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Abstract

Quincha is a construction technique found in uppaeygs of many historic residential buildings

on the coast of Peru, consisting of a timber frame with a woven cane and mud infill. The paper
presents_ the methodology for the development of a numerical model of the quincha system. The
quincha walls have been subdivided into three components, the timber frame, bracing, and infill,
and the modelling of each component is calibrated separately using experimental and analytical
techniques. The resulting numerical model is found to successfully reproduce the behaviour of

test specimens. The developed model can be used to assess the global seismic behaviour of
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historic buildings containing quincha of varying geometries. This is demonstrated by modelling a

portion of one of the facades of a well-known casona in Lima, Hotel el Comercio.

Introduction

Quincha is a construction technique found in historic buildings on the coast of Peru. It is
comprised of a timber frame infilled with a weave of canes covered with mud and plaster.
Although a rudimentary form of quincha was used prior to the arrival of the Spanish, the
technique was developed and altered extensively between the 16th and 19th centuries. The
technique reached its peak after the 1687 earthquake, when a law was passed ruling that quincha
must be used for the upper storeys of any building greater than a single storey in height
(Camilloni 2003). Today a number of these. buildings survive, most dating from the 18th and
19th centuries, with quincha in the upper storeys, and the first storey in adobe or fired brick.

However, many are in a state of deterioration and their numbers are dwindling.

This research is part.of the. Seismic Retrofittingj&t (SRP), a collaboration between
University College~.London (UCL), The Getty Conservation Institute (GCI), Pontificia
Universidad Catolica.del Peru (PUCP) and the Ministry of Culture of Peru. The ultimate aim of
the SRP is todetermine a robust procedure to assess the seismic behaviour and design
appropriate retrofitting systems for four case study buildings, selected because they are
representative of typical historic construction typologies found in Peru (Cancino et al. 2012). The

numerical models developed by UCL are based on nonlinear finite element analysis where both
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material non linearity, mixed behaviour of the timber connections and irregular three

dimensional geometry are considered.

The work reported in this paper focuses on the dgweént of a robust strategy to.model the
structural components of a 19th century building in central Lima called Hotel el Comercio (HC)
(Figure 1), representative of the Casona typology found in the coastal region of Peru. The
advantage of studying this building is that it has already been the focus.of some in-situ testing
campaigns to obtain information on its dynamic properties (Cuadra et al. 2011, Aguilar et al.

2012).

Like other buildings from this time, the first stgref HC is constructed in adobe and fired brick
masonry, while the upper two storeys are quincha (Figure 2). The composite nature of quincha,
as well as the variability of the natural materials used, makes it difficult to develop a realistic
model of the construction technique. Therefore, a thorough study has been carried out to develop
numerical models of the quincha.construction system, which can be used to create global
numerical models of HC and other adobe-quincha buildings with minor modifications. This

paper presents the methodology and outcomes of this study.

A typical quinchaframe can be divided into threenponents, the vertical load bearing frame,

the lateral bracing system, and the infill. The first component, the load-bearing frame consists of

a series of vertical posts, connected at each end to horizontal beams by means of cylindrical
mortice and tenon joints. The storey height can be up to 4.4m and the posts are typically spaced
between 0.6 and 1.2m apart. For the second component, the lateral bracing, two distinct

arrangements are present in HC. The first (Frame A), found on the second storey, is the use of



Downloaded by [University of London] at 03:02 13 December 2015

short diagonal struts to brace the lower portion of the frame as shown in Figure 3. Adobe blocks,
or in some cases, small fired bricks, are placed in the space within the lower part of the frame to
provide a modest increase in stiffness and to add weight to the frame. The second variation
(Frame B), found on the third storey does not contain the struts or bricks, but has a large bracing

member extending across several bays as shown in Figure 4.

The third component, the infill, consists of 25mnardeter horizontal/canes passing through
holes in the vertical posts. The canes are usually inserted through-the posts in pairs, with four or
five pairs evenly spaced vertically up the posts. Another set of tightly packed canes weaves
vertically through them (Figure 5). A layer of mud mixed with straw is applied to the canes and

covered with lime plaster.

Prior to the SRP initiative, little research hadreeblished on historic quincha, with the only
experimental work being on modern prefabricated quincha (SENCICO 2006, Miranda et al.
2000, Torrealva and Muiioz 1987). This differs substantially in geometry, construction method
and in joinery techniques from historic quincha so the data is not directly applicable.
Nevertheless, some. of findings can be relevant. For example, Torrealva and Mufioz (1987) found
from shaking table tests on a modern adobe-quincha specimen that almost all the stiffness of the
structure arises.from the walls acting in-plane, with almost no uptake of resistance from the out-
of-plane walls. For this reason, the modelling of the quincha focuses on the in-plane behaviour
while the out-of-plane behaviour is considered separately and is presented in a subsequent

publication.
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The lateral behaviour of quincha is difficult to predict since little published research is available
on this construction technique, and the mechanical characteristics of the materials in the frames
are variable and difficult to obtain. Therefore, each component of the composite structure (the
vertical load bearing frame, the bracing, and the infill) is investigated in detail, in isolation and in
combination with other components to determine the most significant parameters and their
contribution to the overall structural behaviour. The scope is to develop an accurate finite
element model of the two quincha systems (Frame A and Frame B), calibrated against
experimental work, and then introduce simplifications which are necessary to build a model of

the entire building, whilst still ensuring the model is representative.

This paper details the process of developing a nigalenodel of quincha using experimental

work, numerical simulations and analytical techniques. First a general methodology for
developing a detailed model of quincha is proposed; this entails identification of critical
parameters from the observation and analysis of results of test campaigns conducted by the
authors and the SRP partners. Such methodology is critigued against current approaches
available in literature. For each of the quincha components a detailed material characterisation is
carried out highlighting the material parameters that are critical in determining its seismic
response. Among these particular attention is paid to the modelling of the connections and the
results obtained with the final model are compared to the experimental results. Finally a strategy
for simplifying the detailed numerical model is proposed for use in global three-dimensional

finite element models of real buildings.
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Methodology

Quincha is a composite structural element made of non-engineered materials and components.
Hence the process of developing a robust numerical model needs to take into account the lack of
standardisation of the assembly while at the same time determine general rules for the

interactions of the parts. The approach followed can be subdivided in three stages. The aim of the
first stage is to obtain data on the geometry and material characteristics.of the materials typically

found in quincha walls. Where data cannot be obtained from literature, experimental tests are

performed. The second stage consists of the development of a detailed numerical model of a
section of a quincha wall, which is compared to‘experimental tests. The third stage involves a

sensitivity analysis, resulting in simplification of the model for wider applications. The following

section further explains this three-stage process.

In the first stage, which has been outlined in tbev fchart in Figure 6, all the data required to
develop the model is collated. As little literary reference exists, this is achieved mainly through
direct on site survey of historic buildings, however, due to their historic significance, it is
important to cause as little disturbance as possible to their historic fabric. Hence a balance needs
to be found between the constraints posed by the preservation of their heritage value and the fact
that the accuracy of a numerical model depends largely on the quality of the data on geometry
and material characteristics obtained from on-site investigation. After an initial desktop study,
preliminary elastic models of a section of a quincha wall are developed using geometry and
material characteristics found in literature and from a broad observation of a number of sites (see

Figure 6 Step 1). The commercially available finite element package Autodesk © Simulation
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Multiphysics 2013 is used for analysis. Using the preliminary elastic models, a first sensitivity
analysis is carried out varying the modelling approach, material characteristics, and connection
stiffnesses as shown in Figure 6 Step 2, to establish which parameters have the most significant
effect on the lateral behaviour of the frame. As a result, only the components found to be critical
to the lateral stiffness are investigated in detail during the on-site data collection (Figure 6 Step
3), which in the case of the material characteristics or connection. details enable minimal
disturbance of the historic fabric. Material characterisation tests are then performed where
necessary, and tests on components or connections are carried-out to assess their behaviour
(Figure 6 Step 4). Moreover, in order to verify the numerical models, in-plane laboratory tests
are performed on replica quincha walls (Torrealva and Vicente 2012, Quinn and D'Ayala 2014)

and, as the opportunity became available, on one quincha wall extracted from HC.

When all the required data has been obtained, tbendestage, outlined in Figure 7, is to
develop a detailed numerical model. - The model is built up in components, comparing the
outputs to the experimental results at each step before adding another layer of detail. Parameters,
such as maximum displacement, elastic stiffness and uplift of the tenons are compared at each
stage with those obtained experimentally. The inherent variability of the natural materials means
that it is necessary to target a higher margin of error between experimental and modelled outputs
than what could be achieved for steel or concrete models. Other numerical models on masonry
infilled timber frames generally achieved a margin of error within 20% for pushover analysis
compared with experimental results in terms of lateral stiffness and maximum force (Kouris and

Kappos 2012, Ceccotti et al. 2006). Therefore this value has been selected as a target.
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In the third, and final stage, a second sensitivity analysis is performed to identify and amend any
limitation in the model, but also to simplify it by removing modelling details that do not
significantly effect on the global behaviour. The simplified quincha model can then be
successfully used to construct global models of entire buildings, such as HC, so their seismic

response can be assessed within a reasonable computational burden.

In the following section we summarise the findingggatned by the experimental campaigns and

how these informed the development of phase 2 of the analysis.

Experimental Work on Quincha Frames

Within the framework of the SRP, two sets of in-plane experimental tests on quincha frames
were performed. These were informed by onsite surveys and carried out in parallel with the

preliminary analysis.

To determine the stiffness; ultimate capacity amdr@amechanisms of the separate components

of quincha, the authors carried out a series of racking and push over to failure tests (Quinn,
D'Ayala, and Moore 2012, Quinn and D'Ayala 2014). Specimens representing Frame A and

Frame B (see Figure 3 and Figure 4) were tested with and without the infill of canes and mud,

enabling the separate contribution of the infill and frame to be quantified (Figure 10 and Figure

11), and considering slightly different connection arrangements, as surveyed on site. Figure 8
and Figure 9 show the test setup of Frame A and Frame B respectively. The horizontal load was
applied via a hydraulic jack connected to a 10kN load cell, while the vertical load was applied to

a spreader beam on rollers through two hydraulic jacks. The testing program was based on the



Downloaded by [University of London] at 03:02 13 December 2015

procedure outlined in BS EN 594 (BSI 2011), with some modifications due to a differing
geometry and lack of prior knowledge on quincha behaviour. Vertical loads of 6.4kN and 4.4kN
were applied to Frame A and B respectively, representing the dead load of the floors and walls
above. The lateral load was applied in three phases; Phase 1: a stabilising load cycle, Phase 2: a
stiffness load cycle and Phase 3: a strength test. Phase 1 consisted of one cycle of 0.2kN, Phase 2
consisted of three cycles of 0.5kN, three of 0.7kN and three of 0.9kN,.and in Phase 3 the frame
was pushed to failure or 180mm, whichever occurred first. The load was applied at a rate of 40N
per second, and maintained for 300s. Between each cycle the load.was removed for 600s to allow

the frame to settle.

A complementary set of in-plane cyclic tests wasqeered by PUCP, where a set of full scale
replica quincha frames and one original frame extracted from HC were tested (Figure 12)
(Torrealva and Vicente (2012). The lateral loading regime was cyclic and displacement
controlled, consisting of four phases of £225mm, £50mm, £100mm and £140mm. A further phase
of 300mm in one direction ' was applied for some of the frames. Each phase consisted of three
cycles. Three variations in vertical load were considered for each frame, zero vertical load, half
the estimated dead lead, and full dead load so the influence of the vertical load could be
determined. Safety factors were not applied. This is described in detail in Torrealva and Vicente

(2012).

The major qualitative outcomes from all tests armrsarised in Table 1, where modelling
requirements are outlined as a direct consequence of observation and quantitative results from

the tests. Furthermore, the decision taken for the modelling strategy identifies further testing of
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local details and connections, which need to be pursued to fully calibrate the numerical model. It
is seen that the infill has a fundamental role in stiffening Frame A, while in Frame B
characterised by a full height timber diagonal member, the infill contribution is more modest.
Cylindrical mortice and tenon connections are common to all post and beams forming both
frames, however there is a large variation in diameter and length of the tenons as measured on
site and the tests have shown that their translational and rotational stiffness differ depending on
the tenon location within the frame. Further tests to determine these characteristics and how they
are then simulated in the detailed model are discussed in section-6.1. For frame B substantial
difference in behaviour was observed depending on the details of connection between the

diagonal and the post or beam, this is further discussed in section 6.2.

Detailed Modelling Approach and choice of elements

A considerable amount of literature is available addressing the numerical modelling of bare
timber framed structures covering a wide range of modelling approaches, which is
comprehensively summarised by Mackerle (2005). Tsai and D'Ayala (2011) showed that it is
possible to simulate the behaviour of historic timber frames by using linear elastic beam
elements for the frame members coupled with nonlinear springs connecting them to represent the
finite stiffness of the carpentry joints. The mechanical characteristics assigned to the springs are
calibrated experimentally by testing real size joints, or using a detailed nonlinear numerical
model. The resultant global models show a good correlation in terms of failure modes when
compared to post-earthquake damage observations and experimental work. This technique is

easy to implement in Autodesk Simulation, and decoupling the representation of the connections

10
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from the members allows different carpentry joint types and their degrading behaviour to be

represented without having to modify the entire frame.

Despite this, few studies have been published omibdelling of historic quincha frames, with

the exception of two numerical models developed of HC. Paredes (2008) developed a global
numerical model of HC to assess its seismic behaviour. The quincha walls were modelled using
shell elements with the timber frame and infill homogenised, but no/details are given as to how
the mechanical characteristics of these homogenised elementsiwere obtained. It is presumed that
the model was not validated experimentally and estimated values were used. More recently,
Aguilar et al. (2013) developed a linear elastic model of a section of HC for purposes of
comparison with the results of experimental dynamic identification. The quincha walls were
modelled using equivalent shell elements, the mechanical characteristics of which were found by
developing more detailed solid models and determining characteristics from deflection
equations. However, it seems likely that the mechanical characteristics were perhaps calibrated
from the experimental results published by (Torrealva and Vicente 2012) as the mechanical
characteristics of the homogenised quincha wall match perfectly with the initial stiffness
obtained by the full.scale tests of replica quincha frames. Although this model serves well as a
comparison with the results of the dynamic identification, and can be valuable for obtaining the
modal shapes of the building, it is impossible to extract localised stresses or strains. Furthermore,
they.cannot replicate post elastic behaviour, which has been shown experimentally to occur at

relatively low values of lateral drift.

11



Downloaded by [University of London] at 03:02 13 December 2015

Although detailed numerical models have not been developed of quincha, a significant number
of studies have be carried out on the modelling of other forms of traditional infilled timber
construction. Many of these are infilled with masonry rather than mud and canes, and have
additional timber cross bracing, or nailed connections, resulting in a substantially stiffer wall.
Nonetheless, the techniques developed can be applicable to developing. a model of quincha.
When considering infilled timber frames the major difficulty is in determining the mechanical
characteristics of the infill and its interaction with the frame. In certain types of infilled timber
constructions such as the “Pombalino” or Dhajji-Dewari structural systems, it is common
practice to neglect the infill, since in these cases some experimental data shows that the timber
frame contributes the majority of the lateral stiffness and strength at failure (Ali et al. 2012,
Cardoso, Lopes, and Bento 2005, Kouris and Kappos 2012). However, these structural systems
differ substantially from quincha in that they all consist of a heavily cross-braced frame with
nailed connections. Furthermore; Poletti, Vasconcelos, and Oliveira (2013) found through
experimental work on “Pombalino” walls that the presence of the infill has a considerable

influence on the stiffness; energy dissipation, ductility and failure modes of the timber frames.

The method of homogenising the timber and infilld aepresenting it using plate or volume
elements, has also been used for “Pombalino” walls (Ramos and Lourengo 2004), and traditional
masonry infilled Greek structures (Tsakanika - Theohari and Mouzakis 2010). The equivalent
material properties were obtained experimentally (Ramos and Lourenco 2004) or through a
detailed numerical model (Tsakanika - Theohari and Mouzakis 2010). In these cases, the method
has been used to model entire structures to assess the global behaviour or effect of strengthening

procedures. Although this technique is able to reproduce complex geometry and model entire

12
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buildings, it cannot give a realistic stress distribution throughout the material so failure of timber

elements or connections cannot be identified.

The most complex approach adopted in literaturenms$ of computational effort is to.model the
timber frame and the infill in detail using volume elements, taking into consideration all
frictional contact between the infill and the frame as proposed by Hicyilmaz et al. (2012) for
Dhajji-Dewari walls. The major issue with this approach is the resources required in terms of
computational effort and time required to develop and run the model, and in the case of the
quincha, this would still require a homogenisation of the mud and canes for the infill. It is
therefore not suitable for the analysis of an entire structure. However, the detailed model can be
used to validate a less complex model, which can‘then be used to assess a complete structure.
Kouris and Kappos (2012) used this"approach to develop simplified models of traditional
masonry infilled walls found in Lefkas Island; Greece which were validated by more complex
numerical models, in turn validated by experimental work on “Pombalino” walls. A less
computationally demanding option is to use beam or truss elements to represent the timber
frame, and plate or shell elements to represent the infill (Makarios and Demosthenous 2006).
Timber connectionsmay be considered as pinned, or assigned finite stiffness values using spring
elements (Ferreira et al. 2014). The mechanical characteristics of the infill may be considered
homogeneous, or an alternative strategy could be the use of composite layered elements, as
available for instance in Autodesk Simulation Multiphysics (2013). However, to date there is no
evidence of such uptake for these structures in literature. The normal and frictional contact
between the infill and the frame may be included in the model by means of contact or interface

elements, making it easy to alter the model complexity depending on requirements as

13



Downloaded by [University of London] at 03:02 13 December 2015

demonstrated by Pang and Shirazi (2010) for wood-frame shear walls. This strategy has been
employed to model several types of masonry infilled structural systems including the
“Pombalino” walls (Ferreira et al. 2014), and traditional Greek construction systems (Makarios
and Demosthenous 2006, Doudoumis 2010, Karakostas et al. 2005, Doudoumis, Deligiannidou,
and Kelesi 2005). The disadvantage of this approach is that it can be wvery. computationally
demanding, particularly if frictional contact between the frame and infill'is considered. It can

also be time consuming to develop the model depending on the capabilities of the software used.

A further simplification is to represent the stifiseprovided by the. infill using an equivalent
brace or strut, as employed by Komatsu et al. (2009) for Japanese mud shear walls. This method
is commonly used in the finite element modelling of masonry infilled frames (Chrysostomou,
Gergely, and Abel 2002). The limitations-of using such approach are discussed in D’Ayala,
Worth, and Riddle (2009) and Ellul'and D’Ayala (2012), in relation to determining the zone of
interaction by contact as the deformation and degradation of the materials progress and in
relation to overlooking critical failure modes. The mechanical properties and cross sectional area
of the brace or strut must be calibrated on a case by case basis, either experimentally or with the
use of a more detailed:model. Similarly, Ceccotti et al. (2006) used a lumped plasticity approach
to model traditional infilled frames from the Italian Dolomites. Linear elastic beam elements
represent the timber frame, while inelastic hinges are used to represent the inelastic behaviour of
the timber connections and the infill. The values assigned to the hinges are calibrated
experimentally. Both these approaches can provide a useful insight into the global behaviour of
the structure with a relatively low computational effort. However, local effects cannot be

obtained from this model, and the bending moments and shear forces are not realistic as the

14
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interaction between the infill and the frame is not modelled. In the case of the diagonal brace, it
is necessary to consider carefully the location on the frame that the strut/brace is connected to, as
it can cause localised stresses increases and unrealistic deformations in the frame. It is important
to carry out a thorough sensitivity study when using this kind of model to ensure that small
variations to one variable does not overly influence the global behaviour..Furthermore, in this
instance, it is not possible to vary the geometrical or material characteristics of the frame, or to

add openings without recalibration of the model.

In selecting the detailed modelling approach, a remalb factors are considered. It is important

that the model is not so refined that, due to the inherent geometric and material variability of
historic structures, it would be necessary to‘re-calibrate the model for each and every geometric
configuration. Furthermore, since adobe-quincha structures contain large openings, the
modelling approach should be flexible enough to be able to easily adapt to real walls’
configurations including openings. . Preliminary models were used to assess the most suitable
approach by varying parameters such as element type, material model, boundary conditions and
method of reproducing the experimental loading conditions. As shown in Figure 6, part of the
parametric analysis-involves investigating the modelling approach. One such case investigated
was the option of modelling the quincha wall using shell elements with homogenised material
characteristics determined by fitting the pushover curve of the model to that obtained from
experimental tests on quincha walls. The problem with this approach is that it does not allow for
making minor modifications in geometry to take into account variations such as the presence of
openings or minor changes in the cross section of the timber elements, without performing

further full-scale experimental tests to recalibrate the model. Furthermore, the model did not

15
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show realistic deformations under vertical loading. Therefore, a model consisting of separate
timber and infill elements is considered to be more realistic and adaptable to changes in the
structure. Overall, the most appropriate approach is considered to be modelling the timber frame
using beam elements, with the infill modelled with plate/shell elements. The model can then be
made more or less complex, as required, by considering or neglecting connections’ finite

stiffness, inelastic behaviour of the frame, and contact between the frame and the infill.

The experimental tests showed that both the barbetiframe and the infilled frame have
inelastic behaviour. In the case of the timber frame, this mainly arises from relative movement at
the connections and yielding or crushing of the fibres when approaching failure, while for the
infill this is due to early cracking in the mud, at a relatively low displacement, and detachment of
the mud from the cane at a larger displacement demand. To reproduce these observations in the
detailed numerical model: the vertical and horizontal timber elements are modelled as isotropic
using linear elastic beam elements; the mortice and tenon connections are modelled as semi-rigid
with a finite rotational and translational stiffness. The top connections are modelled by
simulating continuity between the beam and the post as far as vertical translation is concerned,
while the rotational stiffness is simulated with a beam element with an equivalent bilinear Von
Mises material model for the rotation. The Von Mises material model enables plastic
deformation, and the bilinear stress-strain relationship is obtained from experimental tests on
replica joints, discussed in section 6.2. The bottom connections are simulated by using a truss
element with a high compressive stiffness and a low tensile stiffness, which allows for vertically
upwards relative movement between the post and the beam, in this way simulating the uplift of

the tenon. These choices, including the experimental testing, were developed based on

16
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requirements determined as a result of the preliminary analysis. The whole process is detailed in

Figure 7.

For Frame B, the initial sensitivity analysis shovaedorder of magnitude difference in lateral

drift response depending on the type of element (truss or beam) chosen to simulate the diagonal
member. The test of the bare frame confirmed that the best choice was the use of beam elements,
because as the global deformation increases or when the diagonal is put in compression, in cyclic

loading, the rotational and shear stiffness of the diagonal is activated due to the presence of half

lap joint with the posts. The connection between the diagonal and the top and bottom beams is

simulated using a nonlinear truss element with stiffness and capacity calculated depending on the

geometry and material of the two timbers and the type and arrangement of nails, as discussed in

section 6.2.

Although the infill of cane and mud'is in itself arthotropic composite material, it is considered

most effective to model it as an equivalent homogeneous isotropic material using a Von Mises
material model with isotropic hardening. The equivalent constitutive law is obtained by
performing shear tests. on small panels of mud and cane as discussed in section 5.2. The
interaction between the frame and the infill is modelled using compression-only contact
elements, as general surface contact cannot be used with the choice of finite element made for
the timber and infill. The compression modulus of the contact element is calculated from the
modulus of elasticity of the timber perpendicular to the grain obtained from experimental tests or
literature. The addition of contact elements significantly increases the run time of the model so it

is important to determine the extent of the surfaces in contact during the loading and unloading.

17
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This is achieved by running a model with all possible contact simulated representing the tests
and then eliminating the inactive contact portions, as a result of the model calibration. These
simplified models are then used in the simulation of the full structure as describe in detail in

section 8.

The test of the frame without infill showed that ti@izontal canes are critical to.the behaviour

of the frames as they provide some additional lateral bracing. To simulate this contribution the
canes were modelled using beam elements with contact elements-between the canes and posts to
simulate their ability to slide horizontally through the holes.in the posts. The contact elements
had no tensile capacity and a compressive stiffness equivalent to the stiffness of the timber in the

post.

Materials' Characterisation and simulation

Use of parametric analysis to determine test needs

As described in the introduction, quincha containgbér, adobe, canes and mud. In order to
develop a robust'model, it is important to know the mechanical characteristics of these materials.
Accordingto Camilloni (2003) and Walker (2008), as far as timber is concerned the species most
commonly-used for quincha in Lima in the viceroyalty period was Spanish cedar (cedrela
odorata) (which is actually not a true cedar, but more closely related to true mahoganies (Meier
2014)) or oak (quercus). These woods were resistant to insect attack and typically imported from

Ecuador or Central America (Camilloni 2003). However these two materials have very different
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mechanical characteristics, as the oak is more dense than the Spanish cedar (around 640kg/m
compared with 470kg/fiy, and has a higher elastic modulus in bending (20.8GPa compared to
10.3GPa) (Bergman et al. 2010). The assumption of either of them being the constitutive
material of the timber frames in HC would lead to substantially different structural behaviour so
it is necessary to properly characterise the materials found on site. In order to minimise
extraction of historic material for the purpose of laboratory destructive testing, a parametric
analysis is conducted to restrict the number of material parameters that require characterisation.
The effect of variation in the timber elastic modulus, Poisson ratio.and density were investigated
in the parametric analysis using the range of values found.in literature. It was established that the
analysis was most sensitive to variations in the elastic modulus in bending, as small variations of
this parameter cause the greatest effect on the lateral drift. Accurate determination of this value is
crucial as a difference of 30% in drift was computed by assuming the minimum and maximum
value of elastic modulus provided by literature. This variation is further increased if the

rotational stiffness of the connections is low.

The adobe or masonry used at the base of the sélocondrame is likely to vary substantially

from building to building depending on workmanship and age of the structure. The mechanical
characteristics of existing adobe in Peru, mainly in Lima, but also in Cusco, are better researched
than timber (Ruiz et al. 2013, Tarque 2008, Blondet and Vargas 1978, Vargas and Ottazzi 1981,
Vargas 1980, Rojas-Bravo and Fernandez Baca 2012). This enables a realistic range of values to
be obtained, but it was shown in the preliminary tests and in the parametric analysis that the
effect of the adobe is mainly as stabilising load, contributing little to overall stiffness and

strength. Hence the only parameter of relevance for this analysis is its specific weight. On the
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other hand variations in the characteristics of the composite infill had a significant effect on the
lateral behaviour of the frame, particularly the characteristics in shear. The extraction of
undisturbed samples of mud from the site for a full mechanical characterisation is a difficult
undertaking. However some of the material can be extracted to determine its granulometric
composition and plastic limits, after which a similar mixture can be reproduced in the laboratory

and used in tests of the infill composite to determine its shear strength.

According to Cuadra et al. (2011), the canes arneallp very thin and.of the species cafia brava

or carrizo. Some information on the mechanical characteristics of these canes in Peru has been
published by Barrionuevo (2011). The canes are not observed to undergo any progressive
damage either in the bare frame or in the<infilled frame. However as already mentioned, the

horizontal ones contribute to the stiffness. of the bare frame and both sets contribute to the

stiffness of the infill.
Material Testing

Visual grading of the timber was impaired by thet fd@at most of the timber elements are
concealed by original mud and lime plaster. The few exposed timber elements were found in a
higher state of decay than the ones concealed by plaster, perhaps due to the high humidity levels,
sowvisual grading of the exposed timber could be misleading. In order to obtain more conclusive
data as required based on the outcomes of the preliminary analysis, a full characterisation of the
timber in HC was performed by Custodio, Mallque, and Delgado (2012) complying with ASTM
D143-94 (2007). The species of representative structural elements in the frames were

determined, and samples were tested to quantify density, elastic moduli and compressive strength
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for each species. The wood had an average humidity of 17.3% but it was not suffering substantial
deterioration from insect infestation (Custodio, Mallque, and Delgado 2012). Frame A was found

to contain two species; sapele, also known as caoba Africana (Entandrophagma cylindricum), for
the beams, and cypress (cupressus) for the posts and citara struts, as shown in Figure 13. Frame
B, shown in Figure 14, contains sapele in the bottom beam and cypress for the remainder of the

frame.

Sapele is a wood originating from Africa, and is &nmber of the same family as ‘true
mahogany’ (Swietenia Macrophylla) which originates from. Central America and was widely
forested across Latin America including Peru in the 18th and 19th centuries (Lamb 1947). Both
woods are similar in appearance and properties to Spanish cedar, reported to have been typically
used in quincha (Camilloni 2003, Walker 2008). Cypress is a name given to a many species of
tree within the Cypressus family, and thus the precise species or geographical origin of the wood
in HC is uncertain. For comparison of mechanical characteristics, the data from the species
originating from Northern and Central America has been used, simply due to geographical
proximity. Characteristic values for the mechanical properties of all three woods as reported by
Bergman et al. (2010)-and Meier (2014) who obtained the data from literature are presented in
Table 2. These are compared with the values provided by Custodio, Mallque, and Delgado
(2012) obtained by testing wood samples extracted from HC. The mechanical characteristics of
the specimens extracted from HC are for both species substantially lower than the reference
values found in literature, which is to be expected considering the reference values are for
unweathered timber. However no statistical distribution is provided for the test results, so it is

difficult to comment on their representativeness. Additionally, the environmental humidity in
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Lima is high, and the moisture content, which substantially affects the strength properties of
wood, was found to vary significantly with values of between 14.2% and 24.0% being recorded
in different locations of the building. For the purpose of numerical modelling, the mechanical

characteristics given by the experimental tests are used.

The racking tests demonstrated clearly the contabudf the infill for resisting lateral loads.

From the initial sensitivity analysis, the characteristics of the infill were found to be very
significant, in particular, the shear modulus. As detailed in the methodology, it is difficult to
obtain accurate mechanical characteristics for the infill material due to its composite nature, and
its interaction with the timber frame. Examples of experimental work to determine the shear
stiffness of this type of panels are Gonzalez and Gutiérrez (2005) and Komatsu et al. (2009), but
they do not decouple the frame from the infill and hence they cannot be used as reference for the
present mud cane composite. To obviate this gap, small sections of the infill in isolation were
tested to determine mechanical characteristics in compression and shear. However, the difficulty
in replicating the boundary conditions of the infill while confined in the timber frame rendered
these test results unreliable. Therefore, a calibration was performed using the results from the
tests of Frame A with-and without infill, and the corresponding models. In this calibration, the
shear characteristics of the infill in the model were increased until the model closely reproduced
the experimental results of the infilled frame, within the set error margin. This was appropriate
since the model of the bare frame correlates well with the experimental results, and the only
difference between the bare frame and the infilled frame is the addition of the infill. All other
parameters were kept constant. Figure 15 compares the results obtained for three variations of

material properties with the experimental results. By trial and error, varying the material
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characteristics of the infill only, it was found that Model A most closely aligns with the

experimental curve. Therefore, the values in Model A were used for all other models. The shear
characteristics of the infill obtained by this process are detailed in Table 3 and used in all other
models. The properties of the contact elements were not included in the calibration procedure
since they were obtained directly from spring equations based on the mechanical properties of

the timber.

Table 3 summarises the mechanical characteristied us the numerical models. The most
significant parameters according to the results of the preliminary analysis, such as the elastic
modulus of the timber, were obtained experimentally, while the less critical values, such as the
adobe elastic modulus, are taken from literature. The preliminary analysis found the mechanical
characteristics of the horizontal canes to be less significant to the composite behaviour. There is
little experimental data available in literature for this species of canes since they are not normally
used as structural elements. Therefore, similar sized canes were tested to obtain reasonable
estimates for density and elastic modulus. For the timber, the characteristics of the two main
species identified on.site are used, as described in Section 5.2. The timber, adobe and canes are
all modelled as isotropic, with the nonlinear behaviour in the case of the timber and horizontal
canes being confined to the connections. The infill of canes and mud is modelled as a
homogenised shell element with a material bilinear constitutive law and a Von Mises failure

domain with isotropic hardening.
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Characteristics of the Connections

Three types of timber connection can be observed in the quincha frames in HC. The first is the
mortice and tenon joint connecting the vertical and horizontal components. The tenon is
cylindrical and passes through the mortices without any dowel or nails to provide tensile capacity
(see Figure 16). The second type is the nailed connection that connects the citara to the vertical
posts (Figure 17) and is only found in Frame A. The third type-is only.found in Frame B and
connects the diagonal brace to the frame (Figure 18). The diagonal'is connected to the beam by a
lap joint, where the beam has been cut away to a depth of half the thickness of the diagonal,
although the diagonal itself retains its full cross section. The stiffness of the nailed connection
between the citara in the posts in Frame A was found to be of low significance to the lateral
behaviour and as such was not considered in detail individually. Therefore, only the connection
characteristics of the mortice and tenon joint and the diagonal brace connection were considered

fully.

Mortice and Tenon Connection

Rotational Stiffness

Preliminary analyses of the two frames with the commonly accepted assumption that all mortice
and tenon joints could be considered as simply pinned resulted in lateral displacements twice as
large as the experimental ones. This indicates that the pinned assumption is simplistic. In

addition, it was observed during tests, that the mortice and tenon connections clearly possess
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some rotational stiffness confirmed by observed yielding and rupturing of the tenons. Therefore
to improve the accuracy of the timber frame numerical model, the connections are simulated as

semi-rigid, with a finite rotational stiffness.

On-site investigations showed that there is a wigeation in geometry of mortice and tenons
within HC. Figure 19 depicts the variation in length and diameter of tenons measured onsite. The
noticeable differences, particularly in length will significantly affect the rotational stiffness
calculated. For Frame A, this is more significant for the top tenons since the bottom tenons are
offered some restraint by the citara, and adobe blockwork.. It can be seen in Figure 19 that the
length and diameter of the top tenons of Frame A vary substantially. In order to quantify this
effect, a parametric analysis was carried out using‘a numerical model based on the geometry of
Frame A, in which only the rotational stiffness of the top tenons were varied. This showed that
the model is very sensitive to variation of the rotational stiffness up to 20kNm/rad, beyond
which, any additional increase in stiffness has little effect on the overall model lateral stiffness

(see Figure 20).

Therefore it is necessary. to find a way to deterntime rotational stiffness based on the
geometrical properties of the joint so that a relationship between geometry and rotational
stiffness.can be.obtained. One such analytical technique for doing this is the component method,
which:has been widely used to determine the rotational stiffness of mortice and tenons carpentry
joint in European roofs (Drdacky, Wald, and Mares 1999, Wald et al. 2000, Descamps, Lambion,
and Laplume 2006). The component method divides the joint into a number of components, one

for each pair of surfaces in contact. The stiffness of each component is represented by a series of
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springs, which combine to give the overall stiffness of the joint. The major issue with this
method is that it assumes that the centre of rotation (C.O.R.) of the joint is located at the centre
of the tenon, which is not realistic in the present case, as the lack of a dowel allows the tenon to
pull out of the mortice when loaded laterally. To tailor the model to the specific problem, an
assessment was carried out to identify a more realistic location for the centre of rotation based on
experimental testing. The component method was then modified once the surfaces in contact

were identified and the centre of rotation accurately located.

Two tests were performed on joints similar to thobserved in HC. Although both joints were

cut to the same dimensions, one of the joints had a very tight fit between the mortice and tenon
and had to be hammered into the mortice, while the other was just and could easily be slotted
into place. For ease of manufacturing, the:tenons were square rather than round; the posts were
60mm square, while the tenons were 25mm square and 50mm in length. This makes this joint
half-scale compared to the top tenons of Frame A found onsite in HC (see Figure 19). The post
was pushed horizontally inducing.a moment, until failure. The moment-rotation curve for the
two tests is shown in Figure 21. The initial rotational stiffness of the joint was found to be
8.1kNm/rad for the tight fit and 2.6kNm/rad for the just fit. The ultimate load was 0.37kNm for
the tight fit joint and 0.25kNm for the just fit joint as defined by BS EN 12512:2001 (BSI 2001),
meaning that the tight fit joint is around 40% stronger, and about three times stiffer. It is worth
noting that square mortice and tenon joints could have a capacity of between 11-17% lower than

that of a round tenon (Sparkes 1968).
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By considering the test results, a better estimate for the centre of rotation can be obtained. Figure
22 shows the test specimen at the point of yield. By inspection it can be seen that the C.O.R. is
located somewhere to the right hand side of the tenon. By drawing perpendicular bisectors (in
blue) on the photograph between the original location (outlined in red) and the location after
rotation (shown in black), it can be found that the C.O.R. at this point of the test is located close
to the region marked by a circle in Figure 22. A small level of translation towards the centre of
rotation also occurs, which can be observed in the corner of the post directly above the centre of
rotation. To verify this, three different assumptions for the C.O.R. were considered; the centre of
the tenon (A), the edge of the shoulder (B), and half way through the depth of the beam directly
below the edge of the shoulder (C) (see Figure 23). The location that produced a value for
rotational stiffness closest to the experimental result was the third assumption, located on the
axis of the beam directly below the edge of the shoulder. This actually simplifies the calculation,
due to the fact that only the two portions of the tenon directly in contact with the walls of the
mortice contribute to the stiffness as indicated in Figure 24. The stiffness provided by the contact
between the shoulder and the beam can be considered negligible. This lack of contribution from
the shoulder explains the overestimated value of stiffness obtained when applying the component

method in its.typical.format (case A of Figure 23).

Using this modified method it was possible to detearmore realistic estimates for rotational
stiffness and as a result obtain a relationship between the length of the tenon and the rotational
stiffness, which is shown in Figure 25. As discussed previously (see Figure 20) the parametric
analysis showed that there is a large variation in the overall lateral stiffness of the frame for joint

rotational stiffnesses of the top joints lower than 20kNm/rad, so it is important to accurately
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correlate length and stiffness for values lower than this. As the length of the tenon is the most
significant parameter (as this is related to the length of the lever arm), the length at which the
stiffness is less than 20kNm/rad can be determined to be 70mm from Figure 25. This reduces the

number of joints that need to be considered individually.

Figure 26 illustrates how the rotational stiffnesgr@ases as the tenon uplifts out of the mortice

for the configuration of the bottom tenons of the original quincha wall. The largest vertical uplift
measured during the test on the historic quincha frame was 24mm; corresponding to a rotational
stiffness of 11kNm/rad. This value is greater than what was found during the joint only test as it
is for full scale geometry as opposed to half-scale. However, the parametric analysis found that a
decrease in rotational stiffness is less significant for the bottom tenons than the top due to the
presence of the bracing. For these reasons, the bottom tenons are assigned a constant value in
rotational stiffness of 11kNm/rad which is the'lower bound value shown in Figure 26. Moreover
test observations proved that only the bottom tenons lift out of the mortices due to the applied

vertical load. Hence the original stiffness for zero uplift is applied to the top tenons.

Translational Stiffness

Since there is no dowel to give tensile capacity to the mortice and tenon joint, a defining feature
of .the frames is the ability of the posts to move upwards. Ignoring this fact, and assuming that
the connection has tensile capacity simplifies the model. However, increased stresses are
observed in the posts and the overall lateral deflection is up to four times smaller than if the post

is allowed to move upwards with some level of stiffness. This increased lateral deformation is

28



Downloaded by [University of London] at 03:02 13 December 2015

the combined result of lower lateral bending stiffness and rigid rotation movement around the

leeward bottom tenon which results in uplift of the other tenons.

To model this, a nonlinear truss element is useld aitompressive stiffness equal to that of the

two wood members in contact, while any tensile resistance is only due to the friction between the
mortice and the tenon. The amount of resistance will vary significantly depending on whether

there is a loose or tight fit, which cannot be determined for every case..The resistance is also
related to the rotation of the joint, as more rotation increases the_frictional resistance, but when
the tenon has already started to pull out such frictional resistance will reduce. To include this
complex mechanical behaviour in a model would require a further set of thorough localised tests
which were not included in the first campaign. /Therefore the varying tensile stiffness is

calibrated from the experimental data of vertical uplift measured for each relevant frame.
Diagonal Brace Connection (Frame B)

In all tests, failure occurred in the'diagonal caniom (see Figure 27). Due to the greater depth
of the top beam as opposed to the tested ones, as later observed on site, it is thought that the
connections of the on-site frames are slightly stronger than the ones tested in the laboratory.
Assuming.that the timber members are all in good condition, test results show that the most
likely failure.mode involves the diagonal moving downwards along the groove in the top beam,

and yielding of the nails as shown in Figure 28. Negligible rotation of the diagonal with respect

to the top beam was observed so the connection can be assumed to be flexurally rigid, with only

the ability to move axially.
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Factors affecting the behaviour of nailed joints include the mechanical properties of the wood,
the material and geometry of the nail, the direction of the grain, and number of nails and their
spacing, and the type and duration of loading (EN 1995-1-1 2005). These parameters vary from
one connection to another. Therefore, as with the mortice and tenon joint, an analytical method is
required to calculate the stiffness and capacity of the connection for small variations of the above
parameters without the need for experimental calibration on a case-by-case basis. Furthermore,
due to the vernacular nature of the structural system, the capacity-of the joints is more difficult to

predict since the carpentry techniques and workmanship is variable:

A wide range of empirical models have been develdpabtain load-deformation relationships

for nailed timber connections, many of which have been summarised by Ramskill (2002). Many
of these methods have accurately predicted the behaviour of a specific type of connection, but it
is questionable whether they can be applied directly to the specific joint found in quincha walls
without experimental calibration. This is particularly true if the model is to be used for all
variations in geometry found. A simplified theoretical equation for the load-slip behaviour of a

nailed timber joint was proposed by Wilkinson (1971):

P=0.1667 EJ*(1/4) [ (K_e)J\(3/4) dN7/4) & (1)

where P = lateral load (Ib.) at sljp(inch); d = diameter of the nail (inch); E = modulof
elasticity of the nail (psi); Ke = elastic bearing constant (Ib./in3), where the Ke = 3,200,000 (SG)

and SG is the specific gravity of the wood.
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As with many early models, the nail was assumed as a beam on an elastic foundation. When the
elastic stiffness of the connection was calculated using this equation, and used in the numerical
models, the models showed good agreement with experimental results in terms of initial lateral
stiffness. The connection capacity was calculated according to the approach outlined in Section
6.3 of EN 1995-1-1 (2005) for single shear connections. The load-deformation behaviour of the

connection was simplified as bilinear.

Comparison between Numerical and™ Experimental

Results

The following section compares the results from the numerical models of frame A and B with
those from the experimental tests:. This was done for all test specimens from Bath and PUCP
with and without infill. The pushover curves from the numerical models are compared with the
pushover curves from the experimental results. The deformed shapes are shown for comparison.
All models were analysed.in force control rather than displacement control as the facility for
displacement control is not available in Autodesk Simulation Multiphysics (2013) when spring
elements are used. The analysis was terminated when the maximum force attained in the
experiment was reached. As detailed in section 2, and shown in the flowcharts in Figure 6 and
Figure 7, the models were first calibrated using the experimental tests of the half scale frames.
The mechanical properties are shown in Table 3. When the results were found to be within the
margin of error of 20%, the same approach was then taken for the full scale test specimens,

which were analysed under cyclic loading.
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Numerical Simulation of Racking Tests on Half-Scal&rames

Frame A

The numerical models of Frame A showed very good agreement with the experimental results
with a variance of less than 10% in terms of initial stiffness, maximum capacity, and residual

drift. The deformed shape of the bare frame numerical model is shown in Figure 29 (before the
top mortice and tenon joints had yielded) and Figure 30 (after/the-top mortice and tenon joints
had yielded). The experimental frame at 100mm displacement is shown in Figure 31 where it can
be seen that the top mortice and tenon joints are providing little rotational resistance, similarly to
the model in Figure 30. The model of the infilled Frame A is shown in Figure 33 alongside a

photograph taken during the test at the same lateral displacement (Figure 32).

The pushover curves of the bare frame and theadfiltame are shown in Figure 34 and Figure

35 respectively. The initial stiffness of'both models have a variance of less than 3%, and for both
models yielding occurs at the same lateral displacement. Additionally, the model of the bare
frame reproduces the residual deformation of the frame well, with only a variance between the
model and test results of 6.5%. Based on the close approximation of the model to the
experimental results it is concluded that the modelling process is reliable and the same process

can be applied to the full scale frames.
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Frame B

The numerical model of Frame B without infill is shown in Figure 36 alongside the test specimen
in Figure 37, while Figure 38 and Figure 39 compare the model and test specimen for the infilled
frame. The models has a good agreement with the tests in terms of deformed shape with the
exception that the post on the opposite side to where the load is applied has more bending at the
bottom of the post, as it appears that the experimental frame has less rotational stiffness in the

joint than the model.

Figure 40 and Figure 41 show the pushover curvéhtoexperimental test on Frame B with that
obtained from numerical analysis for the bare frame and infilled frame respectively. When the
diagonal is in tension, results are shown within the linear range since propensity for buckling was
not included in the model, and the experimental test specimen failed in buckling. The results of
the model in compression correlates well with the test results up to this point, indicating that for
smaller deflections, the use of<the nonlinear truss described in section 6.2 to represent the
connections of the diagonal is sufficiently robust, considering that buckling was not observed at
any stage of the testing of fully infilled frames, as would be found on site. Additionally, the
stiffness and capacity of the infilled model are within a margin of error of less than 5% when

compared to the test data.
Numerical Simulation of Cyclic Tests on Full-Scale Fames

The models of the half scale tests show a very gapdement with the experimental results,

with a margin of error of less than 5% for initial stiffness and the capacity. However, in order to
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be determine whether the models can replicate cyclic loading, further numerical models are
developed of the frames tested by Torrealva and Vicente (2012) using the same process, but

without the additional calibration of the bare frame tests.

Frame A

Figure 42 compares the deformed shape of the experimental frame with the modelled frame in
Figure 43. The cyclic curves of the model and experimental results are shown in Figure 44. The
model does not achieve the initial high stiffness of the test frame:nor the subsequent softening.
The first cycle of the test frame reaches a displacement of 25mm at a load of 5.5kN, whereas the
model shows a 50mm displacement at the same load. Although the model shows a small
reduction in capacity, it is not as pronounced as the experimental frame. Despite this, the

deformed shapes are similar, and the stiffness is comparable for the 50mm and 100mm cycles.

Table 4 compares the lateral load obtained by tke dad the model for different lateral
displacements. The first cycle of 50mm in the model is compared with the second cycle of the
same displacement in the tests, although this significant simplification neglects the initial high
stiffness of the test frame. It can be seen that for the majority of the displacements recorded, the
lateral load obtained by the model is well within the 20% error targeted. However, at the higher
cycles of 100mm displacement, the model has a stiffer response than the experimental frame, as
there is lower energy dissipation and lower stiffness degradation. A limitation to the model is
that it doesn’t simulate the initial friction between the mud and the timber frame. It appears that
this limitation is more pronounced in the full-scale tests than the half-scale tests. This may be

due to the fact that there was more shrinkage of the mud infill in the half-scale tests due to a
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higher clay content, and hence less contact between the timber and the mud. Additionally, in the
half-scale racking tests, an initial stabilising lateral load was applied which may have further

reduced this initial bond.

The numerical model of the historic quincha framshswn in Figure 46 and compared to the
experimental test results obtained by Vicente and Torrealva (2013) shown in Figure 45. In the
model, separation between the infill and the posts has occurred at the top and along the posts
matching the cracking observed in the tests. Figure 47 compares.the cyclic curves for the model
and the tests. Aside from the species and age of the ‘timber, there are several geometrical
differences between the Replica Frame A and the historic frame. The original frame is taller at
4.5m, compared to 4m for the replica frame. Although both frames are the same width, the
replica frame has one additional internal post meaning that the post spacing is greater.
Furthermore, the original quincha wall has much longer top tenons, which was shown to be a
substantial factor in increasing_the lateral stiffness of the frame. Due to these variations, the
original quincha frame is stiffer than the replica walls, and has a much larger reduction in

stiffness in the second cycle than for the replica frame.

Figure 47 shows that.the model does not match thalistiffness of experimental test, as the

stiffness for the first cycle in the experimental test is around three times that shown by the model.
Despite this, the ultimate stiffness is matched well, with the experimental test giving a stiffness
of only 3.9% greater than the model for the 100mm displacement cycles, which is the case in
both directions. The reduction in stiffness in subsequent cycles, and energy dissipation is

underestimated by the model, indicating that it cannot fully represent degradation of the frame.
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This is because the constitutive material of the infill does not include a softening branch, which

is a limitation of the available material library in the software.

Frame B

Figure 48 and Figure 49 show the deformed shapes at the 50 mm cycle for frame B for the
experimental specimen and model respectively. Figure 50 compares-the cyclic curves where a

positive displacement represents a compressive deformation of the diagonal.

Table 5 compares the displacements obtained frormtuel with those of the test for different

lateral forces. When the diagonal is in tension, the model has good agreement with the
experimental results at a displacement of 50mm and 100mm. After this, the model overestimates
the stiffness of the frame and does not show as much degradation as the tests. However, when
diagonal is in compression, the model underestimates the stiffness of the frame, giving a lateral
displacement of 52% greater than measured in the test. Since the model is run in force control,
while the experimental tests were displacement controlled, the reduction in capacity in
subsequent cycles will not be observed, however, there is a clear reduction in stiffness for the

second cycle.

The major issue-with the numerical model of Framis Bie greater influence that the diagonal
has on the lateral stiffness of the frame. The reason for this is the way in which the internal post
to diagonal brace connections are modelled. During the tests, the nails may loosen or detach, but

it is difficult to model both continuity of the diagonal, and the ability of the nails to loosen, or
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detach during the course of the cyclic loading. This is particularly apparent in the models of the

PUCP test specimens since the diagonal passes over an additional internal post.
Summary of Results of Numerical Models

Overall, the numerical models show a good agreemht the experimental results, in the
majority of cases being within a range of 20% error in terms of lateral'displacement, lateral load,
and vertical uplift of the tenon. However, it is apparent from the results of the cyclic tests that the
model does not show the stiffness degradation observed. in the tests, which may be improved
with further investigations. Nonetheless, the numerical models are judged to give reasonable
results that they may be used to develop a global model which will give a reasonably good
indication to the behaviour of the building. Therefore, the following section describes the

simplification of the model to reduce the run time for application to a case study building.

Simplification of the Model & Application to the Hotel

Comercio

As shown in section 7.2, the in-plane behaviour of the numerical model has a high degree of
agreement with experimental results. However, even a small section of a representative wall of
the Hotel Comercio has a large number of contact elements, making the model cumbersome to
run. Therefore, it is necessary to simplify the model without losing the correlation with the actual
structural behaviour. To identify where simplifications can be made, a detailed model of one

facade of the building was developed, which includes all contact elements. A sensitivity analysis
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can then be carried out to determine which modifications can be made without dramatically
affecting the behaviour. The overall lateral deflection is compared, as are the axial and bending
stresses in the timber elements, and the levels of stress within the infill. A quantitative
comparison of the deflected shape is also performed. This was done for a whole length of second
storey on the shorter fagade, as seen in Figure 1, to ensure that the windows and doors were

considered.

First, the possibility of removing all contact elert®e and assuming continuity between the
frame and the infill was investigated. The results of this are shown in Figure 51 and compared
with the results of the model under the same loading conditions with contact elements included,
Figure 52. The comparison shows clearly: that the continuity assumption substantially over
estimates the lateral stiffness of the wall since almost no deformation is observed in Figure 51.
Additionally, the axial stresses in the struts are significantly lower for the continuity assumption
since a greater portion of the lateral load is taken by the infill. Therefore, full continuity is not
considered to be a viable option. A second option is to reduce the number of contact elements by
removing any contact elements which are inactive throughout the cyclic loading. From Figure 53

it can be seen that the area at the top of the infill is not in contact, as well as the areas adjacent to
the openings. This remains the case in both in-plane directions. Since this was the case at all
time-steps of the analysis, these elements can be removed. Additionally, the need for using a
nonlinear truss element to simulate the lift up of the tenons from the mortice was investigated. It
can be seen from Figure 54 that in most cases these elements are in tension indicating that the
posts are moving upwards and showing that the inclusion of the nonlinear truss element to

simulate this effect is essential.

38



Downloaded by [University of London] at 03:02 13 December 2015

Conclusions

This paper has described the methodology taken to develop numerical models of two quincha
configurations found in a historic adobe-quincha building in Lima, Peru. The process of

developing a robust numerical model of the quincha panels is challenging. because of the
complexity of the interaction between the infill and the timber frame and:the nonlinear behaviour

of the connections. Moreover a thorough calibration is hampered by the‘lack of reliable data on
the mechanical characteristics of the mud and cane infill. However, it has been shown that the
iterative process, where numerical modelling has been carried out in conjunction with targeted
testing has shown to be an efficient and cost effective way of developing the assessment

procedure.

A relatively high degree of complexity is requiredachieve realistic results with the inclusion

of nonlinear elements to model.connections, infill, and contact between the infill and posts. In
comparing the experimental and numerical outputs, the following issues emerge. Generally, the
numerical models show good agreement with the tests, with the stiffness and capacity being
within an error marginof 3% maximum when considering monotonic loading beyond the elastic
behaviour. However when considering cyclic behaviour, then successful numerical strategies can
be. used to keep the margin of error within the target 20% in most cases. This is due to
insufficient stiffness degradation in the model for successive cycles, when compared to the
experimental results due to the constitutive model available in the software. Where the diagonal
strut dominates the shear behaviour, rather than the infill, the model is more successful,

signifying that the major difficulty is in modelling mud and cane infill. However, despite these
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difficulties, a model of quincha can be developed that sufficiently reproduces the in-plane

behaviour for use in a global model of a historic adobe-quincha building.
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Experimental

Observations

Conclusions for Numerical Model

(A and B)

Pull-out  of| Tenons at bottom pull ouThe model needs to-allow for vertigal
tenons of mortices. uplift at the base of the posts. Vertical
movement. does not need to |be
No vertical movement
considered for top tenons.
measured for top tenons
Rotation  of If tenons unable to rotateModel needs to allow for semi-rigid

tenons

the stiffness of the fram

is overestimated

tenon joint.

@otational behaviour of the mortice and

(FRAME A and B)

Contribution

of infill “to
stiffness™ ang
capacity

Infill~ increases stiffnes
by more than 4 times fg
Iboth frames, and doubl
ultimate lateral

capacity.

strength

sThe mechanical characteristics u
vfor the infill in the model should b

ecalibrated from this data (see 5.2).

sed
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Effect of the

The overall response

pinfill should be modelled using sh¢

14

L

(FRAM

infill on the|the frame iselements rather than alternative | of
deformed fundamentally  differentusing a spring or brace to madel
shape when infill present andcontribution of infill to strength
relies on infill shearstiffness. The latter .would give
stiffnress and contactifferent deformed shape apd
between infill and frame.| misleading failure‘mechanism.
Connection | Negligible rotation occursCitara struts modelled as continuous
between and no pull out occurs atvith_frame elements for direct action
citara strutsthe joint of the diagonaland shear but released in rotation.
_|and frame citara with frame’s post
-
zZ and beam.
O
<
]
2
E Contribution..| Adobe blocks undamagedot necessary to include adobe blocks
of adobg The citara  preventsn model, simply accounting for their
blocks to| rotation of bottom tenons.weight. Rotation of bottom tenons
behaviour prevented.
Compression| Frame stiffer In Buckling capacity of diagonal needs to
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of diagonal

compression than tensi

bhe considered.

brace but buckling of diagonal
occurred
Diagonal Failure at the connectionConnection modelled using nonlinear
connection toNo rotation measured, bluaxial spring. Stiffness and capacity|of
post diagonal moved axiallyspring calculated. depending pn
when nails yielded. geometrical and material
characteristics of particular joint
Connections | Relative rotation “wasEnd-releases inserted between
to internall observed between thdiagonal and posts in model to allpw
posts diagonal.and posts relative rotation

51



Downloaded by [University of London] at 03:02 13 December 2015

Mechanical

Characteristics

Spanish True
Sapele Cypress
(Average Cedar Mahogany
Values)
Test Reference | Reference Reference
| | ¢ | ; Test valueg
values Reference | value  forj value for value for
¢ . . from
rom values for SPecimen i'specimen specimen
| ; £ ¢ samples
Samples specimens & §, free 0 free of
extracted
extracted free of defect defect defect
from HC
from HC defect (Bergman | (Bergman (Mexican
(Custodio,
et al. 2010, et al. 2010,
(Custodio, (Bergman Cypress)
Mei Mei Mallque,
Mallgue et al. 2010, V'Eler eler (Bergman
’ and
g.d Meier 2014) 2014) et al. 2010,
Delgado
2014) Meier
Delgado 2012)
2012) 2014)
Density
490 490-670 470 480-833 470 512 - 515
(kg/m?®)
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Modulus of
elasticity

(GPa)

(static

bending)

1.7

12.0-12.5

9.1-9.9

10.1 - 10.3

5.4

7.0-9.9

Modulus of

rupture (MPa)

60.3

105.5-

109.9

70.8 -79.3

79.3 = 80.8

47.9

71.0-73.1

Compressive
strength
parallel to

grain (MPa)

32.7

56.3

42.8

50.6

31.1

37.1

Shear parallel

to grain (MPa)

6.2

15.6

7.6

11.2

7.6

10.9

Compressive
strength
perpendicular

to grain (MPa)

4.6

4.3

53




Material Parameter Value Source

Timber: Caoba Experimental tests on samples

Africana: 400

Density (kg/n) extracted from HC (Custodio

2 species  both

modelled as Cypress: 390 Mallque, and Delgado 2012)

isotropic  material

using MoE values | Poisson ratio 0.3 (Bergman et al. 2010)

| sotropic

Caoba Experimental tests on samples

Elastic Modulus in

Downloaded by [University of London] at 03:02 13 December 2015

Africana:7.7 extracted from HC (Custodio,
Bending (GPa)
Cypress 6.4 Mallgue, and Delgado 2012)
Adobe masonry. Density (kg/m) 1600 (IRMA 2013)
| sotropic
Poisson ratio 0.2 (Groenenberg 2010)

Elastic Modulug 225
(Vicente and Torrealva 2014)
(MPa)
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Horizontal canes

| sotropic

Density (kg/n)

710

(Barrionuevo 2011)

Poisson ratio

0.26

Taken from tests on bambd
specimens  (Ghavami .ar

Marinho 2005)

DO

nd

Elastic Modulus in

Bending (GPa)

18.0

Obtained.. experimentally o

similar size canes

=]

N

A

Infill of mud and | Density (kg/nj) 1160 Obtained experimentally
canes
Poisson ratio 0.2 Taken to be same as adobe
Von Mises with
'sotropic hardening Elastic Modulus 200
(MPa)
Numerically calibrated fron
Yield Strength (MPa) 0.05 experimental tests of Frame
with and without infill.
Strain hardening 0.3
modulus (MPa)
Contact  between| Contact modulus Frame Calculated from k=AE/L wher

D
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infill and

frame

Contact elements

timber

(compression)

(KN/m)

A:47,500

Frame

B:51,350

(These values
are included
for reference
but are mesk
sensitive  and
depend on the
size . of. the

post)

5

|

D

A is area of contact, E is elasi
modulus of timber
perpendicular to the grain ar
L is the length of the conta

element.

ic

nd
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Lateral Lateral Load (kN)
Frame A Percentage
Displacement
Replica .
(mm) Experimental Numerical
50 6.20 5.53 12%
Cycle 1
-50 -5.95 -6.80 -13%
S0 4.53 4.93 -8%
Cycle 2
-50 -5.35 -6.53 -18%
100 7.10 8.17 -13%
Cycle 1
-100 -6.75 -8.98 -25%
100 5.26 7.31 -28%
Cycle 2
-100 -5.69 -6.66 -15%
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Lateral Displacement (mm)

Frame B Lateral

Experimental Numerical Percentage Error
Replica Force (kN)
Cycle 1 10 24.25 20.40 19%
Cycle 1 -10 -29.30 -60.76 -52%
Cycle 2 12 50.14 43.14 16%
Cycle 2 -12 -93.74 -99.18 -5%
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