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Introduction

• Land use policies for European and other cities 

have become a major challenge due to:

❖ rural-to-urban migration fuelled population 

growth

• Thus, mid- and high-rise construction strategies are 

being employed to meet occupancy demands
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Introduction

• However, it is reported that building 

construction materials account for around 

40% of all global primary energy 

consumption and Greenhouse Gas emissions
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Introduction
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CLT an Alternative Construction Material

CLT platform-type building

• CLT as a structural construction material  

provides a lot of benefits including:

❖ reduction in total superstructure 

gravitational weights 

❖ reduction in gravitational weight can 

simplify and speed up construction 

processes

❖ results in relatively less expensive 

foundation costs. 

❖ being made from wood, CLT has 

desirable ‘green’ credentials like 

renewability of forest resources and 

carbon sequestration for the lifespans of 

buildings.
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CLT an Alternative Construction Material

• However, like other lightweight structural 

systems, CLT buildings can be susceptible to 

high-amplitude motions during ambient or 

other dynamic force and displacement 

disturbances
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• The study addresses the dynamic 

behaviour of mid-rise multi-storey

buildings constructed from massive CLT 

elements, with the objectives of:

❖ Predicting lateral modal response 

characteristics of such buildings 

❖ Assess the effect of construction 

variables on the modal 

characteristics of CLT buildings

Objectives and Approach

• The approach involves:

❖ Employing detailed Finite Element (FE) 

models as a vehicle to meet the 

objectives

❖ FE models verified with field 

investigations of ambient dynamic 

motions of completed CLT buildings

❖ Verified models applied for parametric 

studies of construction variables
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Reference Building

• The 8-storey case-study building is one 

of the two identical student residence 

buildings on the campus of the 

Norwegian University of Life Sciences 

(NMBU) in Ås
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Reference Building
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FE Numerical Models

• Numerical models → SAP2000

• Python scripts are developed to carry out

❖model updating studies

❖ calibration of model

❖ Parameter sensitivity studies

• CLT elements are simulated as 4-node 

orthotropic thin plates with orthogonal 

axes of material symmetry (1, 2, 3) 

coincident with length, width and 

thickness directions of elements (x, y, and 

z)

• Small deflections elastic responses are 

assumed valid

• Wall-to-wall, wall-to-slab and wall-to-

foundation connections were simulated as 

hinges (i.e. having the ability to transfer 

in-plane force flows but not the ability to 

transfer bending moments)
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FE Numerical Models
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• Sensitivity analyses assessment based on:

❖ stiffness properties of CLT elements

❖ superimposed dead and live loads on 

elevated floors

FE Numerical Models

If the sensitivity matrix [S] is evaluated 

for M parameters in relation to N different 

responses, then [S] is N by M in 

dimension,

Parameters with a sum lower than 10−7 are 

deemed insensitive
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• Performance of the updated model was 

evaluated using a cost function 

implementing both; 

❖Modal Assurance Criteria (MAC) 

and an 

❖ Eigenfrequency Deviation Criterion 

(fdev),

❑ Leading to Numerical model verification Figure 4. FE model versus experimental mode shapes

FE Numerical Models

Where
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Effect of Connector Elements

• The shear wall connectors are modeled as 

zero-length linear springs (assigned with 6-

DOF stiffnesses in 3-D space)

• The procedure of applying the link 

elements is as shown schematically 

• The nodes of wall and slab panels are 

adjusted so that they no longer coincide, 

with an added thickness of half of the slab 

thickness between them 

• Furthermore, the slab nodes and wall nodes 

are connected with the link elements, based 

on experimental connector stiffness values
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Effect of Connector Elements

• Reference stiffnesses 

are based on based on 

experimental studies
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Effect of Connector Elements
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Effect of Connector Elements

❑ Based on further sensitivity analyses and model updating, discrepancies 

between experimental and numerical natural frequencies are observed to have 

improved significantly
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Effect of Variations in Building Footprint

• Application of the FE calibrated model in 

assessing: 

❖ effects variations in the plan geometry 

and mass of CLT buildings has on the 

ordering and nature of lower order 

natural frequencies and mode shapes

❖ modal participation
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Effect of Variations in Building Footprint
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Effect of Varying the eccentricity on Footprint Geo-1

• The eccentricity defined as the distance 

between the centre of gravity of masses 

and stiffnesses 

• Is varied by additional masses due to 

increases in wall volumes since the 

chosen plan area (Geo-1) in m2 is kept 

constant

• Enabled by Python scripts iterations

• The mass variations are normalized to the 

Geo-1 mass, m0 

• The first three natural frequencies are 

observed
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Effect of Varying the eccentricity on Footprint Geo-1

❑ Observations:

• An increase in eccentricity results in 

increased redistribution of masses 

without corresponding increases in 

modal stiffnesses, thereby reflecting 

decreases in the first three natural 

frequencies.

• A dotted line follows the variations in the 

mode shapes. UX is a translational mode 

shape in the x-direction, UY is a 

translational mode shape in the y-direction, 

UD is a translational mode shape in the 

diagonal (UX + UY) direction, and RZ 

torsional mode shape about z-axis
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Effect of Varying the eccentricity on Footprint Geo-1

❑ Observations:

• A practical design implication is that both 

architectural and structural engineering 

design choices of CLT buildings should 

ensure construction features, including 

building footprint, shear walls and other 

lateral force resisting systems (LFRS) that 

limit eccentricities



24

Conclusions

• Using Finite Element model simulation techniques is a viable cost-effective alternative to 

expensive field measurements for determining vibration characteristics of mid-rise CLT 

buildings

• The approach predicts with reasonable accuracy effects of architectural and engineering 

design decisions on the dynamic responses of CLT buildings that have not been 

constructed to everyday ambient dynamic forces or forces generated by extreme events

• FE techniques show that flexible connections between wall and horizontal CLT elements 

should be accounted for in engineering design calculations. This is because the presence of 

metal shear connectors and tie-down anchors in connections alters natural frequencies and 

mode shapes

• Choices of design variables for CLT buildings must be done in a manner that limit 

eccentricities
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