horse stable. This structure is 
built next to the primary structure, therefore it affects the stiffness of the primary 
structure. Figure 17 shows an example of such a structure; more heavy timber 
structures are seen too. 
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A Zijbeukgebintplaatplaat Side-aisle secondary beam 

B Zijbeukgebintbalk Side-aisle primary beam 

C Spoor Rafter 

D Muurplaat Masonry top-beam 

E Blokkeel Brace 

F Zijbeukgebintbeen Side-aisle primary beam 

Figure 16: Optional structures that can be seen in the side-aisle [23] 

 

 

 

  
Figure 17: An example of an in-built cow stable, built attached to/against the primary structure [31] 

 

 

 

 

 

 

 

 

 

 

 

 

 

LONGITUDINAL DIRECTION 

In this research is focused on the stability in transverse direction, firstly because in longitudinal direction several 

bracing elements are placed in series and therefore the stability in longitudinal direction is expected to be less 

critique; secondly the connections used in longitudinal direction are different (mortise-and-tenon connection, which 

in fact are expected to be more critical in tension in comparison to dovetail connections, but ultimately, the 

longitudinal direction relies on several bracings in both compression and tension, opposite of only two). The dovetail 

connections which are observed in the transverse placed portal frames are topic of this research. 

 

Perpendicular to the length of the barn, braces are added which run from the primary column to the secondary 

beam. But as mentioned, this will not further be elaborated. 
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 Differences 

A clear difference on several aspects can be observed between Frisian-aisled barns of the different farm-types 

described in paragraph 2.2. The general picture, described in paragraph 3.2, is valid for the complete Frisian-house 

group. The differences show that preferences about building techniques were a local trend. There are four aspects 

that are worth mentioning and therefore discussed in this paragraph. The first aspect is the use of masonry, followed 

by the connections used, the geometry of the structure and finally the roofing is discussed. 

 

The use of masonry 

Masonry is a minor part of the complete structure of farm barns present in areas A / B (kop-hals-romp and stelp-

type), shown in figure 5. Only a low (1.5 to 2.5 meter in height) masonry facade is found here. The complete timber 

structure functions without the masonry. This is in contradiction to barns seen in area C (Oldambtster-type), where 

a high masonry wall is placed on each end of the barn (see figure 18). On one side this masonry wall functions as 

a facade, on the other end it functions as a fire barrier -between the barn and the dwelling. Both walls are structurally 

connected to the timber structure, therefore they are expected to influence the structural behavior of the portal 

frames near the masonry end-walls.  

 

Due to the limited structural connection between the masonry and the portal frames (secondary beam), it is 

expected that the influence in transverse direction is limited. With a stiffer structural connection between the 

masonry and the timber structure (and between portal frames itself) the masonry could have been beneficial for 

horizontal displacements in transverse direction. In longitudinal direction it is only a burden when (small) 

displacements occur; due to the high dead load of the masonry possible ‘leaning’ on the timber structure will be the 

result. The masonry is stiff in only one direction, in the other direction (longitudinal of the barn in this case) it is more 

likely to be supported by the timber structure in the case of a horizontal load, rather than the other way around. 

 

Figure 18: Difference between the Frisian-aisled barns in Friesland (left) and Groningen (right), see also figure 22 and figure 115 

 

 

 

 

Connections used 

A difference is observed in the type of connections used to secure the primary brace. In Friesland this is commonly 

a mortise-and-tenon connection, where as in Groningen the in-plane dovetail connection is more common. The 

difference is shown in figure 19. Due to the connection geometry, the brace is centrally placed in the portal in case 

of a mortise-and-tenon connection. This is different for in-plane dovetail connections, for which the brace is 

eccentrically placed compared to the central lines of the other members of the portal.  

 

Braces with a dovetail connection are fixed with multiple steel nails, while the mortise-and-tenon connection uses 

timber dowels. The differences are summed up in table 2. Expected is that the dovetail connection has a larger 

capacity to withstand a seismic load, due to the fact that its failure modes are expected to relate to compression in 

the connection rather than tension (brittle in the case of timber). This is studied in part 3. 
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Table 2: Connections used in Frisian-aisled barns: differences 

 In-plane dovetail connection Mortise-and-tenon connection 

Area of use Groningen (area C) Friesland (area B/C) 

Placing brace in plane of portal Eccentrically Centrally 

Type of fastener Steel nails Timber dowels 

 

 
Figure 19: Used connections in Frisian-aisled barns: on the left the in-plane dovetail connection, on the right a mortise-and-

tenon connection 

 

 

Geometry of the structure 

When the geometry of the structure is considered, a significant difference is observed between barns seen in area 

A/B and C (figure 5). The overall dimensions of the portals do not differ, although it could be mentioned that the 

Frisian ones (area A/B) are slightly larger in span (wider). The placing and angle of the bracing is different, as seen 

in figure 20, where two examples of several visited farms are shown. 

 

 
Figure 20: Significant differences observed in geometry of the main portal frame between Groningen (area C) variants (left) and 

Friesland (area A/B) variants (right) -the difference of base can be observed in figure 13 

Furthermore, the structural members of the portals in the Friesland area are bigger in cross-section, but unknown 

is where this difference originates from. Another difference is that in the Groningen area a lot of round wood is 

present; for the overall structure this means that there is in most cases a variation in cross-section over the length 

of structural members (natural growth of tree). This was different in Friesland, because there roughly-sawn timber 

was preferred/used.  
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Roofing 

Several types of roofing are seen on Frisian-aisled barns, mainly because through different time periods new 

developments influenced the available products and costs of products. In this research the following types of roofing 

are considered: tiles, thatching and corrugated fiber-cement roofing (CFC) sheets. Referring back to figure 5; in 

area A/B mostly tiles and thatching is seen, while in area C tiles are more dominating. Often, when replacement 

was needed, there was chosen for corrugated fiber-cement sheets. Advantages of these sheets are the lower costs 

and longer life-span without maintenance. In some cases a combination of thatching and CFC sheets was used; 

one can estimate the weight of the roof structure in that case approximately equal to tiles, as it is not considered in 

this elaboration. 

 

  

Figure 21: Pictures of the different roofing from the inside, showing the difference in number of supporting timber members. 
Although with thatching it is difficult to determine due to low contrast in color, the number of supporting timber members is 

roughly equal to the example covered with tiles 

The basic timber structure used to support the roof  is for all equal, but for thatching and tiles a lot more supporting 

timber members are added and often the rafters have a smaller center-to-center distance. This results in a higher 

dead load of the overall roof structure, on top of a higher mass of the roofing itself. The reason of a more dense 

supporting structure is partly explained by the higher weight, but more important is probably to distance over which 

roofing materials are able to span. Table 3 shows an indication of the weight difference of the roof between the 

several roofing types. 

Table 3: General estimation of extra mass between the different types of roofing with as zero line CFC sheets (mass of timber 
used is 320 kg/m3) 

Roofing 
Rafters 

Ø110, 3.0 kg/m1 

Supporting timber for roofing 
(1) 75x200, 4.8 kg/m1 
(2),(3) Ø55, 1.5 kg/m1 

Correction 

 Type 
Weight 
(kg/m2) 

In 
between 
distance 

Amount per 
m2 

Weight 
per m2 

In 
between 
distance 

Amount per 
m2 

Weight 
per m2 kg/m2 

1 CFC sheets 
(reference) 

16.5 1800 1000
0.56

1800
  

1.7 1100 1000
0.91

1100
  

4.4 16.5 
 

2 Thatching  
(d = 300 mm1) 

39.0 
+22.5 

600 1000
1.67

600
  

5.0 
+3.3 

300 1000
3.33

300
  

5.0 
+0.6 

42.9 
(+26.4) 

3 Tiles 
 

47.5 
+31.0 

600 1000
1.67

600
  

5.0 
+3.3 

300 1000
3.33

300
  

5.0 
+0.6 

51.4 
(+34.9) 

 
As in the dead load calculations in paragraph 9.1 type 1 is taken as a reference, the reference calculation needs to 

be adjusted to fit also other types of roofing. In that case not only the weight of the roofing needs to be corrected, 

but also the difference in supporting timber and rafters. Table 3 introduces the weight of roofing per m2, including 

the extra weight on different kinds of supporting opposed to the reference in the calculations.  
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 Case study 

As described before, farms and barns belonging to the Frisian-house group come in different shapes and sizes. 

Therefore, a case study is introduced which makes it possible to fall back on an existing basis and possibly, in some 

cases, it is easier to justify some choices. The case study that is chosen is an Oldambtster farm from the 1930s. 

This particular farm is built in the east of Groningen, making it a representative structure for the aspects in this 

thesis regarding the north-east Groningen area. To do a proper study, the structure is simplified in some ways:  

 

- The house is cut off (because the structure of the house is significantly different from the barn, as explained 

in paragraph 1.3); 

- The barn is made symmetric over both axes; 

- The structures built within the barn are not considered, as these were not originally present. 

 

Figure 22 shows the case study. The roof of the house is covered with tiles, but the barn is provided with corrugated 

fiber-cement (CFC) roofing sheets. From the 1930s these sheets included the component asbestos, which was not 

uncommon for the beginning of the 19th century. These roofing sheets were replaced with fiber-cement sheets 

without asbestos around 20 years ago. No knowledge exists of the barn ever been covered with tiles, yet in many 

other cases tiles or thatching was used. Because of the large weight difference, it is likely to have an influence on 

second order calculations. Other types of roofing are therefore theoretically considered in further elaborations as 

well. From paragraph 8.2 and on, the case study is elaborated and analyzed in detail. 

 

 
Figure 22: The case study, a 1930s built farm in East-Groningen 
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Part 2 – Material properties 
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4 Theoretically assessing material properties 

 Introduction 

Several aspects can have an influence on the lifespan of a timber structure. When an existing structure needs to 

be assessed, this is often purely assessed based on visual inspections. In this paragraph several aspects of grading 

timber and influences on the timber properties are discussed shortly; that these aspects are of importance regarding 

Frisian-isled barns was observed during visual inspections: large variety in the condition of the timber structures 

was noticed. Often traces of decay are seen. The goal is to get an overview of influences on the structural properties, 

which help to assess timber structures globally in straightforward way. 

 Classifying timber quality 

Grading timber can be done on two aspects: the first aspects relates to the aesthetic quality of the timber; the 

second relates to material strength and stiffness properties. The first is of no interest in this case, the second is. 

Both aspects can be assessed visually, yet also another method exists to assess the material properties -which is 

explained below. 

 

To determine the timber properties of an existing structure, as mentioned, two methods can be used. The first is 

quite practical: a piece of timber can be retrieved from the structure and tested on its structural properties. When 

this is not possible, a visual assessment will be needed. In most cases it is not possible to retrieve specimens of an 

existing structure to determine the material aspects. Even when specimens could be retrieved, it has to be 

considered that: 

- One or two tests does not result in an (statistically) determined result of a timber property. Timber is an 

inhomogeneous material, of which several aspects are of influence on the material properties; 

- A structure consists of many elements, which could hold very different properties; 

- There are a lot of timber properties (compression, tension, shear / perpendicular and parallel to the grain). 

Per timber property, multiple specimens would be needed. This requires not only a lot of specimens from 

the structure, but it is also time consuming and costly.  

In this case a visual grading, supported by non-destructive indications (e.g. resistance drilling), is more direct to 

estimate the timber properties. Knowledge about influences on the properties is needed, as well as it is needed to 

know about the usually used timber in the farms in this region and its origin. If there is an expectation of the type of 

timber, the appearance of the timber can confirm this expectation (clean/sand surface down). Visual grading on 

properties is shortly explained in figure 23. 

 
Figure 23: Scheme of considering a conservative capacity 

From several defects it is impossible to determine the influence on the timber properties, or even to determine that 

these influences (as imperfections) are present in a structure. As for example could be named reaction wood or 

slope of grain. Considered is that these influences are covered by using the five percentile-value of the mean 

properties (determined by laboratory tests), but only if these influences are limited to maximum values –described 

in e.g. grading standards. Some other defects can be determined visually and are therefore important to consider 

in the case of older structures. Also, if the structure is known, it is possible to determine stresses in governing cross-
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sections and visually asses the strength reducing parameters in these cross-sections. Below some of these 

parameters are further explained, focusing on the timber of which these structures are often built: pine or spruce. 

 
Table 4: Possible imperfections and the influence on the properties, in which the direction of the influence is not integrated [32] 

Type of structural disturbance 
(growing characteristics) 

Consequence for 

Strength Stiffness Durability 

Knottiness (incl. grain deviation in 
the knot area) 

+ ± - 

(global) Slope of grain + - - 

Reaction wood + ± - 

Annual ring pattern / - position (-) (-) (-) 

Biological damage (insects, fungi) (+) (+) + 

Mechanical damage + (-) - 

Cracks (+) (+) (+) 

Deformations, twist - + - 
+ Strong influence, (+) Significant influence, ± Medium influence, (-) Small influence, - No influence 

 

 Wood in general 

The main built-up is common for all wood species, and can be explained by the growth of a cross-section of a trunk 

(shown in figure 25). New cells are produced by the cambium. This occurs fast in spring, resulting in light earlywood 

(the first part of an annual ring). Towards winter the growth slows down and eventually even stops. This causes 

more dense wood, called latewood. This latewood is the second part of the annual ring, recognized by this part of 

the annual ring being darker and thinner. These newly formed cells result in the sapwood layer: an active part of 

the tree. Rays are formed perpendicular to the cells, responsible for water and chemicals transportation from inside 

the tree to outer parts.  

 

The inactive part of the tree could be considered ‘dead’, and is called the heartwood. These cells are closed and 

often have a higher durability due to the presence of natural chemicals. The earlywood/sapwood is less durable. In 

some species the difference between sapwood and heartwood is very clear by color (e.g. pine), but not in all. This 

all results in an unpredictable cell-structure and therefore a variety in density and durability, even in one single 

cross-section.     

  

Figure 24: Loading of timber cells [32] 

The growth of the tree occurs in two directions: in the longitudinal direction of the tree this happens by elongation 

of existing cells (primary growth); in radial and tangential direction new cells are formed (secondary growth) in the 

cambium. Specifically, this occurrence explains why in table 5 a strong difference is seen between strength 

properties parallel and perpendicular to the grain. Figure 24 shows grains being loaded, where parallel to the grain 

either rupture (tension) or buckling (compression) should occur. Perpendicular to the grain, the grains are more 

easily split (tension) or crushed (compression). This is a given characteristic of wood, although per species the 

magnitude varies.  

 

Lots of wood species exist, which can be divided in two overall groups: deciduous (hardwood) and coniferous 

(softwood) wood species. This distinction says something (in general, does not hold for all species) about the 

properties of the wood species within these groups: 

Deciduous  – durability, mass, strength properties – Coniferous 

→ decrease 
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Table 5: Timber properties, picea abies (spruce) C18, 5 percentile strength values (EN 338) and mean values as presented by 

Ranta-Maunus (2007)[1] 

 Characteristic values Mean values  

ρ 320 436 kg/m3 

fc,0 18 36.9 N/mm2 

fc,90 2.2 2.8 N/mm2 

ft,0 11 33.6 N/mm2 

ft,90 .5 - N/mm2 

fv  2.0 5.2 N/mm2 

fm,0  18 - N/mm2 

E 6 000 Ch. value used N/mm2 

 

 

Figure 25 shows the differences between both classes. As said before, the material aspects are not defined by the 

wood being deciduous or coniferous. The difference is seen in the micro-structure of the tree: in deciduous species 

vessels occur in the irregular pattern of cells. Most used timber in the Netherlands has European origin, and is 

mostly coniferous. Timber structures of Frisian-aisled barns are usually build from spruce or pine: wood species 

that specify with relatively low strength properties, low mass and low natural durability (of course, the “durability” is 

related to the application, as low natural durable wood serves for centuries in many applications).   

 

Concluding, a determination of wood species can be done based on expectations of regions and type of structure, 

or appearance of timber. The wood species provides an estimation of the density and strength properties. 

 

 

 Figure 25: Terms related to built-up of a wood trunk, showing both coniferous and deciduous [32][33]  
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 Cross-section 

4.4.1 Elements 
Wood as a structural member can be used in different forms, easily to classify in sawn timber and round wood. 

Round wood is timber in its most pure form, in most cases only debarked. In many agricultural buildings the use of 

these elements is seen and also in Frisian-aisled barns it is not uncommon; take for example the case study in 

paragraph 3.5. Though the use is quite straightforward and less costly than sawn timber, there are also cons to the 

use of this kind of member: 

- Structural detailing (e.g. connections) is less practical; 

- In longitudinal direction: due to the natural growth, members are tapered. This means that stiffness and 

strength of the cross-section varies over the length of the member; 

- In radial direction: due to the natural growth, cross-sections are mostly oval rather than perfectly round; 

- Often imperfections in the direction of the grain are present. 

On the other hand, no fibers are cut through, resulting in a 20% higher bending strength (-and an increase of 

buckling capacity?) compared to the elements sawn from the same round wood. These elements, sawn timber, are 

more consistent, which is classified in four classes in table 6. Only planks and rectangular (sawn) timber are of 

interest here, as only these elements are robust enough to function in the primary structure of Frisian-aisled barns. 

Often these members are very roughly sawn, where for example the corners of rectangular cross-sections are 

rounded-off. Yet, this still results in members with more constant geometrical characteristics than round wood. Other 

local imperfections that should be considered in structures are mechanical damage and deviations in the central 

axis of elements, natural or due to creep (explained in the following paragraph). 

 
Table 6: Classification of sawn timber elements [32] 

 Thickness, t / height, h Width, b (mm) 

Laths t ≤ 40 < 80 

Boards t ≤ 40 ≥ 80 

Planks t > 40 > 3t 

Square (sawn) timber b ≤ h ≤ 3b > 80 

 

A weak point of large timber elements (as round wood or square –sawn– timber) is that cracks can occur under 

certain conditions, for example when the elements are dried too fast or when the moisture level of the surrounding 

air changes frequently. Splitting or cracking of the timber is caused by tensional stresses perpendicular to the grain, 

introduced by the shrinkage or swelling of timber under changing moisture content. This could influence the stiffness 

–members in compression can buckle sooner, which is not likely to occur unless the section is almost fully cracked– 

and the effective cross-section is reduced in for example dowel-type connections which are loaded parallel to the 

grain; and even so the capacity in shear and (tension) bending stresses in an angle to the grain, depending on the 

location and depth of the crack in the member. 

 

Concluding, check for weak links (local imperfections) in the structural elements: cracks, mechanical damage, 

deviations in central axis of elements (natural or creep), cross-sectional deviations. Regulations on the assessment 

of cracks exist, although the effect of these cracks and other imperfections on the load bearing capacity mainly 

relies on personal assessment: calculate with reduced cross-section or initial imperfections. 

 

4.4.2 Natural imperfections in timber 
Natural growth of wood results in irregularities, or imperfections. When considering the structural properties of wood, 

these imperfections cause a reduction of the overall capacity. An imperfection, as for example a knot, locally 

influences the properties negatively (weak zone). When a complete member is assessed, this affects the maximum 

capacity: a local defect can introduce failure. 

 

Knots 

All branches of a tree are connected to the center part (pith) of the tree through a tight. Locally the grain develops 

in a direction (almost) perpendicular to the grain of the trunk. As the tree grows, most of these branches die, causing 

an ingrowth of the tight. As a result, some knots are not seen in the outer layers, because new sapwood grows 

around them. Often these dark-colored knots fall out of the timber after sawing: they fit ‘loosely’ in the ingrowth 

(dead knots). Tights from (living) branches at the felling of the tree result in live knots: still in contact with surrounding 

timber, non-discolored local distortions of the grain. The reduction in properties occurs because around the tight the 

grain is distorted: grains have a discontinuity and locally the grain has a different direction. Compression and tension 

parallel to grain (therefore also bending) are most influenced by knots. 

 

The number of knots in a cross-section can be described by the knot area ratio (KAR). A method where knots in a 

timber piece are projected on the cross-section, seen in figure 26. Timber species as spruce and pine are known 
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for having regular clusters of branches, dividing the trunk of the tree in sections that are knot-free and sections that 

have many knots. Theoretically the effect of knots in round wood will be less severe, because the natural continuity 

of distorted grains around the knot or tight is still intact. In sawn timber this is often not the case. As mentioned, it 

is possible to grade the quantity of knots, but there is no generally proven correlation between the quantity of knots 

and the degree of reduction for all properties. In existing structures it is also impossible to determine the exact 

amount of knots, for example in the case of ingrown knots. Assumed is that when a strength class of the timber is 

determined, the effect of knots is covered by calculating with the 5-percentile value of the mean values (determined 

by laboratory tests). It may be possible to grade timber in a lower strength class based on the appearance of knots. 

 

 
Figure 26: Projected knot area (retrieved from www.buildersengineer.info on April 13, 2017) 

 

Abnormal wood 

Parts of the wood in a timber section can have properties that differ from the desirable situation. A part with lower 

strength and stiffness properties, is the juvenile wood. Found in the trunk as (to be up to) the first 20 annual rings 

from the pith. This type of wood is only considered a problem in fast grown, young trees. In that case the ratio 

between regular heartwood and juvenile wood is small or in some cases regular heartwood is not even formed. In 

most cases the timber used in portal frames of older structures is of natural growth and relative age, therefore 

juvenile wood is not considered an issue in these structures. This does not apply for all members, e.g. the rafters. 

 

Reaction wood occurs when a tree adapts to environmental conditions during its lifetime, for example strong winds. 

An example of reaction wood is also seen in a branch. Due to gravity effects on the branch, the wood adapts the 

section to the occurring stresses because of it. Conifers as spruce and pine are known for forming ‘compression 

wood’: more wood is formed in the cambium of the compressed side –the bottom part of the branch. The properties 

of this wood are significantly lower, due to the aberrant cell structure. Conclusions of Zhang (1995)[34] in a study 

to the mechanical properties of wood influenced by gravity is that properties decrease with increasing growth rate, 

specific for the softwood species. 

 

Grain deviation 

The slope of grain is important when assuming the mechanical properties of timber. The effect of deviations in the 

grain can be expressed using the Hankinson formula (see paragraph 6.3.1). The strength properties are influenced 

significantly, although deviation of some sort of degree is acceptable. Nowadays the deviation of grain being a 

criterion for determining the strength class of timber shows the importance of the influence. Several deviations can 

occur, but in general it could be local (growth pattern tree) or imply for the whole tree, e.g. spiral growth. Spiral 

growth is present where fibers do not develop vertically, but around the stem of the trunk. This is often seen in 

young trees. 

 

Concluding, several imperfections can influence the properties of elements significantly, but once a structure is built 

it can be difficult ascertain some defects. There can be assumed that imperfections definitely exist in all timber 

structures (knots, grain deviation) and that these effects are easily covered by calculating with the 5-percentile value 

of the mean strength properties, or maybe even oversizing of elements. 

 

4.4.3 Biological damage 
Several types of biological damage can occur in a piece of timber. The most obvious is decay in the form of natural 

aging. Several circumstances like long term exposure to temperature- and moisture changes, or to a less extent 

(here) exposure to UV will eventually cause aging. The direct influence on the properties and the share of causes 

is unknown and really site specific. Aging usually occurs on the surface of elements and can be noticed in the 

texture: the wood feeling soft (swampy) or the presence of loose material. In general aging resulting in decay can 

be prevented by keeping the timber dry. 

 

In contradiction to regular natural aging, defects due to fungi or insects are more easy to spot although a decrease 

in properties can occur before any visible change. In general discoloration on the surface (white or brown), which 

can be wiped off with some effort, and the wood surface feeling swampy are clear signs of the presence of fungi.  

Growth of fungi requires a very specific climate in the form of water, oxygen and temperature. The structures in 

these old barns often have a natural, untreated surface and their surrounding environment is not isolated or 
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temperature controlled. Therefore it is important to provide enough ventilation, because in most cases the relative 

humidity is the only controllable factor in these buildings. On the other hand, the absence of insulation resulted in 

an indoor climate not perfect for fungi; fungi is therefore only observed at spots where leakage is present. The 

indoor climate is more suitable for insect attacks (lower wood moisture content). 

 

   
Figure 27: On the left a wood surfaces with traces of beetle attack, on the right a similar -healthy- surface 

Defects due to insects attacks are clearly seen in figure 27 and figure 31. The surface of the timber is highly 

decayed, but often it is only the outer layer (sapwood layer) of the element. The insects consume material (grain 

structure is destroyed), therefore it can be devastating for properties as tension and shear. Barns are often relatively 

open and the structure is composed of dry wood, which makes these structures quite vulnerable to attacks of insects 

(e.g. beetles), it is therefore also not uncommon to find traces of these insects in older structures. The severity on 

the properties is hard to determine (e.g. grading: a measure could be the weight –how many material is gone, but 

the density of wood varies through cross-sections. The weight loss is too insignificant to count, so clearly also here 

a visual inspection covers). Removing the loose material on the surface and determine a reduced cross-section for 

example. When damage due to insects is determined, the structure should be treated by an exterminator. 

 

Concluding, the chance that these older structures underwent some kind of biological damage during their lifetime 

is big: in wet environments fungi can thrive, in more dry (14-16%) environments insects can cause severe damage. 

In all cases natural aging occurs, although some environments can speed up the process. A possible method to 

account for biological damage is to exclude loose material from the surface: assess the healthy wood and treat it 

as a reduced cross-section. The next step is to reduce chances of more biological damage, by adjusting the climate 

and exterminating any present insects in the wood. 
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 Reduced timber properties 

4.5.1 Moisture content 
Not only the present moisture content is of influence on the material properties (stiffness and strength), also the 

history of moisture content can have a permanent influence on the structure. For example, when over a longer 

period of time, high levels of moist or temperature were present. These conditions enhance the effect of creep. The 

loading pattern also influences this appearance. The next paragraph will explain more about creep, but certain is 

that the behavior of timber under various loading conditions and variating levels of moisture stays unpredictable. 

 

(1) (2)  
Figure 28: Representation of the effect of moisture on several timber properties, (1) shrinkage linked to moisture content, and 

(2) strength properties related to moisture content, for an unknown timber species -but expectantly a certain tropical deciduous 
species as the fsp (fibre saturation point) is rather low [35] 

Wood naturally is in equilibrium with the moisture content of the surrounding environment, up to the fibre saturation 

point. Sapwood will react more strongly to changes in moisture level due to the more open cell structure, compared 

to heartwood. In general shrinkage (drying) causes a reduction in cross-section, but the strength properties improve 

significantly when the material is dryer (reduces in moisture content in the range of 0 ≤ ω ≤ fsp).  

 

That also the timber quality is related to the effect of moisture on timber properties is shown figure 29, where in a 

study by Hoffmeyer (1995)[24][36] tests were performed on samples with an equal strength distribution (horizontal 

axis) that under different moisture contents (12, 20, >28%) were strength-tested. Hoffmeyer concluded that in the 

case of compression strength the quality of timber has no influence on the effect of the moisture content (relative 

differences in strength equal over percentile values in figure 29), for tension strength the timber quality does make 

a difference, yet overall the strength properties are not influenced by the moisture contents (also seen in figure 28). 

Bending strength in lower quality timber is less influenced by the moisture content than higher quality timber.  

 

  

Figure 29: Strength (perpendicular to the grain) vs. percentile of matched samples of the strength distribution for picea abies, as 
performed by Hoffmeyer (1995)[24][36] 

For compression and bending a difference in strength is seen for higher moisture contents, for tension this effect 

can be ignored. Due to the strong improvement of properties, the change in cross-section is neglected. This holds 

for shrinkage, but also vice versa for swelling. Shrinkage and swelling occurs perpendicular and parallel to the grain, 

but in a different extend. This effect (perpendicular to the grain) is shown in figure 28. Although stresses can be 

induced in the material due to moisture changes, it not further elaborated here.  
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For analyzing the structures of subject here, the present moisture content and occurred cracks are relevant. 

Similarly, Eurocode 5 prescribes to account for the effects of higher humidity, by reducing timber properties and 

enhancing the effects of creep. 

 

Conclusion, it is important to assess the wood moisture content (and perhaps the humidity in older barns), because 

moisture levels have an influence on the strength and stiffness (creep) properties of timber. This can be done for 

example by assessing conform the climate classes mentioned in table 8 -although there should be accounted for 

exceptional situations (leakages, poor ventilation). A measurement on site (several devices available that measure 

humidity or moisture content quick) is in that case better. 

 

4.5.2 Load duration 
The behavior of timber is determined by the way it is loaded. Under normal loading, for a short period of time, the 

timber element is deforming elastically and the characteristic value of the strength properties as in (e.g. -EN 338[41]) 

table 5 apply. When the load is applied permanently, or for a longer period of time, the stresses needed to introduce 

failure in an element are much lower. The earlier strength properties could be reduced up to 60% of their initial 

value, applies when it is loaded permanently with a constant value. A phenomenon called creep will cause the 

element to deform past elasticity and cause permanent deformation, although elements can partly recover from 

creep deformation over time after load-relaxation. Higher temperatures, drying but also higher levels of humidity 

can accelerate the effects of creep.  

 

Before failure, an element undergoes significant deformation. The failure deformation in perspective to initial 

deformation is seen in figure 30. It shows that also undergoing low stresses, creep will occur in timber elements. 

These internal stresses will also reduce in time, due to relaxation (the constant deforming under constant load). 

 

 
Figure 30: Creep effects under several stress levels (bending? -timber species unknown) [35] 

The total deformation in elements is defined in Eurocode 5 as the total of camber, initial (elastic) deformation and 

creep. The effect of creep is determined by assigning each load on the element in a so called ‘load duration 

class’, and to define a climate class for the environment of the element. These are summed up in table 7 and 

table 8, of which should be noted that for the load duration the cumulative amount is decisive for its effect on the 

structure. Both tables lead to two factors (kmod & kdef), that influence on stiffness and serviceability limit state. 

 
Table 7: Load duration classes as described in Eurocode 5, combined with kmod for sawn timber [37] 

Load duration class 

Cumulative duration 
of the characteristic 

load Examples 

kmod 

(Climate class)  1 2 3 

Permanent > 10 years Dead load 0.60 0.60 0.50 

Long 6 months – 10 years Storage 0.70 0.70 0.55 

Medium-long 
1 week – 6 months 

Life loads on floors, 
snow 0.80 0.80 0.65 

Short < 1 week Snow, wind 0.90 0.90 0.70 

Instantaneous  Wind, accidental 
load 1.10 1.10 0.90 
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Table 8: kdef defined by the climate class in Eurocode 5 [37] 

Climate 
class 

Description kdef 

1 This climate class is recognized by a moisture content in the materials that 
corresponds with a temperature of 20 oC and a relative humidity in the 
surrounding air that is only several weeks a year above 65% 
This means that in most coniferous wood species the average moisture 
content will not reach more than 12% 

0.60 

2 This climate class is recognized by a moisture content in the materials that 
corresponds with a temperature of 20 oC and a relative humidity in the 
surrounding air that is only several weeks a year above 85% 
This means that in most coniferous wood species the average moisture 
content will not reach more than 20% 

0.80 

3 This climate class characterizes with climate circumstances that cause higher 
moisture contents than climate class 2. 

2.00 

 

Concluding, several aspects can have had an influence on the occurring creep, therefore, in older structures it is 

expected to find signs of creep. The present deformation in the members should be taken into account assessing 

the structural capacity.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Timber properties for Frisian-aisled barns 

4.6.1 Theoretically defined base point 
As mentioned before, in most Frisian-aisled barns pine or spruce is the wood species used. In this research strength 

class C24 is used in calculations. Table 5 presents the characteristic values (from EN 338), and the mean values 

found by Ranta-Maunus (2007)[1] in an extensive research to the properties of spruce.  

 

Although visual grading can be effective, retrieving elements from the structure to determine properties (density for 

example) can be more straightforward. For visual grading to be effective, it should be performed by an experienced 

person. Factors in Eurocode 5 are introduced to account for e.g. the moisture content and load duration, but for 

older structures an on-site examination is advised (creep and high moisture levels could have caused already a lot 

of damage). In chapter 5 laboratory research is performed on timber retrieved from a certain Frisian-isled barn, 

proving the importance of assessing timber properties. But, even after determining the material properties -elements 

should be assessed on other imperfections on site. 
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5 Laboratory research to the material properties 

 Introduction 

The main goal of these tests is to get an indication of the properties of timber retrieved from a Frisian-aisled barn. 

In chapter 4 several aspects are explained that represent a significant influence on the timber properties and ‘quality’ 

of the timber and the overall structure. Because of the number of aspects, it can be said that every structure is 

different and that every structure should be assessed individually. The properties that are chosen to research 

(compression parallel and perpendicular to grain, and shear parallel to grain), are properties that are expected to 

be related to the load bearing capacity of dovetail connections. Another reason to choose the compressive 

properties is that those are the properties in which ductility in timber is found.  

 

In figure 31 two specimens are shown, of which one has severe decay (visually graded as severe), and the other 

is free of any decay. De magnitude of decay varies in all specimens, though all specimens together represent the 

condition of that particular part of the structure this timber was retrieved from. Interesting is whether there are 

differences in properties between specimens that show traces of decay (specimens from the outer layer of the 

original timber member), and specimens that do not show traces of decay (specimens from the center of the original 

timber member). Although a difference in capacity might be measured, giving a grade to the decay is difficult. 

Theoretically the density is mostly influenced by this type of decay, because biological decay by insects causes 

absence of material; unfortunately, the density of the timber varies through the cross-section of a tree (and therefore 

in the specimens). Thus the decay can only be graded visually in this case, although for these indicating tests it 

satisfies with determining that there is in fact biological decay present that could influence the structural capacity. 

 

 
Figure 31: Traces of decay in the specimens: specimen 1.1 –  from the outer layer of specimen 2, severe decay visible / 

specimen 1.6 – from the core of specimen 2, no visible decay 

The results will be presented as the overall timber characteristics as could be expected from Frisian-aisled barns in 

practice, when for example renovation is done to a structure –but it can be assumed as a case where severe decay 

of timber is present -e.g. the barn structures in north-east Groningen are relatively clean and dry, considering their 

age. This can be explained by the fact that in these regions mainly crop farmers are active, therefore live-stock is 

often absent on these farms. As a consequence, these barns are expected to have significant lower levels of 

humidity. Remarks on this assumption are that this is not a verified assumption, also, livestock was/is only present 
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in one of the side-aisles -though it seems significant on the environment inside. The results of the tests are 

compared with the timber characteristics presented by Ranta-Maunus (2007) in ‘Strength of Finnish grown timber 

(spruce)’[1], where the results of studies executed between 1986 and 2007 are presented. The data presented by 

Ranta-Maunus was retrieved in comfy with EN 408[39], equally to the tests performed for this study. The timber 

used in that study is of the same species and had a comparable density, as can be seen in table 12. 

 

Finally, there must be remarked that all tests done in this research or indicative, and that the number of specimens 

is too low to provide statistically supported conclusions. Also, the decay in the test specimens is not further specified 

than whether it is present or not in the specimen. The results of these tests may lead to more research to timber 

properties of old (barn) structures.  

 

 Source 

The tested wood is retrieved from a barn (L30xW18xH11.5 m) that is demolished in the end of 2016. After the barn 

was demolished, the tested wood has laid outside for a period of 7 days before it was transported to the laboratory.  

 

The barn (see figure 32) was built in 1870. The building style of the farm corresponds with this age. It is assumed 

for that reason the tested wood is approximately 150 years old. Dendrochronological research could provide more 

information about whether the assumed age is correct or not. The timber could also have been re-used from an 

even older structure. From visual inspection it has been concluded that the timber species probably is of coniferous 

type (picea abies or pinus sylvestris- spruce or pine), where at first it is assumed to be of European origin; later 

performed laboratory research has confirmed the species as picea abies. This corresponds with the expected wood 

species for this type of structure. Other visited barns were also built using the wood species. The specimens are 

retrieved from the main portal frames of the barn. 

 

   
Location: Rijksstraatweg 9, Zweins 

Figure 32: Views on the farm, during the demolishing of the barn. Eventually also the house -attached to the barn- was demolished 
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 Review - Compression strength parallel to grain 

A total of 9 specimens has been tested to determine the compression strength parallel to the grain for indicative 
purposes. All specimens were approximately 240x40x40 mm1; the exact dimensions are listed in table 9. Although 
10 specimens were prepared, of one it was concluded that it does not meet the dimensional requirements (this 
specimen had a severely reduced cross-section due to a local imperfection), therefore this specimen was left out.  
 
Considering the results of Ranta-Maunus (2007), a mean value of 36.9 N/mm2 was expected. Figure 35 and table 
9 show that the acquired results are much lower. Partly this could be explained by the biological damage in some 
specimens, but even when the extremes are removed (in this case minimum – specimen 2.2, and maximum – 
specimen 3.6), it is clearly seen that all specimens have a strength approximately 65% of the value determined by 
Ranta-Maunus -probably due to “(natural) aging”.  
 

 
Figure 33: Showing four sides of failed specimens: 3.6 – Crushing; 2.2 - Crushing in a section with severe decay; 3.4 - Crushing 

and splitting 

As figure 35 shows, there is no clear relationship between the density and the maximum stress-value (small range 

in density, wide range in stress). Even if there would exist a correlation between these two properties, the amount 

of specimens would be too low to draw more than an indicative conclusion. A clear reason for the difference in 

strength has not been determined. Figure 35 also presents a bi-linear average of the stress-strain diagram in which 

the plastic branch is considered full plastic. Although during the tests all specimens seemingly failed in a similar 

way; comparing the courses in the stress-strain diagram with pictures of the failed specimens results in some 

differences, explained following.  

 

Crushing 

All specimens showed some sort of crushing, which was in the case of four specimens the only failure mode. The 

course of the stress-strain diagram was for all these four specimens quite similar: roughly a linear-elastic behavior 

upon reaching the maximum stress, continued by a ‘plastic yielding’ where strength slowly reduced with increasing 

deformation, in a similar slope for all these specimens.  

 

Decay-crushing 

For the other specimens crushing was not the only reason of failure. The specimens in which significant decay was 

noted, crushing was seen in the (assumed to be) weakest section. In other words: crushing occurred in sections 

where most material was gone due to decay. Therefore, it could be said that failure was initiated by the decay. The 

course of the stress-strain diagram does differ from the previous described specimens; the transition between the 

linear-elastic branch (which seems slightly less stiff compared to previously explained specimens) and ‘plastic 

yielding’ branch is softer. The absence of material due to biological decay is suspected to be the cause of the less 

sudden transition from linear-elastic behavior to plastic: more deformation occurs in this transformation. The 

presence of biological decay does not seem to influence the plastic behavior significantly, nor the maximum stress 

although more displacement is occurring.  
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Splitting-crushing 

Lastly, the specimens in which crushing combined with splitting was observed during the test. In both specimens it 

is assumed that knots were the cause of the splitting, resulting in a less stable ‘plastic yielding’. All three defined 

failure modes are pictured in figure 33 and their stress-strain diagrams are separated in figure 34. 

 

 

 
Figure 34: Separation of the several failure modes in stress-strain diagrams 
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Table 9: Specifications and results of specimens in compression parallel to grain, according to NEN-EN 408 

Specimen Dimensions (mm1) Density Compr. str.  (N/mm2) Failure mode Decay present 

2.1 238.0x39.9x40.0 403.5 20.9 Crushing Yes 

2.2 239.0x40.0x40.1 441.6 13.5 Crushing Yes 

2.3 239.0x40.0x40.1 363.0 24.6 Crushing, splitting (knot) No 

2.4 237.5x40.0x39.9 411.2 22.0 Crushing No 

3.1 236.5x40.1x39.9 436.7 27.1 Crushing No 

3.2 236.5x40.0x39.9 392.4 28.7 Crushing No 

3.3 237.0x40.0x39.9 448.0 25.2 Crushing Yes 

3.4 236.5x40.0x40.0 419.6 28.1 Crushing, splitting (knot) No 

3.6 237.0x40.0x40.0 456.6 32.8 Crushing No 

  419.2 24.8 Mean value  

  0.07 0.2 Coefficient of variation  

 

 

 

 
Figure 35: Overview of graphical presentation of results for compression parallel to the grain, specimen size L240/H40/W40 
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 Review - Compression strength perpendicular to grain 

Only 4 specimens have been tested for assessing this property, resulting in a little data. All specimens were 
approximately 70x45x90 mm1; the exact dimensions are listed in table 10.  
 
The buildup of strength during linear progressing deformation results in a difficult to determine failure load, which 

should be somewhere between the linear-elastic behavior and the more plastic behavior. The failure loads are 

determined by the method described in NEN-EN 408. Because the low number of specimens, it was not possible 

to do preliminary tests. Therefore, the time upon failure varies between specimens and neither it comes close to 

the limits described in NEN-EN 408. 

 

The low failure load of specimen 2B is explained by the short linear-elastic behavior and the soft transition to plastic 

behavior, combined with the method to determine the failure load described in NEN-EN 408. The soft transition is 

possibly due to the decay in the specimen; the same was seen in the experiments parallel to the grain. During the 

test even some decayed parts came loose of the specimen, as is seen in figure 36 (specimen 2B, upper right 

corner). In contradiction to the failure load, the eventual plastic strength compares to the other specimens.  

 

The irregularities in the course of specimen 3B in the stress-strain diagram (figure 37) is thought to be caused by 

the direction of the annual rings, almost perpendicular to the loading direction. This in contradiction to the other 

specimens, where the material possibly more shifts in deformation. This is seen in figure 36, where the plastic 

deformation occurred also sideways, except for specimen 3B. There deformation occurred parallel to the central 

axis (on sight) and more sudden, after build up of strength. This corresponds with the behavior seen in the stress-

strain diagram. 

 

  
Figure 36: Permanent deformation in specimens 

All in all, a resembling behavior under loading is observed for all specimens. In figure 37 this is translated to an 

average (bi-linear) stress-strain relationship, although expected is that the linear-elastic branch would change if 

more specimens with decay present would have been tested.  
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Table 10: Specifications and results of specimens in compression perpendicular to grain, according to NEN-EN 408 

Specimen Dimensions (mm1) Density Compr. str. (N/mm2) Failure mode Decay present 

2A 70.2x46.4x90.2 387.3 1.8 Slipping, crushing Yes 

2B 70.3x45.8x88.4 403.5 0.6 Slipping, crushing Yes 

3A 69.3x45.8x88.9 464.9 1.7 Slipping No 

3B 70.0x45.9x89.4 434.7 1.9 Slipping No 

  422.6 1.5 Mean value  

  0.07 0.3 Coefficient of variation  

 

 

 

 

 
Figure 37: Overview of graphical presentation of results for compression perpendicular to the grain, specimen size 

L70/H90/W45 
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 Review – Shear strength parallel to grain 

In total 12 specimens have been tested for assessing this property, of which 3 had to be removed from the presented 

results because failure occurred in the glue between the steel plates and the specimen. These steel plates are 

added to perform the tests with the specimen under an angle of 14 degrees, as prescribed in NEN-EN 408. All 

specimens were approximately 300x55x32 mm1; the exact dimensions are listed in table 11. A strain is not 

presented: the stress is set out against the bench displacement (see figure 40). In figure 38 the results of the 

specimens are separated between the specimens with and without decay. 

 

 
Figure 38: Separation of specimens with and without decay 

Clearly, the specimens in which no decay was detected could bear a higher load. The reason for the lower failure 

in the other specimens is assumed to be quite straightforward: the biological decay (due to insects) result in a 

reduced cross-section and interruption of grains. This is seen in figure 39, where A represents a clean specimen. 

B and C show the traces of the insects in the failure surface, which shows interruption of grains and resulting in a 

reduced cross-section. In a more severe state of decay the rupture surface is far from clean, as seen in D. The 

wood there is soft (swampy) and comes easily apart, and therefore also resistance against shear is not present.  

 

          
Figure 39: Surfaces after failure:   A; specimen 4.1: no decay present   /   B; specimen 4.4 and C; specimen 4.5: some biological 

decay due to insects   /   D; specimen 1.1: an example of severe decay present (insects and rot) 

Due to the fact that failure is sudden in the case of shear (there cannot be spoken of plastic behavior or warning 

before rupture), not a consistent linear relationship can be distinguished and a strain is also difficult to determine, 

there is chosen to only present the minimum, maximum and mean value as a result of these tests. 
  

A              B                C                D 

4.1        4.4         4.5         1.1 
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Table 11: Specifications and results of specimens in shear parallel to grain, according to NEN-EN 408 

Specimen Dimensions (mm1) Density Shear str. (N/mm2) Failure mode Decay present 

1.1 299.5x54.9x32.0 420.5 1.2 Rupture Yes 

1.2 298.5x54.9x32.0 410.7 4.2 Rupture No 

1.3 298.5x54.9x31.9 428.8 3.4 Rupture Yes 

1.5 299.0x54.9x32.0 413.8 3.1 Rupture Yes 

1.6 299.5x54.8x32.1 376.9 4.7 Rupture No 

4.1 297.5x54.8x32.1 380.7 5.2 Rupture No 

4.4 298.5x54.8x31.9 449.4 3.4 Rupture Yes 

4.5 299.0x54.9x31.9 461.7 3.9 Rupture Yes 

4.6 300.0x54.9x32.0 468.2 3.9 Rupture Yes 

  423.4 3.7 Mean value  

  0.07 0.3 Coefficient of variation  

 

 

 

 
Figure 40: Overview of graphical presentation of results for shear parallel to the grain, specimen size L300/H55/W32 
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 Résumé 

As mentioned, three important properties expected to relate to the capacity of dovetail connections are researched 

on this particular wood. These values have been compared to the values presented by Ranta-Maunus (2007), who 

performed tests on timber with –expected– comparable characteristics (species and density at least). Comparing 

both in table 12, it can easily be noticed that this small scale research shows that the properties of the retrieved 

wood do not come close to what was expected regarding the previous mentioned research: only circa 60% of the 

expected capacity was reached.  

 

Notable is that the mean values from these properties are almost all equal or lower than the characteristic value (5 
percentile value) of these properties commonly used in structural calculations for picea abies (spruce) of strength 
quality C24. The sample size in these tests was low, therefore more tests should be performed to conclude about 
it.  
 

Ductility in timber is found in the compression capacity of timber. Despite biological decay (due to insects and 

environment), a plastic capacity is still present. The tests show that decay due to insects mainly influences the 

elastic capacity: more deformation occurs under less stress until the plastic branch is reached. 

 

 
Table 12: Comparison of results of Ranta-Maunus (2007)[1] and the tests performed in this research 

  Ranta-Maunus (2007) Castelein (2017) 
Reduction on 
mean values 

Compression // 

fc,0,min 21.1 13.5 

32.8% 
fc,0,mean  36.9 24.8 

fc,0,max 53.5 32.8 

ρmean 436.1 419.2 

Compression ┴ 

fc,90,min 1.9 0.6 

46.4% 
fc,90,mean 2.8 1.5 

fc,90,max 4.1 1.9 

ρmean 443.0 422.6 

Shear // 

fv,min 3.3 1.2 

33.9% 
fv,mean 5.6 3.7 

fv,max 8.6 5.2 

ρmean 443.5 423.4 

 

 
Table 13: Timber properties, picea abies (spruce) C24, 5 percentile strength values as from EN 338 

Compression // fc,0 21 N/mm2 

Compression ┴ fc,90 2.5 N/mm2 

Shear // fv 4.0 N/mm2 

 

A clear cause for the reduction in capacity is not found; obviously the decay due to insects has an influence. In 

perspective of the specimens, this causes an overall reduced cross-section and interruption of grains since the 

specimens with decay often have decay throughout the whole specimen. In perspective to the elements this timber 

is retrieved from (e.g. beams and columns) the decay is in general limited to the outer layers. Also then, a reduced 

cross-section can take the decay into account. The effect on the (axial loading) capacity is though expected to be 

small, due to the size of the elements. Besides of reduced cross-sections (not taken into account when calculating 

stresses related to these experiments), the ‘healthy’ specimens show a significance difference as well, presented 

by fmax in table 12. Although the specimens seem to be of healthy wood (supported by their density): the structural 

properties do not follow these expectations. A chemical analysis is suggested.   

 

Not proven, but expected is that the climate in these barns is the cause of this ‘invisible decay’ of the timber. This 

particular barn housed among other things, livestock. Dairy cattle mainly, but also other animals that can be seen 

on farms. The decomposing of cow dung is known to cause gasses, that in high levels could even be live risking to 

human and livestock. Methane (CH4), hydrogen cyanide (HCN), carbon dioxide (CO2), hydrogen sulfide (H2S) and 

ammonia (NH3) in a lower amount [2] are products of the decomposition of organic matter.  

 

Picea abies or pinus sylvestris- spruce or pine characterize with a very open sapwood structure, therefore the 

moisture content of the timber easily adapts to the constantly changing humidity levels in the barn (e.g. due to fresh 

grass brought inside to dry, cattle inside or out, humidity of outside air). With humidity levels raising the timber fills 

itself with moist from the surrounding air, containing perhaps particles from the gasses mentioned before. These 

remain in the timber after the timber dries again with humidity levels lowering. The harm of these particles is 
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unknown. From, for example, hydrogen sulfide it is known to cause rapid degradation of steel and steel-reinforced 

concrete structures. The acid nature could as well harm the cell structure of the timber, but it is unknown whether 

this is fact. Also, it is unknown to what extend these gasses were present -this perhaps various throughout the barn, 

e.g.: the extent of ventilation, the amount of cow dong present at a certain spot and the humidity-and-temperature-

mix that influences the process of decomposing- it should be noted that this process took place over a span of 

approximately 150 years. A chemical analysis of the timber will provide clear data on whether this timber deviates 

from unexposed timber.  
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Part 3 – Dovetail connections 
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6 Load bearing capacity (static) 

 Introduction 

One of the main topics of this research is the in-plane dovetail connection. In Frisian-aisled barns commonly used 

to secure stability in the primary braces in the main portal frames. Figure 41 shows an example of the connection. 

Although there is a large variety in dimensions and fittings of elements, the shape of the dovetail is consistent in all 

seen connections. Out-of-plane the brace is secured –in this case– with five nails, but often four nails are used. 

Timber or steel dowels can have been used instead as well. The terms described in figure 41 and figure 43 are 

used as a guideline for describing the behavior of the connection. 

 

 
Figure 41: Surfaces of the dovetail connection 

Although the in-plane dovetail connection is a common connection in historical timber frames, overall the dovetail 

connection was not a primarily used in the barn structures here described (perhaps before the 19th century it was). 

Locally it has been used in the primary structure for a long time after, as for example in the east of Groningen, 

where even in the 20th century farms were still built using this connection.  

 

Outside of Groningen this connection has mostly been used secondarily, in other words: not as main connection in 

the primary portal frames. As in Friesland for example, where a mortise-and-tenon connection was primarily used. 

In some of these barns a dovetail connection can be seen for reinforcement of the existing structure. This could be 

necessary when the primary braces were initially placed too high and strong lateral displacement occurred. A locally 

insufficient fundament could also cause large deformations. In that case, often an additive brace was placed, where 

it seems practically impossible to use a mortise-and-tenon connection; the in-plane dovetail connection was a 

proper alternative as it is placed on one of the sides of the portal frame. The reason for this difference in general is 

unknown.  
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 Experimental research to the load bearing capacity (static) 

Laboratory tests have been performed to define the load bearing capacity, yield point and failure of a ‘certain’ 

dovetail connection. In other words: only one (geometrical) composition is studied, conclusions related to these 

laboratory tests therefore only hold for these performed tests and compositions. Analytical analyses regarding the 

stiffness for more general geometries are carried out and discussed in paragraph 6.3; these are however not 

experimentally verified in this study. The geometry of the connections used is based on connections as they were 

seen in the case study (described in paragraph 3.5), and described in paragraph 6.2.1. Paragraph 6.2.2 explains 

the test method, of which the results are discussed in paragraph 6.2.3. These results are used to determine a yield 

point, followed by a bi-linear diagram of the behavior of these connections in paragraph 6.2.4. In the last paragraph, 

6.2.5, the obtained data is further analyzed.  

 

6.2.1 Assembly and materials of specimens 
As mentioned, the basis for the design of the specimens is the case study used in this research. The origin and 

changes made are shown in figure 42. The used timber species is picea abies, in the quality C24. In total four 

specimen have been tested. The specimens consist of two legs and a brace, with a steel-pinned half-wood (hinge) 

connection between the legs, and two dovetail connections between the brace and the legs (two legs per specimen). 

Additionally, each dovetail connection is equipped with four steel nails, to secure the brace in out-of-plane direction. 

[1] [2]  [3]  
Figure 42: Primary structure, [1] ideally as modelled, [2] as seen in the case study [3] and finally as laboratory tested in this 

study 

Changes that have been made to the structure as in the case study are the following: 

- The used connections and elements are downsized, to increase operational ease; 

- The braces are recessed in the beam elements with the full thickness of the dovetail; 

- The specimens have been made symmetrical; 

- Sawn timber is used for the beam elements, rather than round wood. 

Last three exceptions are mainly done because a ‘perfect’ situation is meant to be studied, in which maximized 

contact surfaces are desired. Finally, the connections are tested in the composition of the portal frames in which 

they can be found, in order to be able to describe the behavior of these portal frames later. The connections in the 

specimens are described in more detail in figure 43 and table 14.  

 
Table 14: Defined parameters (initial state, see paragraph 6.2.2) 

Parameters to be specified  Parameters to be calculated 

b1 120 mm  S1 2750 mm2 

b2 125 mm  S2 5518 mm2 

t1 40 mm  S3 7071 mm2 

t3 55 mm  S4 6788 mm2 

d1 40 mm  S5 1902 mm2 

d2 50 mm  C1 5071 mm2 

α 45 degrees  β 15 degrees 

L3 2∙cos(45)∙1000 mm 

 



43 
 

1 2

1
2

cos( )
tan

sin( )
cos( )

d

b
d









 
 
 
   
 

  

1 2 3S d t    

1
2 1

cos( )

b
S t

 
 


  

2
3 1

cos( )

b
S t


    

1
4 1

cos( )

b
S t


    

 2
5 2 3 1

cos( )

b
S d t t



 
    
 

  

2
1 2 1

cos( )

b
C d t



 
   
 

  

 
Figure 43: The connection converted to variables (initial state, see paragraph 6.2.2) 

Nails from the same batch that have been used in the connections of the specimen (3x80 mm1, four per connection), 

have been experimentally tested to determine their yield stress conform NEN-EN 409[38]. This resulted in an 

average yield stress in bending of 1629 N/mm2; determined using six nails for these tests (see table 15).  

 
Table 15: Results of tests to determine the yield stress of the nails, nails used in the tests are from the same batch -data from 

the performed tests can be found in appendix 2  

 

 
d = 3 mm, 
L = 80 mm 

Test # N/mm2 

1 1550 

2 1632 

3 1660 

4 1601 

5 1711 

6 1620 

Average 1629 

 

 

The spacing of the nails applied is in accordance with Eurocode 5, therefore splitting in the connection is not further 

elaborated (and not observed). A difference is made between loaded and unloaded edges, but loading could occur 

in two different directions (cyclic load applies). The nails have been pre-drilled, as the chosen wood species (picea 

abies) is known to split easily. Using the European Yield Model the yield load for the nails can be calculated, or the 

timber embedment failure load. This is necessary for the connection to deform, and therefore it leads to the first 

possible failure modes (yet perhaps not the final) of the connection[44]: 

 

(1) Failure of timber embedment without fastener yielding (EYM); 

(2) Failure of fastener (yielding) in timber embedment (EYM); 

 

Elaborations on the fastener failure can be found in appendix 3. 
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6.2.2 Test method 
The tests have been performed according the procedures explained in EN 12512[40], except for the fact that in this 

part only static non-cyclic tests will be performed; the cyclic test are described in chapter 7. The goal is to acquire 

the static yield load and maximum static load-slip behavior for these connections, and study the behavior leading 

up to failure of the connections. Half of the specimens will be loaded in tension; the other half in compression, both 

parallel to the central line of the brace. This to prevent the introduction of a bending moment in the brace. A bending 

moment will develop in the legs; to prevent failure due to bending, the legs are reinforced by Kerto Q elements (t = 

63 mm) glued from K1 to K3 on the backside of the legs. The tests will be performed displacement controlled, with 

a constant rate of slip between 0.02 mm/s and 0.2 mm/s.  

 

The setup is shown in figure 44, where is chosen to ‘hang’ the specimens in the setup on two hinged points. The 

setup itself is mounted to an (assumed) infinite stiff column by the hydraulic jack. The specimen is only hung by the 

two 40 mm thick steel pins, but is otherwise free to deform and rotate; although out-of-plane rotation of the leg 

elements is prohibited due to the length (120 + 4*18 mm) over which the leg elements are slided over the steel pins. 

The 40 mm holes in the leg elements are reinforced by gluing a double plate of 18 mm plywood on each side; this 

to prevent failure of the timber embedment. Protection for sudden buckling of the brace (compression) is added 

without obstructing the free movement of the brace. This is done to assure the safety of persons around the test 

setup. 

 
Figure 44: Test setup as it was used for these tests 

 A = 675.0 mm 

 B = L1 – L2 = 669.5 mm 

 1 = Hydraulic jack (capacity: 650 kN) 

 2 = Force transducer (capacity: 350 kN) 

 

To calculate the force in the brace (and therefore also in the connections parallel to the brace – K2), the measured 

load in the force transducer is used as follows: 

1

2

FT
brace

F L
F

L


 , with FFT being the measured load in the force transducer; 

During the test angle ‘α’ (initial angle is 45 degrees) and length ‘L3‘ will vary, and due to that L1 and L2 are not 

constants either. The above formula can be used with initial values for the complete test, because all values change 

in equal proportion; therefore, L1 divided by L2 can be replaced by factor 1.475. 

Besides the data that is collected by the force transducer (force) and the hydraulic jack (force / displacement), more 

detailed measurements are performed in the dovetail connections (K2 in figure 44). These measurements are done 

with LVDTs (range of 40 mm total each), all placed on the central line of the brace.  

Table 16: LVDTs on the specimens 

Connection Front side Back side 

Left LVDT06 LVDT09 

Right LVDT07 LVDT08 

  

The LVDTs on the front side measure against an aluminum bridge (see figure 45), placed over the dovetail 

connection in the central line of the legs. The bridge is only attached to the leg elements, and allows the brace to 

freely deform with respect to the leg elements. The bridge also ensures a flat surface, perpendicular to the brace. 

On the backside this is done by gluing a small aluminum profile to the surface of the leg elements, both are seen in 
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figure 45.  In the results shown in paragraph 6.2.3 & 7.1.3, the measurements of the LVDTs on the front and back 

side are averaged. 

 

Figure 45: Measurements on the dovetail connections, aside from that, also the initial condition can be observed 

As mentioned before, from the test results a yield load and maximum (or ultimate) load including the according slip 
will be presented. The determination of the yield load from the data can be done according to EN 12512, but also 
several other methods exist (see paragraph 6.2.4); also the ultimate load is defined in EN 12512, as quoted: 

- “Failure; 
- 80% of the maximum load for a slip less than 30 mm; 
- A joint slip of 30 mm. Whichever occurs first”.  

In this case two connections are simultaneously tested, in a setup that assures an equal loading in both connections; 
yet it is highly unlikely that failure of both connections also occurs simultaneously. Therefore, chosen is to define 
the highest measured load in each test as the ultimate load, with the according slip of this load for each connection. 
Per specimen this means that for one connection this is probably equals the failure load; the failure load and slip of 
the other connection will not be reached. 
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6.2.3 Connections – Stiffness and failure (static) 
Measurements on the specimens are translated to load-slip diagrams. These indicate the behavior of the 

connections individually, but mainly reveal their behavior in the composition of the portal frame. Connections in the 

same specimen endure the same load, but may react differently in deformation. For the load-slip diagrams the load 

measured in force transducer is converted to the load in the brace. The results show that both in tension and 

compression the connections behave quite similar: in deformation and load carrying capacity. The test speed of 

specimen SB-01 was 3 mm1/min; later tests are performed with a test speed of 6 mm1/min. The initial test speed 

was considered too low, based on time-to-failure. The moisture content of the specimens was around 14%.  

 

 
 

Specimen Failure load (kN) Slip (mm1) Test speed (mm1/min) 

 

SB-02 24.9 
Left -26.3 

6 
Right -20.3 

SB-03 31.4 
Left -15.5 

6 
Right -24.2 

Figure 46: Results for specimens in compression, measurements in connections (static) 

 
Specimen Failure load (kN) Slip (mm1) Test speed (mm1/min) 

 

SB-01 -24.1 
Left 10.7 

3 
Right 15.8 

SB-04 -27.0 
Left 24.7 

6 
Right 18.8 

Figure 47: Results for specimens in tension, measurements in connections (static) 
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Compressive tests SB-02 & SB-03 

For both tests performed can be stated that the behavior is relatively similar. Initially a relatively stiff behavior, 

leading to a sudden increase of strength at 6 kN load applied to the connections. Assumingly failure in the nails 

occurred at this stage, which also corresponds with capacity of the nails estimated with the EYM and the exact 

(experimentally determined) yield stress of the nails (see paragraph 6.2.1). Failure of the nails allows slip in the 

dovetail connection resulting in closing of initial gaps between contact surfaces, which would explain the increase 

of strength. For the compression tests initial gaps are present in S1 and S5 due to production inaccuracy, see figure 

43 and figure 45. After the presumed failure of the nails in the specimens in compression, the connections continue 

to deform and transit from elastic behavior to plastic behavior. 

 

 
Figure 48: Plastic deformation in surfaces S1 and S5, on the side of the leg – after removing the brace 

In the perspective of the composition of the test setup, the brace is pushed upwards in compression. The leg 

elements move towards each other, leaving less space for the brace. After the closing of contact surfaces S1 and 

S5 (see figure 48), the timber on the leg elements deforms. Due to the upwards movement of the brace, more 

pressure arises in S4. The dovetails recessed in the legs prohibits the brace from moving upwards. Gaps occur in 

S2 due to bending of the dovetail, and the compression surface S4 becomes smaller and smaller. Due to the 

reduction of the contact surface in S4, stresses become higher in the remaining contact surface. Ultimately, the 

timber in the leg element can split; cracking parallel to the leg element (tension perpendicular to the grain). This is 

clearly seen in figure 49 – SB-02 Left. For SB-03 a clear failure was not observed, although load carrying capacity 

peeked and started to reduce slowly. The crack seen in the dovetail is not expected to be related to that. 

 

The pictures in figure 49 are taken after failure was noted. Left and right show the deformation in the connections 

at approximately the same time. 

  

 

 

 
Figure 49: Deformation and failure in compression; pre-deformation can be observed in figure 45 
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Tension tests SB-01 & SB-04  

Remarkable is that the load-slip diagrams for the tension tests show that for connection ‘SB-01 Left’ the load-slip 

remains linear. More slip occurs in the other connection, followed by a clear plastic path. Assumingly due to this 

plastic deformation in the connection on the right side, the connection on the left remains relatively intact/stiff. This 

can be seen in figure 50, where the slip in connection SB-01 Right is significantly more developed than in SB-01 

Left. From the four specimens, this was the only specimen where a clear difference in behavior of both connections 

was observed. A clear failure mode was not observed.  

 

 

 
Figure 50: Deformation and failure in tension; pre-deformation can be observed in figure 45 

 

For specimen SB-04 can be stated that both connections show quite similar behavior under loading. A sudden 

increase in force is also seen around 5-6 kN load. Similar to the compression tests, it is expected that failure in the 

nails is the cause. In general, it can be said that the presumed failure of the nails was less clear in the tension tests, 

especially in specimen SB-01, perhaps due to the fact that initial gaps were not present. Failure of the nails is 

therefore more integrated, in contrast to the necessary failure in the nails before the compressive surfaces in the 

connection itself become active. Both connections in SB-04 reach a plastic stage, although slip in the connection 

on the left is larger and ultimately leads to failure. Figure 50 shows splitting of the dovetail. Almost simultaneously 

the leg-element showed failure in a similar manner as seen in specimen SB-02, causing the connection to lose its 

stiffness and load carrying capacity. The crack perpendicular to surface S4 (crack parallel to the grain) is seen in 

both figure 50 and figure 51. 

 

Also, in the case of tension, bending in the dovetail lip occurs. This can be explained by the ‘flattening out’ of the 

frame (the legs are forced in an angel > 90 degrees), and the resulting rotation of the leg elements due to this. 

Similarly, contact surfaces become smaller and smaller in the case of higher tension forces, due to the ‘pulling out’ 

of the dovetail (as seen in figure 50). 
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Figure 51: Splitting perpendicular to surface S4 

 

Résumé  

From the load-slip diagrams of static tests in compression and tension it can be concluded that this particular 

dovetail connection deforms significantly before reduction of capacity occurs. In other words: failure is not brittle 

and even in tension ductile behavior is observed. Although the nails are added, their contribution to the strength 

and stiffness of the connections can be neglected. For other compositions this could be different.  

 

The decrease in contact surfaces that occurs in both loading directions as deformation in the connection progresses, 

can possibly lead to the conclusion that the flattening out of the load-slip diagram (as in the plastic branch) is due 

to this phenomenon -rather than it being material plasticity. The reinforcement of the leg elements (Kerto doubling) 

show that the bending stiffness of these elements is important to ensure the full utilization of the connections 

capacity. Fully recessing the dovetail in the leg element causes a significant weakening of the leg element; however, 

full recessing is expected to be important to ensure behavior of the connections as seen in these tests.  
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6.2.4 Connections - Determination of yield point (static) 
The yield point is an important factor in the behavior of timber structures under cyclic loading, e.g. the cyclic tests 

conform EN 12512 rely on a yield point as a base point for determining the load pattern. Muñoz et al. (2008)[3] 

define the yield point as “a point where plastic deformation starts to occur”, and explain six(!) methods that could 

be used to define this point from the load-deformation diagram. Yield points in timber connections are often difficult 

to determine, since the transition between elastic to plastic is in most cases a soft transition; yet not all six methods 

are explained here, since Muñoz et al. conclude that certain methods give undesirable results. Four methods will 

be compared for this particular test, considering the conclusions drawn by Muñoz et al. and in former research of 

the Eindhoven University of Technology (mostly MSc theses, e.g. Bakel (2015) and Bekkers (2015)[4][5]). 

 

 
Figure 52: A graphical presentation of all methods used in this report, on a purely fictive load-deformation diagram[4][51] 

K&C method (Karacabeyli & Ceccotti) 

Defining the yield point is rather easy in this method, which is perhaps also the pitfall for this method. It states that 

the yield force is found at 0.5Fmax; the corresponding slip in the load-slip diagram at F-value is the yield slip. Bekkers 

states the following reasons to not use this method: 

- Although the yield point is meant for load-slip diagrams that are ductile; this method easily finds 

a yield point for load-slip diagrams that are in fact brittle; 

- Because the course of the load-slip diagram is not relevant to this method, chances are that a 

yield point is defined in a linear part of the load-slip diagram. 

Yet, this method is used to define a yield point. Figure 52 shows this method in graph, together with the other three 

methods used in this report.  

 (I) 
max0.5

y
F F  ;   

 (II) uy is found as the correspond slip to Fy. 

 

European Committee for Standardization (CEN) 

This method requires some more effort, and a bi-linear diagram needs to be produced. The transition between both 

linear slopes is where the yield force and slip are found; not necessarily on the load-deformation curve itself, as can 

be seen in figure 52. 

(I) A line is drawn through 0.1Fmax and 0.4Fmax on the load-deformation diagram; 

(II) Another line is drawn tangent to the load-deformation diagram, with a slope 1/6 of the first line: 

max max

max max

0.4 0.1

0.4 0.1

6 ( )F F

F F

u u





 
; 

(III) Fy and uy are found at the intersection of both lines. 
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Y&K method (Yasumura & Kawai) 

This method seems similar to the method of CEN; also, in this case the first line is defined by the initial stiffness (10 

– 40% of the maximum load). A second line is drawn between 40 and 90% of the maximum load. A tangent parallel 

to this second line is projected, where again the intersection with the first line define the yield point; 

(I) A line is drawn through 0.1Fmax and 0.4Fmax on the load-deformation diagram; 

(II) Another line is drawn tangent to the load-deformation diagram, with a slope of: 

max max

max max

0.9 0.4

0.9 0.4

F F

F F

u u






;  

(III) A horizontal line is projected on the intersection of both lines. Fy’s value can be read off the Y-

axis thanks to this horizontal line, whereas uy is found in the intersection of this horizontal line with 

the load-slip diagram. 

 

CSIRO method (Commonwealth Scientific and Industrial Research Organization) 

Although this method seems practically equal to the K&C method; its reference point differs. Due to this, the 

outcome could be surprisingly different opposed to the K&C method.   

(I)  
max0.41.25

y F
u u  ;  

(II) Fy is found as the corresponding load to uy on the load-slip diagram. 

 

All four methods have experimentally been used, and the outcomes have been analyzed to determine which method 

predicts the yield point correctly in most cases. Noted should be, that different trends in the load-slip diagram could 

lead to different conclusions. In this case a similar trend was seen for both compression and tension. Figure 53 

shows the results of the four methods on the load-slip diagram of connection SB-02R, which characterizes the 

general pattern in the outcome of the several methods on all connections. In general, the K&C and CSIRO methods 

give similar results, often still in the elastic phase of the load-slip diagram and therefore often overestimating the 

plasticity. In contrast, the CEN method seems to slightly underestimate the yield point; perhaps also because this 

method leads to a yield point off the load-slip diagram itself. The Y&K method generally seems to average the 

outcome of the other three methods, and also seems to be positioned at the end of the linear-elastic track of each 

diagram. Therefore is chosen to use this method for the determination of the yield point, with two exceptions: 

- For SB-01L a yield point could not be determined, since this connection appears to stay in the linear-elastic 

stage. This holds for all methods; 

- In case of connection SB-04R the Y&K method did not result in a yield point, due to the fact that all three 

points used for the determination of the yield point are found in the same linear part. The plastic phase 

develops late and is very short. For this particular case the CEN method was used, since it resembles the 

Y&K method the most. 

Results of all methods on all specimens can be found in appendix 4. 

 

 

Figure 53: The yield points determined with the four methods explained, on SB-02 - Right side connection 
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This leads to the yield slips and yield loads as they are shown in table 17; in gray is arced which values are used 
to determine the average yield point. In table 18 these values are shown, together with the average values of the 
measured failure slips and failure loads; this all is shown graphically in figure 54. As the graph shows, the connection 
behaves quite similar in both loading directions. 
 

Table 17: Yield points per method per connection, with gray the used values are marked 

Specimen K&C K&C Y&K Y&K CEN CEN CSIRO CSIRO 

[kN] [mm] [kN] [mm] [kN] [mm] [kN] [mm] 

SB-01 
Left - - - - - - - - 

Right -12.0 2.0 -10.9 1.3 -11.5 1.3 -10.8 1.3 

SB-04 
Left -13.5 7.7 -20.7 12.4 -25.2 15.4 -13.1 7.5 

Right -13.5 7.2 - - -25.5 14.9 -13.8 7.4 

SB-02 
Left 12.5 -4.1 16.2 -6.4 18.9 -6.3 12.0 -3.9 

Right 12.5 -4.7 16.0 -6.7 20.1 -8.2 12.3 -4.7 

SB-03 
Left 15.7 -4.1 18.3 -5.1 25.0 -6.8 15.3 -4.0 

Right 15.7 -6.1 23.2 -10.4 27.0 -12.0 16.5 -6.4 

 

Table 18: Determined average yielding and failure data on the static specimens 

  Yielding Failure 

Tension 
Load [kN] 18.4 28.2 

Slip [mm] 7.1 21.6 

Compression 
Load [kN] 19.0 25.6 

Slip [mm] 9.5 19.7 

  

 

Compression (negative load):        Tension (positive load):  

Figure 54: The average load-slip diagram with the slip-modulus presented, determined considering all data from the static tests 
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6.2.5 Portals – Verification of results obtained 
To review the presented data of the connections, a comparison is made between different models in SCIA Engineer 
and the input of the tests SB-01 to SB-04. The relation between the force applied on the right support in figure 55 
and the ux displacement due to this force is presented in figure 56. The following is presented:  
 

Test average Step 1 Step 2 Step 3 Step 4 

Real data Linear-elastic analysis Geometric non-linear 
analysis  
 
 

Geometric and 
material non-linear 
analysis with Kt1 
defined 

Geometric and 
material non-linear 
analysis with Kt1 and 
Kr1 defined 

Average force and 
displacement 
measured in the 
hydraulic jack and 
force transducer 
during the tests SB-01 
to SB-04. 
 

In this model the 
translational springs 
have an infinite 
stiffness, while the 
rotational springs have 
a stiffness of 0. No 
imperfections are 
taken into account. 
Dead weight of the 
portal frame working in 
negative Y direction. 

Also in this model the 
translational springs 
have an infinite 
stiffness, while the 
rotational springs have 
a stiffness of 0. The 
imperfections taken 
into account are a 
simple curvature of the 
members of 1/200, 
and a global 
imperfection of dx and 
dy of 0.1 mm1/m1. 
Dead weight of the 
portal frame working in 
negative Y direction. 

This model is equal to 
step 2, only in this 
case Kt1 is modelled 
with the average 
connection stiffness as 
determined from the 
results of the static 
tests, as shown in 
figure 54. 
 

In this model the 
stiffness of Kr1 is 
added, to get an 
indication of the 
influence of Kr1 on the 
overall stiffness. [Kr1 = 
∞]. Kr2 remains zero. 
 

 
Model 
The basic model, as also used in the experimental research, is presented in the following graph. 
 

 

 
 
(→ x; ↑ y; ∙ z) 
Boundary conditions supports: 
Left:    φz free 
Right:  ux free & φz free  

Figure 55: The model graphically 

Three different types of materials have been used. For the comparison the strength of the materials is of no 
importance, the E-modulus is. Cross-sections, with the Z-axis drawn as the central axis of the portal frame: 
 

Table 19: General specifications of the model 

Section 1 - Leg Section 2 - Leg Section 3 – Leg* Section 4 - Leg Section 5 – Brace 

 
 

 
ze = 0 mm1 

 
ze = 0 mm1 

 
ze = 31.5 mm1 

 
ze = 30 mm1 

 
ze = 32.5 mm1 

120x120 mm2 
 

120x120mm2 + 4x18 
mm1 plywood 

120x120mm2 + Kerto 
Q t = 63 mm1 

 120x60mm2 
 

125x55mm2 
 

Material 1** 
Iy = 1.7280e-05 m4 

Iz = 1.7280e-05 m4 

Material 1 & 2** 
Iy = 3.1991e-05 m4 

Iz = 9.3191e-05 m4 

Material 1 & 3** 
Iy = 3.0152e-05 m4 

Iz = 7.2297e-05 m4 

Material 1** 
Iy = 8.6400e-06 m4 

Iz = 2.1600e-06 m4 

Material 1** 
Iy = 8.9518e-06 m4 

Iz = 1.7331e-06 m4 

*A reduction from 120x120mm2 timber to 80x120mm2 is used where the brace connects to the leg elements 
**Materials | 1: ρ = 436 kg/m3, E0 = 7400 N/mm2, E90 = 370 N/mm2 | 2: ρ = 510 kg/m3, E0 = 10500 N/mm2, E90 = 2000 N/mm2 | 
3: ρ = 510 kg/m3, E0 = 10500 N/mm2, E90 = 2000 N/mm2 
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Tension (negative load):                     Compression (positive load):  

Figure 56: Measured stiffness in tests (‘Test average’) in comparison of results of models in a FEM program [SCIA Engineer, 
Picard method] (‘Step 1’ – linear-elastic analysis; ‘Step 2~4’ – non-linear analysis) 

 
As figure 56 shows, the connection properties are necessary to properly predict the behavior of the portal frame 

corners. The linear-elastic behavior of the ‘bars’ is only a small part of the total deformation occurring. Not only the 

translational stiffness of the connection is of importance; it seems that also the rotational stiffness is necessary to 

make a more accurate prediction of the displacements occurring (not measured in the tests). Assuming the 

rotational stiffness to be free, the occurring displacement is overestimated slightly; taking the rotational stiffness to 

be infinite, the overall stiffness seems to be overestimated slightly. Because both options rather well predict the 

behavior, the correct rotational stiffness seems not to be that important. Several approaches to analytically assume 

the rotational stiffness (e.g. the component method as in [6][8]), did not lead to significant changes in the model –

showing that the gray area between zero and infinite is large in numbers, but small in the model. The rotational 

stiffness has not been further studied; leading to the general assumption that taking this stiffness equal to infinite 

leads to a rather well prediction, although assuming the rotational stiffness equal to zero is a safe assumption. 

 
Another aspect that stands out is that in the step 1 model the stiffness in both compression and tension is 
approximately equal, yet in the first non-linear model (step 2) the compression stiffness has reduced more than the 
tension stiffness. The unsymmetrical geometry (as in; the eccentric placing of the brace) of the frame is the cause 
for this difference: from figure 57 can be seen that the leg elements rotate in different directions in tension and 
compression and seemingly in a different magnitude. The torsion in the leg elements could initiate deformations in 
the brace. Also, this aspect is not further studied.  
 

  
Figure 57: Deformed structure at loads of 10 kN and -10 kN in step 2 
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 Analytical research to the load bearing capacity 

In this paragraph the observed behavior in the tests has been tried to simulate analytically -a verification of these 

theories was not part of this study. Therefore, it is advised to be cautious with using these theories in practice and 

to check whether the obtained results make sense. More tests on different geometries are necessary for verification. 

 

6.3.1 Introduction to the principles 
The stiffness presented in figure 54 is only valid for the specific composition of the connection studied, therefore, a 

model is proposed to estimate the stiffness in other compositions –again, a validation of this method is no part of 

this research. The proposed model is a so called ‘component model’: different components are recognized working 

in a certain hierarchy, together representing the stiffness of the connection. For each component a linear-elastic 

stiffness is estimated. The component method is used to determine the rotational stiffness of timber dovetail 

connections and other carpentry connections, by for example Wald et all (1999) [6] & Descamps and Guerlement 

(2009) [8]. For determining the rotational stiffness correctly, a proper assumption needs to be made of the center 

of rotation and as a result, according to the literature mentioned, it seems that the method sometimes overestimates 

the stiffness. In this case the center of rotation is not of importance, since a linear-elastic estimation of the initial 

translational stiffness is proposed resulting in, perhaps, a more straightforward way to use the component method 

in other compositions. Certain modifications on the approach of the component method are discussed in paragraph 

6.3.2 & 6.3.3. 

 

The dovetail connection is in practically all directions an unsymmetrical connection, consisting of many contact 

surfaces that in some cases are under an angle to the loading direction and where different contact surfaces are 

activated in both loading directions. Due to loading, severe deformation will (eventually) occur in the connection 

itself; subsequently also in the portal frame the connections are positioned in. Several assumptions are made to 

make the model as straightforward as possible: 

- The connection is considered to be in its undeformed, initial shape; 

- Friction between surfaces is neglected (in stiffness model); 

- The load on the connection (Fα) is translated into two components: one parallel and one perpendicular to 

the leg-element; 

- Possible out-of-plane fasteners (e.g. nails) are assumed to be relatively weak, allowing the connection to 

work as a full timber connection. Stiff and over-dimensioned fasteners can result in very different behavior 

of the connection, and may even lead to a more brittle mechanism. To avoid this, it is assumed that the 

spacing rules in Eurocode 5 (prevent splitting) are obeyed and that is evaluated according to the European 

Yield Model whether the nails are indeed weak compared to the connection strength. 
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Figure 58: Again, the connection in definitions. Added the components of the load in the brace 
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The connection in definitions as generally described in figure 43 and figure 58 is used to determine the stiffness. 

Furthermore, several formulas are used in the component method. To determine the stiffness when forces are 

applied in an angle to the grain the Hankinson equation (1921) is used: 

0 90

2 2

0 90sin ( ) cos ( )

E E
E

E E


 




  
;       [Equation 1] 

The same equation can be used to determine strengths in an angle to the grain. With the E-modulus known, the 

stiffness of a timber piece can be calculated with Hooke’s law; holding the linear relationship between stresses or 

forces and the strains or displacements occurring: 

Strains: E   ;   Displacements: F k u   ;   [Equation 2] 

In the case of a straight bar (where assumed is that the ‘bearing area’ is equal in size to the timber area), the strains 

occurring in the bar can be translated to a deformation by multiplying with the length of the bar parallel to the strains 

occurring (u = ε·L); combined with previous equations and the relation of F = A·σ, the following formula can be 

recognized: 

E A
k

L


 ;         [Equation 3] 

As a result, the stiffness is linear related to the length of the bar; therefore, if the length of a bar is cut in half, its 

stiffness will increase by a factor 2. Although in some cases this formula is fitting; most bearing surfaces in timber 

connections are not comparable to the straight bar example. Two main reasons can be considered, of which a 

combination of both reasons is shown in figure 59: 

- The load bearing surface is often smaller than the total timber section available, leading to dispersion and 

a stiffer bearing surface; 

- The length used in Hooke’s law is defined as the length of the bar under axial loading –since in this case 

that loading is very local, an influence depth (effective length “L”, in figure 59[B]) predicts the behavior -

perhaps- better. ‘Randomly’ assuming a length easily leads to over- or underestimating the stiffness, 

because the stiffness is strongly depending on the length used in Hooke’s law.   

 

[A]   [B]  
Figure 59: [A] An example of a load bearing surface in the dovetail connections, with in [B](right) the actual occurring case 

compared to Hooke’s law (left); 

Not only the stiffness of these surfaces need elaboration; the tests to the material properties in paragraph 5.4 have 

led to questioning the correctness of the value of the stiffness perpendicular to the grain (E90). Both topics are 

elaborated in the next two paragraphs.  
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6.3.2 Stiffness of a rectangular bearing surface 
Timber research often leads to empirical formulas to predict a certain value; in the case of the stiffness of timber 

bearings this has not yet led to any concrete approach in for example the Eurocode 5, although research has been 

performed –mostly experimentally or theoretically based on soil mechanics. Leijten (2007)[11] discusses different 

methods and proposes a new method for determining the bearing deformation, but in some way the depth of the 

specimen parallel to the loading direction is always involved. Different is for example the approach of Wanninger et 

al. [10], who makes use of a modulus of subgrade reaction and uses several methods related to soil behavior to 

estimate the deformation occurring in compressed bearings of timber connections. Wondered is whether the 

boundary conditions –on edge loading for example– can be taken into account properly. A method that does take 

these conditions into account starts by Wald et al. (2000), who simplified a formula first proposed by Lambert and 

Whitman, describing the stiffness of a linear-elastic half-space loaded by a rectangular surface as to be: 

0.8

E A
k   ;         [Equation 4] 

With Eα
 as determined in the Hankinson formula and A the surface of the load plate;  

Figure 60 [D] shows the applicability of the formula. The force is applied by the rectangular shape with surface size 

A, allowing the force to be spread through the elastic-half space.  

 

Numerical studies by Descamps et al. (2009)[7][8][9] have indicated that the same rectangular shape placed on an 

edge of a certain elastic-‘half’ space (see figure 60[C]) will result in a less stiffer response of the elastic-half space; 

to take this effect into account a factor Cα is introduced (table 20). Not only is this factor depending on the 

slenderness of the loaded area on the half-space, also the grain direction of the pressed timber (‘half-space’) 

determines the effect. To keep the method practical in this study, the small difference in the factor depending on 

perpendicular or parallel loading to the grain has been averaged out. The factor added results in:  

0.8

C E A
k   
 ;         [Equation 5] 

 

Table 20: Value of C-factor, defined by Descamps et al. (2009)[9], with added the average value used -in case [C] of figure 60 

λ (b / a) 1 2 3 > 3 

Cα,0 0.650 0.4875 0.3640 0.325 

Cα,90 0.650 0.5005 0.4355 0.390 

     

Cα,1 (average) 0.65 0.494 0.3998 0.3575 

 

Summarizing, loading an elastic half-space allows the applied force to be spread into the elastic half-space. If the 

load is applied on an edge of this elastic half-space, a less stiff behavior of the material is expected since the 

spreading of the load is restricted. Considering again the case of a straight bar where Hooke’s law applies, an even 

less stiff response of the material is expected. After all, no spreading can occur there (see figure 60 [A]). By 

comparing the example of figure 59 to the known cases [C] and [D] in figure 60, it is concluded that step [B] should 

be added. As a result, figure 60 graphically shows the four cases that represent the approach for estimating the 

bearing stiffness for the fictive case shown in figure 59 (right). From literature cases [C] and [D] have been retrieved 

and of those is assumed that these cases predict the load bearing stiffness correctly. Case [A] represents most an 

axially loaded bar, therefore Hooke’s law is taken as a reference, although unknown is what value for ‘L’ would be 

appropriate.  

 

To connect the four cases, an approach to the reduction of the dispersion of the load applied is used: an edge 

results in a conservative 50% of ‘dispersion area’ that is lost. As can be seen, in situation [D], no edges are present 

and therefore the load is free to disperse 100%. In case [A] the bearing area is equal to the timber area, resulting 

in 0% possible dispersion. For [C] holds that dispersion is possible on three sides of the rectangular, where in [B] 

dispersion is only possible on one side of the rectangular. It is expected that with increasing slenderness case [C] 

will more and more approach 50% remained dispersion, but in general this is assumed to be between 50 and 60%. 

That the slenderness has an influence on the stiffness is seen in table 20. For case [B] this is opposite, as there 

(roughly said) three edges (each representing 50% loss of ‘half-space’) result in only 12.5% left dispersion; yet with 

increasing slenderness also the ratio of possible dispersion will increase.  
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% = Dispersion of total load 

 

[A] = [0%] [B] = [15%] [C] = [55%] [D] = [100%] 

    

    
0% dispersion 

 
 
 

Circa 10 to 15% 
dispersion 

 

 
 

Circa 50 to 60% 
dispersion 

 

100% dispersion 
 

Less dispersion leads to a less stiff repercussion of the material 

E A
k

L


  (?) 

 

(?) 
 0.8

C E A
k   
  

Cα=Cα,1 as in table 20 

0.8

E A
k    

 
Figure 60: [A] All edges, similar to the simple case of axial loading in a straight bar, [B] More edges have been cut off, [C] Equal, 
but on edge of the same half-space, [D] Compression by a rectangular object on a linear-elastic half-space; graphically free after 

[6][7]  

Having an idea of what the dispersion under the load bearing surfaces can be in the diverse cases, the following 

assumptions are done to retrieve a relationship; 

- At 100% dispersion, the stiffness is known; 

- At 55% dispersion, the stiffness is known; 

- At 0% dispersion the stiffness can be estimated by 
E A

k
L


 , although the ‘influence depth’ or “L” is 

unknown. Expected is that this L should at least be linked to the slenderness and the area of the load 

bearing surface; 

- From the theory that less possibility for dispersion leads to less stiff behavior, the hierarchy in stiffness 

should be [A] < [B] < [C] < [D]. From the difference between [C] and [D] is known that an approximated 

45% reduction of dispersion leads to a reduction in stiffness of ≈70% (Cα ≈ 0.3). From that it can be 

concluded that this hierarchy is not linearly related. 

 

Although no clear relationship can be presented, an approximation can be found in the Hankinson equation, 

whereas input the outcome of [A] and [D] are used. By doing so, case [A] can be assumed equal to [B]. In figure 61 

this is elaborated for a load plate of 200x40mm2, where immediately the influence of L can be seen because 

variations between L = 100 and L = 1000 are shown.  
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Figure 61: A desired relationship between the four points described in figure 60; the values presented belong to a bearing 

surface of A = 200x40 mm, λ taken as 4; 

A significant remark should be made, that with increasing slenderness case [C] reduces in stiffness while case [B] 

increases in stiffness and due to that, the relationship will only hold if the influence of the slenderness is insignificant. 

In figure 61 the ‘L’ in Hooke’s law has been proposed as to be equal to λ∙√(A), actually resulting in a decreasing 

stiffness with increasing slenderness (opposite of what is expected for case [B]). As it is not in line with the principle 

proposed and even could results in the case where [B] > [C], the slenderness has been accounted for equal to [C]. 

The ‘ideal’ value for ‘L’ is in that case Cα,2∙√(A), where the values of Cα,2 have been determined with Eα =1 and A = 

2 in table 21. From [C] it is known that with a slenderness higher than 3, the stiffness is apparently not influenced 

anymore (dispersion approaching 50%). The proposed values can be seen in table 21 where the value of Cα,2 = 6.5 

has been set by finding harmony in the acquired results –as can be noticed, the values are similar to the values 

obtained in k[55] with a factor 10 difference. 

 
Table 21: A proposed value for Cα,2 (used Eα =1 and A = 2) as used in figure 62 

λ 1 2 3 > 3 

k[100] 1.768 
100% 

1.768 
100% 

1.768 
100% 

1.768 
100% 

k[55] 1.149 
65% 

0.873 
49.4% 

0.707 
40.0% 

0.632 
35.8% 

     

Cα,2  11.8 
65% 

9.0 
49.4% 

7.3 
40.0% 

6.5 
~35.8%  

 

 

By using the Hankinson relation between the assumed minimum and maximum value of the stiffness, an indication 

of the value of [A] in relation to [C] and [D] could be determined. Also could be approximated that [B] leads to a 

practically equal stiffness as in [A]. Mentioned should be that in the final proposal the Hankinson relation does not 

hold anymore, since changing slendernesses have a different effect on results of the different cases. Realized is 

that the model is purely theoretical, with reference points that have not been verified; the reference points have 

been used in the component method for timber connections before, sometimes leading to overestimating the 

stiffness. With this addition to the component method this is perhaps prevented. 
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λ 1 2 3 > 3 

Cα,1 0.65 0.494 0.3998 0.3575 

Cα,2  11.8 9.0 7.3 6.5 
Figure 62: The final proposed method: several cases collected 

In order to determine the stiffness of the load bearing surfaces, always the stiffness of both ‘bearing’ elements 
separate needs to be determined first according to figure 62. The stiffness of the bearing is next calculated as: 

1 2

1

1 1
k

k k





;         [Equation 6] 

Where, as said, of two timber surfaces pressed down on each other, k represents the stiffness of the bearing. k1 is 
the stiffness of one timber surface and k2 the stiffness of the other timber surface, determined as in figure 62. An 
overview is given in appendix 5. 

 

6.3.3 Correction of the Young’s modulus 
At last, to prevent overestimating the stiffness, a correction on the stiffness perpendicular to the grain is needed. 

Results presented in figure 37 showed a large deviation of stiffness from the average value given in EN 338. In 

figure 37 a Young’s modulus of circa 100 N/mm2 was measured (mean value) in tests performed according to EN 

408. This value is obtained when the full depth of the specimens is used to determine the stiffness, instead of 

measuring the stiffness over 60 percent of the depth as EN 408 requires.  

 

In figure 37 the decay in the timber perhaps had an influence on the elasticity of the material, but research by Leijten 

(2017)[11] shows a result close to the value mentioned. Also in Leijten’s research the full depth of the specimens 

is used as the gauge length, while -as mentioned- 60 percent of the depth of the elements is prescribed. According 

to Leijten, the direct deformation in the bearing surface is therefore not measured in the method of EN 338; resulting 

in a very general Young’s modulus, not taking into account local effects. Considering the bearing surfaces in this 

situation, the local effects under the bearing will mainly determine the behavior of the connections. Table 22 

presents Leijten’s results; a Young’s modulus that is significantly lower than presented in EN 338. According to 

Leijten the value of EN 338 is simply obtained by the relation of E0/30. 

 
Table 22: E90 values presented by Leijten according to EN 408, gauge length equal to full specimen height[11] 

Wood species Number of tests Mean E90 [N/mm2] According to EN 
338 (C24) Spruce 25 150 

13 141 

14 180 

10 170 

Mean value 158 370 

  

Not only does this change of value influence the stiffness perpendicular to the grain, also the stiffness in an angle 

to the grain changes significantly. The effect of a change in value of E0 has far less impact on the output of the 

Hankinson equation than the E90 value, and besides, surfaces parallel to the grain are already that stiff compared 

to surfaces in an angle to the grain, that a change would not result in significantly changed outcome of the overall 

stiffness. 
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6.3.4 Translational stiffness of dovetail connections (linear elastic) 
The stiffness has been obtained by using equivalent surfaces perpendicular or parallel to the leg elements, as 

graphically shown in figure 64 for the stiffness of the dovetail lip. Firstly, the force in the brace is dissolved in a force 

perpendicular (FH) and parallel (FV, figure 64 [1]) to the leg element. Secondly, bearing surfaces are recognized that 

are influenced by these dissolved forces -again, the load area (Ac) is estimated perpendicular or parallel to the 

brace. Neglecting the slanted surface is explained in figure 63, therefore in all elaborations of further paragraphs 

the stiffness of surfaces is considered as in [1] of figure 63. 

[1] [2]  
Figure 63:The slanted surface in [2] is not expected to influence the total deformation, and thus the total deformation is equal in 
[1] and [2] -if calculated with equation 3, ‘L’ should be averaged over the slanted surface, in the methods in figure 62 the length 

is not needed 

For example, stiffness k2 in figure 64, representing the stiffness of the dovetail lip. Obviously, barely any spreading 

of the load can occur and even could be stated that the stiffness could be predicted rather well with equation 3, as 

a clear ‘length’ can be defined (L ≈ b2). This in contradiction to the bearing surfaces in element 2 (the leg element), 

in which only a small area of the full cross-section is loaded; hence, the stiffness is estimated with formula [15] in 

figure 62. Finally, for the determination of k1 the angle to the grain is zero, where for k2 the angle of the grain is 

equal to α. The total stiffness of all surfaces is determined with equation 6, as presented in figure 64 [2].   

 

 

[1] sin( )VF F   ;  [2] 

1, 2 1, 4 2

1

1 1 1

S S

k

k k k



 
;   [3] / /

V
F

u
k

 ;  

Figure 64: Elaborating the stiffness of the dovetail in tension, vertical component of the force in the brace 

The displacement can be determined as presented in figure 64 [3]; obviously, this displacement does not occur 

parallel to the brace. A factor φ is used to transform this displacement. In the case of the dovetail lip, this factor φ 

is highly depending on β -see figure 65 [1]. Finally, figure 65 [2] & [3] are used to determine the stiffness of the 

connection. 
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[1] 
1

tan( )



 ;   [2] 

/ /u u   ;  [3] 
( )

F
k

u




;  

Figure 65: Transforming the calculated deformation to a displacement parallel to the brace 

As only the vertical component is elaborated here, also the horizontal component should be added for the complete 

stiffness -explaining the Σ(u). In the next paragraphs an axial force of 5000 N in the brace has been used to 

determine the stiffness, but since it is a linear-elastic model any force satisfies. The subjects discussed in the 

previous two paragraphs have been integrated in these estimations. All elaborations are in line with the introduction 

in this paragraph. 
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6.3.5 Translational stiffness of dovetail connections in compression (linear-elastic) 
The following paragraph describes the establishment of the translational stiffness of the dovetail connection in 

compression, in which the bearing stiffness of contact surfaces S1 and S5 (see figure 58) is the key component. The 

different parameters for the geometry of the connections used in the (experimental) research are given in table 14. 

Ultimately a translational stiffness of approximately 1994 N/mm should be obtained, as this was determined as a 

mean value in laboratory tests (paragraph 6.2.4).  

 

Horizontal component        [Equation set 7] 

 

 

Ac = 2
2 1 3 1

( )
cos( )

b
d d t t


     [remark: equal to S1

 + S5];  

FH = cos( )F  ; Fα = 5000 N; 

Results in: 
Ac = 4652 mm2 
FH = 3535.5 N 

 
Since the displacement is estimated perpendicular to the leg-elements, 
a factor related to α will transform this displacement to a value parallel to 
the brace. The vertical component of Fα is needed to assure this shift in 
the connection will actually occur. 

φ = 
1

cos( )
 ; φ = 1.414 

 
The size of equivalent surface Ac is for both elements equal, but the 
Young’s modulus is different. For element 1 the Young’s modulus for 
loading perpendicular to the grain is valid, for element 2 the Hankinson 
equation is used to obtain the Young’s modulus for angle α. 

Element 1:  k1 = 
0.8

C E A  
;   

k1 = 4 816 N/mm 
 
 

Element 2:  k2 =
,2

E A

C A








 ,  

with 2

2

/ cos( )

/[ / cos( )]c

b

A b





  , (Ac ≠ rectangular); 

k2 = 3 269 N/mm 

The bearing stiffness can be determined as k = 

1 2

1

1 1

k k


;  

k = 1947 N/mm 
 
The translational displacement is equal to:  

u = HF

k
 = 2.6 mm 
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Vertical component        [Equation set 8] 

 

 
Ac = 

1 1d b ;  

FV = sin( )F  ; Fα = 5000 N; 

Results in: 
Ac = 4800 mm2 
FH = 3535.5 N 

 
The vertical component does not cause any translational displacement 
in the connection, since the bearing surface in S1 & S5 prohibits shifting 
past the central axis of the leg elements. Any displacement that does 
occur affects the portal frames, because it allows the brace to shift 
outwards alongside the central axis of the legs. Equally, the same result 
is obtained from bending in the dovetail caused by the vertical 
component. Since both do not contribute to the translational stiffness of 
the dovetails, these are not integrated. Actually, this effect has been 
ignored in this study since it is expected to have a small contribution. 
 
Although the vertical component is not part of the translational stiffness, 
eventually it can cause splitting perpendicular to the grain in element 1 
and leads therefore to failure of the connection (explained in paragraph 
6.3.8). 
 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Résumé stiffness in compression 

The linear-elastic translational stiffness in compression is acquired as: 

k = 
( )

F

u




 = 1947 N/mm        [Figure 65 [3]] 

(which is a 2.4% underestimation compared to the value [1994 N/mm] experimentally determined in figure 54).  
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6.3.6 Translational stiffness of dovetail connections in tension (linear-elastic) 
In an equal manner as the translational stiffness in compression, this paragraph elaborates the translational stiffness 

in tension. Contact surface S4 has been treated in both the horizontal component as the vertical, but this is rectified 

by the approach of equivalent surfaces perpendicular or parallel to the leg element. Due to that approach, the 

vertical component stiffness of S4 is that high, it almost does not contribute to the overall stiffness at all. Shear and 

compression may lead to failure in S4, as is explained further in paragraph 6.3.8. Ultimately a translational stiffness 

of approximately 2581 N/mm should be obtained, as this was determined as a mean value in laboratory tests 

(paragraph 6.2.4). The strain in the dovetail itself caused by the clamping mechanism has been ignored as it is 

expected to have a small contribution. 

 

Horizontal component        [Equation set 9] 
 

 
Ac = 1 1 tan( )d b   ; 

FH = cos( )F  ; Fα = 5000 N; 

Results in: 
Ac = 4800 mm2 
FH = 3535.5 N 

 

Since the displacement is estimated perpendicular to the leg-elements, 
a factor related to α will transform this displacement to a value parallel to 
the brace. 

φ = 
sin( )

sin( )
tan( )





 ; φ = 1.93 

 
The size of equivalent surface Ac is for both elements equal, but the 
Young’s modulus is different. For element 1 the Young’s modulus for 
loading perpendicular to the grain is valid, for element 2 the Hankinson 
equation is used to obtain the Young’s modulus for angle α.  
 
The defined L is based on the fact that for element 1, the bearing is fully 
supported by the leg, parallel to the applied load, and in the leg some 
dispersion is perhaps possible. For element 2 holds that a relative stiff 
response is expected, since the element is small and already 
compressed and clamped by the vertical component.  

Element 1:  k1 = 
E A

L

  , with 1

2

b
L   (approximated); 

k1 = 12 640 N/mm 
 

Element 2:  k2 = 
E A

L

  , with 1

2

b
L   (approximated); 

k2 = 24 922 N/mm 

The bearing stiffness can be determined as k =

1 2

1

1 1

k k


;  

k = 8387 N/mm 
 
The translational displacement is equal to:  

u = HF

k
 = 0.8 mm 
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Vertical component        [Equation set 10] 

 

 
 

Ac = 1 1d b ; 

FV = sin( )F  ; Fα = 5000 N; 

Results in: 
Ac = 4800 mm2 
FV = 3535.5 N 

 
The bearing surfaces in S2 and S4 will, according to their stiffness, 
account for the vertical component due to the clamping mechanism of 
the dovetail. The bearing surfaces are taken as their equivalent 
perpendicular to the leg element, and therefore both have an equal size 
and stiffness. Both bearing surfaces are connected by the dovetail, that 
actually most resembles an axially loaded bar and therefore has only one 
stiffness in both bearing surfaces –the axial loading is realized by bearing 
surfaces.  
 
The clamping effect is effective due to the presence of the horizontal 
component. Because of the use of equivalent surfaces, a factor (φ) is 
introduced to account for the clamping mechanism. 

φ = 
1

tan( )
; φ = 3.73 

 

Element 1 (S2):  k1,S2 = 
,2

E A

C A








; 

k1,S2 = 104 855 N/mm 

Element 1 (S4): k1,S4 = 
,2

E A

C A








; 

k1,S4 = 104 855 N/mm 

Element 2:  k2 = 
E A

L

  , with 
2L b ; 

k2 = 9 740 N/mm* 
*Using this formula, there has been assumed that the dovetail is fully recessed in 
the leg elements –which is not always the case. 

 

The bearing stiffness can be determined as k =

1, 2 1, 4 2

1

1 1 1

S Sk k k
 

;  

k = 9 740 N/mm 
 
The translational displacement is equal to:  

u = VF

k
 = 1.3 mm 
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Résumé stiffness in tension 

The linear-elastic translational stiffness in tension is acquired as: 

k = 
( )

F

u




  = 2385 N/mm        [Figure 65 [3]] 

(which is a 7.6% underestimation compared to the value [2581 N/mm] experimentally determined in figure 54). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

6.3.7 Résumé translational stiffness 
The outcome of the proposed theoretical model is compared to the obtained data from laboratory research in table 

23. As there is no data from other geometries present, the theoretical model is accepted for at least the geometry 

used in this research. 

 
Table 23: Comparison between the theoretical translational stiffness model and the values obtained from laboratory research 

 Compression 
[N/mm1] 

Tension 
[N/mm1] 

Laboratory research 1994 2581 

Theoretical model (kst) 1947 2385 

Fitting [%] 97.6 92.4 
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6.3.8 Failure load 
In addition to the description in this paragraph it is also advised to read these keeping in mind figure 57, in order to 
understand the deformation occurring in the connections. Observing the tests has resulted to the conclusion that 
elaborating a failure load based on the performed laboratory research is impossible. Expected is that severe 
curvature in the leg elements has led to the initiation of cracks in the leg element (parallel to the leg element, 
perpendicular to surface S4), as this curvature results in tension perpendicular to the grain causing cracks and finally 
system failure.  
 
A crack occurring in the recessed part due to the curvature of the element is explainable, since the fibers are 
interrupted resulting in no support to follow the same curvature compared to the continuous part of the element. As 
soon as the outer fibers break, these return immediately into their original straight shape. The effect occurring in 
the setup is considered a shortcoming of the test, since the problem occurs in both the static and cyclic tests and 
was not accounted for. Aside from that, failures seen in the cyclic tests are a result of weakening the connection in 
both tension and compression over several cycles resulting in a complex loading path upon failure.  
 

 
Figure 66: Curvature leading to cracks 

Although the observed failure mode is not elaborated, there can be stated that in some ways the observed failure 
mode is desired to occur. This because after ‘failure’ the connection still has load bearing capacity. Since this failure 
mode is not guaranteed for other geometries, there is strongly advised to consider also other failure modes, e.g.: 

- Failure in bending of the dovetail (see figure 49), especially with high values of β; 
- Pulling out of the dovetail, especially in the case of repetitive loading; 
- Buckling of the brace (in compression, see paragraph 6.3.9). 

All should be prevented, since failure is expected to be brittle in those cases.  
 
For the determination of the failure load the deformed connection just before failure should be studied. For 
compression this deformation is shown below. With applying a compressive force, surface S4 will close due to 
component Fv. With increasing force, the dovetail itself will bend leading to a reducing contact surface in S4. 
Stresses arise significantly in contact surface S4, due to the combined increasing of force and the reducing surfaces. 
Also, a bending moment is already present in element 1 (leg element). These combined ongoing deformations and 
increasing stresses are expected to eventually lead to the occurrence of a crack (combined with the curvature), as 
seen in figure 67. As a result of the forces acting, the crack will only increase in size. 

  

Figure 67: Compression failure expressed, corresponding to the deformation seen in figure 49; Crack perpendicular to surface 
S4 

In the determination of the failure load, friction cannot be neglected and could be considered as having a constant 
share. The Coulumb model of friction states that the friction force is equal to the normal force on a  surface, multiplied 
with μs (static friction coefficient). In this case the value of μs could be taken as 0.30, as this is the fiction coefficient 
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between a sawn and a planed (timber) surface, perpendicular to the grain (moisture content ≤12%), presented by 
Aira et al. (2014)[12].  
 
Considering the failure in tension, the deformed situation is drawn in figure 68. With applying a tension force, 
surfaces S2 and S4 will close. With increasing force, the bearing surfaces will deform (elastic at first) resulting in the 
dovetail being ‘pulled out’. Due to the elastic deformation of the bearing surfaces (S2 and S4), the dovetail will not 
even return to its original position without applying a compression force. Equally to the compression failure, with 
increasing force contact surfaces decrease in size. Ultimately a crack is expected to occur perpendicular to surface 
S4 due to shear/compression stresses in the leg element (and curvature). Again, as a result of the forces acting, an 
initiation of a crack will develop.   

 

 

Figure 68: Tension failure expressed, corresponding to the deformation seen in figure 50 
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6.3.9 Buckling of the brace (a lower limit value) 
[Equation set 11] 

 
Figure 69: Failure mode buckling 

When the brace is in compression, buckling could occur. The analysis can only be carried out if initial 

deformations/imperfections are considered (equilibrium considered in the deformed state). In the case of the brace 

two aspects are important: 

- Initial imperfection of element/brace (EC5 9.2.5.2 1/300) 
0 3 / 300e L ; 

- Eccentric placing of the brace in the portal frame 
3 1 1 3 1

1
( ) ( )

2
se t b d t t     , see also figure 58; 

In which L3 is the length of the brace. Both values added up resulting in etot. The load on the brace is then considered 

to be the force F (capacity) and the bending moment caused by the eccentricity (F·etot). The imperfections will cause 

additional deformations, due to changed load distribution that resulted in the bending moment. Therefore, it is not 

possible to load the element with the total buckling force: 

Euler, 

2

2cr

cr

EI
F

L


    

To take second order effects into account, etot is multiplied with 
/

/ 1
cr

cr

F F

F F 
 in which the ratio between the buckling 

force and the axial loading in the element is expressed. In this failure mode it is the important to determine F. The 

critical load is determined as: 
2

2

3

xx
cr

EI
F

L


     over the weak axis of the brace: 3

2 3

1
( )
12

xxEI E b t    ; 

 

 

The combined compressive forces of bending and axial loading in the element can be checked with a so-called 

unity check (UC). 

2
2 3

2 3

,0

/

/ 1
1

6
1

cr
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  ;  

This formula is rewritten to give as outcome F: 

2 2 3 2 2
2 ,0 3 3 ,0 2 ,0 3 2 ,0 3 3 ,0

3

6 4 ( 6 )

2

m m cr cr m cr m m cr crc c tot c c c tot

m

f b f t f t F f F e f b f t F f b f t f t F f F e
F

f t

                            


 
;  
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6.3.10 Proposed theoretical load-slip diagram 
With the elaborations made in paragraphs 6.3.5 & 6.3.6 it is possible to propose a theoretical load-slip diagram. 

The only value directly used from the laboratory research is the yield displacement. The yield force is determined 

by multiplying the yield displacement with the obtained translational stiffness from the models in paragraph 6.3.5 & 

6.3.6. Lastly, the ultimate displacement is determined by applying the acquired ductility factors (table 26) to the yield 

displacement -although it is only an assumption that these values are valid in other geometries. In perspective to 

the results from the laboratory research the following is then obtained: 

 

Compression (negative load):   Tension (positive load):  

 
Figure 70: Proposed load-slip diagram (red-dashed line), see also figure 54, based on the experiments described in paragraph 

6.2 -see also figure 74 

The proposed load-slip diagram (MODEL) is acquired as follows: 

- From the laboratory research the yield displacements are known as to be: 

Uy,compression  = 9.5 mm1; 

Uy,tension  = 7.1 mm1; 

- From the models in paragraph 6.3.5 & 6.3.6 the following elastic stiffnesses are obtained: 

kel,compression = 1947 N/mm1; 

kel,tension  =  2385 N/mm1; 

- Yield forces can be calculated as to be (Uy·kel): 

Fy,compression = 18.5 kN; 

Fy,tension  = 16.9 kN; 

- The ultimate displacement can then be determined with the ductility factors presented in table 26: 

Uult,compression = 19.7 mm1 [D = 2]; 

Uult,tension  = 21.6 mm1 [D = 3]; 

 From the yield displacement until the ultimate displacement fully plastic behavior is assumed. 

 

The hardening branch after reaching the yield point is neglected, mainly because the failure load is not further 

elaborated in this research. Also, it was thought to be important to stick to the obtained elastic stiffness and ductility 

factors. A safe (lower limit) assumption of the connection behavior is achieved. In the following paragraph the 

upscaling to other geometries is explained.  
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6.3.11 Up scaling (linear) 
To be able to investigate the structural safety of Frisian-aisled barn structures, the characteristics as determined for 
the scaled connection used in the laboratory research need to be translated to a full-size equivalent. As a reference, 
the portal frames as they were observed in the case study have been used; the same portal frames were used to 
design the specimens. Figure 71 shows both the original as the modified portal frame for further elaborations. The 
modifications are done because of two reasons:  
Round wood 

- The effect of the use of round wood on the connection strength and stiffness is unknown, as ‘full-
rectangular’ contact surfaces have been applied in the experimental research. One can easily assume the 
strength and stiffness will reduce opposed of the method presented here, since round wood in the leg 
elements will reduce the effective contact surfaces (for which a quantification is possible, yet not elaborated 
in this study). The strength and stiffness reductions can be calculated simply by adjusting the methods 
proposed in paragraph 6.3.5, 6.3.6 & 6.3.8, although possibly the connection robustness and endurance 
is also influenced. For a visual, see figure 41; 

Angle of bracing 
- Any other placing of the brace than under an angle of 45° causes unsymmetrical portal frame corners, and 

thus un-equal connections. When regular linear-analyses are performed, the stiffness of each connection 
can be determined with the analytical methods in previous paragraphs; resulting in two connections with 
different capacities. 
Cyclic loading on the portal corners resulted in very unsymmetrical behavior of the connections; this 
behavior has been elaborated in chapter 7. In the case of dynamical loading in a non-linear analysis on 
unsymmetrical portal frame corners in practice, there is expected that only the weakest of both connections 
will show plastic behavior. With that knowledge, the behavior of portal frames with unsymmetrical 
connections can be estimated. 

[1]  [2]  

Figure 71: [1] The portal frames as they were observed in the case study, [2] some modifications done 

Although the change from round wood to sawn timber makes it possible to estimate the capacity of the connections 

–within the limitations of the research–, as a result the stiffness of the elements in [2] need to be adjusted to the 

elements in [1] (figure 71). As table 24 shows, adjusting to sawn timber changes the bending stiffness of the beam 

and column almost by a factor 2. Although stiffness reduces in round wood, the ultimate strength of the element 

does not change that straightforward. Round wood elements are known to have a higher strength, since all fibers 

remain intact (no sawn cutting).  
Table 24: Stiffness differences 

 A [mm2] Iy,z [mm4] 

Ø240 mm1 45 238 16 286∙104 

240x240 mm1 57 600 27 648∙104 

 

Lastly there can be focused on the connections itself, which scale with a factor 2 opposed to the connections in the 

laboratory research. As table 25 shows, this results in an increase of stiffness of circa 1.8, which is discussed related 

to figure 73. This can be explained, since the geometry around the dovetail is slightly different in full scale, as for 

example the dovetail is not fully recessed in the leg element. A major aspect on the stiffness in tension is angle β, 

which in practice sometimes can be seen equal to 10° -resulting in a dramatic loss of tension stiffness compared to 

connections with a β of 15°. The direct effect of angle β is accounted for in factor φ of the vertical component in 

paragraph 6.3.6. More influences on the stiffness are discussed in paragraph 6.3.12. 
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Table 25: Scaling of the dovetail connection 

[A] Scaled connection in experiments  

 
 

Stiffness 

b1 120 mm  
Compression 
[1947 N/mm] 

Scale factor = 1 
Ductility factor: 2 

 
Tension 

[2385 N/mm] 
Scale factor = 1 
Ductility factor: 3 

b2 125 mm 

t1 40 mm 

t3 55 mm 

d1 40 mm 

d2 50 mm 

α 45 degrees 

β 

15 degrees 

     

[B] Full-size connection  

 
 

Stiffness 

b1 240 mm  
Compression 
[3593 N/mm] 

Scale factor = 1.845 
Ductility factor: 2 

 
Tension 

[4206 N/mm] 
Scale factor = 1.764 

Ductility factor: 3 

b2 250 mm 

t1 85 mm 

t3 110 mm 

d1 70 mm 

d2 100 mm 

α 45 degrees 

β 

15 degrees 

 
The schematization of the structure as used in further elaborations is shown in figure 72; several characteristics are 
defined in the same figure. Models in paragraph 6.2.5 showed that taking KR1 equal to an infinite stiffness rather 
than zero stiffness leads to a better prediction of the overall behavior, which makes sense since the dovetails are 
recessed in the leg elements; therefore, they will have a certain rotational stiffness. The reduction in bending 
stiffness of the leg elements at the recessing has been ignored. KR2 is assumed to behave like a full hinge (see e.g. 
master thesis of Dorlijn[42][14]) –the type and characteristics of these connections were not part of the scope of 
this research. 

Figure 72: The model as it will be used in further elaborations, with nodes N1, N4, N5, N7 as in table 25 [B] 

  

     

 
 

 

Characteristics portal frame 

Column [EIc] E∙27 648e4 Nmm2 

Beam [EIBE] E∙27 648e4 Nmm2 

Brace [EABR] E∙27.5e3 Nmm2/mm2 

KT1 See figure 122 N/mm1 

KR1 0 Rad/kNm 

KR2 0 Rad/kNm 

E 11e3 N/mm2 
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With applying the scale factors, mentioned in table 25, to the stiffness and yield/failure loads of the connection, a 

safe estimation of the (static) load-slip characteristic of the full scale connection is presented. Regardless of the 

geometry or size of the connection, the deformations occurring in absolute values are expected to be approximately 

equal to the values observed in the performed experimental research, except when values of β are significantly 

different compared to the 15o in this elaboration. With increasing β, it is highly likely that the possible slip will 

decrease (and vice versa) -although this is not accounted for, the model does account for the increased stiffness. 

The total load-slip diagram is defined using the determined ductility factors. As explained before, the failure load 

was not analyzed in detail in this study, therefore a best estimation is made with the data present (Fy = Fmax, for 

static load cases). The same statement should be made about the ductility factor, since a change in the geometry 

of the connection could affect the ductility factor. With there being no further references, elaborations are made as 

is. 

 

Compression (negative load):   Tension (positive load):  

 

Compression 

 Elastic stiffness  

kst 
[N/mm1] 

Yield displacement 

Uy (Fy / kst)  
[mm] 

Yield force 

Fy 
 [kN] 

Ultimate displacement 

Uult (Uy·D) 
[mm] 

Scaled connections  (kREF) 1947 9.5 18.5 19.7 
Full size connections (kest) 3593 9.5 34.1 19.0 

Tension 

 Elastic stiffness  

kst 
[N/mm1] 

Yield displacement 

Uy (Fy / kst)  
[mm] 

Yield force 

Fy 
 [kN] 

Ultimate displacement 

Uult (Uy·D) 
[mm] 

Scaled connections  (kREF) 2385 7.1 16.9 21.6 
Full size connections (kest) 4206 7.1 29.9 21.3 

Figure 73: Upscaling of the load-slip diagram to the full size connections, see also figure 70 

 

The graph for the full size connections was determined as following (graphically in figure 74): 

Step 1: Determine the scale factor by dividing the obtained, estimated stiffness (from the procedures in 

paragraph 6.3.5 & 6.3.6) by the elastic reference stiffnesses determined for the scaled 

connections used in the laboratory research (kst = 1947 N/mm1 for compression, kst = 2385 N/mm1 

for tension);  

 Scale factor 
est

REF

k

k
  ;      [Equation 12] 

Step 2: Determine the yield force by multiplying Fy with the scale factor (Fy = 18.5 kN for compression,  

Fy = 16.9 kN for tension); 

Step 3: Determine the yield displacement by dividing the determined yield force by the obtained stiffness 

in step 1; 

Step 4: The ultimate displacement is acquired by multiplying the yield displacement with the ductility factor 

(D = 2 for compression, D = 3 for tension).  
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Figure 74: Up-scaling of static load-slip diagram 
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6.3.12 Parameters in the connection stiffness 
 

[A] The type of out-of-plane fasteners 

Although not further studied in this research, the type of fasteners used is definitely decisive in the behavior of the 

connection. In the experimental research performed, the slender nails are expected to have no contribution to the 

total ductile behavior -although a direct load pick-up is guaranteed (explained in chapter 7). Failure of the slender 

nails occurs fast and from that moment on the timber bearing surfaces are activated. More nails fail perhaps later -

in contradiction to dowels, and perhaps even brittle failure should be expected.  

[B] The size of the bearing surface area 

In this research a ‘perfect’ situation is studied, meaning no imperfections but also maximized interfacing surfaces 

between members; this in contradiction to the observed connections seen in several barns visited. The expected 

load bearing capacity realized by compression surfaces (S1 and S5 in figure 41 -see also figure 43) when loaded in 

compression varies significantly. In most cases area A1 (figure 41) is reduced in thickness compared to the overall 

thickness of the brace. As a result, not only notch S1 can function as a compression surface, but that this surface is 

extended with S5 alongside C1. Not in all observed cases the reduced thickness of the dovetail was noted (t1 = t3), 

which means that the only possible compression surface is S1.  

 

In the case of round wood (as observed in the examples of figure 41) surface S1 does not find bearing. Because of 

that, it is expected that the nails mainly realize load carrying capacity in compression in these examples. In this 

research the full potential of the dovetail connection is researched, this results in specimens where the activation 

of the compression zone is maximized. To conclude, the capacity difference between the dowels/nails and the 

timber compression zone is of interest to determine whether the load-slip diagram can be assumed compatible. In 

the case of a small bearing surfaces in general it is perhaps necessary to use dowels instead of nails, due to their 

higher capacity. In that case rupture of the smallest cross-section (area C1) should be considered as a failure mode 

[brace in tension], or other brittle failure mechanisms possibly related to dowels. 

 

[C] The presence of imperfections 

The cause of imperfections or clearance in the fitting of bearing surfaces can either be due to the connection being 

handmade, or by shrinkage after assembly. Nowadays, the connections are more likely to be produced with high 

end, precise equipment using dry timber. In the past days, the timber quality was not that important nor consistent. 

-the moisture content of the timber at building stage was often uncontrolled for. These imperfections might influence 

the connection capacity.  

 

Connection loaded in tension 

Without considering only the connection fasteners, the tensile capacity of the connection is mainly realized by the 

‘clamping’ effect of the dovetail. Gaps between the surfaces of both elements will influence the connections 

behavior, in that way that the connection member will first slip until making contact in the bearing surfaces; a so-

called delayed load take up (initial slip). In theory, this is not necessarily negative for the final load bearing capacity 

of the connection. Kunecký et al. (2014)[43] performed several experimental (tensile) tests on specimens that are 

designed as followed: 

- No gaps, perfect fitting; 

- Irregular angles; 

- Gaps (2 mm and 5 mm). 

 

The goal of these tests was to investigate the influence of manufacturing imperfections on the capacity of dovetail 

connections. Although the specimens of these tests have symmetrical dovetail lips, the conclusions regarding the 

behavior is expected to be valid for unsymmetrical dovetails as well. From their tests it is concluded that only the 

specimens with the regular 2 mm gap behave different from the other specimens, in a way that before the connection 

picks up load, displacements occur (probably due to the gap). Why this was not observed in the regular 5 mm gap 

specimens is not explained. The 5 mm gap specimens, including the specimens with regular and irregular angles 

(without gap) show linear elastic behavior from the start. Most specimens fail brittle, except for specimens reg01 

and reg02 which clearly show plastic deformation (figure 75). The failure modes observed related in all cases to the 

140x140 elements, in the bedding of the dovetail –tension perpendicular to the grain and shear over the full height 

of the beam. Mentioned is that this test setup perhaps causes the shear failure, due to the short peace of beam that 

does not allow natural reactions like bending in the beam itself. 

 

Summarizing, imperfections in the contact surfaces (clearance) of the dovetail do not influence the capacity 

significantly (stiffness more than strength), though it apparently has an influence on whether the connection shows 

plastic behavior. This part is important when seismic loading is introduced, but will not be investigated further. Only 

specimens without gap are used in this study (no gaps designed on purpose, but in chapter 7 gaps are discussed 

anyhow related to the performed experimental research). 
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Figure 75: The tensile tests as performed by Kunecký et al.(2014), the irregularities in the course of the diagrams are caused by 
loading in 2 cycles, first until 2 mm displacement, then up to failure. This was done to ensure good contact of all surfaces[43] 

Connection loaded in compression 

Imperfections in compression will mostly relate to the contact surfaces S1 and S5 (see figure 41 and figure 43). 

Considering that the connection is provided with fasteners, failure needs to occur in the connections first before 

displacement in the connection can occur, in that way that the clearances in the compression surfaces can close.  

 

Connection cyclic loaded 

When the connection is loaded in both compression and tension and the previous mentioned imperfections are 

present in the connection, large displacements will occur due to the tolerance in the connection. If fasteners are 

present, it is expected that these will first determine the load-slip behavior before the connection ‘timber design’ will 

start to function. 

 

[D] The geometry of the dovetail lip 

The shape of the dovetail is mainly determined by the angle β (see figure 41). Reducing this angle, affects the 

‘clamping’ of the dovetail when loaded in tension negatively. Likewise, the larger the angle, the smaller compression 

surface S1; simultaneously S5 would increase, but the proportion is to be investigated. In other words: it could 

essentially lead to reducing the overall capacity of the connection. Increasing the angle β will result in an increase 

of compression surface S1, but a reduced cross-section C1 and surface S5. This can be negative in case of tension 

(rupture), but also in compression (local instability perhaps, when the compression surface is not active yet due to 

for example imperfections). In figure 76 is shown what the effect is on reducing (B) and increasing (C) the initial 

angle β (A). 

 

The use of round wood has an influence on the load bearing capacity, probably mostly influencing the tension 

capacity. The dovetail is designed to ‘clamp’ itself under tension, but because of the round wood, the contact 

surfaces in S2 and S4 are considerably smaller than they potentially could have been. This is also shown in figure 

41. Another direct influence on this contact surface is how deep the dovetail is notched in the other element (d1). In 

some cases this notch was very small, resulting in a minimum of bearing surfaces. The clearances in the 

compression surfaces (S1 and S5) depend on the fitting of the connection onto the other member (round). In a ‘worst 

case scenario’ only the fasteners would be effective in load bearing, in both compression and tension. 
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Figure 76: Dovetail connections under 45 degrees 

The tests performed by Kunecký et al. suggest a stiffer behavior when the angle is increased (ing01, ing02, ing03 in 

figure 75). It is questioned if this also holds for unsymmetrical dovetails and whether this stiffer behavior is positive 

for the overall capacity, since it can cause earlier failure in other parts (in tension, e.g. rupture of reduced section 

C1).  
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7 Load bearing capacity (cyclic) 

 Experimental research to the load bearing capacity (cyclic) 

Cyclic tests have been performed on the same type of specimens as used for the static tests (see paragraph 6.2.1), 

yet during the ongoing research the decision was made to try to investigate a reinforcement method. The reason 

for this decision was that the original design of the connection (containing slender nails) actually led to a quick 

failure after reaching the yield point (strong impairment of strength). Although the esthetics of the improvement are 

not considered (therefore one might conclude it is not an improvement in every aspect), it is a very practical, 

straightforward and ‘fast to achieve’ improvement. The improvement is explained in more detail in paragraph 7.1.1. 

The goal of the cyclic tests is to study the connection behavior under repetitive loading and to present a non-linear 

(numerical) spring as a characteristic of this type of connections (one for the unreinforced connection and one for 

the reinforced connection).  

 

7.1.1 Assembly and materials of specimens - Addition 
The reinforcement is made to two specimens (SB-07 & SB-08); resulting in removing the nails and adding a steel 

strip over the dovetail connection. The bar prevents out-of-plane movement (see figure 77) and because of that the 

connection is expected to behave more ductile (consistent and longer). Specimen SB-06 is identical to the 

specimens subjected to static loading. 

 
 

 
Figure 77: Dovetail connections in specimens SB-07 & SB-08: nails removed and out-of-plane movement of the brace 

prevented by steel strips 
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7.1.2 Test procedure 
The test setup described in paragraph 6.2.2 is also used for these tests; yet some changes have been made: 

- A static-cyclic loading has been programmed, displacement-controlled; 

- The LVDTs shown in figure 45 have been replaced by different equipment (wire-measurement) with a 

larger range (120 mm1 in total). The principle of measuring is equal, and remains parallel to the brace, 

measured against the central line of the leg-elements; 

The principle of the static-cyclic loading is explained in EN 12512 and shown in figure 78 and table 27. To determine 

the load-steps in absolute values [mm1], the yield points determined in paragraph 6.2.4 have been used. Since 

there cannot be controlled on displacements occurring in the connections exactly, these values have been multiplied 

by 2 (assumingly to allow yielding in both connections) and 1.475 (load factor difference hydraulic jack-brace, see 

paragraph 6.2.2) resulting in values that can be programmed for controlling the hydraulic jack (see also paragraph 

6.2.2). 

Vy = yield displacement 
Figure 78: The load-steps in EN 12512 graphically[40] 

The procedure in EN 12512 was changed, because the assumption was made that this procedure would result in 

very little data about the initial behavior. To gain more data, the amount of load-steps before reaching the yield point 

was increased. As SB-05 being the first cyclic test, the results showed that of course, until yielding the behavior of 

the specimens is fully elastic and that the behavior before yielding can be described with little data; perhaps 

performing these load steps multiple times is not even necessary (although it can be good to verify that indeed, the 

results are still elastic). The same test also showed that the load-steps after the yield point are not satisfying. Not 

only are there only two steps, these steps are also relatively large. In the case of the dovetail connections in 

compression the phase between the yield slip and slip at failure is quite short, see table 26, and not even of the 

same order for compression and tension (ductility factor). For SB-05 this resulted in a quick failure after reaching 

the yield point, which resulted in little data after reaching the yield point. More and smaller load-steps have been 

added in later tests. The process of attempts to optimize the load-steps is shown in table 27. 

 

Since SB-05 provided little data, the results are not used in the elaborations of this thesis; the other tests indicate 

that there are still aspects that could have resulted in better, and more consistent results: 

 

Load-steps < 1.00Vy 

- The load-steps prior to load-step 1.00Vy can be relatively big and there is no use in repeating these load-

steps if the yield point is expected to be accurately determined (e.g. by experimental research) in 

combination with expected linear-elastic behavior upon reaching the yield point; 

Load-steps > 1.00Vy 

- Determine the ratio between the expected displacement at failure and the displacement at yielding –in 

principle load-steps beyond this ratio are useless; 

- Increase the amount of load-steps between this ultimate load-step and yielding, after all, this is where the 

data is expected to differ from a ‘simple’ static test; 

- Different ductility ratios for compression and tension might be a reason to propose an asymmetric (relative) 

load pattern, to ensure data is collected over the full range of the connection. The absolute values are 

already asymmetric in this case, because different yield points have been determined for compression and 

tension. 

 
Table 26: Ratio's between the average displacement at failure and the average displacement at yielding; data of the static tests 

used 

uult/uy ratio D 

Compression 2 

Tension 3 
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The following procedure is expected to obtain the best results in the case of asymmetric connections: 

Step 1:  Perform static tests (from 0 to failure at regular speed [mm1/min]) in both compression and tension 

(or rotational). Obtain from this data the yield displacement and ductility factor [D = Uult / Uy] for 

both compression and tension. The value of the ductility factor is the last load step (and thus can 

be different for compression and tension); 

Step 2: Express the first load steps upon reaching the yield point in mm1 for both compression and 

tension. These load steps could for example be: 0.25Vy, 0.5Vy, 0.75Vy and 1Vy, which all will be 

performed in three cycles; 

Step 3: Divide for both compression and tension the area from Vy upon D·Vy in an equal amount of load 

steps, for example 6. The magnitude of D is irrelevant -of importance is that steps are equally 

divided over acknowledged paths (start - yielding - failure) of loading the connection. 

The proposed loading diagram for asymmetric connections is given graphically in figure 79. In all test setups should 

be checked whether the programmed displacement in the hydraulic jack (or comparable equipment) results in the 

desired displacement in the connection -many times a deviation is observed, that can increase with bigger 

displacement. Preferably this effect is corrected for in the programmed displacement in the controlling equipment.  

 
Figure 79: Altered EN 12512 model for loading, the displacement speed (min/mm1) remains constant throughout the test 

From the performed tests can thus be concluded that the loading pattern could have been better, perhaps leading 

to different results. Another aspect to consider when designing the load steps is that these are performed in the 

hydraulic jack (displacement controlled) as have been explained prior in this paragraph. In many cases the 

displacement ordered to the hydraulic jack to perform is not the displacement that will be measured in the 

connections (e.g. due to stiffness loss in parts of the test setup), especially in the case of the specimens in this 

report. The behavior of the frames is difficult to predict and controlling on the displacement in the connections is 

complex -since unknown is whether both connections will deform equally and if not, which connection would yield. 

Observing the obtained results, one could wonder if one type of loading pattern could result in a trustful non-linear 

spring. More about this doubt in paragraph 7.2.2. 

Table 27: Performed load-steps compared to the load-steps in EN12512* 

EN12512 
[% of Vy] 

SB-05 
[% of Vy] 

SB-06 
[% of Vy] 

SB-07 & SB-08 
[% of Vy] 

 0.10   

 0.20   

0.25  0.25 0.25 

 0.30   

 0.40   

0.50 0.50 0.50 0.50 

0.75 0.75 0.75 0.75 

1.00 1.00 1.00 1.00 

  1.33 1.33 

  1.67 1.67 

2.00 2.00 2.00 2.00 

  2.50 2.33 

   2.67 

4.00  3.00 3.00 

* In the case of SB-06 one of the connections failed in the load-step of 3Vy, therefore the results do not include this load-step; 
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7.1.3 Connections – Stiffness and failure (cyclic) 
Because, as explained before in paragraph 7.1.2, the test on SB-05 is considered to have failed and results are 

therefore not used; as a result, the test on SB-06 is the only cyclic test performed where the specimens are equal 

to as used in the static tests. The results from this test are important, as a lot can be concluded about the connection 

behavior. As can be observed in figure 83, the connections on both sides have behaved equal until approximately 

reaching the yield point. The connection on the left side has not deformed past the yield displacement, opposite of 

the connection on the right side. After yielding, a significant impairment of strength occurs simultaneously with 

increasing displacements per cycle. From this can be concluded that ductile behavior was present only in one 

connection, but also that degradation of the yielding connection towards failure occurred fast after reaching the yield 

point.  

 

  

Figure 80: Assumed failure in specimen SB-06; outwards movement of the brace due to repetitive loading 

Improvements to increase the ductile behavior were considered –one main aspect noticed in SB-06 was that the 

nails, which were initially expected to prevent out-of-plane movement of the brace, start to separate the brace and 

leg elements after assumed yielding of the nails. In the cyclic, repetitive loading they actually cause the brace to be 

moved out, partly explaining the significant impairment of strength. In specimens SB-07 and SB-08 the nails were 

removed and a steel bar was added (paragraph 7.1.1). As a result, out-of-plane movement was therefore 

impossible. Equally to SB-06, still only one connection behaved ductile, but the ductile behavior increased 

significantly. Assumed is that this is due to the changes made to the connection (preventing out-of-plane 

movement), yet the difference in load-steps after the yielding point (table 27) could also be a cause. Because no 

further tests have been performed, this will remain unclear. Considering it is due to the improvements made, SB-

07 and SB-08 are averaged to one spring characteristic while SB-06 is kept separate from this data.  

 

Figure 81: Failure of SB-07 (right side) occurred in tension, but as the right figure shows the crack also affects its capacity in 
compression 

Considering failure, for specimen SB-06 could be concluded that out-of-plane movement was the cause of strength 

and stiffness reduction. This in contradiction to SB-07 and SB-08 where failure was comparable to the static tests, 

this is shown in figure 80 and figure 82. From this could definitely be concluded that the slender nails affect the 

connection behavior under repetitive loading and cause a different failure mechanism, prohibiting the development 

of proper ductile behavior in the timber -expected is that even less or no ductile behavior is present when dowel-

type of fasteners are used. 
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Specimens SB-07 and SB-08 developed a zone around the neutral position where slip was measured without 

resistance (initial slip). This is assumed to be due to gaps in the timber connection -equally these gaps were present 

in the other specimens, yet in that case resistance was caused by the presence of the nails. Therefore this does 

not affect the yield displacement or force (see paragraph 7.1.6). Expected is that removing initial present gaps 

would affect the connections load-slip diagram positively. As prior mentioned, the nails seem to fail at low load 

applied, since the actual behavior of the connections is not affected by the presence of the nails and the connection 

functions as a full timber connection in both tension and compression. 

 

Figure 82: An equal failure mechanism occurred in SB-08, left side 

Clear is that the different (statistical and consistent) behavior seen in static loading compared to cyclic loading asks 

for a different approach of modelling these connections in simulations depending on the type of loading. The fact 

that SB-07 showed yielding in the right connection while SB-08 showed yielding in the left connection does not 

support the idea that the test setup could have induced this effect. Paragraph 7.1.4 discusses the expected cause 

of this difference in behavior opposed to the static experiments performed.  

Compression (positive load):   Tension (negative load):  

 
 Ultimate load fu  

[kN] 
Slip at fu, uu  

[mm1] 
Maximum slip umax  

[mm1] 
Test speed  
[mm1/min] 

Moisture 
content [%] 

Tension -25.1 
L - L 14.5 

6 

12.3 
R 9.3 R 36.8 

Compression 18.5 
L - L -8.9 

6 
R -9.6 R -20.1 

Figure 83: Load-slip diagram as measured in the connections of specimen SB-06 

SB-06 Left
SB-06 Right

-30

-25

-20

-15

-10

-5

0

5

10

15

20

-25 -20 -15 -10 -5 0 5 10 15 20 25 30 35 40 45 50 55 60

L
o
a
d
 (

k
N

)

Slip (mm1)

Load-slip diagram SB-06



84 
 

 
 Ultimate load fu  

[kN] 
Slip at fu, uu  

[mm1] 
Maximum slip umax  

[mm1] 
Test speed  
[mm1/min] 

Moisture 
content [%] 

Tension -20.3 
L - L 6.6 

6 

13.3 
R 5.7 R 51.3 

Compression 19.4 
L - L -11.2 

6 
R -12.5 R -24.4 

 

Compression (positive load):   Tension (negative load):  

 
 Ultimate load fu  

[kN] 
Slip at fu, uu  

[mm1] 
Maximum slip umax  

[mm1] 
Test speed  
[mm1/min] 

Moisture 
content [%] 

Tension -19.5 
L 11.3 L 56.1 

6 

13.8 
R - R 5.0 

Compression 18.3 
L -10.1 L -22.2 

6 
R - R -14.9 

Figure 84: Load-slip diagram as measured in the connections of specimen SB-07 and SB-08 
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7.1.4 Impairment of strength 
The impairment of strength is defined as the absolute difference between the maximum strength value of the first 
and the third cycle. In general it can be stated that in this case, this would be a value that defines the system tested 
as a whole. To be able to connect the impairment of strength measured to the individual connections in the system, 
the displacement measured in the connection should be evaluated too. 
  

 
Figure 85: Impairment of strength (ΔFt & ΔFc) per cycle but no reduction in displacement according to EN 12512[40] 

EN 12512 defines the impairment of strength as following:  

max, 1 max, 3C C
F F F F     ;       [Equation 13] 

in which is assumed that between the first and third cycle either no difference in strength is measured, or 
a loss of strength.  

The value of impairment of strength is compared to the difference in displacement measured in each connection: 

1 3V V V   ;         [Equation 14] 

at which V1 is the displacement/slip at Fmax,C1 and V3 is the displacement/slip at Fmax,C3; 
For connection SB-06 these values are presented in table 28. The importance of connecting the impairment of 
strength to the difference of displacement measured is shown in the same table. As is shown, with increasing 
impairment of strength, the connection on the left shows increasing negative values for ΔV (indicating a reduction 
in deformation), while the right connection shows increasing positive values for ΔV. This is shown graphically in 
figure 86; the impairment of force occurs in the system as a whole, but the cause for this impairment can be found 
in the connection on the right side. This connection fails, or shows plastic behavior, while deformation in the left 
connection can be assumed linear-elastic.  
 

Table 28: Impairment of strength values presented for SB-06 -in which negative values indicate a reduction of strength or a 
reduction of displacement (see also appendix 10) 

Absolute differences between the first and last cycle of each 
load-step 

 Absolute differences between 
the average values of load-steps 

Cycle Load-
step 

 |ΔF| 
[kN] 

ΔV (Left) 
[mm] 

ΔV (Right)  
[mm] 

 ΔF 
[kN] 

ΔV (L) 
[mm] 

ΔV (R)  
[mm] 

1-3 0.25 Vy T 0.03 0.02 0.06  - - - 

  C 0.06 0.01 0.00  - - - 

4-6 0.50 Vy T 0.72 0.21 -0.01  2.29 3.29 1.03 

  C 0.18 0.09 -0.03  1.75 1.24 1.22 

7-9 0.75 Vy T 0.72 0.25 0.05  3.96 2.11 1.78 

  C 0.52 0.08 0.07  3.57 0.98 1.40 

10-12 1.00 Vy T 1.25 0.33 0.09  3.97 1.67 1.98 

  C 0.66 0.05 0.12  3.37 0.86 1.29 

13-15 1.33 Vy T 1.62 0.39 0.25  4.44 2.12 2.91 

  C 0.87 0.05 0.15  3.62 1.31 1.72 

16-18 1.67 Vy T 2.06 0.28 0.47  3.30 2.00 2.91 

  C 1.55 0.12 0.38  1.78 1.44 2.08 

19-21 2.00 Vy T 3.45 -0.59 1.73  0.66 1.40 5.15 

  C 3.04 -0.06 0.87  -0.03 1.34 2.65 

22-24 2.50 Vy T 11.03 -5.43 9.16  -5.95 -2.46 14.21 

  C 6.00 -0.98 2.00  -5.28 0.19 7.48 
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Figure 86 also reveals the limitation of the displacement controlled test for this test setup: the impairment of strength 
in the right connection shows a loss of stiffness, to which more deformation occurs in the same connection in the 
following cycle. As a result, less deformation is occurring in the left connection where no loss of stiffness has 
occurred. The summed displacement of both connections is per cycle in each load-step approximately equal due 
to the fact that every cycle in one load-step has the same controlled displacement performed by the hydraulic jack 
(neglecting certain bending deformation in the elements which can decrease too when the connections loose 
stiffness per cycle). For these tests can at least be concluded that the repetitive loading results in a certain 
redistribution per cycle. In SB-07 and SB-08 the same redistribution is seen.  
 
The redistribution explains the difference in behavior between the static tests (~50/50) and the cyclic tests (~0/100). 
The fact that one connection remains linear-elastic is, assumingly, due to the repetitive behavior of testing –allowing 
for redistribution. With every cycle the less stiff connection deforms a little bit more than the stiffer counterpart, 
causing every time more damage and thus the ratio in stiffness between both connections increases. Therefore the 
effect is more significant with each cycle. The connection with the weakest initial stiffness will eventually yield, as is 
seen in the test results. For SB-06 and SB-07 the right connection yielded, yet in SB-08 this was the left connection. 
Slightly larger gaps and/or initial imperfections are assumed to be the cause. That yielding left or right did not 
influence the overall behavior of the portal frame corners can be seen in figure 88. 
 
These findings might lead to the conclusion that in modelling of these compositions of systems only one connection 
should be given a plastic capacity. The second connection should have a linear-elastic stiffness that is (slightly) 
higher than for the other connection. Still, wondered is whether the low test speed has allowed for redistribution to 
happen, but this is not further investigated. For that reason, it is concluded that the repetitive type of loading is the 
cause, and that therefore could be concluded the following: 

Static cases   equal connection stiffness, behavior of connections ~50/50 
Cyclic, dynamic cases  Connections ~0-100, but sum of both connection stiffnesses equal to static case 

This assumption is further elaborated in the next paragraph.  
 

 

Figure 86: Plotted, the results of load-step 2.50Vy of specimen SB-06 (compression), where in the left connection a decreasing 
displacement can be noted with increasing load impairment, in contradiction to the right connection where increasing load 

impairment causes an increasing displacement per cycle; 

Equal elaborations have been made for specimens SB-07 and SB-08, see table 29 and table 30. As mentioned 
before, these specimens were ‘reinforced’ with a steel bar to prevent out-of-plane movement of the brace. As a 
result, almost no impairment of strength is observed –the impairment that occurs is quite constant, in contradiction 
to SB-06 where per load-step the impairment increases due to the movement perpendicular to the test specimen 
as described in paragraph 7.1.3. For all tests can be observed that for tension the impairment of strength increases 
when load-step 4 (the yield point) is reached, unfortunately this did not happen to the compression side. This can 
be the cause of the imperfect loading procedure, as explained in paragraph 7.1.2. Similarly, the decrease or 
increase of displacement between the cycles seems neglectable for specimens SB-07 and SB-08.  
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Table 29: Impairment of strength results for SB-07 -in which negative values indicate a reduction of strength or a reduction of 
displacement (see also appendix 10) 

Absolute differences between the first and last cycle of each 
load-step 

 Absolute differences between 
the average values of load-steps 

Cycle Load-
step 

 |ΔF| 
[kN] 

ΔV (Left) 
[mm] 

ΔV (Right)  
[mm] 

 ΔF 
[kN] 

ΔV (L) 
[mm] 

ΔV (R)  
[mm] 

1-3 0.25 Vy T 0.03 -0.02 -0.01  - - - 

  C 0.00 0.00 0.01  - - - 

4-6 0.50 Vy T 0.05 0.10 -0.04  5.12 1.51 2.17 

  C 0.03 0.00 -0.01  0.35 0.92 2.31 

7-9 0.75 Vy T 0.12 0.07 0.00  3.28 1.30 2.50 

  C 0.09 -0.02 -0.02  2.00 0.98 1.46 

10-12 1.00 Vy T 1.09 0.06 0.32  3.42 0.97 2.90 

  C 0.04 0.03 0.03  2.82 0.80 1.53 

13-15 1.33 Vy T 1.93 -0.04 0.69  2.01 0.83 4.98 

  C 0.79 0.02 0.24  5.68 1.24 1.74 

16-18 1.67 Vy T 2.14 -0.14 0.70  1.22 0.18 5.81 

  C 0.44 0.10 0.17  2.66 1.43 2.12 

19-21 2.00 Vy T 1.33 -0.25 0.62  -0.83 0.03 6.58 

  C 0.93 0.11 0.30  2.60 1.50 1.96 

22-24 2.33 Vy T 2.81 -1.79 2.12  -4.26 -1.32 7.95 

  C 0.89 0.09 0.38  1.46 1.34 3.01 

25-27 2.67 Vy T 3.13 -2.01 2.26  -2.59 -1.96 8.34 

  C 1.18 0.07 0.56  0.65 1.06 3.56 

28-30 3.00 Vy T 0.60 -1.41 1.29  -3.41 -1.94 8.12 

  C 1.38 0.29 0.52  -0.08 1.38 3.67 

 

Table 30: Impairment of strength results for SB-08 -in which negative values indicate a reduction of strength or a reduction of 
displacement (see also appendix 10) 

Absolute differences between the first and last cycle of each 
load-step 

 Absolute differences between 
the average values of load-steps 

Cycle Load-
step 

 |ΔF| 
[kN] 

ΔV (Left) 
[mm] 

ΔV (Right)  
[mm] 

 ΔF 
[kN] 

ΔV (L) 
[mm] 

ΔV (R)  
[mm] 

1-3 0.25 Vy T 0.03 0.00 -0.03  - - - 

  C 0.02 0.02 -0.06  - - - 

4-6 0.50 Vy T 0.83 0.39 -0.06  3.32 2.39 1.40 

  C 0.09 0.00 -0.09  0.22 0.87 2.09 

7-9 0.75 Vy T 0.33 0.32 -0.06  4.05 2.83 1.03 

  C 0.14 0.00 -0.02  2.02 1.24 1.53 

10-12 1.00 Vy T 1.54 0.53 -0.06  2.27 3.23 1.11 

  C 0.28 0.67 0.05  2.27 1.20 1.49 

13-15 1.33 Vy T 0.12 0.04 -0.08  2.52 5.26 0.55 

  C 0.21 0.11 0.09  5.28 1.68 1.49 

16-18 1.67 Vy T 2.00 1.13 -0.77  0.59 6.16 0.31 

  C 0.83 0.10 0.24  2.89 1.89 1.62 

19-21 2.00 Vy T 2.17 1.67 -1.17  0.06 7.06 -0.57 

  C 0.66 0.16 0.17  2.41 2.09 1.57 

22-24 2.33 Vy T 4.45 2.19 -1.31  -1.26 7.84 -1.28 

  C 1.20 0.50 0.23  1.37 2.48 1.64 

25-27 2.67 Vy T 1.28 3.02 -3.18  -6.70 10.32 -2.94 

  C 1.25 0.90 0.11  -0.37 4.56 1.03 

28-30 3.00 Vy T 0.76 -0.33 -0.45  1.26 7.87 -1.38 

  C 1.69 1.07 0.27  0.99 3.43 1.48 
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7.1.5 Connection stiffness in relation to portal frame corner stiffness 
The earlier assumption done related to the modelling of both connections depending on the analysis performed, 

was as following: 

 
Static cases   equal connection stiffness, as kst (dissipative behavior ~50/50) 
 
Cyclic, dynamic cases  one connection modelled as ‘elastic’ (kel), the other as dissipative (kpl), but sum of both 

connection stiffnesses equal to static case (dissipative behavior ~0-100). A non-
dissipative zone and a dissipative zone is defined, as in figure 93 

 

Thus, the following terms are introduced: 

 Static stiffness  kst (see table 23) 

 Elastic stiffness  kel To be determined, stiffness of non-dissipative zone 

 Plastic stiffness  kpl
 (see figure 99), stiffness of dissipative zone 

This leads to the following relationship: 

2 1 1

st el plk k k
  ;          [Equation 15] 

 

As a result, the stiffness of the brace including the connections can be determined as: 

2

c
brace

c b

k EA
k

EA k L



  (Jorissen, 2016[14])       [Equation 16] 

kc is defined as following for the different types of analysis: 

Static cases  c stk k          [Equation 17] 

 

Cyclic, dynamic cases 
2

1 1
c

el pl

k
k k




      [Equation 18] 

And due to the assumptions done, initially -and for all elastic analyses- equal stiffness of the brace is found. 

Depending on the load applied- a different conjunction between both connections is seen and numerical modelling 

is done accordingly. 

 

To verify this assumption, the stiffness of the total system in cyclic analyses should be compared to the average 

stiffness measured in the static tests (portal frame stiffness). The thick black line represents the static tests in the 

graphs below, whereas the lighter (colored) graph represents the cyclic test. The back bone (the maximum values 

of the third cycle of each load step connected) has been marked a little clearer. Again a different behavior for SB-

06 (figure 87) and SB-07/SB-08 (figure 88) is observed, though clear is that the elastic stiffness is approximately 

equal in all performed tests.  

 

Tension (negative load):   Compression (positive load):  

 
Figure 87: Stiffness of test specimen SB-06 compared to stiffness of specimens loaded under static conditions 
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As was also observed in the data obtained from the connections, the reinforced specimens show larger initial slip, 

perhaps due to the absence of nails which therefore cannot immediately react to deformation and first contact 

surfaces (initially present gaps) need to close before resistance is found.  

Another difference between the reinforced and unreinforced specimens is the impairment of strength in compression 

that was present in the unreinforced specimen. In the reinforced specimens no impairment is observed in 

compression (see also figure 90), perhaps due to the fact that in both cases initial slip is measured is on the 

compression side. This could be due to the test setup, but also the imperfect applied cyclic loading could have a 

part (paragraph 7.1.2) -another explanation is that the reinforcement is the actual reason why the impairment of 

strength has improved. Due to the reinforcements made, the ductility seems to have improved significantly on the 

tension side as well.  

 

 

Tension (negative load):   Compression (positive load):  

 

 

Tension (negative load):   Compression (positive load):  

 
Figure 88: Stiffness of test specimens SB-07 & SB-08 (nails removed) compared to stiffness of specimens loaded under static 

conditions 
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7.1.6 Connections - Determination of yield point (cyclic) 
The yield points of the connections loaded cyclic have been determined using So.ph.i. 4.62 (Rinaldin, [13]), which 

uses the CEN method to obtain this value (paragraph 6.2.4). These yield points are used in further elaborations of 

the connection behavior.   

 
Figure 89: Yield points presented graphically 

Figure 89 shows that a large deviation between the yield points measured in different tests does not exist, from 

which might be concluded that the static yield point determined in paragraph 6.2.4 is rather accurate. This also 

holds for the ductility factor (D) that was obtained from the static tests, as figure 90 shows. In compression, a 

consistent ductility was measured in all tests. Although in tests SB-07 and SB-08 a load-step of 3Vy was made, the 

apparent shift of the yield point causes no increase in ductility. The initial slip on the compression side is expected 

to be the cause (figure 88). 

 

On the tension side a significant increase of ductility was measured in the reinforced specimens. For the 

unreinforced specimen could be stated that the ductility factor measured was approximately equal to the ductility 

obtained from the static analysis. The difference in increased ductility between tension and compression is 

somewhat understandable when slip-mechanisms are compared. The compression side leads to locking up of the 

brace and thus limiting the magnitude of slip occurring in the connection. As paragraph 7.1.4 demonstrates, almost 

no impairment of strength occurs after reinforcing and due to this, the total energy dissipated increased significantly 

opposed to the unreinforced connection, as there a significant impairment of strength was present. Improvements 

of reinforcing in compression are thus not seen in the ductility factor, but after all- it is only a factor referring to 

occurring slip and states nothing about the dissipated energy (NOTE: failure criteria of EN 12512 were not included). 

The ductility factor is defined as ult

y

U
D

U
 ;       [Equation 19] 

 
Figure 90: Ductility factors for different analyses -failure according to EN 12512 is not accounted for, see paragraph 6.2.2 
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 Numerical analysis and validation of the results obtained 

7.2.1 Methods used 
The obtained results have been verified with a FE-model in Abaqus CAE 6.12-3, where Abaqus Runner GUI v1.95 

(Rinaldin, [13]) was used as a plug-in to implement the time-dependent, non-linear behavior of the connections into 

the model (external subroutines). The Rinaldin spring model uses a ‘user element’ in Abaqus, that is defined with 

multiple parameters to describe stiffness and strength -and the degradation of both under repetitive loading. 

Although a full understanding of the parameters in the model is not achieved within the time-scheme of this thesis, 

it showed that even with limited understanding the connection behavior is reproduceable in a numerical model. Due 

to the fact that not all parameters were fully understood, only with a certain set of parameters the springs were 

defined in this research (1-13, table 31), the others were set to a fixed value (14-20, table 31).  

 

In this research the so-called ‘hold-down module’ was used. For different purposes different types of springs are 

defined in the Rinaldin model, of which the hold-down module seemed most fitting for the dovetail connections. It 

represents a non-linear spring in one loading direction and in the other loading direction a linear-elastic branch is 

defined (graphically presented in table 31). Since the springs in this research are asymmetric and hysteretic 

behavior in both loading directions is needed, two hold-down springs are modelled in opposite directions between 

two nodes (figure 91). The linear-elastic branches of both springs are assigned a very low stiffness (e.g. 0.0001) 

and thus these can be ignored in the total behavior (1/ktot = 1/kel,1 + 1/0.0001kel,2). Depending on the model,  user-

element 1 represents the compression side and user-element 2 the tension side. These nodes can have the same 

coordinates in the input file, since the direction the user-element functions in is defined in the user-element and 

relates to one of the six degrees of freedom in the global coordinate system (1 = u1, 2 = u2, 3 = u3, 4 = r1, 5 = r2, 

6 = r3) in Abaqus. 

 

 
Figure 91: Modelling of the spring (connection) 

To validate the interpretation of the non-linear spring characteristics and the behavior of the portal frame corners a 

FE-model of the laboratory research is set up (see also figure 55) with as input the spring data obtained. These 

models will be given the same displacement-controlled loading as in the laboratory research and the total potential 

energy per cycle is compared. To validate the numerical model used, a comparison is made between results of a 

model in SCIA Engineer and the model in Abaqus CAE. As is shown in figure 92, small differences in results are 

present. These were not further investigated as for example unknown is what default mesh settings are in both 

software packages -a different mesh can also lead to small differences in outcome.   

 

 
Figure 92: Validation of FE-model used; 1. Linear-elastic analysis [KT1 = ∞,  KR1 = ∞,  KR2 = 0], 2: Linear-elastic analysis [KT1 = 

1994 N/mm1 (tension) / 2581 N/mm1 (compression),  KR1 = ∞,  KR2 =0], 3: Laboratory research; See also figure 55 
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Table 31: Parameters present in the Rinaldin spring model[13] 

 

*from [13] 

Positive branch 
Backbone 

(1) Kel =   Elastic stiffness 
(2) K1pl =   First inelastic stiffness (hardening branch) 
(3) K2pl =   Second inelastic stiffness (softening or hardening branch) 

 
(4) Fy =  Yielding force 
(5) Fmax =  Maximum force allowable 

 
(6) Uult =   Ultimate displacement 

 
Unloading branch 

(7) Ksc =  Unloading stiffness of branch 4, multiplying the elastic stiffness by this factor 
(8) SC =  Lower limit of branch 4, multiplying the force value (Fmax) before entering the unlading  

path (% of Fmax) 
(9) F6end =   Force value for ending of 6th branch (% of Fy) 

 
Reloading branch 

(10) F60init =   Force value for beginning of 60th branch (% of Fy) 
(11) RC =  Lower limit of branch 5, multiplying the force value (Fmax) before entering unloading  

path (?) (% of Fmax) 
(12) K5-rdc =   Stiffness of branch 5, multiplying the elastic stiffness by this factor 

 
Other 

(13) Kdeg =   Strength degradation parameter – controls the linear degradation of the unloading  
stiffness once entered in the inelastic field 

(14) Alpha =   Strength degradation parameter – exponential parameter based on dissipated energy  
(0.01) 

(15) Beta =   Strength degradation parameter – exponential parameter based on maximum  
displacement energy (0.5) 

(16) Gamma =  Strength degradation parameter – linear parameter (0.005) 
(17) NoElCyc =  If equal to 1, no elastic cycles are permitted in the analysis (0.1) 
(18) Free =   Unknown, left out 

 
 
Negative branch 

(19) Knfact =   Stiffness coefficient for the negative (elastic) branch, multiplies elastic stiffness (kel) 
(With composing two hold-down springs together: 0.0001) 

(20) FmaxC =   Maximum force in the negative branch, always negative (-100) 
 

 

  



93 
 

As was observed in the cyclic experiments performed in the laboratory only one connection of two in the system 

should be modelled as a ‘dissipative zone’. The other connection could be assumed to behave linear-elastic, 

although clearly can be stated that the unloading branch shows that the spring does not behave fully linear-elastic 

(see paragraph 7.1.3). Therefore, the unloading stiffness is set to 2·kel without expecting degradation occurring in 

the spring. In principle this means that regardless of the loading history and magnitude, the spring will behave 

exactly similar. In order to be sure that from this system with two different types of springs valid results will be 

obtained, it is important that the stiffness of the ´linear´ spring is comparable or higher than the stiffness of the non-

linear dissipative spring (if less stiff, the dissipative zone will not develop). 

 
Figure 93: Describing the spring characteristics for the validation of the cyclic validation 

The hold-down module can be tricked into a linear-behaving spring by defining all stiffnesses equal to each other 

(Kel = K1pl = K2pl) and setting the force- and displacement values relatively high (these values should never be 

reached in the model). This is graphically shown in figure 94. In spring (2) Ksc is changed to 2, resulting in the 

unloading stiffness being two times the elastic stiffness Kel -in which the value of 2 is an assumption. With a higher 

elastic stiffness, the spring will due to that fact also resemble better the elastic spring behaviour in the laboratory 

research, since the presented graph below seems to have a too low unloading stiffness. Also, RC and SC need to 

be changed to 0.99 in order to achieve a maximized energy dissipation. In further elaborations spring (2) is used in 

the modelling of the connections marked as non-dissipative zones. Only the three stiffnesses are adjusted to the 

desired value. 

 

(1) Linear-elastic spring 

 
 
kel = 1000 N/mm1 (= Kel = K1pl = K2pl) 

 
(2) Dissipative-´elastic´ spring 

 
 
kel = 1000 N/mm1 (= Kel = K1pl = K2pl) 

 
Figure 94: Two different elastic springs, in the graph loaded each with three cycles of 0-20-0 mm 

In the following paragraph the definition of the Rinaldin spring model for the dissipative zones is validated. The 

stiffness of the spring in the non-dissipative zone is determined in paragraph 7.2.3, where also the modelling of the 

portal frame corners (setup as in laboratory research) is validated. In these models the (beam-)elements itself are 

expected to remain linear-elastic, since failure in these elements should be prevented. Failure in these elements is 

expected to occur under a brittle mechanism. As a result, only energy is dissipated in the connections -therefore 

care is needed to prevent the beam elements from reaching their linear-elastic limit, in these models this is a self-

defined limit value. See paragraph 10.1.3. 
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7.2.2 Connections – Validation of numerical springs (So.ph.i. 4.62) 
To define and validate the parameters in the Rinaldin spring model the data can be imported in So.ph.i 4.62[13]. 

The program will propose a value for all parameters based on the input and ultimately is also able to present the 

accuracy of the proposed spring in terms of total (potential) energy. What is mentioned in this elaboration as ‘total 

potential energy’ is referred to as ‘dissipated energy, Ed’ in EN 12512 -and is actually the total area under the load-

slip diagram (total energy). The energy dissipation (e.g. heat, friction or plastic deformation of materials[45]) is an 

irreversible process; this in contradiction to linear-elastic deformation in which no energy is dissipated: the process 

is reversible. In the elaborations made (of the total potential energy) no distinction is made between ir- and reversible 

processes since no full linear-elastic behavior was observed, perhaps due to friction/clamping in the connection. 

Also, the optimization of the spring and the validation of its accuracy is not performed in So.ph.i., since curiosity 

existed to the behavior per cycle of the numerical data opposed to the laboratory data. This data can be found in 

appendix 7. 

 
Figure 95: Definition of energy according to EN 12512, Ed = dissipated energy and Ep = potential energy[5][40]  

During the optimization, not every characteristic of the observed behavior in the experimental research was 

successfully implemented in the numerical springs. A compromise was found in accepting that if a numerical spring 

reproduces approximately the same maximum load for an imposed displacement and returns approximately an 

equal amount of dissipated energy and total potential, it does not necessarily needs to mimic the path leading to 

these two references (force, displacement) exactly. More important is mimicking the degradation of strength and 

stiffness (and total potential energy) over a path of repetitive loading. The loading diagram proposed in EN 12512 

theoretically allows for checking up on whether that last condition is met since normally the effect of the three cycles 

is as follows: 

Cycle 1:  A certain displacement is imposed, damage is done to the connection and thus different 

behavior of the connection in cycle 2; 

Cycle 2: The same displacement is imposed, load impairment and loss of stiffness is observed 

due to the damage done in cycle 1. As a result, less energy is dissipated in cycle 2 

opposed to cycle 1 -but more damage to the connection is not done; 

Cycle 3: Again, the same displacement is imposed and theoretically the same behavior as in cycle 

2 should be observed, since no new damage was done in cycle 2. 

The last cycle helps to check whether the numerical spring retrieves the same damage/degradation occurring in a 

certain load step. Due to the test method used in this research (frames), not only load impairment occurred but also 

a significant increase of displacements in the three cycles of one load-step (paragraph 7.1.4). Opposed to damage 

being limited to one cycle of every load step (and thus the damage representing the load step), in this case damage 

is done in all three cycles of a load step.  

 

Questions have arisen whether measured data in connections as part of a system setup should be allowed for 

designing a numerical spring, or whether test setups as these only should be used to validate numerical models 

with data obtained from single connection laboratory setups only. In that case more control exists on the loading 

imposed to the connection and the connection is isolated from side effects. Although in this case the system in 

which the connections are placed in is expected to have a significant influence on the behavior of the connections, 

but also the conjunction of both connections is important to understand the behavior of the portal frames. 

Regardless of the way data is obtained, in all cases imposing different loading diagrams is important to check 

whether the numerical spring is satisfying for different loading patterns. Real life loads are after all never as 

organized as the proposal of EN 12512. 
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Figure 96: Characteristics that were not successfully implemented in the numerical spring behavior 

As mentioned, the numerical springs do not include all characteristics observed in the laboratory research. These 

are shown graphically in figure 96. (a) represents the initial slip that was present in the reinforced connections (SB-

07 and SB-08). The assumed cause are the missing nails and the present initial gaps in the bearing surfaces of the 

connection. These allow for a certain slip in the connection in which resistance is not found. With increasing damage 

to the connection, the initial slip also seems to increase. In the unreinforced connections (static experiments and 

SB-06, see figure 98) this initial slip is not observed leading to the conclusion that the nails cause an immediate 

resistance whenever slip in the connection is initiated.  

 

 
Figure 97: Effects of yielded nails present during the complete duration of the load diagram 

Effect (b)1 is ´by coincidence´ also caused by the presence of nails. With loading, the yielded nails are pulled in the 

direction that the brace is moving. When the unloading course is entered, an initially high negative force is needed 

to overcome the resistance of the yielded nails pointing in opposite direction. Once the nails are again pointing in 

the direction of movement the resistance measured decreases to zero. The Rinaldin spring model allows for 

modelling negative load pick up in the unloading branch (as in the graph in table 31), but the direction coefficient is 

supposed to remain negative, where as in the behaviour seen here the direction coefficient flips to positive after 

reaching a certain negative load value.  

 

  

                                                           
1 NOTE: The described effect is thought to be explained and as a result the potential energy presented in the numerical springs 

is adjusted to correct for the fact that the numerical spring cannot adopt the observed behaviour. Discussions about the subject 
have induced the theory that the observed behaviour is a default that comes with displacement-controlled experiments -physically 
it is apparently impossible to have a negative slope in the unloading branch and therefore this effect would not occur in other types 
of loading than the type of displacement-controlled loading used here. As for that fact, this effect is not uncommon to be measured. 
If that is correct, the potential energy is overestimated by the numerical spring of the unreinforced connections.  
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SB-06-Tension Exp. Num.  SB-06-Compression Exp. Num. 

Total PE 100% 94%  Total PE 100% 97% 

R2 0.9990  R2 0.9996 
Figure 98: Validation of the proposed numerical spring for the unreinforced connections (SB-06) 

 

Athough no nails were present in SB-07-T (figure 100) still the same behavior was seen as in (b), where surprisingly 

all other measurements in that setup did not show any sign of the effect in (b). The cause is perhaps that the dovetail 

pulled itself thight against the steel reinforcement, and thus can be concluded that this reinforcement was mounted 

on too thight and that the added slipsheets did not have the desired effect. Due to the expected default in the setup, 

this effect was not compensated for in the numerical spring, explaining the significant difference in total potential 

energy (numerical spring returned 73% of the total potential energy measured in the experimental research).  

 

In general can be stated that fitting effects cause for more deviation in the results obtained in the validation of the 

numerical spring of the reinforced connection. The reason is, that a single numerical spring is presented that should 

fit data of two different laboratory experiements. Timber is known to have a relatively large scatter in data obtained 

from experimental research. As for that fact, the numerical springs proposed would need to be changed (slightly) 

when more laboratorty data would be available and therefore the deviations are accepted. 

 

The validation presented here is performed by loading the numerical springs with the same slip as was measured 

in the connection in the laboraty research, and to compare the returned total potential energy. Due to this method, 

cycles with large slips and as a result large amounts of energy intake are most decisive for whether a numerical 

spring ‘fits’ or not in terms of total dissipated energy. In the small-slip cycles the numerical spring in some cases 

returns unlogical data, which is shadowed by the large-slip cycles. Whether the proper functioning of the numerical 

spring in respect to energy at small-slips is important is questionable, because assumingly energy-dissipation is no 

issue in that case and the connection can be assumed to perform linear-elastic. From slips near the yielding point 

of the connection and ongoing larger slips, the amount of energy dissipation becomes important. Also, in this case, 

the unlogical data could be explained by the low output-frequency in Abaqus CAE. As a result, the data output can 

capture the actual behavior of the numerical spring very roughly and as a consequence perhaps poorly as well.   
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The valdition of the numerical spring of the reinforced connection is presented in figure 100, on the next page. The 

defined spring characteristics are presented in figure 99. 

  

 

(1) Unreinforced connection 
(SB-06) 

 
Tension 

 
kpl = 2378 N/mm1 (= Kel) 
 

(2) Reinforced connection 
(SB-07, SB-08) 

 
Tension 

 
kpl = 1400 N/mm1 (= Kel) 

Compression 

 
kpl = 1865 N/mm1 (= Kel) 
 

Compression 

 
kpl = 1476 N/mm1 (= Kel) 
 

Figure 99: Definition of numerical springs in dissipative zones 
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SB-07-Tension Exp. Num.  SB-07-Compression Exp. Num. 

Total PE 100% 73%  Total PE 100% 94% 

R2 0.9921  R2 0.9896 
 

     

      
 

SB-08-Tension Exp. Num.  SB-08-Compression Exp. Num. 

Total PE 100% 103%  Total PE 100% 97% 

R2 0.9973  R2 0.9948 
Figure 100: Behavior of numerical spring in comparison to the experimental data, reinforced connection (SB-07, SB-08) 
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7.2.3 Portals – Verification of results obtained 
To validate the understood behavior of the connections in respect to the overall behavior of the portal frames (figure 

93), a FE-model including the numerical springs presented in the previous paragraph is loaded equally as the 

laboratory setup (paragraph 7.1.5) and again the total potential energy is compared. As the dissipative zones are 

defined in the previous paragraph, the stiffness of the non-dissipative zones still needs to be determined according 

to the presented method in paragraph 7.1.5. All stiffnesses needed are first summed up into table 32. The stiffnesses 

for the non-dissipative zones (figure 94 (2)) are determined with the following relationship: 

1

2 1
el

st pl

k
k k




;         [Equation 20] 

 

The stiffnesses and characteristics for the dissipative zones have been defined in figure 99. More about the 

background of this relationship in paragraph 7.1.5. 

  
Table 32: Stiffnesses defined for complete model 

(1) Unreinforced connections 

 Compression 
[N/mm1] 

Tension 
[N/mm1] 

kst     (table 23) 1947 2385 

kpl      (figure 99) 1865 2378 

kel 2036 2392 

   

(2) Reinforced connections 

 Compression 
[N/mm1] 

Tension 
[N/mm1] 

kst     (table 23) 1947 2385 

kpl      (figure 99) 1476 1400 

kel 2859 8045 

 

From the obtained results of the FE-model can be concluded that this was very successful in the case of specimen 

SB-06. As figure 101 shows, the numerical model quite accurately reproduces the laboratory data.  

 

          
 

SB-06-portal frame Exp. Num. 

Total PE 100% 95% 

R2 0.9967 
Figure 101: The behavior of the numerical model in comparison to the experimental data (SB-06, unreinforced connections) 

 

The fitting for the reinforced specimens is worse, but partly this can be explained. Both effects explained in figure 

94 are present -at the same time the fitting of the numerical spring itself is already off as is elaborated in figure 100. 

Another reason could be that one model is fitted to two different laboratory specimens; thus, spreading in the results 

is expected. In general, the retrieved behaviour does fit the behaviour observed in the laboratory research.  
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SB-07-portal frame Exp. Num. 

Total PE 100% 81% 

R2 0.9991 

 

         
 

SB-08-portal frame Exp. Num. 

Total PE 100% 110% 

R2 0.9991 
Figure 102: The behavior of the numerical model in comparison to the experimental data (SB-07, SB-08, reinforced 

connections) 
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7.2.4 Up scaling (non-linear) 
Up scaling of the non-linear spring properties will be performed in an equal manner as the linear spring (see 

paragraph 6.3.11, also for the geometrical properties of this full-scale connection). The principle of scaling is again 

in perspective of stiffness and force -as a result slip in the connection will not increase with larger geometrical 

dimensions. This is expected to be a conservative assumption, more experimental research should determine 

whether more slip in the connection can and should be allowed in modelling. Also, if scaling was performed on 

either slip or force it would result in either the stiffness model presented in this research to be invalid or otherwise 

enormous force values. The scale-factors determined in paragraph 6.3.11 are used here as well. The following was 

determined for the full-scale connections: 

 
Table 33: Recap of basic static spring properties defined earlier [*ductility can be improved in the case of reinforced 

connections] 

 Tension Compression 

Stiffness (kst) [N/mm1] 4206 3593 

Scale factor (α) 1.764 1.845 

Ductility factor (Vult/Vy)* 3 2 

 

As far more parameters are present in the numerical spring, and even multiple spring definitions are proposed for 

modelling, scaling is slightly more complex. As before determined, the linear-elastic stiffness remains the spil of 

scaling process. Only the properties involved in the scaling are expressed and scaled in this paragraph, the other 

properties can simply be copied from figure 99. The properties scaled are the ones that define the backbone; other 

factors are either dependent on the backbone values (and thus automatically scaled) or fixed values related to the 

degradation.  

  
Table 34: Scaled numerical spring (unreinforced connection) 

[1] Unreinforced connection 

Dissipative zone, TENSION (backbone definition, see figure 99 & table 31) 

Reference 
connection 

 
Properties 

  
Scale factor 

Scaled 
properties 

Kel  2 378 [N/mm1] ·1.764 = (kpl) 4 194 

K1pl 375 [N/mm1] [4194·(375/2378)] = 661 

K2pl -400 [N/mm1] [4194·(-400/2378)] = -705 

Fy 22 090 [N] ·1.764 = 38 966 

Fmax 24 845 [N] ·1.764 = 43 826 

Uult 35 [mm] ·1 = 35 

     

Non-dissipative zone, TENSION (definition as figure 94 (2)), see also paragraph 7.2.3 

Kel = K1pl = K2pl = [1 / (2/4206 – 1/4194)] = 4 218 [N/mm1]               
1

2 1
el

st pl

k
k k




 

 

Dissipative zone, COMPRESSION (backbone definition, see figure 99 & table 31) 

Reference 
connection 

 
Properties 

  
Scale factor 

Scaled 
properties 

Kel  1 865 [N/mm1] ·1.845 =   (kpl) 3 440 

K1pl 267 [N/mm1] [3440·(267/1865)] = 492 

K2pl -500 [N/mm1] [3440·(-500/1865)] = -922 

Fy 17 961 [N] ·1.845 = 33 138 

Fmax 18 100 [N] ·1.845 = 33 394 

Uult 19 [mm] ·1 = 19 

     

Non-dissipative zone, COMPRESSION (definition as figure 94 (2)), see also paragraph 7.2.3 

Kel = K1pl = K2pl = [1 / (2/3593 – 1/3440)] = 3 760 [N/mm1]               
1

2 1
el

st pl

k
k k
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Figure 103: Scaling of backbone graphically, where ‘est’ refers to the scaled properties and ‘REF’ to the properties of the 

reference connection 

 

Figure 103 shows the principle of scaling the backbone graphically. In table 34 this is elaborated for the unreinforced 

(original) connection. In table 35 the same is performed for the reinforced connection. As the elaboration of the 

reinforced connection shows, scaling is mainly based on the statically obtained results of unreinforced connections. 

This is thought to be valid, as paragraphs 7.1.5 & 7.1.6 demonstrate that the yield points of the connections and 

initial elastic stiffness of the portal frame corners is in the same order of magnitude for all tests performed.  

 

 
Table 35: Scaled numerical spring (reinforced connection) 

[2] Reinforced connection 

Dissipative zone, TENSION (backbone definition, see figure 99 & table 31) 

Reference 
connection 

 
Properties 

  
Scale factor 

Scaled 
properties 

Kel  1 400 [N/mm1] ·1.764 = (kpl) 2 469 

K1pl 257 [N/mm1] [2469·(257/1400)] = 453 

K2pl -355 [N/mm1] [2469·(-355/1400)] = -626 

Fy 16 022 [N] ·1.764 = 28 262 

Fmax 19 304 [N] ·1.764 = 34 052 

Uult 55 [mm] ·1 = 55 

     

Non-dissipative zone, TENSION (definition as figure 94 (2)), see also paragraph 7.2.3 

Kel = K1pl = K2pl = [1 / (2/4206 – 1/2469)] = 14 186 [N/mm1]               
1

2 1
el

st pl

k
k k




 

 

Dissipative zone, COMPRESSION (backbone definition, see figure 99 & table 31) 

Reference 
connection 

 
Properties 

  
Scale factor 

Scaled 
properties 

Kel  1 476 [N/mm1] ·1.845 =   (kpl) 2 723 

K1pl 100 [N/mm1] [2723·(100/1476)] = 184 

K2pl -2 000 [N/mm1] [2723·(-2000/1476)] = -3 689 

Fy 16 504 [N] ·1.845 = 30 449 

Fmax 20 000 [N] ·1.845 = 36 900 

Uult 22 [mm] ·1 = 22 

     

Non-dissipative zone, COMPRESSION (definition as figure 94 (2)), see also paragraph 7.2.3 

Kel = K1pl = K2pl = [1 / (2/3593 – 1/2723)] = 5 279 [N/mm1]                 
1

2 1
el

st pl

k
k k
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Figure 104: Dissipative (kpl) and non-dissipative (kel) areas in the sway frame 

Assigning of the dissipative and non-dissipative spring properties can be done quite straightforwardly. As long as 

in every brace one dissipative and one non-dissipative spring is assigned, it does not matter whether this is the top 

or bottom spring. Care should be taken that not two (non-)dissipative zones are assigned to one brace, as in that 

case the total stiffness of the brace (kbrace) is not anymore equal to the static case.  

 

Figure 105 graphically shows the difference between the unreinforced and reinforced connections, as explained a 

foregoing.  

[a]  [b]  

Figure 105: Recap: [a] Unreinforced connections, [b] Reinforcement of connections as it was elaborated 
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Part 4 – Structural analysis  
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8 Overview 

 Introduction 

The structural safety is analyzed by means of a case study, therefore conclusions are not generally verified. Also, 

several alternations were done to the portal frame from the case study:  

- Sawn timber is assumed instead of round wood (due to setup of the laboratory research); 
- The bracing is placed under 45 degrees. 

The exact effect of these alternations on the connections stiffness and the conjunction between two connections in 

a bracing is unknown, but the alternations are done in line with the laboratory research performed. 

 Structural lay-out and dimensions (simplification of the case study) 

The Frisian-aisled barn of the case study (paragraph 3.5) has two high masonry walls on each end of the barn. At 

one side this wall functions as a façade, on the other side it functions as a firewall between the house and the barn. 

For structural analyses performed in this study the high masonry walls are ingnored -a representative section of the 

timber structure is taken out (one portal frame with a ‘working’ width of 5.6 m1). 

 
Figure 106: An overview of the structure of the farm 

Effectively, a majority of the roof structure is bearing on the portal frames –which is of importance for second order 

calculations due to the significant dead load. The remaining part of the roof structure rests on the masonry walls. 

The terms used in table 36 refer to figure 9 -the presented dimensions have been used to determine the dead load 

of the structure. To do so the mass of the timber is taken as 320 kg/m3.  

 
Table 36: Barn of the case study split up in members and their dimensions 

Element D (mm) A (mm2) M (kg/m1) 

Primary beam Ø240 45 239 14.5 

Primary column Ø240 45 239 14.5 

Primary brace 110x250 27 500 8.8 

Secondary beam B400xH200 40 000 12.8 

Secondary braces 75x250 18 750 6.0 

Rafter braces Ø110 9 503 3.0 

Rafter support beam 75x200 15 000 4.8 

Rafters Ø110 9 503 3.0 

Ridge beam(s) 75x300 22 500 7.2 

Stiffening beam 75x200 15 000 4.8 

Supporting timber for roofing 75x200 15 000 4.8 
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 Schematization 

The primary structure of the barn can be translated to a sway frame (see figure 108 and figure 130), as it was 

proposed by Jorissen (2016)[14][42] in a research to the strength and stability of traditional timber frames. The 

same sway frame will be used in this research, with KT1 representing the stiffness of a dovetail joint. The cross-

section presented in figure 108 makes for an easy derivation of the presented structural schematization. In this part 

of the thesis the rotational springs are all taken as hinges. As also mentioned by Jorissen (2016), the connection in 

joints 3 & 6 (column – beam) hardly contributes in the stiffness of the frame. Often this is a wedge connection, or a 

mortise-and-tenon connection. Regarding the rotational stiffness of the dovetail connection, was in paragraph 6.2.5 

concluded that it is secondary to the translational stiffness, although in this system the effect of the rotational 

stiffness could be more present. Assuming it as a hinge results perhaps in a slightly conservative assumption of the 

portal frame behavior. As the rotational stiffness is unknown, assuming it fully fixed is resulting in the opposite. 

 

The stiffness of the portal frame is realized by the stiffness of the brace and the connection, which leads to the 

overall stiffness of the triangle. Because the axial stiffness of the connection is often unknown, the actual stiffness 

in sway of the total portal frame cannot be determined. When this stiffness is known, the stability of the portal frame 

could be analyzed analytically with the Dunkerley’s theorem, of which Jorissen (2016) proposed specific analyzation 

for this portal frame structure (see figure 108). This theorem will lead to the total buckling load Fc. 

(a)  

(b)  

 

1 2

1 1 1

c c cF F F
   and for system 2: 

2

c
brace

c b

k EA
k

EA k L



  

Figure 107: Dunkerley's theorem expressed (a), and translated to the system appropriate to this portal (b)[14][15] 

The theorem assumes for system one that the triangle of beam-brace-column and connections is infinitely stiff. The 

column and beam have its own stiffness as follows from the material and cross-section properties. In system two 

this is the opposite: the column and beam have an infinite stiffness while the actual stiffness of the triangle is 

considered. Jorissen (2016) states that system one is too complex to elaborate by hand, but also that the buckling 
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force would be that high it can be neglected compared to system two (
1

1
0

cF
 ). System two results in the following 

buckling load:   
2 2

23 34
2 2 2

23 34
2 ( )

c
c

c b

k EA L L
F

EA k L H L L
 

 
;  because 

2

1 1
0

c cF F
   leads to 

2c cF F ;  [Equation 21] 

Concluding that Fc2 is representable for the total buckling load of the system. With the buckling load, second order 

displacements can be derived with the following equations: 

2 1
1

nd st

n

n
  


  with c

applied

F
n

F
 ;        [Equation 22] 

The proposed theory has not been used in further elaborations, since the stiffnesses in tension and compression 

differ. When performing a quick estimation of the behavior, the lower stiffness (compression or tension) could be 

taken as a lower bound result of the system.  

 

Figure 108: Section on which the different live loads are determined, the width of the section is in this case 5.6 meters (relates to 
case study) 
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 Validation of the model used 

The model including the time-dependent non-linear (numerical) springs is validated by comparing results in different 

software packages. The time-dependent non-linear contribution itself cannot be validated, but as mentioned earlier, 

the non-linear spring definitions can be tricked into linear-elastic behavior (figure 94). In the basic model without 

translational spring definitions, the elastic-spring stiffness in Abaqus was defined with a relatively high value 

therefore mimicking translational-fixed behavior.  

  

Figure 109: Both systems are considered; Left: system 1, right: system 2 

As TechnoSoft Frameworks does not allow for adding translational springs to nodes, the model including these is 

only validated with SCIA Engineer. Both systems are shown in figure 109 and the obtained results in figure 110. 

Although small differences exist, the three-step (fixed, stiffness ‘1’ and stiffness ‘2’) validation of the translational 

springs in the model is accepted as to be accurate and correct. The elements were modelled linear-elastically with 

dimensional properties as in paragraph 8.3 and the following material properties: 

Modulus of elasticity = 11 000 N/mm2; 

Poisson's ratio = 0.3. 

 

        
Figure 110: Validating the model using different software packages, on the left without translational springs (system 1) and on 

the right translational springs are added (system 2)  
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9 Load cases (characteristic values) 

 Dead loads 

As defined by the Eurocodes: permanent actions. 

 

9.1.1 Concentrated loads 
The barn is divided in several sections (figure 111) to determine the dead load of the structure. Some of these 

sections are supported by the main portal frames (figure 112). The dead load is important when considering second-

order effects. 

 

 
Figure 111: Dividing the structure in organized parts for determining the dead loads 

 

Figure 112: Point loads translated to the sway frame in two configurations - these point loads do not include live loads, only 
dead loads  
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Table 37: Dead load translated to loads on the structure 

POINT 
LOADS  Element 

Surface (m2) / in between 
distance (m1) / amount / length 

(m1) Weight 

Total 
weight 

(kg) 

Total 
weight 

(kN) 

       

P1/P2   x / x / 8 / x    

↓ - Roofing (CFC sheets) 6.03·5.6 = 33.8 / x / 1 / x 16.5 kg/m2 557.7  

 - Roofing (thatching) (§0) 6.03·5.6 = 33.8 / x / 1 / x 42.9 kg/m2 1450.0  

 - Roofing (tiles) (§0) 6.03·5.6 = 33.8 / x / 1 / x 51.4 kg/m2 1740.0  

 - Ridge beams x / x / 1 / 5.6 7.2 kg/m1 40.3  

 - Supporting timber for roofing 

x / 1.1 /
6.03

5.5
1.1

 / 5.6 

4.8 kg/m1 147.8  

 - Rafters x / 1.867 / 3 / 6.03 3.0 kg/m1 54.3  

 - Stiffening beam x / 1.867 / 3 / 1.438 4.8 kg/m1 20.7  

 - Secondary beam x / x / 1 / 5.6 12.8 kg/m1 71.7  

 - Secondary braces x / x / 2 / 2.64 6.0 kg/m1 31.7  

 Be1 Primary beam x / x / 1 / 3.2 14.5 kg/m1 46.4  

 Br1/Br2 Primary braces x / x / 1 / 2.799 8.8 kg/m1 24.6  

 C1/C2 Primary column x / x / 1 / 6.62 14.5 kg/m1 96.0  

   Total (CFC sheets)  1091.2 10.9 

   Total (thatching)  1983.5 19.8 

   Total (tiles)  2273.5 22.7 

       

P3/P4    x / x / 8 / x    

↓ - Roofing (CFC sheets) 3.44·5.6 = 19.3 / x / 1 / x 16.5 kg/m2 318.5  

 - Roofing (thatching) (§0) 3.44·5.6 = 19.3 / x / 1 / x 42.9 kg/m2 828.1  

 - Roofing (tiles) (§0) 3.44·5.6 = 19.3 / x / 1 / x 51.4 kg/m2 993.7  

 - Supporting timber for roofing 

x / 1.1 /
3.44

3.1
1.1

 / 5.6 

4.8 kg/m1 83.3  

 - Rafters x / 1.867 / 3 / 3.44 3.0 kg/m1 31.0  

 - Rafter supporting beam x / x / 1 / 5.6 4.8 kg/m1 26.9  

 - Rafter braces x / x / 3 / 3.0 3.0 kg/m1 27.0  

   Total (CFC sheets)  486.7 4.9 

   Total (thatching)   996.3 10.0 

   Total (tiles)  1161.9 11.6 

       

LINE 
LOADS  Element 

Surface (m2) / in between 
distance (m1) / amount / length 

(m1) Weight 

Total 
weight 

(kg) 

Total 
weight 
(kN/m1) 

       

Side-wall   x / x / x / 56   Per m1 
side-wall 

↓ - Roofing (CFC sheets) 1.99·5.6 = 11.1 / x / 1 / x 16.5 kg/m2 183.2  

 - Roofing (thatching) (§0) 1.99·5.6 = 11.1 / x / 1 / x 42.9 kg/m2 476.3  

 - Roofing (tiles) (§0) 1.99·5.6 = 11.1 / x / 1 / x 51.4 kg/m2 586.2  

 - Supporting timber for roofing 

x / 1.1 / 
1.99

1.8
1.1

 / 5.6 

4.8 kg/m1 48.4  

 - Rafters x / 1.867 / 3 / 1.99 3.0 kg/m1 17.9  

 - Masonry wall (d = 210) 2.66·5.6 = 14.9 / x / x / x 368 kg/m2 5483.2  

   Total (CFC sheets)  5732.7 10.2 

   Total (thatching)  6025.8 10.8 

   Total (tiles)  6135.7 11.0 

       

End-wall   x / x / x / 32 2.8  Per m1 
end-wall 

↓ - Roofing (CFC sheets) 11.46·2.8 = 32.1 / x / 1 / x 16.5 kg/m2 529.7  

 - Roofing (thatching) (§0) 11.46·2.8 = 32.1 / x / 1 / x 42.9 kg/m2 1377.1  

 - Roofing (tiles) (§0) 11.46·2.8 = 32.1 / x / 1 / x 51.4 kg/m2 1652.7  

  Ridge beams x / x / 1 / 2.8 7.2 kg/m1 20.2  

 - Supporting timber for roofing 

x / 1.1 / 
11.46

10.4
1.1

 / 2.8 

4.8 kg/m1 139.8  

 - Rafters x / 1.867 / 1.5 / 11.46 3.0 kg/m1 51.6  

 - Stiffening beam x / 1.867 / 1.5 / 1.438 4.8 kg/m1 10.4  

 - Secondary beam x / x / 1 / 2.8 12.8 kg/m1 35.8  

 - Secondary braces x / x / 1 / 2.64 6.0 kg/m1 15.8  

 - Rafter supporting beam x / x / 1 / 2.8 4.8 kg/m1 13.4  

 - Rafter braces x / x / 1 / 3.0 3.0 kg/m1 9.0  

 - Connecting timber x / x / 1 / 3.2 6.0 kg/m1 19.2  

 - Masonry wall (d = 210) 152.7 / x / x / x 368 kg/m2 56194  

 - Buttress 0.07 / x / x / 7.28 1750 kg/m3 891.8  

   Total (CFC sheets)  57931 72.4 

   Total (thatching)  58778 73.5 

   Total (tiles)  59064 73.8 
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9.1.2 Generalized weight 
The point and line loads calculated in paragraph 9.1.1 are used to calculate a total weight, plus a weight per square 

meter footprint (total footprint: 16x28 = 448 m2). The volume per section of 5.6 m1 is circa 975 m3. The total barn 

has a volume of approximately 4872 m3. 

 
Table 38: Total mass of barn and weight per square meter footprint 

Total weight (CFC sheets)  kN / kN/m1 Amount / length kN 

 P1/P2 10.9 8 87.2 

 P3/P4 4.9 8 39.2 

 Side-wall 10.2 56 571.2 

 End-wall 72.4 32 2316.8 

   Total 3014.4 

   Per m2 6.7 

   Per m3 0.62 

 

Total weight (thatching)  kN / kN/m1 Amount / length kN 

 P1/P2 19.8 8 158.4 

 P3/P4 10.0 8 80.0 

 Side-wall 10.8 56 604.8 

 End-wall 73.5 32 2352.0 

   Total 3195.2 

   Per m2 7.1 

   Per m3 0.66 

 

Total weight (tiles)  kN / kN/m1 Amount / length kN 

 P1/P2 22.7 8 181.6 

 P3/P4 11.6 8 92.8 

 Side-wall 11.0 56 616.0 

 End-wall 73.8 32 2361.6 

   Total 3252.0 

   Per m2 7.3 

    Per m3 0.67 

 

When barns are analyzed that do not have the high-end walls, the estimations in table 38 could be relatively high. 

Therefore, the weight per section of 5.6 m1 is analyzed too. 

CFC sheets  145.8 kN /  1.6 kN/m2 / 0.15 kN/m3 

Thatching  180.6 kN /  2.0 kN/m2 / 0.19 kN/m3 

Tiles   191.8 kN /  2.2 kN/m2 / 0.20 kN/m3 

From these values is expected that a good estimation of the dead load is achieved in quick calculations. 

 

9.1.3 Translated to the portal frame 
The dead load is summarized to the load on the portal frame corners:  

 

CFC sheets 

P1/P2 + P3/P4 = 10.9 + 4.9 = 15.8 kN, applied as shown in figure 112. 

 

Thatching 

P1/P2 + P3/P4 = 19.8 + 10.0 = 29.8 kN, applied as shown in figure 112. 

 

Tiles 

P1/P2 + P3/P4 = 22.7 + 11.6 = 34.3 kN, applied as shown in figure 112. 
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 Variable actions: wind loading (NEN-EN 1991-1-4) 

9.2.1 Introduction 
The wind loading is determined following Eurocode (European regulations to ensure safety of structures) in which 

specific data for the Netherlands is presented. This code is valid for structures with a height up to 200 meters built 

on land. Considered is the location, availability and quality of meteorological data and terrain type to determine a 

characteristic value of the wind loading that has a recurrence period of 50 years.  

 

The wind loading is simplified to a compilation of forces, of which the effects resemble the extreme effects of 

turbulent wind. This compilation of forces works on outer surfaces of the building, since here is assumed that the 

building has no openings –for simplification reasons.  

 
Figure 113: The Netherlands divided in areas for determining the wind loading on structures[46] 

A couple of important factors are explained below, regarding the case study: 

Basic wind speed Vb,0 Depends on the wind area as shown in figure 113. For area II, in which our case 

study is built (and practically all other Frisian-aisled barns) the basic wind speed 

is equal to 27 m/s. 

 

Extreme thrust qp (kN/m2) For the value of the extreme thrust, it is important to know in which wind area 

the structure is located. Also, it is important to determine whether this location 

is close to shore (1) / the area around the location is free of other structures (2) 

or that other structures around the location obstruct wind in some degree (3). 

In this case (2) is valid, and figure 113 shows that the case study is built in area 

II. This results in qp to be equal to 0.85 kN/m2 (building height = 10.875 m1). 

 

Structure factor cscd = 1 This factor accounts for the dynamic effect (vibrations) caused by turbulent wind 

and that the extreme thrust does not occur simultaneously on all surfaces of the 

structure. For buildings lower than 15 meters this factor is allowed to be taken 

equal to 1. 

 

The wind force on a surface is then calculated as:  

Fw = qp(ze)·Cpe·CsCd·Aref  
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The wind force is not equal on all outer surfaces of the structure. Therefore, the building is divided in several 

surfaces (according to Eurocode), each surface requires a factor (Cpe) to calculate the wind force on that surface. 

 
Table 39: Overview of wind forces on surfaces[46] 

Longitudinal directions 
b = 28000 
e = 21750 
d = 16000 
α = 45o 
 

Vertical surfaces Surfaces under an angle 

 

 

  
 Cpe Aref (m

2) Fw (kN) Fw/Aref (kN/m2)  Cpe Aref (m
2) Fw (kN) Fw/Aref (kN/m2) 

A -1.2 31 -31.6 -1.02 F -0 / 0.7 28.1 16.7 0.59 
B -0.8 77.3 -52.6 -0.68 G -0 / 0.7 56.1 33.4 0.59 
D 0.8 74.6 50.7 0.68 H -0 / 0.6 208.6 106.4 0.51 
E -0.5 74.6 -31.7 -0.43 I -0.2 / 0 208.6 0 0 
     J -0.3 / 0 112.3 0 0 

 

  



114 
 

9.2.2 Translated to the portal frame 
Using TechnoSoft Frameworks a simulation of the wind loading is schematized, resulting in a horizontal load on the 

portal frame of 22.4 + 21.1 = 43.5 kN (wind from the left, overpressure). 

 
Figure 114: Schematization of wind load on the section of the barn structure 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 115: A picture of a random Frisian farm, placing the immense roof structures in perspective -this roof structure is even 

larger than of the case study 
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 Variable actions: snow loading (NEN-EN1991-1-3) 

9.3.1 Introduction 
The snow loading is also determined following Eurocode (European regulations to ensure safety of structures). The 

national annex belonging to these regulations holds specific information about snow loading in the Netherlands. 

Several aspects have an influence on the degree of snow loading that should be considered; in this case the shape 

of the roof might be the most decisive. Snow load is projected on the roof as a load per square meter ground surface 

(this in contradiction to wind loading, which is calculated as a load perpendicular to an outer surface of the building). 

The determined snow load has a recurrence period of 50 years. 

 

Figure 116: Snow loading cases[47] 

Several factors are of importance: 

Exposure-coefficient (Ce) Several categories are defined for Ce. These categories relate to how free the 

wind can flow around the structure: free, regular, sheltered. Often barns are 

built in relatively open areas, which would theoretically be less(?) favorable. In 

the Netherlands, though, this value is set to 1.0. 

 

Characteristic snow load (sk) sk relates to the characteristic snow load on the ground. In the Netherlands this 

factor is set to 0.7 kN/m1. 

 

Snow-load shape factor (i) This factor relates to the shape and angle of the roof. In this case this value is 

equal to 0.38 (roof angle  ≈ 45.7 degrees). 

 

The snow load can then be calculated with: 

 

s = i·Ce·sk = 0.38·1·0.7 = 0.28 kN/m2, projected to the roof. 

 

9.3.2 Translated to the portal frame 
Using TechnoSoft Frameworks a simulation of the snow loading is schematized, resulting in a vertical load on the 

portal frame corners of 7.6 kN.  

 
Figure 117: Schematization of snow load on the section of the barn structure 
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 Variable actions: seismicity (EN 1998, NPR 9998) 

9.4.1 Introduction 
‘A sudden violent shaking of the ground as a result of movements within the earth’s crust’; this is the definition for 

an earthquake by the Oxford English dictionary. This violent shaking is the result of seismic waves, which are 

actually ‘waves of energy’ travelling through layers of the earth. The origin of these seismic waves can generally be 

explained by two causes: natural causes (mainly tectonic earthquakes) and human causes (induced earthquakes), 

but more generally: the energy release could be explained as sudden slip or collapse. The actual origin of the 

seismic waves is called the hypocenter, as shown in figure 118. The point directly above on the surface of the 

earth’s crust is called the epicenter, where seismic waves are translated to ground motion. The degree of ground 

motion can be described in two manners as explained in paragraph 2.3: intensity relates to what happens locally 

(sight), and magnitude relates to the amount of energy released at the epicenter (measured). 

 

 
Figure 118: Epicenter and hypocenter graphically[45] 

From the natural events that can cause seismic waves, tectonic earthquakes are probably most commonly known 

by people, but there are more possible causes. In general, natural causes are not within the reach of this thesis; an 

introduction on the cause of the earthquakes of topic is given in paragraph 2.3.  

 

Tectonic earthquakes occur usually along boundaries of the plates of which the earth’s crust exists. There are six 

main plates and several small plates. These plates move very slowly with respect to each other, causing the buildup 

of stresses along the plate boundaries / faults. It is possible that new faults occur. The sudden release of these 

build up stresses cause seismic waves. As figure 119 shows, the Netherlands is fully on the Eurasian plate; not 

close to the plate edges, therefore, it is more likely the earthquakes in the Netherlands are human induced. In this 

case, as explained in paragraph 2.3.1, by gas-exploiting (mining at relatively low depth). Seismic waves are caused 

by a sudden collapse of the cavities in the porous stone of which the gas is extracted, often of low magnitude but 

now and then also high(er) magnitude. 

 

 

 Figure 119: Tectonic plates of the earth’s crust[48] 
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9.4.2 Overview methods 
Although calculating with earthquake loading is relatively new in the Netherlands, two design codes provide 

information on how to deal with seismic loading. The NPR 9998[49] is specifically written for structures in the north-

east part of Groningen and partly relies on EN 1998 (Eurocode 8). The need for the NPR 9998 was there because 

the Eurocode 8 is not yet an accepted design code in the Netherlands; the national annex that specifies on situations 

in the Netherlands is still in process. Former research on the Eindhoven University of Technology (mostly MSc 

theses, e.g. Bakel (2015), Bekkers (2015) & Fokkens (2017)[4][5][16]) has resulted in a lot of information about 

earthquake loading related to timber structures. In this chapter the methods described in Bakel and Bekkers are 

extended for the Frisian barn structures. 

 

In this thesis the NPR 9998 is used as a guideline, as it is the design code that is used in the Netherlands at this 

moment. Both codes (NPR 9998 & EN 1998) offer four methods (table 40) to project seismic loading on structures, 

of which two are linear-elastic and the other two non-linear. To apply these methods, the structure should be 

modelled in a way that it represents the distribution of stiffness and mass similar to the actual situation (for example 

as proposed in paragraph 8.3). This is needed to trust in the outcome of deformation shapes and inertia forces.  

 
Table 40: Four methods to analyze seismic loading on a structure according to NPR 9998[49] 

Linear-elastic (force-based design, FBD)  

Lateral force method of analysis Static  

Modal response spectrum analysis Dynamic 

  

Non-linear  

Pushover analysis Static (and pseudo dynamic) 

Non-linear time history analysis Dynamic 

 

In this research is focused on the methods that would be used in the regular design process: a rather practical 

method would be preferred since the downside of non-linear methods is that they require an accurate model of the 

structure and consequently significant computational capacity to process these models. For optimal results a full-

scale model would need to be tested: a specific structure under specific earthquake load conditions. Due to the 

variety in structures and load conditions, full scale testing is not a solution for the regular design process and 

especially not for existing structures. A solution is experimentally researching (quasi-static cyclic loading) 

components and use the retrieved information in theoretical models (as performed in chapter 7). 

 

In the case of timber structures these components would be the connections, because regarding timber structures 

it is assumed the structure can dissipate energy by means of the connections. In a non-linear model, these 

connections should be modelled in detail, so that a proper outcome can be expected of the plastic behavior. The 

focus in this research lies on improving linear-elastic modelling methods, in which the non-linear behavior is covered 

by a so-called ‘behavior factor’. This behavior factor accounts for (expected) plastic behavior in a statically 

interpretation of a quite complex problem -as a result, rather simple (and known) calculation techniques can be 

applied (e.g. lateral force method of analysis). To verify such behavior factor, retrieved data from experimental 

research can be applied as characteristics to certain nodes of a non-linear model in a finite element program (e.g. 

Abaqus). With this model, ductile behavior and failure of the system can be studied applying the non-linear methods 

in table 40. More about this aspect in paragraph 9.4.4. 
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9.4.3 Linear-elastic: Lateral force method of analysis  
For linear-elastic analyses both design codes rely on a so-called ‘design spectrum’. This design spectrum is site 

specific, and by preference research is done to the soil conditions. This could be done by cone penetration tests 

(CPT’s) or drillings on site combined with laboratory research. This should result in a classification of the soil, or at 

least to strength and stiffness parameters. In some cases it is not desirable to do extensive research to the soil 

parameters (for example in a quick assessment of the structural safety), therefore, NPR 9998 proposes two type of 

soil characteristics for the north east Groningen area. Noted is that most soil conditions in north east Groningen can 

be assumed as regular. 

 
Table 41: Soil classifications according to NPR 9998[49] 

Regular soil conditions Shear wave velocity vs;30 = 150 – 275 m/s 
No layers of peat or other organic material with a 
thickness > 1 m, in the upper 10 m of the soil 

Special soil conditions Shear wave velocity vs;30 = 150 – 275 m/s 
Layers of peat or other organic material with a 
thickness > 1 m, in the upper 10 m of the soil 

 

 

To do the analysis, the (horizontal) design spectrum should be computed. The design spectrum is actually the 

envelope of vibration times and acceleration present in “expected” and measured seismic signals. Therefore the 

reference value of the peak ground acceleration (PGA) is needed, as for example shown in figure 139. To define 

the spectrum, this PGA is needed to determine the spectrum accelerations for short and long vibration periods. 

With, according to NPR 9998, the following formulas (and figure 120) the accelerations for short (SMS) and long 

(SM1) vibration periods can be determined: 

 
[Equation set 23] 

; ;( 0.50 ln( ) 0.65) 2.2
MS g ref ag g ref ag

S a k a k          

 1 ; ;( 0.87 2.44) 0.654
M g ref ag g ref ag

S a k a k          

 

The factors are as following; 

ag The reference design ground acceleration, see figure 139; 

kag  Relates to a factor defined by the consequence class;  

Se (T) Elastic response spectrum, in g; 

η Damping correction factor with a reference value of 1 for 5% viscous damping, 

 For other values it can be determined with 
10

0.55
5




 


; 

T Natural vibration period of a linear SDOF system; 

TB Lower limit of the period of the constant spectral acceleration branch, 

 0.2
B C

T T  ;  

TC Upper limit of the period of the constant spectral acceleration branch, 

 1M
C

MS

S
T

S
 ; 

 

With the design spectrum defined, it is possible to calculate the shear force at base, Fb.  

( )b eF S T m  ;  

In which Se is the expected acceleration (including the dynamic amplification factor assuming a damping ratio of 

5%) at the natural period of the system. m is the total mass of the system. An elastic analysis can be performed, 

covering the plastic behavior by behavior factor q. 

b
e

F
F

q
 ;  

The behavior factor is discussed in the next paragraph. An elaboration of the lateral force method is elaborated in 

paragraph 10.4.4 for the portal frames of topic in this thesis. 
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Figure 120: Defining the design spectrum according to NPR 9998[49] 
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9.4.4 Behavior factor (Ceccotti & Sandhaas) 
To determine the behavior factor, NPR 9998 and EN 1998 divide timber structures in ductility classes. A higher 

value means a higher capacity to dissipate energy (ductility). For Frisian-aisled barn structures DCH (q = 3) is 

expected, due to the fact that dovetail connections rely on compression stresses in timber (a ductile mechanism). 

 
Table 42: Ductility classes as in NPR 9998, extended versions in EN 1998[49] 

Structure q Examples 

DCM  
(medium capacity to 
dissipate energy) 

2 Glued wall panels with glued diaphragms,  
connected with nails and bolts; Trusses with  
doweled and bolted joints; Mixed structures  
consisting of timber framing (resisting the  
horizontal forces) and non-load bearing infill. 

DCH  
(high capacity to 
dissipate energy) 

3 Nailed wall panels with glued diaphragms,  
connected with nails and bolts; Trusses with  
nailed joints. 

 

As there is no standardized approach, several methods exist to determine the behavior factor q for a specific 

structure or element. One other method is based on load-deformation diagrams, and uses ratio of ultimate slip over 

yield slip to derive a ‘ductility’ (μ or a foregoing referred to as D); defined in EN 12512 as ‘the ability of the joint to 

undergo large amplitude slip in the plastic range without a substantial reduction of strength’ and is translated to the 

following equation: 

/u yV V  ;         [Equation 24]2 

The downside is that timber load-displacement diagrams often do not show a clear yield point. This can lead to very 

different interpretations of the behavior factor, purely due to certain assumptions made to determine the yield point. 

More elaborations on the yield point can be found in paragraph 6.2.4. Eventually, to transform this ‘ductility’ to a 

behavior factor, European design codes present the following relation –based on an evaluation of energy released 

in the earthquake; 

2 1q   ;          [Equation 25] 

 

 

Another approach is developed by Ceccotti & Sandhaas (2010)[50] and is basically a simplified way of full-scale 

laboratory research: component (connections) laboratory research in combination with numerical modelling of the 

structure. This method is intended to be used in this research. As already elaborated in previous chapters, the 

earthquake load is simplified to a cyclic loading condition in laboratory research (as presented in EN 12512) and 

applied to a component to retrieve data. The component would in this case be the dovetail connection, of which the 

stiffness under compression and tension will be researched. In this research there is chosen to perform tests on a 

system rather than connections only. 

 

The hysteresis that will be the output of the cyclic loading is used to derive a bi-linear load-displacement diagram 

for both tension and compression, thus leading to the stiffness of the connection. This is used as input for a simplified 

model (in a non-linear FEM-program, e.g. Abaqus), as it is proposed in paragraph 8.3. Firstly a near-collapse 

situation is defined, secondly increasing magnitudes of seismic loads are applied to the model. The peak ground 

acceleration is increased untill a near-collapse failure criterion is achieved. This near-collapse state is used to derive 

the behavior factor as: 

NC

pl

PGA
q

PGA
  ;         [Equation 26] 

In which PGApl expresses the peak ground acceleration for which the system yields (plastic behavior is initiated) 

and PGANC is the peak ground acceleration at reaching the near-collapse situation. Resuming according to Ceccotti 

& Sandhaas (2010): 

- Numerically model the system with q = 1, using laboratory data as input parameters; 

- Apply seismic loading on the numerical model and increase peak ground accelerations until plastic 

behavior is achieved; 

- Keep increasing the peak ground accelerations until a near-collapse state is reached. → consequence: a 

near-collapse criterion, e.g. deformation, must be developed; 

- Solve for q with equation 26. 

The determined behavior factor (q) is only valid for the tested components in combination with the earthquake 

loading used. To acquire a representable behavior factor the process should be repeated for many different 

spectrograms.  

                                                           
2 NOTE: This factor is earlier described in this research and used as a ductility factor, giving a scale and reference 

to the plastic capacity compared to the elastic capacity in deformation. 
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10 Structural analysis 

 Characteristics 

10.1.1 Capacity of elements 
For the determination of the capacity of the elements there is assumed that climate class II is appropriate, where 

different durations of applied loads are considered (see paragraph 4.5.2). These values have been used to 

determine whether a portal frame should be considered to have failed in further elaborations. 

 
Table 43: General capacity of elements (C24, NEN 338), γm = 1.3; Short term action, kmod = 0.9 (wind or snow) 

Dimensions [mm2] 240x240  Dimensions [mm2] 110x250 

Tension [kN] 558.3  Tension [kN] 266.5 

Compression [kN] 837.4  Compression [kN] 399.8 

Bending, Y-axis [kNm] 38.3  Bending, Y-axis [kNm] 19.0 

Bending, Z-axis [kNm] 38.3  Bending, Z-axis [kNm] 3.7 

Shear [kN] 66.5  Shear [kN] 31.7 

Modulus of elasticity in compliance with NEN 338 for C24. 

 

 

 

 

 

 

 

Earlier the comparison between round wood and sawn timber was made regarding stiffness properties (paragraph 

6.3.11) and concluded was that the bending stiffness properties are significantly different between elements with 

equal outer dimensions (round 240 or square 240). For bending can be stated that in a round cross-section most 

material is present around the neutral axis -opposite of for example a steel I- or H beam, which is optimized for 

bending. A portal frame with round wood members is therefore significantly less stiff, but its members are capable 

of carrying a higher load. The strength of such cross-section is higher since no fibers are cut. The stiffness effect 

should though not be underestimated, especially with considering torsion effects due to the eccentric placing of the 

braces. 

 
Table 44: General capacity of elements (C24, NEN 338), γm = 1.0; Instantaneous action, kmod = 1.1 (seismic) 

Dimensions [mm2] 240x240  Dimensions [mm2] 110x250 

Tension [kN] 887.0  Tension [kN] 423.5 

Compression [kN] 1330.6  Compression [kN] 635.3 

Bending, Y-axis [kNm] 60.8  Bending, Y-axis [kNm] 30.3 

Bending, Z-axis [kNm] 60.8  Bending, Z-axis [kNm] 5.9 

Shear [kN] 105.6  Shear [kN] 50.4 

 

The values have been thought to be valid based on the criteria in the NPR 9998 (2017), in paragraph 4.4.2.2 is 

mentioned that the resistance of an element should be determined including: 

 γM Partial factor on the resistance of an element, equal to 1.0; 

 γm Partial factor on the material properties, which can be taken equal to 1.0 if, explicitly, degradation-

  effects have been accounted for.  

In 8.1 is stated that if a timber structure can be assigned to ductility class DCM or DCH, γm can be taken equal to 

1.0. In the case of DCL, the value of γm should be taken in accordance with Eurocode 5 (γm = 1.3 for sawn timber 

and connections). Whether or not this structure can be classified as DCM or DCH is unclear at this stage. kmod is 

allowed to be applied (instantaneous action), which is 1.1 for climate class II. As there is accounted for degradation 

(connections) and the elements are assigned to remain linear-elastic γm is taken as 1.0. Up to a certain level this 

approach also rhymes with connection properties based on mean values (for now -with more data a 5-percentile 

value should be determined), as these do include degradation-effects. Regarding the modulus of elasticity, the NPR 

states that the E0,mean and E0.05 values are allowed be multiplied with 1.1 for the same reason as why kmod is applied 

to the strength properties: the material response is relatively strong and stiff in short load durations. In seismic-

related elaborations in this report E0,mean = 11 000 N/mm2 has been used. 

 

 

 

 

 

Dimensions [mm2] Ø240 

Tension [kN] 438.5 

Compression [kN] 657.7 

Bending, Y-axis [kNm] 45.1 

Bending, Z-axis [kNm] 45.1 

Shear [kN] 58.7 
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10.1.2 Capacity of springs 
The spring properties for the different elaborated spring-models have been elaborated in this paragraph, and made 

graphically comparable in figure 125. The mentioned terms (dissipative and non-dissipative zones) refer to figure 

121. 

 
Figure 121: Recap of figure 104: Dissipative (kpl) and non-dissipative (kel) areas in the sway frame 

 

 

[-] Connection, static  

Static capacity of dovetail connections (recap paragraph 6.3.11). The static definition is considered to be valid for 

both un- and reinforced connections.  

 Elastic stiffness  
[N/mm1] 

Yield displacement  
[mm] 

Yield force 
 [kN] 

Ultimate displacement 
[mm] 

Compression 3593 9.5 34.1 19.0 

Tension 4206 7.1 29.9 21.3 

 

 

Compression (negative load):   Tension (positive load):  
Figure 122: Definition of spring characteristic (static), no difference between dissipative and non-dissipative zones 
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[1] Unreinforced connection, cyclic 

Dissipative zone (backbone definition, see figure 99 & table 31) 

Properties Tension Compression  

Kel  (kpl) 4 194   (kpl) 3 440 [N/mm1] 

K1pl 661 492 [N/mm1] 

K2pl -705 -922 [N/mm1] 

Fy 38 966 33 138 [N] 

Fmax 43 826 33 394 [N] 

Uult 35 19 [mm] 

 

Non-dissipative zone (definition as figure 94 (2)), see also paragraph 7.2.3 

Kel (kel) 4 218 (kel) 3 760 [N/mm1] 

 

In the same format as the static spring this results in the following definitions: 

 Elastic stiffness  
[N/mm1] 

Yield displacement  
[mm] 

Yield force 
 [kN] 

Ultimate displacement 
[mm] 

Compression 3440 9.6 33.1 19.0 

Tension 4194 9.2 39.0 35.0 

 

 

Compression (negative load):   Tension (positive load):  
Figure 123: Definition of spring characteristic (cyclic) for the unreinforced connection, a clear difference between dissipative and 

non-dissipative zones 

 

In all springs models can be observed for compression that the yield force is practically equal to the maximum force 

-as a result, not a significant difference is present between the cyclic spring and static spring. As for tension the 

simplification of the plastic branch in the static spring model is clearly notable: the cyclic springs allow higher 

maximum force values. Equally, an increased ductility in tension is observed, where as in compression this is not 

(figure 90). Though, due to the reinforcement placed, no impairment of strength is seen any more in compression.  

In context of the portal frames a significant increase of connection capacity in only one loading direction is assumed 

to be useless, as with lateral deformation in the portal frame ultimately both loading directions will be activated in 

the connections. Regardless of the spring model used, the linear-elastic stiffness of the brace (thus the initial 

stiffness of the portal frame) is for all equal (see also paragraph 7.1.5). 
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[2] Reinforced connection, cyclic 

Dissipative zone (backbone definition, see figure 99 & table 31) 

Properties Tension Compression  

Kel  (kpl) 2 469   (kpl) 2 723 [N/mm1] 

K1pl 453 184 [N/mm1] 

K2pl -626 -3 689 [N/mm1] 

Fy 28 262 30 449 [N] 

Fmax 34 052 36 900 [N] 

Uult 55 22 [mm] 

 

Non-dissipative zone (definition as figure 94 (2)), see also paragraph 7.2.3 

Kel (kel) 14 186 (kel) 5 279 [N/mm1] 

 

In the same format as the static spring this results in the following definitions: 

 Elastic stiffness  
[N/mm1] 

Yield displacement  
[mm] 

Yield force 
 [kN] 

Ultimate displacement 
[mm] 

Compression 2723 11.2 30.4 22.0 

Tension 2469 11.4 28.3 55.0 

 

 

Compression (negative load):   Tension (positive load):  
Figure 124: Definition of spring characteristic (cyclic) for the reinforced connection, a clear difference between dissipative and 

non-dissipative zones 

 

 

Compression (negative load):   Tension (positive load):  
Figure 125: All spring models in one graph for comparison reasons 
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10.1.3 Brittle failure evaluation 
Jorissen & Fragiacomo (2011)[51] define capacity based design as ‘the design strength capacity of the ductile 

element must be less than the design strength capacity of the brittle element’ (figure 126); which results in the 

necessity of members (columns, beams braces -brittle elements) to be stronger compared to the connections 

(ductile elements). To ensure yielding occurring in the connections the principle of overstrength could be applied. 

The overstrength ratio that should be applied is defined by the same authors as ‘the ratio between the 95th percentile 

of the connection strength distribution and the analytical prediction of the characteristic connection strength’. In this 

study, connection failure has not been elaborated into models (see paragraph 6.3.8) and therefore proper 

overstrength cannot be evaluated. Although the principle of overstrength cannot be applied, sure the risk of brittle 

failure has to be investigated to ensure the structural safety of these barns in perspective of seismic loadings. As 

the structures of subject were never designed according to the principle of preventing brittle failure -or even for 

ductile elements to be present- one should be careful when expecting this behavior from these structures in practice. 

  

  

Figure 126: The concept of overstrength[4][51] 

For these structures the risk of brittle failure is reviewed in terms of elasticity -the internal forces are investigated at 

the end of the elastic branch, in this case obviously in the connections as the elements should remain linear-elastic 

(if they do not -definitely no overstrength is present). After reaching plastic deformation in the connections, internal 

forces in the portal frame will hardly increase anymore as the connection has approximately reached its maximum 

force. In that case, the significant difference in stiffness between dissipative and non-dissipative zones for the 

reinforced connections might be useful, as theoretically the dissipative connection yields sooner (see figure 125).  

More about this in the next paragraph. 

 

End of elastic phase 

The end of the elastic phase is occurring when one of the springs reaches the end of the elastic slip, since the 

model assumes the elements itself to remain linear-elastic. The slip upon yielding for the springs considered in this 

study is defined in paragraph 10.1.2. To define the elastic limit, in this case the ‘static’ spring definition is used, 

which is valid in terms of total stiffness since the relationship between the static springs and conjunction of non-

linear springs was defined as: 

2 1 1

st el plk k k
  ;         [Equation 15]  

As a result, the stiffness of the brace including the connections can be determined as: 

2

c
brace

c b

k EA
k

EA k L



 (Jorissen,2016, [14]) (see pragraph 7.1.5)    [Equation 16] 

 

Due to the defined relationship of connection stiffnesses between static and cyclic analyses, the initial linear-elastic 

stiffness of the brace is equal in all analyses and thus so is the stiffness of the system. Important for analyzing the 

slip occurring in the connections is that under deflection of the portal frame one brace will be under tension and the 

other under compression. This is visualized in figure 130. Since properties in tension and compression differ -and 

even per brace different properties are present for the springs (dissipative and non-dissipative zones)-, therefore, 

the system is not fully symmetric. A simple push-over analysis is performed, in which dead load is not present; 

purely of interest is at what deflection of the portal frame the connections reach their elastic limit. For all spring-

models holds that until yielding is reached, the internal forces can still be determined with simple spring models in 

for example SCIA Engineer. The lateral elastic stiffness of the portal frame is determined as approximately 68.4 

N/mm1. 
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Figure 127: The end of the elastic phase defined for this specific case using the static spring characteristics (≈H/36, 2.75% of 

H), see also figure 130 

 

Figure 128: Internal forces coherent to the end of the elastic phase shown in figure 127-tension in the column should be 
ignored, since no dead load was applied 

Figure 127 and figure 128 show that with reaching plasticity in the connections the elements have not yet reached 

their load bearing capacity in terms of bending. Since the lateral load resistance in plasticity will barely increase -or 

perhaps will even decrease-, expected is that failure will occur in the connections rather than the columns. 

Considering figure 125, using the cyclic spring characteristics the entry moment for plasticity will not be different, 

since the compression definition is practically equal in terms of yield force and displacement for the dissipative 

zone. As mentioned earlier, plasticity will be obtained earlier when the reinforced springs characteristics are applied 

(see figure 131). When applying these non-linear (cyclic) spring definitions: these responses are only valid in the 

case of repetitive loading.  

 

The unity check (on the risk of brittle failure) can be expressed as (MRd retrieved from table 44) follows, and basically 

compares the maximum load bearing capacity to the occurring forces when reaching plasticity in the portal frames: 

29.5
0.49

60.8Rd

M

M
  ;         [Equation 27] 

*A unity check on combined stresses has not been performed, as the contribution of compression is neglectable 

As is also expressed in ‘overstrength’, to ensure that yielding occurs, the unity checks should actually not be 

performed with the average strength value of the connections, as there will always be connections that will have a 

higher strength capacity than average. In that case, yielding might not occur.  

 

With plasticity occurring in the connections, the axial load in the brace will not increase a lot further, as in all spring 

models the maximum compression capacity is approximately equal for all. As figure 130 shows, the higher capacity 

in tension will not be fully utilized, as the compression side needs to undergo equal deformations. Considering the 

rapid impairment of strength after reaching the yield load in compression in the case of repetitive loading, the 

ultimate lateral displacement should be maximized to 183 mm1. This way a near-collapse situation is prevented 

from turning into a collapse situation; this extreme situation is shown graphically in figure 129. As soon as stiffness 

reduction in one of the braces occurs (as in, impairment of strength), the load intake in the other brace will increase. 
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As a result this will rapidly lead to a collapse, especially when second order effects are included. The impairment 

of strength combined with an increase of displacement (softening) is in perspective of the portal frames seen as 

high risk effect and entering this stage of deformation should be prevented. The proposed reinforcement of the 

connection reduces the risk, but not fully -a hardening branch is present there in both loading directions and 

softening occurs only later in the process.  

 
Figure 129: An extreme example: the result of failure of one connection; BELOW: two braces present, depending on stiffness in 
compression and tension ~50-50 behavior, TOP: after failure of one connection, the remaining intact brace is force to account 

for the complete resistance of the frame, ~0-100 behavior: the occurring normal force in the brace will immediately cause those 
connections to fail as well 

This leads to the important conclusion that indeed little risk on brittle failure is present, but that the presence of a 

ductile zone cannot be utilized in the case of repetitive loading, as it initiates a situation progressing towards 

collapse. Nonetheless- brittle failure is prevented and large lateral displacements will occur before failure. 

Furthermore, when dealing with a portal frame of which is determined that the connection stiffness (and other 

properties) is significantly different in both loading directions, the lateral deformation-capacity of the portal frame 

will probably be confined by the loading of the brace with the lowest characteristics.  
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10.1.4 Near-collapse criterium (linear-elastic based) 
A near-collapse criterium is needed to analyze the portal frames further. The criterium is expressed as a maximum 

deflection in horizontal direction at the top of the portal frames in relationship to the height -therefore the value is 

generalized and comparable to other structures. Dutch regulations do not define a value for the maximum lateral 

displacement as they expect structural engineers to define a certain value to maintain a level of comfort and 

aesthetics. In practice the following values can be encountered: 

 One storey  δ ≤ H/300  

Multiple storey  δ ≤ H/500 

The height of the portal frames is 6620 mm1 (neglecting that the total height of the building is approximately 10 m1), 

concluding that lateral displacement in this case should be limited to around 22.1 mm1. Due to the low lateral 

stiffness, it is expected that these rules of thumb are unrealistic values for these type of structures in practice (which 

is in general perhaps not uncommon for existing structures). In prior research by van Bakel (2015) [5] and Fokkens 

(2017) [16], the lateral displacement in terms of a near-collapse criterium was defined as 5% of the height, but as 

the previous paragraph showed 331 mm1 lateral displacement cannot be applied here. 

 

Although no initial imperfections are taken into account in this report, it is definitely worth-while to consider this 

criterium with existing structures and perhaps even assess the imperfections in person. Not only an imperfection 

for the system as a whole can be determined, but members of the system can exhibit severe imperfections as well. 

Eurocode 5 (9.2.5.2) defines initial imperfections of elements as L/300. The total eccentricity of the structure is 

defined as an angle in radians, which is Ф = 0.005·√(5/H) for structures with a height of more than 5 m1 (5.4.4 (2)). 

In this case this would result in an eccentricity of 28.8 mm1 - local eccentricity of elements should be applied as 

well. 

Considering these structures, in general four stages are defined in which the system should be taken as to have 

failed:  

(1) Tension occurs in one of the columns (columns usually placed cold on their base: there is no connection 

other than compression in and friction between the surfaces); 

(2) The slip in one of the connections has reached the maximum allowed before failure; 

(3) The elements have reached their limit in respect to bending, shear- or normal force capacity; 

(4) Instability occurs in the portal frame. 

Regarding to (1), the dead load on top of the portal frame is a factor that is directly of influence on this criterium. 

The lightest roof structure (paragraph 9.1.3) is used to define this criterium, since heavier roof structures provide 

other issues, as for example more severe P-δ effects. First (2) and (3) should be investigated first as these are 

strongly dependent of each other, both express actually the chance of brittle failure occurring as is elaborated in 

paragraph 10.1.3. Conclusive: lateral displacement should be limited to a maximum value of 183 mm1 -although 

this limit state perhaps relates more to (4) than (2). 

 
Figure 130: Deformation diagram 

As described earlier in paragraph 10.1.2, the defined numerical spring for the reinforced connections will lead to an 

earlier entry of the plastic phase than as has been established in figure 127. In a way this is positive, but ultimately 

an earlier entry of the plastic phase means also permanent damage to the structure. Important to remember is also 

that this difference in stiffness is only expected to occur under repetitive loading.  
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Following the connection slip for the reinforced connections towards a lateral displacement of 250 mm1, the 

compressive dissipative zone has reached a slip of 21.6 mm1. The limit in this research is set to 22 mm1 slip in the 

connection (see paragraph 10.1.2[2]). Concluding for figure 131 and the reinforced connection: plastic deformation 

is reached at 173 mm1
 of lateral displacement and ultimate slip (connection failure) is reached at approximately 250 

mm1 lateral displacement. 

 

Figure 131: The end of the elastic phase defined for this specific case using the numerical spring characteristics describing the 
reinforced connections (≈H/38, 2.61% of H) 

 

Limit state (1) has been investigated, to determine whether tension in one of the columns appears before the limit 

of 183 mm1 has been reached. To do so, the dead load of a roof structure provided with CFC sheeting has been 

applied as this would be the most critical to this criterium. The reactions at the supports have been plotted in figure 

132, conclusion: up to 183 mm1 limit state (1) will not occur. 

 

 

Figure 132: Reaction forces - lateral displacement in a geometrical non-linear analysis in a system as in figure 109, Fz applied is 
-15.8 kN, Fx = -Σ(Rx) 
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10.1.5 Eigenmode analysis 
The first 10 eigenmodes have been analyzed using Abaqus CAE 6.12-3, for the different types of roofing the 

analysis has been performed; see table 45. The first eigenmode represents sway of the frame, as pictured in figure 

130. As for all three analyses the system is identical, the differences basically show the influence of mass on the 

eigenmodes; on the period of the fundamental frequency this is most clear. As there is almost no mass activated in 

the other eigenmodes, it is questioned how important it is to take these into account. The used script to retrieve 

these eigenmodes using Abaqus CAE 6.12-3 can be found in appendix 9. 

 
Table 45: Eigenmodes determined for the different masses on the portal frames 

[1] CFC-sheeting Total mass 2·1.58 tonne  

Eigenmode Eigenvalue 
Frequency  

[Hz] 
T  
[s] 

Effective mass 
[tonne] 

[%] 
of total mass [Σ(%)] 

1 23.93 0.77857 1.284 2.58 81.6 81.6 

2 5795 12.116 0.083 0.05 1.7 83.4 

3 15686 19.933 0.050 0.02 0.7 84.0 

4 39702 31.712 0.032 0.52 16.6 100.6 

5 56146 37.712 0.027 0.00 0.0 100.6 

6 60363 39.103 0.026 1.97 62.5 163.1 

7 1.08E+05 52.295 0.019 0.01 0.2 163.3 

8 1.16E+05 54.279 0.018 0.00 0.0 163.3 

9 1.43E+05 60.234 0.017 0.00 0.0 163.3 

10 1.48E+05 61.128 0.016 0.01 0.2 163.5 

Total 5.17 164  
 

[2] Thatching Total mass 2·2.98 tonne  

Eigenmode Eigenvalue 
Frequency  

[Hz] 
T  
[s] 

Effective mass 
[tonne] 

[%] 
of total mass [Σ(%)] 

1 13.379 0.58215 1.718 4.56 76.5 76.5 

2 5793.6 12.114 0.083 0.07 1.1 77.6 

3 15393 19.746 0.051 0.02 0.4 78.0 

4 30215 27.665 0.036 4.24 71.2 149.1 

5 31021 28.032 0.036 0.00 0.0 149.1 

6 43036 33.017 0.030 0.22 3.8 152.9 

7 6.52E+04 40.629 0.025 0.00 0.0 152.9 

8 1.06E+05 51.924 0.019 0.01 0.1 153.0 

9 1.37E+05 58.918 0.017 0.00 0.0 153.0 

10 1.45E+05 60.705 0.016 0.01 0.1 153.1 

Total 9.13  153  
 

[3] Tiles Total mass 2·3.43 tonne  

Eigenmode Eigenvalue 
Frequency  

[Hz] 
T  
[s] 

Effective mass 
[tonne] 

[%] 
of total mass [Σ(%)] 

1 11.718 0.54482 1.835 5.20 75.7 75.7 

2 5793.1 12.114 0.083 0.07 1.0 76.8 

3 15347 19.717 0.051 0.02 0.3 77.1 

4 26676 25.995 0.038 5.00 73.0 150.0 

5 27093 26.197 0.038 0.00 0.0 150.0 

6 42484 32.805 0.030 0.09 1.4 151.4 

7 5.68E+04 37.942 0.026 0.00 0.0 151.4 

8 1.06E+05 51.887 0.019 0.01 0.1 151.5 

9 1.37E+05 58.863 0.017 0.00 0.0 151.5 

10 1.45E+05 60.649 0.016 0.01 0.1 151.6 

Total 10.40 152  
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 NEN 8700 – Disapproval level 

NEN 8700: Assessment of existing structures in case of reconstruction and disapproval – Basic Rules 

 

The NEN 8700 is a Dutch code in which the minimum structural safety level that structures should satisfy is 

described. Often structures are assessed that are still in use after the, nowadays considered, design service lifespan 

has passed. Especially in the case of these barn structures, the requirements are considered ‘soft’ compared to the 

level in the Eurocodes -which in short means that if structures do not pass the level in NEN 8700, satisfying 

Eurocodes is impossible. Although calculations show that these structures do not satisfy both, it does not directly 

imply that these structures will collapse any time soon. A level of safety which these structures were never designed 

for is simply not satisfied. Two aspects could be discussed regarding this topic: 

(1) The level of safety is too high for this type of structures; 

(2) The structural capacity has proven to satisfy the acting loads over years of use (some of these structures 

are over 150 years old). A lot is unknown about the structural behavior of these barns, and thus the 

methods used to analyze these are too basic. Unclear mechanisms are present, which are not accounted 

for. 
Table 46: Consequence classes according to Eurocodes 

CC1 Low consequence for loss of human life, and economic, social or 
environmental consequences small or negligible 
CC1a: Buildings not intended for the residence of people; 
CC1b: Single-family houses with 1 to 3 story’s, agricultural 
buildings, greenhouses and industrial buildings with 1 to 2 story’s 

CC2 Medium consequence for loss of human life, economic, social or 
environmental consequences considerable 

CC3 High consequence for loss of human life, or economic, social or 
environmental consequences very great 

 

Important for the safety level is the consequence class that must be retained -in this study these barns are 

considered for agricultural use and thus CC1b is applicable. According to the intended use, the design service 

lifespan would be 15 years. The disapproval level considered, a recurrence period of 15 years is allowed to be used 

for the determination of the live loads active. Since provided live loads have a reference period of 50 years, the 

following formula is used to correct this difference: 
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t
 ; Article 2.32(2A), NEN 8700   [Equation 28] 

For the live loads considered here (wind & snow) a reference is made to the related codes, since the reduction 

method on the reference period of these live loads is different. As explained; 

Wind 
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K
 ; Article 4.2(note 4), NEN-EN 1991-1-4  [Equation 29] 

The Dutch annex states the following values for wind area II: K = 0.234, n = 0.5, from which can be concluded that 

cprob is equal to 1 when t0 = 50 years (p = 1/50). For t = 15 years (p = 1/15) cprob is equal to 0.922. 

Wind load Fx = 43.5·0.922 =  40.1  kN  

Snow 
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 ; Annex D to NEN-EN1991-1-3 [Equation 30] 

The Dutch annex states the following value for V = 0.8, from which can be concluded that sn ≈ sk when t0 = 50 years 

(pn = 1/50). For t = 15 years (pn = 1/15) the relationship is sn ≈ 0.75·sk, which can also be found in table NB.2 of the 

Dutch annex. 

Snow load Fz = 7.6·0.750 =  5.7  kN  

Since there will be no reduction on the dead loads, they remain equal to as mentioned in paragraph 9.1.3 (Fz = 34.3 

kN). Load combination 6.10b has been applied in this study.  

 
Table 47: NEN8700, table A1.2(C) – Partial load factors in case of disapproval 

 Load combination (6.10b) 

Permanent action Predominant 
variable action 

(not wind) 

Predominant 
variable action 

(wind) Unfavorable Favorable 

CC1 1.00 0.90 1.05 1.10 
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Results are presented in table 48 of two first-order analyses performed with combination dead load – wind load 

(system 2 with linear-elastic translational springs, no limits to slip). Both systems defined graphically in figure 109; 

material and strength properties according to table 43. 

 
Table 48: First order analysis according NEN 8700, with a lateral load of 40.1 kN 

System without translational springs 
System 1 (1st order) 

(KR1 = KR2 = 0, kc,el = kt,el = ∞)  

System with (linear-elastic) translational springs 
System 2 (1st order) 

(KR1 = KR2 = 0, kc,el = 3593 N/mm1, kt,el = 4206 N/mm1) 

SLS, displacement δ  
Total, max. 375.1 mm (≈ H/18); 

       

SLS, displacement δ  
Total, max. 601.8 mm (≈ H/11); 

        
ULS, bending moments 
Columns, max. 101.9 kNm [UC = 2.7] 
Beam, max. 54.8 kNm [UC = 1.4] 

 

ULS, bending moments 
Columns, max. 103.5 kNm [UC = 2.7] 
Beam, max. 57.1 kNm [UC = 1.5] 

 
ULS, normal forces 
Columns, max. C79.9 kN [UC = 0.1] 
Beam, max. C95.0 kN [UC = 0.1] 
Brace, T103.2 kN [UC = 0.4] 
Brace connections, T103.2 kN [UC = 3.5] 

 

ULS, normal forces 
Columns, max. C79.9 kN [UC = 0.1] 
Beam, max. C95.9 kN [UC = 0.1] 
Brace, T104.9 kN [UC = 0.5] 
Brace connections, T104.9 kN [UC = 3.5] 
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The results from the analysis lead to the conclusion that the portal frames fail to satisfy the applied loads. 

Considering the occurring force in the brace -which is according to the estimated yield force of the connections (Fy,t 

= 29.9 kN, Fy,c = 34.1 kN) physically impossible: the hardening branch is relatively short in this case. Also, bending 

moments are too large for the members to bear and the displacements are too large; in which second-order effects 

are not even yet incorporated. Second order effects are included in the results presented in table 49. 

 
Table 49: Second order analysis according NEN 8700, with a lateral load of 40.1 kN 

System without translational springs 
System 1 (2nd order) 

(KR1 = KR2 = 0, kc,el = kt,el = ∞) 

System with (linear-elastic) translational springs 
System 2 (2nd order) 

(KR1 = KR2 = 0, trans. springs as in figure 122) 

SLS, displacement δ  
Total, max. 661.5 mm (≈ H/10); 

       

 
Absurd results -displacements obtained of 7000 mm, 

therefore left out. An equilibrium situation was not 
obtained. 

ULS, bending moments 
Columns, max. 129.2 kNm [UC = 3.9] 
Beam, max. 69.5 kNm [UC = 2.1] 

 

 

ULS, normal forces 
Columns, max. C82.6 kN [UC = 0.1] 
Beam, max. C104.9 kN [UC = 0.1] 
Brace, T123.5 kN [UC = 0.5] 
Brace connections, T123.5 kN [UC = 4.1] 

 

 

 

The force-based approach of analysis has not lead to any useful data -in all presented results, the structure fails. 

Obviously, wind is a more critical load case than snow, as it causes lateral displacements. The magnitude of the 

wind force (40.1 kN) obviously leads to failure of the system, since the near-collapse criterium was determined as 

12.6 kN lateral load (paragraph 10.1.4).  
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It remains unclear what exactly the cause is for these results. Perhaps it can be beneficial for these structures to 

consider the wind load dynamically, since the first eigenvalue has a relatively long period. Also wind data over the 

last decades could be compared to the basic wind speed: it is a possibility that a wind load of this magnitude did 

not occur in the last century, even if the reoccurrence period is 50 years. It might also be worthwhile to determine 

the CsCd-factor in the Eurocode for these structures. To investigate the possibility of another mechanism (now is 

assumed that all stability in transverse direction is provided by the portal frames), real data should be collected of 

portal frames in practise.   

 

Lastly, in practise it is not uncommon that repairs are needed after a severe storm. Local failure could indicate that 

indeed wind loading is a severe load case on these structures, but lack of maintenance can weaken the structures 

significantly, leading easily to a sudden failure. 
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 P·δ analysis (push-over analysis) 

10.3.1 Magnitude of second order effects 
The magnitude of the second order effects can be analyzed for the different roofing types with the system presented 

in figure 133. Roughly, second order effects (upon reaching plastic deformation ~δ = 183 mm1) can be expressed 

as: 

1
2

( )x z
P F

k
Hk




  
  
 

;        [Equation 31] 

In which δ1 is defined as xP

k
  and k ≈ 68.4 N/mm2; Px and Fz refer to figure 109.  

  

Figure 133: Simplified system to analyze second order effects by hand 

Since the lateral displacement equal to δ2 – δ1 will cause again a contribution of Fz to the total lateral deflection, an 

iterative process is required to approximate exact values. As a linear-elastic system is defined, the contribution of 

second order effects can be expressed depending on Σ(Fz); this way, more realistic values of the lateral 

displacement of the frame can be calculated.  
8

1 _ 2 _1 ( ) (255468 10 )
st order z nd order

P F P        ;     [Equation 32] 

In which P1st_order is the applied lateral force (Px, e.g. wind load) and P2nd_order is the equivalent lateral force including 

second order displacements. These values are shown graphically in figure 134 and are valid for short-term applied 

values of Px. 

 

 
Figure 134: Second order contributions for different roofing-types -obtained by performing geometric linear and geometric non-

linear pushover analyses 
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To determine whether second order effects cause a risk of instability, two mechanisms should be investigated[52]: 

(a) Buckling of the column; 

(b) Instability of the system. 

Buckling of the column can simply be calculated by using Euler: 
2

2cr

cr

EI
F

L


 ;         [Equation 33] 

 

In which Lcr has to be determined over the unsupported length of the column -which is usually less than the total 

height of the portal frame, since the bracing supports the column against buckling. Taking Lcr = H is a conservative 

estimation and therefore valid to obtain a first estimation. Applying the dimensions (240x240 mm1, E = 11000 N/mm2 

and Lcr = 6620 mm1) a critical force of 684.9 kN is obtained. For the second criterium Dicke (1991)[52] states that 

instability occurs when Σ(Fz) > k·H, therefore, Fcr can be calculated as follows: 

crF k H  ;         [Equation 34] 

As earlier stated, this value is only valid in the linear-elastic state. In this system, Fcr is equal to 452.8 kN (< 684.9 

kN) -using this value, the magnitude factor n can be calculated as: 

( )

cr

z

F
n

F



;         [Equation 35] 

With the three defined roofing types in paragraph 9.1.3 the n-values can be calculated, as is done in table 50 and 

expressed in figure 135. All in all, it is important to assess stability and to take second order effects into account 

when performing an analysis of these structures. 

 
Table 50: Values of n for the several roof types 

Roofing type CFC-sheets Thatching Tiles 

Σ(Fz) [kN] 31.6 59.6 68.6 

n 14.3 7.6 6.6 

 

 

Figure 135: Second order magnitudes 
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10.3.2 Geometry and cross-section 
The results of paragraph 10.2 show that proofing structural safety of these structures is difficult. This could be due 

to the loads considered -perhaps totally not representative- but also the geometry of the portal frame could play a 

role. It could for example be, that the chosen case study has a very unfavorable geometry compared to other 

structures. Although the geometry of the case study was slightly altered (see paragraph 6.2.1 -the obtained findings 

have not yet been validated for any other placing of the bracing than under 45 degrees), it is not expected that much 

different results would have been obtained.  

 

[1]  

Geometry according to figure 108 – Sawn timber (table 43) 

Max. lateral displacement [mm1] Mmax column [kNm] Nmax brace [kN] 

90 23.8 24 

 

[2]  

Geometry according to figure 108 – Round wood (table 43) 

Max. lateral displacement [mm1] Mmax column [kNm] Nmax brace [kN] 

152 23.7 23.9 

 

[3]  

Geometry according to figure 20 (right) 

Max. lateral displacement [mm1] Mmax column [kNm] Nmax brace [kN] 

21.1 18.9 20.8 

 
Figure 136: Different geometries compared (modelled as system 1 in figure 109 -no lateral springs present) 
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Figure 136 compares different geometries and cross-sectional sizes. In [1], the geometry as is used in this chapter 

is presented. In [2] the cross-sections of the column and beam have been altered to round wood, as is used in the 

case study. Clearly, the internal forces do not change but lateral displacement increases. The lower stiffness of this 

system might result in more severe second order effects and a more critical near-collapse condition, but in general 

a lower response can be expected in the case of a seismic event. If elaborations are made on a certain structure 

provided with round wood elements, equivalent surfaces need to be used in the stiffness model presented. Often 

the bearing surfaces are not rectangular and in general smaller, therefore the stiffness might reduce. Furthermore, 

definitely torsional effects should be investigated. In [3] the geometry as can be seen in Friesland (figure 20 (right)) 

is presented, showing significantly stiffer behavior.  

 

Although the geometry used in the case study is quite unfavorable (bracing ‘high’ in the corners of the portal frame), 

in the Groningen area also more favorable examples can be found (see figure 137, which shows more 

resemblances with the geometry found in Friesland -figure 20 (right)-, the dimensions and type of the members 

neglecting). In the case of a seismic event favorable is relative -on one hand the frame is stiffer (response is higher), 

but the axial load in the brace could decrease and thus failure of the connections is perhaps less likely.  

 

 

Figure 137: A more favorable placing of bracing(?) 
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 NPR 9998 – Seismic events 

NPR 9998: Assessment of buildings in case of erection, reconstruction and disapproval – Basic Rules for 

seismic actions: induced earthquakes 

For the disapproval level of existing structures the NPR 9998 refers to the NEN 8700, see paragraph 10.2. 

 

10.4.1 Soil conditions 
Although soil conditions have an influence on the behavior of the portal frames, these were not extensively 

investigated in the scope of this research: the soil is not integrated in the numerical model and spectrograms 

(accelerograms) are directly applied to the base of the system. Instead, the effect of the soil is reviewed in regards 

to the used spectrograms in the NLTH-analyses, as is explained in paragraph 10.4.2. An important aspect related 

to the soil are the soft soil conditions in the Groningen area, which can aggravate or weaken the seismic events at 

ground level. This aspect is given attention to in the next paragraph. 

 

A ‘slight’ defect to the model is not only neglecting the horizontal stiffness of the soil, generally also a vertical 

stiffness should be defined to model the portal frame correctly. These springs are relatively complex to determine, 

as they are site specific -mimicking the soil behavior. For these portal frames can be concluded that there is no use 

for such spring in tension, as no structural connection is provided between column-base (masonry foundation block, 

see paragraph 3.3).  

 

10.4.2 Spectrograms 
A total of (at least) seven different spectrograms is used, fitting the spectrum of the NPR 9998 (2015) as shown in 

figure 138. Although a new spectrum has been provided with the 2017 edition –new spectrograms fitting this 

spectrum have not been released to this date. 

 

(1) (2)  
Figure 138: (1) Seven spectrograms fitting the response spectrum defined in NPR9998 (2015) retrieved from REXEL v3.5 by [5] 

of which four were used; (2) An example of such spectrogram 

The spectrograms are specific for the north-east Groningen area. Four spectrograms were provided with the NPR 

9998 (Nederlands Normalisatie-Instituut, NEderlandse Norm / NEN). Four other spectrograms were retrieved from 

REXEL v3.5[17] and were prior used by van Bakel (2015) [5] and Fokkens (2017) [16]. The script (Abaqus input-

file) used in this analysis is also adopted from the same sources and adapted. As layers of soil were not integrated 

in the numerical model, the spectrograms cannot be directly applied to the base of the portal frame, as it is not sure 

whether the seismic activity in the Groningen area is demonstrated correctly in that case.  

 

The spectrograms are meant to be used on “deep soil” level, meaning that a site specific model of the soil layers 

should be reproduced in the numerical model. The spectrograms are implemented at the bottom of this soil package 

(which should be a solid layer, e.g. sand); which is for the Groningen area on ~30 meters depth. The soil effects 

can cause the seismicity on ground level to be aggravated or actually weakened opposed to the signal input on 30 

meters depth. Soft layers can cause aggravation, but in higher magnitudes of the signal it can actually cause a 

weakening at ground level due to the hysteresis behavior of the soil. Whether the performed analyses are 

representative for the seismic activity in Groningen is validated using the program Deepsoil [18]. This program 

allows to include the response of a one-dimensional soil ‘column’. A specific soil profile (Slochteren, a reference 

was needed, as the soil in Groningen is quite diverse) is used to compose a ground level spectrum which is 

compared to the ground motion spectrum provided by the Hazard map Groningen (see figure 139), which is 

generally used for linear analyses and has not (yet) been provided with fitting spectrograms (would be beneficial as 

these would be ground level motion spectra).  
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[1]      [2]  
Figure 139: [1] The ground motion spectrum for Slochteren, including the different reference periods, [2] Equally, but then for 
another location with more severe prognosed seismic events (Hazard map Groningen (KNMI) -in general: no spectrograms 

were provided fitting these spectra, retrieved from http://rdsa.knmi.nl/hazard/ at July 24, 2018) 

The NPR 9998 prescribes the use of a reference period of 2475 years for structures; therefore this reference period 

is used in further elaborations. In the graphs of figure 141 different types of data are compared. It is important to be 

aware of the differences: 

(1) The red / dotted line is the same red (0.26g, 2475 years) line that is observed in figure 139 [1], thus 

representing the ground level spectrum according to regulations, without the site specific non-linear effects 

-but a spectrogram fitting this spectrum is supposed to represent the seismicity at that specific location 

(Slochteren in this case, used as reference); 

(2) The grey / light line represents a deep soil spectrum (belonging to the spectrograms referred to in figure 

138 and seen in appendix 9). In elaborations made these spectrograms were applied directly to the portal 

frame in two different magnitudes: 0.24g (estimated lower limit) and 1.00g (estimated upper limit) -as 

elaborated in paragraph 10.4.3;  

(3) The black / dark line represents the ground level response, determined by implementing a one-dimensional 

soil column fitting the soil characteristics in Slochteren and the deep soil spectrum mentioned at (2). Again, 

this has been performed for 0.24g and 1.00g. 

Observing the results, it can be concluded that the lower limit applied (0.24g) in the NLTH-analyses is approximately 

equal to the ground level spectrum provided by the Hazard map. Regarding the spectra used in elaborations, it can 

be stated that the general behavior is according to expectations; at 0.24g the spectrum applied at depth is 

aggravated at ground level, but contradicting is the higher magnitude of 1.00g where in general a weakening is 

observed towards ground level. Therefore, the bandwidth of spectra without soil influence conservatively ‘covers’ 

the spectra including soil influence (for this location). Hence, the bandwidth of 0.24g and 1.00g used in the NLTH-

analysis is expected to be representative for the seismicity in Groningen, even though soil effects were not included 

in the numerical model. An upper limit is expected to be obtained. The general behavior is characterized in figure 

141. 

 

 
Figure 140: Simplification of graphs in figure 141, specifically for this location -therefore not valid in other cases without 

validation 

As explained, the elaboration performed is only valid for this exact location in Slochteren; other soil profiles can 

have a negative (or positive) influence on the ground level behavior. Since the ground profile is diverse in Groningen, 

it is difficult to generalize it. Also, the ground level motion according to the mentioned Hazard map can be more 

severe as well for other locations (see figure 139 [2]). Still, the bandwidth assumed is expected to cover these 

differences.    
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Figure 141: Verification of different spectra 
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10.4.3 NLTH-analysis 
As was prior determined, the near-collapse situation is defined as the end of the elastic slip in the connections. A 

certain safety against brittle failure is present, but the structure does not allow for full plasticity to develop. Therefore, 

a so-called q factor is not defined for these structures -though this is not implying a negative fact; these structures 

seem to handle the seismic activity typical for their region quite well. Due to the low lateral stiffness, the response 

of the structure is low (table 51).  

 
Table 51: Results of the NLTH-analysis, results of the 1.00g analysis sometimes beyond near-collapse limit (figure 128) 

0.24g 

Base shear [kN] 
Lateral deflection [mm] Minimum Average Maximum 

CFC-sheeting 
1.03 
15.1 

2.87 
14.9 

5.42 
79.2 

Tiles 
1.43 
20.9 

2.77 
40.5 

5.32 
77.7 

 

1.00g 

Base shear [kN] 
Lateral deflection [mm] Minimum Average Maximum 

CFC-sheeting 
4.29 
62.7 

10.76 
157.4 

14.71 
215.7 

Tiles 
4.95 
86.9 

10.87 
161.3 

14.61 
214.6 

 

Reservation towards these results is needed as one need to remain objective and considerate of the theoretical 

model used: 

- The soil contribution is not integrated in the numerical model (site specific effects can result in a very 

different outcome); 

- Several assumptions are included in the determination of the lateral stiffness. Sawn timber was used 

(although the lower stiffness and higher strength of a round wood structure might be even positive in this 

case) and the connection stiffness is not validated for this specific geometry (scaled data). Typically these 

structures are old -many factors can induce a different behavior (even brittle perhaps); 

- The frequency of typical Groningen earthquakes is not compared to the eigenfrequencies of the structure. 

 

In appendix 9 the structure is analyzed in a non-linear time history analysis (or incremental dynamical analysis), 

specific for the north-east Groningen area. The results are plotted in a so called P·δ diagram. The near-collapse 

boundary is indicated with the dotted square in every P·δ diagram (see figure 142). The gray-dotted diagonal line 

represents the lateral elastic stiffness of these portal frames. The peak ground acceleration (PGA) is used over a 

bandwidth 0.24g to 1.00g, as was determined in paragraph 10.4.2. The bandwidth calculation is extended regarding 

the mass, with on one end a model representing structures with a minimum dead load (CFC-sheeting) and on the 

other end a model representing structures with a ‘maximized’ dead load (tiles) (see figure 144).  

 

 

(1) (2)  
Figure 142: Response of the portal frame to the accelerations, (1) PGA = 0.24g, (2) PGA = 1.00g -deviations from the linear-

elastic line show energy dissipation also in the assumed linear-elastic branch 

 

  



143 
 

A significant difference between the two masses researched is not seen (probably due to the difference in 

eigenfrequency -longer in the case of higher dead load), as for that reason all results in terms of maximum lateral 

deflection are shown in figure 143. As can be noted, the ‘PGA = 0.24g’-results and most of the ‘PGA = 1.00g’-results 

remain within the near-collapse boundary for all performed analyses. Increasing the peak ground acceleration up 

to 1.00g did result in several near-collapse situations and a collapse stake of approximately 30%, but the data is 

also quite scattered. Based on data in paragraph 10.4.2, the 1.00g is considered a relatively high upper limit; for 

that reason can be concluded that this type of structure -and this result is obviously not generally verified- is not 

likely to be permanently damaged under seismic loading specific for the Groningen area. Heavy and brittle elements 

of the complete barn structure (e.g. masonry facades) can be damaged or perhaps even cause damage to the 

timber structure during the seismic event, but the conjunction between the several type of structural elements in the 

barns was not further investigated in this research. Perhaps these elements should even be assessed separately, 

depending on the type and quality of structural coupling.  

 

 
Figure 143: Result of the NLTH-analyses in terms of maximum lateral deflection 

 

As for example figure 142 shows, the lateral deformation follows the linear-elastic line and no degradation of the 

backbone is noted. Therefore, the structure behaves elastic within the near-collapse boundary, as was expected. 

The energy dissipation in the unloading branch can be explained by the occurred slip in the connection -returning 

to the initial condition will not occur automatically; this in contradicting to for example elastic bending in a beam 

element. In tension even force is needed to return to the initial condition, as the dovetail is clamped tight in the 

elastic deformed bearing surfaces. This effect is not integrated in the spring (see paragraph 7.2.2). Due to that 

characteristic, it is theoretically not unlikely to encounter a tilted portal frame (in equilibrium) after a seismic event. 

Adjusting this tilt with force (e.g. pushing / pulling with heavy equipment) should be fine after securing the braces in 

out-of-plane direction, yet still allowing for slip to occur. 
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10.4.4 Lateral force method of analysis 
The lateral force method, as was explained in paragraph 9.4.3, is elaborated. Comparable to the dynamic analyses, 

a damping factor of 2.5% has been used (η = 1.15). Potentially this value is taken too low; it has not been further 

investigated. The following values have been obtained, by using ag,ref = 0.26g (see figure 139) and kag = 1.2 

(consequence class CC1b) : 

 SMS  = 0.8459; 

 SM1
  = 0.4425; 

Using those values, the horizontal design spectrum is defined, as pictured in figure 145, in which the natural period 

for both systems (figure 144) in the NLTH-analyses has been applied. 

 

 

 
Figure 144: Two different systems in the seismic analyses 

 

 

(1)         (2)  
Figure 145: Horizontal design spectrum, determined with the lateral force method; (1): CFC-sheeting, (2): Tiles 
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The shear force at base can now be determined. The longer natural period seems to even out the higher mass, as 

a result, the shear force at base is approximately equal. In table 52, the maximum base shear force from the NLTH-

analysis (0.24g, lower bound -determined to be comparable to ag,ref = 0.26g for the Slochteren location, see figure 

141) has been added as well, which shows the same difference over the bandwidth of masses investigated. 

 
Table 52: Comparison between the determined base shear forces in both methods 

 

 

 

 

 

 

 

 

 

 

 

 

Finally, the behavior factor q needs to be discussed. Although earlier is stated that no behavior factor could be 

determined based on the methods mentioned in paragraph 9.4.4, energy is actually dissipated in the linear phase; 

the portal frame does not behave fully linear-elastic at all (as can be observed in figure 142). Based on both type of 

analyses (linear and non-linear) performed, it is proposed to classify this type of portal frame in ductility class 

medium (q = 2) on the condition that slender nails have been applied and sufficient bearing surfaces are present in 

the connection.  

 

10.4.5 Résumé 
The final performed analyses show that in fact wind loading is governing for these structures. The response to a 

seismic event is relatively low, thanks to the low lateral stiffness. Expected is that up to the near-collapse situation 

barely, or even no permanent damage to the structure is done -and that seismic activity in the Groningen area 

causes no situations beyond the near-collapse situation. The condition of the structure is decisive: imperfections in 

the structure can induce a more critical near-collapse situation. Furthermore, the connections should have sufficient 

bearing surfaces and slender nails need to be present -in that case, a behaviour factor of 2 (ductility class medium) 

is proposed. Regarding the conclusions; all are based on this specific structure and therefore are not generally 

verified.  

 

  

Lateral force method 

Fb = Se(T)·m, [kN] 

(1) CFC (2) Tiles 

9.80 10.29 

181% 193% 

Non-linear time history 

max(Fb), [kN] 

(1) CFC (2) Tiles 

5.42 5.32 

100% 100% 
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Part 5 – Conclusions and recourses  
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11 Conclusions, remarks & recommendations  

Conclusions and remarks have been summed up per part and are written in a summary type of set up in paragraph 

11.2. A reflecting on the research goals in paragraph 1.6 is done in paragraph 11.1; also, paragraph 11.2 is 

introduced. Table 53 & table 54 summarize the performed laboratory research part of this thesis. 

 

 Reflection 

Main goal: 
(1)  ‘Describe the behavior and structural safety of the timber portal frames of Frisian-aisled barns. This will be 

achieved by making use of a case study (one typical for the Groningen area). Seismicity in the Groningen 
area is taken in account as one of the types of loading on these portal frames’; 

A case study is used to investigate structural safety, although several alternations are done to the structure: 
- Sawn timber is assumed instead of round wood (due to setup of the laboratory research); 
- The bracing is placed under 45 degrees. 

The exact effect of these alternations on the connections stiffness and the conjunction between two connections in 

a bracing is unknown, but the alternations are done in line with the laboratory research performed -more laboratory 

research would be beneficial. Conclusions are found in paragraph 11.2 under ‘part 4 – Structural analysis’. 

 
Sub-goals to achieve the main goal are: 
(a) ‘Investigate the material properties for this type of structures in literature and by laboratory research’; 
Alongside a literature study also laboratory research is performed; to do so, timber from a main portal frame was 
retrieved out of a demolished barn. Following, laboratory research has been performed on three properties. The 
properties were chosen because they are expected to be decisive for the capacity of dovetail connections, but 
moreover, because ductility is found in compression in timber. Due to the small sample size, more research has to 
confirm the observed behavior. The decay in the specimens is not further specified than being present or not. 
Conclusions are found in paragraph 11.2 under ‘part 2 – Material properties’. 
 

Table 53: Overview performed laboratory research to material properties 

Material tests performed according to EN 408 

Type of 
property 

Compression strength 
perpendicular to the 

grain 

Compression 
strength parallel 

to the grain 

Shear strength 
parallel to the 

grain 

Number of 
specimens 

4 9 9 

Size L70/H90/W45 

 

L300/H55/W32 

 

L240/H40/W40 

 
 

 
(b)  ‘Analyze analytically the failure modes of in-plane dovetail joints. Determine estimated failure loads and 

stiffnesses in both uniaxial tension and compression’. 
Analytical failure models are not proposed, as failure could not be studied properly. However, a stiffness model is 

proposed and a scaling method for other geometries as well. An unknown in these models remains the prediction 

of the failure load. 

 

To study the behavior of these connections, the laboratory research was executed as described in table 54. The 

behavior of the dovetail connections is studied in the composition of the portal frames in Frisian-isled barns. This is 

done, because expected is that perhaps certain behavior is initiated by the composition. Furthermore, of interest is 

the interaction between the two connections in the bracing -ultimately decisive for the behavior in the portal frames 

itself. The test specimens are scaled down (1:2) opposed to the portal frames in the case study to increase 

operational ease. Also, the connections are made identical, therefore the bracing is placed under 45 degrees. 

 

Firstly, static tests are performed because the yield point is needed to design the load pattern of the cyclic tests. 

Using the load pattern in EN 12512 satisfying results were not obtained, mainly because it does not account for 

different magnitudes of ductility in both loading directions. An altered model is proposed. Secondly, cyclic tests are 

performed; in which it appeared that due to the composition of two connections in the specimen, redistribution 
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during the repetitive load occurred between both the connections. As a result, the designed load pattern is not 

recognized as purely in the slip of the connections, but this is considered a characteristic of the system. While 

performing these tests, an optional connection reinforcement is designed and its effect is studied as well. As part 

of these tests, also the yield stress of the batch of nails used has been determined according to EN 409. 

 

Conclusions are found in paragraph 11.2 under ‘part 3 – Dovetail connections’. 

 
Table 54: Overview performed laboratory research to dovetail connections 

Static tests performed 

Type of 
property Compression Tension 

Number of 
specimens 

2 
(SB-02 & SB-03) 

2 
(SB-01 & SB-04) 

Loading 
direction 

 

 
 

 

 
 

Type of 
connections 

Unreinforced Unreinforced 

 

Cyclic tests performed according to EN 12512 

Type of 
property Hysteresis Hysteresis 

Number of 
specimens 

2 
(SB-05* & SB-06) 

*SB-05 is considered as a failed test, 
therefore results are not taken into 
account 

2 
(SB-07 & SB-08) 

Loading 
direction 

Both 

 
 

Both 

 
 

Type of 
connections 

 

 
Unreinforced  

(equal to static tests) 

 

 
Reinforced 
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 General 

PART 1 – GENERAL 

Although a barn structure can be classified under the Frisian house group, one should be considerate with 

analysing the safety of these type of structures. Reading about these structures, visiting multiple and 

talking with people involved, it is clear that many variations exist. Not only different types of roofing, 

geometrical & member dimensions, connections & timber properties, but changes done to the structure 

and degradation due to a lack of maintenance should also be accounted for. A general idea of what these 

structures are is well obtained from literature (e.g. this elaboration). 

 

RECOMMENDATION(S): Visit the property and assess in person the important criteria (integrality as a whole). 

 

PART 2 – MATERIAL PROPERTIES 

Timber retrieved from a 150 year old barn has been investigated on structural capacity regarding 
compression and shear. Visible imperfections and decay in timber is present -yet surprisingly, also a 
significant reduction of timber properties in the considered ‘healthy’ timber is observed. Notable is that the 
mean values from these properties are equal or even lower than the characteristic, 5-percentile value of 
these properties commonly used in structural calculations for picea abies (spruce) of strength quality C24. 
A remark is that the sample size was low, but after all, no values were observed indicating that regular 
strength properties could be used. Not proven, but expected is that the climate (e.g. presence of livestock, 
relative high humidity) in these barns is the cause of the observed ‘invisible decay’ of the timber. Regarding 
the barns in the Groningen area the effect is not expected to be present, as usually these barns were not 
used to house livestock. Dairy farms or cattle breeding are no common agricultural sectors in that region; 
the focus is on cultivating land and raising crops. 

 

Ductility in timber is found in the compressed material. Despite the biological decay (due to insects and 

environment), a plastic capacity is still present. The laboratory research show that decay due to insects 

mainly influences the elastic capacity: more deformation occurs under less stress until plasticity is reached. 

Logically, this would be due to the absence of material.  

 
RECOMMENDATION(S): Specifically for the timber investigated in this research more laboratory research is 

needed to verify the observed reduction in strength properties. At the date of writing, this 
is ongoing in another master thesis at the TU/e. A chemical analysis of the timber will 
provide data on present substances. A more widely research to structural properties of 
aged timber in barns is definitely recommended as a reduction in structural properties 
invisible to the eye is dangerous. Perhaps a correlation can be obtained between the 
present timber properties and prior usage of the barn. 

 

PART 3 – DOVETAIL CONNECTIONS 

Static tests performed on dovetail connections show that these type of connections (can) have a large 

elastic and plastic capacity. Remarkable is that this connection can function as a full timber connection, 

and shows significant plasticity in tension. In the tests performed, ductility in tension was even higher than 

in compression. For the studied geometry, the load bearing properties in terms of strength, stiffness and 

slip are approximately equal. Noted should be that the conclusions drawn are only expected to be valid 

when slender nails are provided in the connection. Dowels or other fasteners can induce more stiff and 

perhaps brittle behaviour. Computer models have shown that obtained data and the simplification of this 

data allows for a proper reproduction of the connection´s behaviour in a software environment. As the 

design of the connection is eccentric in common systems, torsion effects should be considered. The out-

of-plane movement of the brace -out of the connection with the leg element- should be accounted for, as 

in cyclic behaviour this is the cause of a rapid loss of strength and stiffness.  

 

Applying a reinforcement in the form of a steel bar -preventing the out-of-plane movement (as described 

before) but allowing free translational slip- results in a significant reduction in impairment of strength for 

the compression side -and even the introduction of a hardening branch. Ductility improved for the tension 

side. The nails have practically no function anymore, and preferably are removed when applying this type 

of reinforcement. Regarding the aesthetics of the reinforcement: the steel bar could be replaced by a timber 

alternative.  

 

A stiffness model for the dovetail connection is proposed based on the component method. Failure 

predicting models have not been studied, as suspected is that failure -in this case- is initiated by the test 

setup (see paragraph 6.3.8). Several parameters are expected to have a direct influence on the stiffness 

-being aware of these parameters (e.g. depth of recessing of the dovetail, clamping angle of the dovetail 

and initial imperfections in bearing surfaces) allows for a quick estimation of the potential of these 

connections. Considering failure, the occurring curvature in the beam element should be cared for. 
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Although limits regarding bending capacity are perhaps not near, the curvature in combination with the 

local recessing can initiate cracks perpendicular to the bearing surfaces of the dovetail. As a result, 

stiffness of the connection will decrease significantly. 

 

In the composition of a diagonal bracing in portal frames, different behavior is observed in the conjunction 

between both connections regarding static and repetitive loading. The expected cause is increasing (initial) 

imperfections due to redistribution in the case of repetitive loading, and as a result the reduction of stiffness. 

The springs are placed in a series (connection-brace-connection) set up under a uniform axial load and 

for that fact, the spring with the lowest stiffness will be decisive in the load-slip behavior. The difference is 

important to understand the occurrence of dissipative zones in these compositions, as subsequently only 

then correct FE-models can be produced. Regardless of the type of loading, the elastic stiffness of the 

bracing system (connection-brace-connection) is equal even though both connections might behave 

differently; as well, the elastic stiffness and the yield point are similar. Adding the reinforcement does not 

seem to influence these aspects, aside from the introduction of a visible initial slip. The post-yielding 

behavior is different for the two different load types and also for reinforced and unreinforced connections. 

 

The splendid structural capacities in compression and tension of this connection, as a full timber 

connection, makes the connection an interesting alternative in new timber structures. Often steel is added 

to assure no failure will occur in tension (e.g. new structures with mortise-and-tenon connections). New 

technologies make it possible to fabricate carpentry connections precisely, without any physical effort -for 

that reason this connection can definitely be beneficial to the timber building industry. 

 

RECOMMENDATION(S): More laboratory research should be performed, in which a variety in geometries is 

researched. Varying several parameters will surface the impact of change in these 

parameters. More data allows for the stiffness model to be adapted/verified, furthermore 

failure can be studied. Another important aspect is the rotational stiffness, which is 

definitely present due to the recessing of the dovetail and perhaps fasteners provided. 

Considering the angle of bracing, test specimens with bracing angle other than 45 

degrees would be interesting as well. The conjunction between two connections with 

different properties can be much different. 

 

PART 4 – STRUCTURAL ANALYSIS 

A case study, representative for the Groningen area, is used to investigate several characteristics of these 

structures. It appears that wind loading is governing, rather than a seismic load case specific for the area. 

The seismic load is analysed by applying seven different accelerograms over a bandwidth of different peak 

ground accelerations (0.24 to 1.00g) and different masses. Essentially, a minimum level of safety 

(disapproval level) cannot be demonstrated following regulations. As many structures have been present 

for easily a hundred years, some questions arise. Perhaps the requested level of safety is too high for this 

type of structures; after all, these structures were never designed to satisfy these regulations. The 

structural capacity has proven to satisfy the acting loads over years of use; perhaps a lot is unknown about 

the structural behavior of these barns, and thus the methods used to analyze these are too basic. Unclear 

mechanisms (e.g. shear stiffness due to the conjunction of elements in the roofing area) might be present, 

which are not accounted for. This aspect was not further investigated, but it is a problem structural 

engineers can face analyzing these structures -and as a result structures could be demolished, or being 

reinforced without need for it. 

 

As it appears that the near-collapse situation for these portal frames is at the end of the elastic slip in the 

connections, by definition a behavior factor q equal to 1 is proposed. Basically, energy is dissipated due 

to friction and elastic clamping of the dovetail in the bearing surfaces; but as this behavior is present over 

the full elastic branch it appears to be difficult to determine a behavior factor for these effects. Conclusion; 

no (plastic) dissipative zones are expected to develop in this type of portal frames, but due to a low risk of 

brittle failure in the near-collapse position and a relatively large elasticity upon reaching the near-collapse 

position, failure is not expected to be brittle. The difference in base shear between the non-linear time 

history analysis and the lateral force method of analysis show that possibly ductile class medium (q = 2) 

could be assigned, mostly due to the earlier described energy dissipation in the linear phase. A higher 

mass and the lower fundamental frequency as a result seem to even out, and due to this a two times higher 

mass does not seem to result in higher base shear force. All in all, a lot of the behavior is depending on 

the condition of the structure, as these require maintenance: it is not uncommon that reparations are 

needed after a severe storm. Neglect can weaken the structures significantly, leading easily to a sudden 

failure. 
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In the sway frame composition where under lateral deformation one brace is under compression and the 

other under tension -both braces are equally important. When it appears that connections have a significant 

difference in load bearing capacity or stiffness of both loading directions, a focus should lay on the weakest 

property. The importance of the conjunction between both braces is seen in the extreme case of the 

removal of one brace, as in that case the other brace is loaded with a twice as high load (assuming both 

braces have an equal stiffness). As a result, slip increases and failure of the remaining brace is likely too. 

Generally, it can be concluded that if a significant difference in ductility or capacity in one loading direction 

of the brace is present, the full capacity can never be utilized if it is not present in the other loading direction 

as well. As for that fact, the large impairment of strength seen in compression of unreinforced connections 

is considered highly dangerous, as the stiffness of the brace decreases (the weakest link becomes weaker) 

-ultimately lowering the lateral stiffness of the sway frame. Considering the present second order effects, 

a progressive situation leading towards collapse could be initiated. Reinforcing the connections (as 

proposed in this research) can take away the impairment of strength occurring in compression. The 

impairment of strength is only present in the case of repetitive loading; in contradiction to this: a hardening 

branch is present in the case of static loading.  

 

Important parameters in the lateral stiffness of these portal frames are the beam elements (dimensions 

and type -round wood or sawn timber) and the geometry of the portal frame itself. From the conclusions 

regarding ductile behaviour, lateral stiffness, normative load case and other characteristics it has to be 

remarked that these are not generally verified for other subtype structures. A representative structure is 

analysed to obtain a certain objective of important aspects regarding these structures. Soil contributions 

were not integrated in the numerical model. 

 

RECOMMENDATION(S):  Measurements of the lateral displacements of a portal frame in practise over a certain 

period of time would be interesting, especially if this is correlated to the conditions 

outside. Having an idea of the displacements occurring can help reflect on the assumed 

behaviour.  

 

 Development of analytical models of coupling the bracing stiffness to the lateral stiffness 

of these portal frames. 

 

 Research to the effect of soil conditions on the behaviour. 
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