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Preface 

This report is the result of my Master work Structural Design at the Master program Architecture, building and 

planning. My research work is a topical issue since it deals with seismicity due to gas production in the Groningen 

region. In addition it is related to typical Dutch dwellings: masonry-built terrace house with hollow-core slab floors. 

Working on seismicity gave a dynamic impulse to my study. Up till my Master work focus was on statics since most 

of the built environment is ruled by static design. Working on seismicity made it necessary for me to study dynamics. 

This is not part of the basic curriculum at the Department of the built environment. 

 

During my study the gas production from the Groningen gas field was frequently in the news. Not only because of 

the induced earthquakes, related damage to the built environment and political decisions. The specific design rules 

regarding seismicity were discussed in newspapers as well. The Dutch code of practice was published in December 

2015. This report refers to this code of practice frequently. 

 

In the Netherlands we do not have a tradition in seismic design, simply because earthquakes did hardly occur before 

the Groningen gas production. Therefore specific Dutch structures are not specifically designed to resist seismic 

loading. My research is aimed to increase knowledge on seismicity related to Dutch family houses. 

At start we defined two research questions. During the study many more came up. Quit a few are elaborated in this 

report. This research is the first step in gaining knowledge on the dynamic behaviour of family houses with hollow-

core slabs. And the direction how to improve this behaviour. 

 

At the end of my study I would like to thank my graduation committee.  

Firstly I would like to thank Prof Simon Wijte, my first supervisor. He shared with me his great knowledge of 

structural design and his vision on seismicity and how structures respond to seismic motions.  

Secondly I would like to thank my second supervisor Dr Herm Hofmeyer for his help to find the analytical solution 

of the dynamic systems.  

The enthusiasm of both Prof Wijte and Dr Hofmeyer were very stimulating and motivating.  

I would also like to thank Mr Ronald Klein-Holte for showing me the production process of hollow-core slabs.  

Finally I would like to thank my fellow students on floor five of the Vertigo building. We worked together, each of 

us working on his own subject but with the same final goal. 

 

 

Pleun Mijnsbergen 

 

Eindhoven, February 2016 
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Summary 

Beneath the earth surface of the north eastern part of the Netherlands (Groningen region), natural gas is produced 

since 1963 from a gas containing soil layer (Groningen gas field). The gas production has had a major contribution to 

the Dutch prosperity, but nowadays there are also negative consequences related to the gas production. The gas 

containing layer is compressed (compaction) because the pressure of the gas is decreased due to gas production. The 

compaction leads to subsidence of the soil at the surface (no negative influences on the build environment yet) and to 

induced earthquakes. The induced earthquakes are a direct relation to the gas production, from observations it is seen 

that most of these earthquakes occur after a compaction of around 18 centimetres. 

The induced earthquakes result in a new type of loading to existing structures located in the Groningen region. This 

Master-research is focused on a specific structure which is frequently built in this region. The determination of the 

earthquake loading to this structure is investigated and the resistance of the structure, whether the resistance is 

sufficient to include the seismic loads. 

 

Masonry-built terrace houses are a typical Dutch structure and frequently built in in the Netherlands. In this research 

a calcium silicate masonry-built terrace house is considered, where the floors are made from concrete prefabricated 

hollow-core slabs. This typical structure is analysed, because the mass of the structure is relatively large and this is a 

major criterion determining the seismic loading. Secondly, the governing horizontal load in the time these structures 

were built was the wind pressure. The amount of this load at the structure is determined by the facade area, which is 

relatively small at the side of the house. Also the wind pressure at the side facade is distributed over all the houses 

situated in the same block. As a result the wind load is constant for an entire block (houses situated in a row). The 

seismic related loads are mainly determined by the mass, this loading is constant for a single house. Therefore the 

seismic related loads in this direction can be larger than the wind pressure taken into account in design, also the 

forces related to the earthquake can be larger than the structure can withstand. 

 

The considered direction of the masonry-built terrace house in this research is perpendicular to the front facade of the 

house. In this direction the bracing elements are provided by masonry piers, assumed in this geometry example to be 

placed at the inner leaves of the front and back facades. The hollow-core slabs are placed at the load bearing walls 

and the floor system is constructed without a structural screed, reinforcement in the longitudinal joints or tuition tie 

reinforcement. When the structure is horizontally loaded in lateral direction, the floor system needs to transport the 

forces by diaphragm action to the bracing elements, which results in two active piers at both ends of the floor system 

which transport the forces to the foundation. 

 

In seismic engineering using static approach, the seismic related forces are determined by a static equivalent load 

(base shear force). In this research time-history analyses are performed to verify whether the static equivalent load 

results in accurate forces or whether this approach may not be used for this type of structure. 

Determining the static equivalent load, the structure is schematized as an equivalent single spring mass system, 

where the acceleration of the system is determined according to code presented spectra. The translational damped 

spring of this system describes the lateral force-displacement of the structure (piers) and the mass describes the mass 

of the structure (large part is located at the height of the floors). 

Firstly, the schematization of the floor system as rigid body is investigated. Time-history analyses are performed 

using different schematizations of the diaphragm, supported by translational damped springs which are at the other 

end driven by an earthquake signal. These analyses are performed using numerical simulations. Before the time-

history analyses are performed, the numerical software is verified by dynamic systems which are also solved by 

means of the analytical approach. 
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Secondly, the transformation of the structure to an equivalent system is investigated. As a result, the seismic related 

forces are determined using the design response spectrum according to the Dutch seismic code of practices and using 

time-history analyses. In these time-history analyses, the single equivalent system and a two degrees of freedom 

(2dof) system are analysed. In the 2dof system, the masses of the structure are located at the height of the floors and 

the behaviour of the piers located at the ground and first floor are schematized by translational damped springs. 

 

The time-history analyses, performed to verify whether the static equivalent load is a correct approach to determine 

the seismic loading at the masonry-built terrace house, resulted to following two conclusions. The in-plane stiffness 

of the diaphragm is large until non-linear displacements occurs, as a result the hollow-core slab floor system as used 

in a masonry-built terrace house can be schematized as a rigid body. Analysing the equivalent system and 2dof 

system, it was concluded that the equivalent system results in an overestimation of the structure resistance. This is 

because of the behaviour of the unreinforced masonry piers. The ductility of these piers located at the ground and 

first floor are significantly different. As a result, determination of the overall behaviour of the structure, using an 

equivalent system to determine the static equivalent load, results in inaccurate results. 

 

The resistance of the masonry piers is investigated using the 2dof system, schematizing the behaviour of the piers by 

an elasto-plastic (bi-linear) relation. This relation is determined by a push-over calculation. The resistance of the 

floor diaphragm is determined using two approaches (based on section capacity design and numerical simulations). 

The resistance of the diaphragm is limited, because of the used construction method. When the floor is loaded 

perpendicular to the front facade, a tension force (parallel to the load bearing wall) and a compression arch will occur 

in the diaphragm. The compression arch results in a shear force in the longitudinal joints of the slabs. Friction 

between the hollow-core slabs and load bearing wall (support of the slabs) must be taken into account the tension 

force. Also the shear force in the longitudinal joints must be taken into account by means of friction, between the 

side plane of the adjacent slabs and the joint mortar (joints are in general cracked due to shrinkage). 

The resistance of the floor system is related to the maximum tension force which can occur in the diaphragm, as a 

result the outermost slab does not slide over the load bearing walls. The friction coefficient in the longitudinal joints 

results in a limited height of the compression arch. In the longitudinal joint between the two outermost slabs, the 

angle of the compression arch cannot exceed 45 degrees (frictional coefficient = 1.0), otherwise the shear force in 

this section becomes too large and the slabs will slip. 

 

The ultimate load on the diaphragm has been determined by the resistance of the second floor. For this floor the 

developed ultimate tension force in the diaphragm is lower compared to the tension force in the first floor. The 

ultimate tension force in the tuition tie is determined by friction at the supports of the slabs, as a result the 

downwards loading in this section determines the tension resistance. In seismic engineering the forces at the second 

floor are larger than the forces at the first floor. 

It is concluded that the piers can withstand a ´Groningen earthquake´ with peak ground accelerations (PGA) of 

0.08 g. The maximum ground accelerations for the Groningen region are prescribed by a contour plot of this region 

(Dutch seismic code of practice). The maximum accelerations are 0.36 g in the centre of the gas field. Considering 

these PGA’s, it is concluded by numerical analyses that for significant amount of cases damage of the diaphragms 

will occur because of their limited resistance. However the seismic related forces at the diaphragms are strongly 

related to the behaviour of the bracing elements. 

 

From this research it is concluded that the equivalent system overestimates the capacity of the masonry-built terrace 

house related to earthquakes. Analysing the resistance of the structure, it appears that the bracing elements can 

withstand a maximum earthquake magnitude of 0.08 g. This means that a significant amount of piers need to be 

strengthened to resist Groningen earthquakes. Analysing the capacity of the diaphragm it is concluded that the 

limited capacity cannot resist a Groningen magnitude as well. The seismic related forces on the diaphragms are 

strongly related to the behaviour of the piers. When the ductile ability of the piers is increased by strengthening 

solutions, the seismic forces at the diaphragms will decrease for an identical magnitude earthquake. 
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Nomenclature 

Latin symbols 
A Amplitude sinusoidal function [-] 

AE,d Design value of seismic action [-] 

ai(t) Acceleration function in direction i [m/s
2
] 

ag,ref Reference peak ground acceleration [m/s
2
] 

b Width of the structure [m] 

c Amount of damping [kg/s] 

ccr Critical viscous damping [kg/s] 

ci Amount of damping spring i [kg/s] 

dp Plastic displacement [m] 

dm Maximum displacement [m] 

dm* Maximum displacement equivalent system [m] 

dy Yield displacement [m] 

dy* Yield displacement equivalent system [m] 

E Energy [Nm] 

E* Energy equivalent system [Nm] 

Ee Energy elastic system [Nm] 

Ep Energy elasto-plastic system [Nm] 

E’ Modulus of elasticity [N/m
2
] 

EA Axial stiffness [Nm
2
] 

EI Bending stiffness [Nm
2
] 

F(t) Non-conservative force [-] 

Fb Base shear force [kN] 

Fb,i Base shear force, i number of Eigenmode [kN] 

Fb,max Maximum base shear force [kN] 

Fe Elastic force [kN] 

Fg Force by gravitational acceleration [kN] 

Fi Seismic related force belonging to storey i [kN] 

Fy,i Yield force of spring i [kN] 

Fy* Yield force equivalent system [kN] 

f Friction coefficient [-] 

f1 Friction coefficient between hollow-core slab and load bearing walls [-] 

f2 Friction coefficient at longitudinal joints between hollow-core slabs [-] 

f' Frequency [Hz] 

f’* Frequency equivalent system [Hz] 

Gd Design downwards loading [kN] 

Gk,j Characteristic permanent action j, used to determine the design seismic action [-] 

g Gravitational acceleration [m/s
2
] 
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h Storey height of the structure [m] 

hslab Height of the hollow-core slab [m] 

k Spring stiffness [N/m] 

k* Equivalent spring stiffness translational spring [N/m] 

kc Spring stiffness in compression [N/m] 

ki Spring stiffness spring i [N/m] 

kR Rotational spring stiffness [Nm/rad] 

ks Shear stiffness longitudinal joints [N/m] 

kt Spring stiffness in tension [N/m] 

L(t) Langargian function [-] 

l Depth of the structure [m] 

l’ Distance between the longitudinal joints located at the two outermost slabs [m] 

Me,d Design bending moment [kNm] 

Mmax Maximum bending moment [kNm] 

m Mass [kg] 

m* Mass equivalent system [kg] 

mi Mass of storey i [kg] 

mT Total mass [kg] 

Qd Design area load [N/m
2
] 

Qk,i Characteristic variable action i, used to determine the design seismic action  [-] 

Q
nc 

External loading [-] 

q Behaviour factor [-] 

qd Design pressure load [N/m] 

qgen Generalized coordinate [-] 

qk Characteristic pressure load [N/m]
 

Sd(T1) Response spectrum using the ductility of the structure [m/s
2
] 

Sd(T1)/ag,ref Dynamic amplification factor [-] 

si(t) Displacement function of direction i [m] 

T Natural period [s] 

T’ Tension force [kN] 

T’max Maximum tension force [kN] 

T(t) Kinetic energy [-] 

t Time [s] 

V Shear force [kN] 

Vd Design shear force [kN] 

Vmax Maximum shear force in longitudinal joint between two outermost slabs [kN] 

U(t) Potential energy [-] 

vi(t) Velocity function of direction i [m/s] 

xi,j Displacement of direction i and rigid body j [-] 

z Internal lever arm [m] 
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Greek symbols 
ε Strain [-] 

γd Load factor [-] 

δ Deflection [m] 

θ Angular rotation [rad] 

Γ Transformation factor [-] 

λ Correction factor [-] 

µ Ductility ratio [-] 

ξ Damping ratio [-] 

ρ Density [kg/m
3
] 

σ Stress [MPa] 

τ Shear stress [MPa] 

τd Design shear stress [MPa] 

τ Mean shear stress [MPa] 

Φi Relative displacement of storey i [-] 

ψE,i Combination coefficient for a variable action i, used to determine the design seismic action [-] 

ω Period sinusoidal function [-] 

 

Abbreviations 
DLF Dynamic amplification (load) factor  

Fi Force in direction i  

LBWi Load bearing wall, number i  

LSW Lateral stability wall  

LTJi Longitudinal joint, number i  

PGA Peak ground acceleration  

rb Rigid body  

SFi Spring force in direction i  

rp Reference point  

HCSi Hollow-core slab, number i  

2dof Two degrees of freedom  
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1. Introduction 

This Master-research will focus on the behaviour, force distribution and resistance of a hollow-core slab floor system 

as used in a masonry-built terrace house under seismic loading. Structures situated in the north-east of the 

Netherlands are nowadays loaded by induced earthquakes, because of gas production from that region. The 

recentness of these earthquakes result that existing structures are not designed for this type of loading. The 

characteristics of the masonry-built terrace houses will results that the seismic related loads can be larger compared 

to the governing horizontal loads taken into account in design. The horizontal seismic load might be larger than the 

structure, which is investigated in this research, can withstand. 

 

In this chapter the motivation, objective and methodology of this Master-research are described. In the motivation a 

brief formulation of the problem definition is given. This motivation results in two goals, which are explained in 

section 1.2. Finally the methodology is described in section 1.3, where the approach is explained. 

1.1. Motivation 

In the Netherlands earthquakes did not occur, or were at least very rare up till recent years. The gas production from 

the Groningen gas field causes since 1991 induced earthquakes in the Groningen region. The seismic related loading 

is not taken into account in the design of existing structures, because this was not provided in the standards and/or 

design rules in that time. This new type of loading at structures might result in larger internal forces compared to the 

forces taken into account in design. As a result in failure of structural parts of the buildings. 

 

Terrace houses are common structures in the Netherlands. This type of structure is known for the uniform geometry 

and construction methods. Traditional this structure is made of masonry walls and timber floors. Nowadays the walls 

are in general made of calcium silicate masonry and the floors of prefabricated concrete weight saving elements. An 

example of a prefabricated concrete weight saving element, frequently used in terrace houses, is a hollow-core slab. 

The design and construction of a hollow-core slab floor system is presented in CUR-report 136 [1]. 

Seismic loading results in a variable load in three directions. For buildings especially the horizontal directions need 

to be taken into account, because in general buildings are primary designed to take into account vertical loading. 

The governing horizontal loading, included in design of these structures is the wind load at the facades. The wind 

load at the side facade of a block of houses is small because of a small facade area. Therefore the load bearing 

elements (bracing elements) in this direction may be small, also because the wind load at the side facade is 

distributed over all houses located in the same block. In general the bracing elements are constructed using masonry 

walls, which are located in the inner leaves of the front and back facades (lateral stability walls or piers). 

 

Criteria determining the seismic related loads differ by the criteria determining the governing loading included in 

design of these structures. Where for wind loading the location of the structure (wind region) and facade area 

(volume) determine the amount of load. In seismic engineering the amount of loading is by a major proportion 

determined by the mass of the structure (masonry terrace house the mass is relatively large due to the used 

construction materials) and the ground acceleration. As a result, the wind load is constant for a series of houses 

situated in a row (similar load for a single house or for example three houses in a row), whether the seismic loading 

is constant per house (load for a single house is three times as small compared to the load belonging to three houses 

in a row). 
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Figure 1.1: Horizontal loading at a row of three masonry terrace houses, wind load determined mainly by the side 

facade area and seismic load by the mass of the structure 

 

Another difference between seismic and wind loading are the dynamic effects. The amount of these two loadings are 

not uniform in time, the amount varies, but for seismic loading the dynamic effects could be larger compared to the 

wind load. Wind load in general is considered as a static load. 

 

To determine the seismic loading for the Groningen induced earthquakes, a Dutch code of practice (NPR-9998 [2]) 

has been developed. The seismic part of the Eurocode is, up till now, not valid in the Netherlands because 

earthquakes did not occur, or were at least very rare. The national annex belonging to the seismic Eurocode (NEN-

EN 1998 [3]) is not available for the Netherlands yet. 

The NPR-9998 consists of calculation examples for various construction materials to provide the interpretation of the 

guideline, like: concrete, steel, masonry and timber as well foundations. In one of these calculation examples the 

seismic loading of a masonry-built terrace house with hollow-core slab floors is determined. This calculation  

(push-over calculation [4]) is performed, taking into account the elasto-plastic behaviour of the masonry structure 

and the seismic load is determined using static approach. 

 

The induced earthquakes in the Groningen region which occur since a few years result that existing structures are not 

designed to take into account the related loading. The masonry-built terrace houses with hollow-core slabs are 

frequently constructed in the Netherlands. The geometry of the terrace houses result in small lateral forces due to the 

wind load (governing load in design of these structures), due to the large mass the seismic related forces can be 

larger compared to the forces determined in design. 

The considered structure is not designed to take into account the seismic related forces, therefore the resistance of the 

considered structure can be too small to take into account the seismic related forces. 
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Figure 1.2: Block of three masonry-built terrace houses with the used denomination 

1.2. Objective 

The aim of this Master-research is twofold. The first goal is to determine the seismic behaviour of the floor system of 

a terrace house. Within this part of the research it is investigated whether the static equivalent force can be 

determined and applied, in determining the seismic related load at a masonry-built terrace house with hollow-core 

slabs. The second goal is to determine the resistance of the floor system, whether the in-plane resistance of the 

diaphragm is sufficient to take into account the seismic lateral loading prescribed for the Groningen region. 

 

This research focuses on existing masonry-built terrace houses with hollow-core slab floors, where especially the  

in-plane forces in the floor system are analysed. In general seismic engineering the in-plane floor stiffness is seen as 

rigid compared to the stiffness of the bracing elements (lateral stability walls). In seismic engineering, a building is 

in general schematized by a cantilever with a certain stiffness (stiffness of bracing elements) and rigid bodies. These 

rigid bodies describe the rigid parts and the mass of the structure. The floors, in general seismic engineering, are 

schematized as rigid bodies, because they have a large in-plane stiffness and contain a large part of the total mass of 

the structure. 

 

Whether a hollow-core slab floor system is rigid during a Groningen induced earthquake, constructed following 

CUR-136 [1] provisions, is part of the first research goal. In seismic engineering, using static approach, the seismic 

related forces at the structure are concentrated at the rigid bodies and described by a static equivalent force. When 

the floor system is rigid, until failure occur, this schematization is correct. However whether the behaviour of the 

floor system is not rigid, the static approach results in inaccurate forces using a static equivalent load. 

The above leads to following delimitation of this part of the research: 

 Standardized geometry of the considered structure. Calcium silicate masonry constructed walls, load 

bearing walls and lateral stability walls (piers) located in the front and back facades. Floors constructed with 

hollow-core slabs without using a structural screed. 

 Considering the stability of the structure parallel to the floor span, where in design the wind load at the side 

facade is the governing horizontal loading. In this direction the in-plane forces in the floor are parallel to the 

floor span and these forces are transferred to the foundation by the piers. The vertical ground motions and 

horizontal ground motions perpendicular to the floor span are not taken into account in this research, only 

the stability of the structure in a single direction is considered. 

Side facade

PiersLoad bearing wall

Ground floor

Gable wall

Second floor

First floor



 

 

4 Diaphragm action of a hollow-core slab floor system under seismic loading 

P. Mijnsbergen 

 Floor system is constructed using hollow-core slabs, following provisions prescribed by CUR-136 

(connection design). 

 Behaviour of the load bearing elements at the masonry-built terrace house as determined by a push-over 

calculation [4] (which is in addition to the NPR-9998 [2]). 

 

Using time-history analyses, considering the dynamic situation, the hollow-core slab floor system is considered as 

constructed following CUR-136 provisions. By analysing how the masonry-built terrace house and floor system 

behaves during an earthquake, it will be verified whether this equivalent force (determined in static approach) can be 

used in determining the seismic related force at a masonry-built terrace house. As a result this research will give an 

answer to following question: 

 

Can the seismic related forces, belonging to the masonry-built terrace house with hollow-core slab 

floors, be determined by a static equivalent load? 

 

The second goal of this research will focus on the resistance of the floor system. The resistance of a hollow-core slab 

floor system used in the masonry-built terrace house is sufficient to resist wind loading at the side facade. As 

mentioned in section 1.1, the seismic related forces at the structure can be larger compared to the forces taken into 

account in design. Seismic load characteristics differ strongly from those for determining the wind load. Therefore 

the second goal of this research is focused on the resistance of the hollow-core slab floor system, when a Groningen 

earthquake occurs, loaded parallel to the span direction. The connection design as presented in CUR-136 needs to 

result in a sufficient in-plane resistance of the diaphragm and the in-plane forces need to be transferred to the piers 

located in the front and back facades. 

As a result, this part of the research will give an answer to following question: 

 

Is the resistance of the floor system sufficient, following the connection design as presented in  

CUR-136, when the masonry-built terrace house is subjected to a Groningen induced earthquake? 

1.3. Methodology 

The motivation of this research is presented in section 1.1, but to get really into the problem definition at the start of 

this research, a problem analyses is described in three steps: 

1. The gas production with its related consequences. 

2. Characteristics of earthquakes especially induced earthquakes. 

3. The considered structure and why this structure is vulnerable to the earthquake loading. 

 

In seismic engineering different calculation techniques can be used to determine the seismic related forces on the 

structure. These different calculation techniques are described in this report. Especially the static calculation 

technique taken into account the non-linear aspects of the structure (push-over calculation). For this type of structure 

a push-over calculation [4] is presented additional to the NPR-9998 and the results of this analysis are used in this 

research. 

In this research the focus is not on static calculations but to consider the dynamic situation. Therefore time-history 

analyses are performed using numerical simulations where the support of the structure is accelerated by earthquake 

signals. 

 

To give an answer to the first research question, set in section 1.2, time-history analyses are performed using 

numerical analyses. Prior to these calculations, simple dynamic systems are considered to validate the numerical 

software and the used numerical solving technique. The response of simple dynamic systems is determined by means 

of the analytical solutions (solving the equation of motion) and these are verified by the numerical generated 

solutions for identical systems. 
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Using a similar numerical solving technique (dynamic implicit), two systems are considered in determining the 

behaviour of the floor system during an earthquake. In these systems the floor is not schematized as a rigid body, 

which is performed in general seismic engineering, but as a bending beam and truss system. The response of these 

systems is related to the stiffness of the floor system. In case the acceleration of the floor components is equivalent, 

the floor system is rigid and can be schematized as a rigid body. 

 

To determine the Groningen seismic loading for the masonry-built terrace house, the seismic load is first determined 

following the static approach according to the NPR design spectrum. Afterwards, using time-history analyses and 

acceleration-time relations (earthquake signals) corresponding for the Groningen region, the seismic related forces 

on the structure are determined. To verify whether the used earthquake signals are suitable for the Groningen 

situation, the elastic response spectra presented in the Dutch seismic code of practice is compared to the elastic 

response spectra belonging to the used earthquake signals (accelerograms). 

Using the time-history calculations, the schematization as used in static approach is extent. First a similar system as 

used in static approaches, equivalent single spring mass system, is driven by the accelerograms. Where after a system 

with more degrees of freedom is considered, which is more related to the real structure, to determine the response of 

the system and related forces. With this schematization it is verified whether the static equivalent load results in a 

correct approach to determine the seismic related forces at the masonry-built terrace house. 

 

To determine the resistance of the floor system, to answer the second research goal, numerical simulations are 

performed where the floor system is modelled in more detail. In this schematization the hollow-core slabs, 

longitudinal joints, support of the hollow-core slabs at the load bearing walls and finally the lateral stability walls are 

individual schematized with their capacity and non-linear behaviour. 

The force distribution of the floor system, in these numerical simulations, is analysed. The force distribution from the 

numerical analysis is compared by the force distribution as prescribed in CUR-136. 
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2. Problem analysis 

The problem definition and objectives of this research are elaborated in chapter 1. In this chapter the problem 

analysis is discussed, by means of three subjects: 

 The gas production from the Groningen gas field. 

 Seismicity, tectonic and induced earthquakes. 

 The considered masonry-built terrace house. 

These three subjects result finally in the problem statement of this research, which is presented in section 1.1. 

Masonry-built terrace houses with hollow-core slab floors and loaded by ground motions due to the induced 

earthquakes which occur in the Groningen region due to gas production. 

 

At first the gas production from the Groningen gas field is treated and the consequences related to the gas production 

(section 2.1). Secondly, the subject seismicity is discussed, making distinction between tectonic and induced 

earthquakes (section 2.2). The earthquakes which occur in the Groningen area (induced earthquakes), have a major 

difference compared to tectonic earthquakes which occur due to movements of plates. Finally in section 2.3, the 

considered structure, masonry-built terrace house using hollow-core slab floors, is elaborated containing the 

construction of this kind of structure, design and construction recommendations for this kind of floor systems. 

2.1. Natural gas production 

In the north of the Netherlands, gas is extracted from a gas reservoir (Groningen gas field) at three kilometres below 

the earth surface. This gas field is discovered in 1959 and in 1963 the gas production started. During the first years of 

the gas production, it appears that the gas field was larger than expected at the start of the gas production. The gas 

field was known (by then) as the largest gas field of the world. Nowadays the gas reservoir is still the largest in 

Western Europe. 

The gas production had a positive contribution to the Dutch industrial development. For example all households were 

connected to an underground pipeline network. This network transported the gas from the north of the Netherlands 

over the entire country. Because of the composition of the gas, all traditional cooking and heating facilities were 

replaced by modern geysers and gas cookers. 

 

The gas production from the Groningen gas field fluctuates during the production years. As an example, by the time 

of the first oil crisis (around 1973) the gas production was increased significantly, also due to the oil boycott by oil 

producing countries. After this oil crisis the gas production was decreased and relatively constant. Since 2000 the gas 

production is increased again, in order to satisfy the increased demand for gas, both for national use and for export. 

Nowadays the gas production is limited, by the Ministry of Economic Affairs [5], due to the consequences of the gas 

production, which are described in section 2.1.1. 

 

The gas is located around three kilometres below the earth surface in the cavities of a porous sand-stone layer [6]. 

This gas stays packed in this sand-stone layer because of an impenetrable salt or clay layer situated above the gas 

containing layer. 

The complete gas reservoir below the Groningen region is detected now. New gas fields are still being found under 

the North Sea. 
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The gas is produced using a drill hole, which reaches up to the gas containing layer. This hole is drilled by a 

temporary drill tower where almost 300 pieces of pipeline, each with a length of approximately 10 metres are 

stepwise assembled to reach a depth of around three kilometres. Afterwards the drill hole is stabilized by a steel pipe 

and cement, to prevent the drill hole for leakage. To extract the natural gas from the reservoir, at the depth of the gas 

containing layer, the drill hole is penetrated as a result in small holes in the cement and steel skin. The gas flows 

through the pipe to the earth surface due to the pressure of the gas. 

When the gas reaches the surface, the gas contains a mixture of water vapour and gas condensate. This mixture is 

processed to a liquid state. The water is extracted and pumped back in the gas containing layer. Finally the pure gas 

is transported to refineries, where the gas is treated further. 

2.1.1. Consequences 

The gas production, which had a major contribution to the Dutch prosperity also brought negative consequences for 

the Groningen region: settlements and induced earthquakes. These consequences have proven to have large effects to 

the built environment of the Groningen region. 

 

Due to the gas is packed in the gas containing layer, the gas pressure will result in a confining pressure at the 

surrounding soil material. The gas production results the confining pressure of the gas reservoir to decrease, as a 

result the porous sand-stone layer is pressed [6] and the granules of the gas containing layer are compressed [7]. This 

phenomenon is called “compaction” and presented in Figure 2.1. 

When the gas production was started in 1963, the gas pressure was around 350 bar [7] (average pressure at this depth 

below the earth surface). This pressure is decreased due to the gas production. After 50 years of gas production the 

confining pressure of the gas reservoir is decreased to 105 bar. As a result that the effective stresses in this period are 

increased by 245 bar. 

 

 
Figure 2.1: Decrease of confining pressure of the gas reservoir results in an increase of effective stresses [7] 

 

There are two important consequences related to the compaction of the gas reservoir. Firstly the direct consequence 

by the compaction will lead to subsidence of the soil at the surface. Secondly, there are larger effective stresses in the 

soil located, which need to be taken into account by the soil material. The lowest resistance in the soil, is due to 

frictional resistance at small natural faults located in the soil profile. When the fault resistance is too small, the soil 

material will slide along the fault and the elastic energy can suddenly be discharged which results in seismic motions. 
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The settlements of the Groningen surface due to the gas production are quite uniform [8]. Especially non-uniform 

settlements have consequences to the built environment, both structural consequences and practical consequences. 

Therefore the soil settlements (uniform settlements), due to gas production, have no direct consequences to the built 

environment of the Groningen region. 

The largest settlements are measured in the centre of the gas field. Around the sides of the gas field the settlements 

are zero. As a consequence, the subsidence of the Groningen region has the shape of a “bowl”. The radius of the 

“bowl” is such that the subsidence for structure can be schematized as uniform. 

 

The induced earthquakes, in comparison to the settlements, have large consequences to the Groningen built 

environment. These earthquakes are strongly related to the compaction of the reservoir [8] as shown in Figure 2.2. 

The first measured induced earthquake occurred in 1991, related to a compaction of 18 centimetres at the location of 

the epicentre. After this first earthquake more earthquakes occur in the Groningen region and around 90% of these 

earthquakes takes place after a reservoir compaction of 18 centimetres. 

The time of occurrence of the earthquakes is also strongly related to the gas production. In winter times, more gas is 

extracted from the gas reservoir compared to the summer period. From observations seems that the larger magnitude 

earthquakes occur six to nine months after the peak gas production (winter) period [9]. The direct influences of the 

gas production to the number of earthquakes are shown in Figure 2.3. In 2006/2007 the gas production was 

decreased significantly, as a result in a decrease of the number of earthquakes in 2007/2008 (direct consequences in a 

short period). Considering the overall relation between the earthquakes and the gas production, is seen that the 

average amount of the earthquakes is increased since 1991. Contrary to this statement, the gas production was 

decreased in the time period between 1993 and 1999. 

 

 
Figure 2.2: Contour plot of the reservoir compaction (18 centimetres) and induced earthquake (number and 

magnitude) [8] 

 

 
Figure 2.3: Gas production and number of induced earthquakes [9] 
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The Dutch ‘Ministry of Economic Affairs’ is heavily involved in regulation of the gas production [5], to decrease the 

magnitude and number of the induced earthquakes. So is for example the gas production of the gas field limited, 

especially in the centre of the gas field (location where the most earthquakes occur) where no gas may be produced 

for a certain period. 

2.2. Seismicity 

The earthquakes which occur in the Groningen region are so called induced earthquakes. The origin of these induced 

earthquakes differs with tectonic (natural) earthquakes. Also the ground motions of these earthquakes differ with the 

ground motions of tectonic earthquakes, which need to be taken into account in seismic engineering. 

The principle of both induced and tectonic earthquakes are discussed in this section. Especially the difference is 

analysed and the ground motions which need to be taken into account in structural design. 

2.2.1. Tectonic earthquakes 

Tectonic earthquakes (natural earthquakes) are related to plate movements of the earth interior. The rigid outer shell 

of the earth consists of different plates (continental plates and oceanic plates), together with the rigid component of 

the mantle this part of the earth interior is called the ‘lithosphere’. The lithosphere rests at the uppermost layer of the 

mantle, the so called ‘asthenosphere’, which is a weak and easily deformable layer. 

The oceanic and continental plates will move, relatively to each other, over the asthenosphere due to convection 

currents in this layer. The movement of these plates results in storage of elastic strain energy in the natural faults 

(interaction plane of these plates). The faults exist of a rough surface with irregularities and asperities and can 

therefore interlock. 

When due to the plate movements the interlock resistance of the faults will exceed by the strain energy, the lateral 

plane of the fault can suddenly break through the asperities until a new stable state is reached. This will result in a 

combination of elastic strain seismic waves (which will radiate outwards in all directions), in frictional heating and 

cracking of the earth crust. 

 

Tectonic earthquakes are in general categorized in two categories with respect to the depth of the hypocentre. The 

hypocentre is the location where the earthquake occur, where the epicentre is the location of the hypocentre projected 

at the earth surface. 

The tectonic earthquakes are categorized by ‘shallow earthquakes’ and ‘deep focus earthquakes’. The depths of the 

hypocentres of shallow earthquakes are between 0-70 kilometres below the earth surface, where for deep focus 

earthquakes the depth is larger than 70 kilometres below the surface. These deep focus earthquakes mostly occur 

with the movement of great slabs, or when the lithosphere is sinking into the earth’s mantle. 

2.2.2. Induced earthquakes 

Induced earthquakes occur due to human activities instead by movements of tectonic plates. Induced earthquakes can 

be linked to mining, extraction of fossil fuels, injecting of liquids into the soil or storage of large amounts of water in 

artificial lakes. 

The principle of an induced earthquake is similar to tectonic earthquakes. Strain energy is stored in the soil, at natural 

“small” faults (compared to faults between tectonic plates). This energy can break suddenly through the asperities of 

the natural fault (discontinuities of the soil), as a result in seismic ground motions. 

The increase of the strain energy for situations of induced earthquakes differs from tectonic earthquakes, because this 

is a result of human activities. The human activity will change the stress and/or pore pressure in the soil which result 

in an increase of the strain energy in the fault. 

 

As described in section 2.1.1, the gas production results in induced earthquakes at the Groningen region. These 

natural faults located in the soil beneath the Groningen region, are located in the porous sand-stone layer. When the 

sand-stone layer is compressed due to compaction, this layer can shifted intermittently by natural faults [6]. 
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In general, the depth of the hypocentre of induced earthquakes is significant smaller compared to the location of the 

hypocentre of tectonic earthquakes. As a result that the ground motions belonging to induced earthquakes differ by 

the ground motions due to tectonic earthquakes, as described in section 2.2.3 below. 

2.2.3. Ground motions 

In seismic engineering the ground motions of the earthquake lead to a base acceleration of the structure. In seismic 

codes, the peak ground accelerations are provided which are in general location based. 

For the Groningen situation the peak ground accelerations are presented in the seismic Dutch code of practice [2] 

(NPR-9998 ‘section 3.2.2), expressed by a factor multiplied by the gravitational acceleration. The peak ground 

acceleration (PGA), in the centre of the gas field near the village Loppersum, ag,ref = 0.36 g and for the city 

Groningen this PGA is around 0.10 g. 

 

Ground motions, taken into account in seismic engineering, are related to the impact of an earthquake at the earth 

surface. The depth of the hypocentre determines for a large part the impact at the surface. For a deep focused 

earthquake, the seismic waves are spread over a larger area compared to a shallow earthquake. As a result, the 

impact at the earth surface is for a similar magnitude earthquake larger for a shallow earthquake. 

 

The shallow depth of the induced earthquakes in the Groningen region (around three kilometres below the surface) 

results that the peak ground accelerations are rather high. This can be seen by comparing the peak ground 

accelerations presented for the Groningen region with other locations in Europe where also earthquakes occur 

(particularly tectonic earthquakes). For example the peak ground accelerations provided in Germany are around 

0.15 g and for Italy these are around 0.3 g. 

 

In structural analyses especially the horizontal accelerations need to be taken into account. With regard to the vertical 

direction, the structure is “loaded” by a permanent gravitational acceleration (g ≈ 10 m/s
2
). The vertical ground 

motions of the system will result that this permanent acceleration is increased or decreased, which entails that 

structures are in general robust in the vertical direction (these are designed in majority to carry vertical loading). 

Considering the horizontal accelerations of the soil, these can have a significant effect on the structure’s stability. 

This loading needs to “carried” by the bracing elements of the structure. 

2.3. Dutch terrace houses 

Terrace houses are typical Dutch structures and built in the Netherlands using different construction methods. It all 

started at the end of the Middle Ages where small identical almshouses are built in old Dutch cities to accommodate 

employees in the urban area or poor lonely persons by social housing. These terrace houses are developed in the 

years after the first were built and nowadays these are fully integrated for the Dutch population. Also in the 

Netherlands the best architects are involved in the design and development of the terrace houses. For example the 

Amsterdam canal houses which are the so called “Seven Provinces” can be categorised as terrace houses. 

 

The most traditional construction method of a terrace house is the masonry-built terrace house. Over the years, the 

construction of the masonry-built houses is developed, as a result in new used materials and structure components 

(section 2.3.1). Terrace houses are also constructed following other construction methods: like in-situ cast concrete, 

unit structure using prefabricated concrete elements or timber skeleton structures. This research focuses on the 

masonry-built terrace houses, the other construction methods are disregarded. 
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2.3.1. Masonry-built terrace house 

A masonry-built terrace house is a traditional Dutch terrace house. The masonry construction method is 

characterized by the walls that are built up using manageable elements which are not of storey height and which are 

made by stone like materials. Traditionally the walls were made by brick masonry using cemented joints. The floors 

in these structures where made of timber beams with in between timber boards. 

Development of new materials and systems resulted that the structure of the traditional terrace house is developed in 

time, which had consequences of the used materials and used structural components. Nowadays the brick masonry 

inner leaves of the walls are replaced using calcium silicate elements with thin layer mortar joints. Different types of 

floor systems are used, existing in most cases of prefabricated weight saving concrete elements, for example  

hollow-core slabs. The weight of these “weight saving concrete elements” is larger than the traditional timber floors, 

but these elements are less heavy compared to a monolithic concrete floor. 

 

The construction of a masonry-built terrace house starts with the foundation, which is in The Netherlands often a pile 

foundation with foundation beams due to weak soil conditions. This weak soil results that the ground floor has a span 

between the foundation beams, as a result in most cases in a similar used floor system as the first- and second floor. 

On top of the foundation beams, the masonry load bearing walls are constructed up till the first floor. These walls are 

located at the side of the house, where the house is adjacent to the other house. 

The floor system of the first floor is put on top of the load bearing walls. When the first floor is placed on the load 

bearing walls, the walls are continued up till the level of the second floor. The second floor is constructed similar as 

the first floor, at top of the load bearing wall. 

Another important aspect of masonry-built terrace houses concerns the lateral stability walls (piers). These calcium 

silicate masonry walls are located perpendicular to the load bearing walls and are accumulated similar as the load 

bearing walls. In most situations these piers are located at the inner leaves of the facades of the masonry terrace 

house, which results in a free floor plan of the house. 

 

Characteristic to the Dutch building method are cavity walls. In the masonry construction method, the load bearing 

walls, situated between the houses, exist of two walls with in between a cavity. This results that these walls exist of 

two relatively thin walls instead of a single thick wall. This cavity results in acoustic isolation between the adjacent 

houses. There is a single structure element which crosses this cavity: small anchors placed at the same level as the 

floors. These anchors are meant to transfer the in-plane forces in the floor to the floor of the adjacent house, create an 

interacting structure of the houses situated in the same block. 

 

  
Figure 2.4: Example of a masonry-built terrace house with hollow-core slab floors (Source: BFBN BetonPlaza) 
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The front and back walls of the houses are also built up by cavity walls (inner and outer leave). The cavity between 

these walls improves temperature isolation and prevent moisture absorption in the inner leave of the wall. The 

facades are in general built up by clay brick masonry walls, also when the structural parts are made by calcium 

silicate masonry. The clay brick masonry facade only has to carry the self weight of the facade and transport the 

wind pressure at the facade to the load bearing elements. Therefore the facades are connected to the structural parts 

with small wall ties to transfer this lateral loading and provide the facades from tilting. 

 

The floor systems which are nowadays mostly used in a masonry-built terrace house are weight saving prefabricated 

concrete elements. CUR-136 [1] provides constructing requirements and recommendations for hollow-core slab 

floors. For the use of this floor system in a terrace house, specific rules are described. Remark: CUR-136 report is set 

up without taking into account earthquake loading. This type of loading is dealt with, in detail in section 3.2.2. 

Hollow-core slabs are prefabricated prestressed concrete slabs. To save weight, longitudinal hollow canals are 

situated over the entire slab length. In general the width of a hollow-core slab is 1.2 metres. The thickness varies, 

dependent on the span length and loading of the slab. In general in a terrace house slabs are used with a thickness of 

0.15 metres. 

The pretensioned strands are straight and most of them are situated below the centre line of the cross-section. They 

have bonding with the concrete over the full length. The strands are the only steel reinforcement in the slabs. There is 

no reinforcement applied in lateral direction, as a result in a limited resistance of the slab in this direction. 

 

The hollow-core slabs are placed next to each other at the masonry load bearing walls, where the slabs are supported 

over the entire width of the slab. The longitudinal joints (joints over the full length of the span, side of the slabs) are 

filled in-situ with mortar to connect the slabs to each other. The side plane of the hollow-core slabs are tapered, as a 

result no formwork is needed to fill the longitudinal joints with mortar. 

On top of the floor a finishing layer is cast using a sand-cement mortar. This layer (not to be confused with a 

structural screed) is not applied for structural reasons. The finishing layer is just meant to create a smooth surface of 

the floor. 

2.3.2. CUR-136, recommendations using hollow-core slabs 

The CUR-136 recommendations are based on literature and experimental research and is published because hollow-

core slabs are frequently used as floor system in structures in the Netherlands. For the use of hollow-core slabs in 

single family houses (like a terrace house) specific requirements are presented because of the unique situation 

compared to other structures where hollow-core slabs are used. 

The situation which is described in CUR-136 for single family houses, is that the structure needs to have one or more 

bracing elements, which transfer the load parallel to the floor span. 

 

The floors in a terrace house carry primarily the direct vertical loading (permanent and variable), but the floor system 

also acts as diaphragm to transfer lateral forces. Diaphragm action of the floor system is required to linking the walls 

at each level, to limit the horizontal displacement. To create diaphragm action, the floor must have sufficient in-plane 

resistance. In a hollow-core slab floor construction detailing is important (as prescribed in CUR-136) to create 

sufficient in-plane resistance. The in-plane resistance of a hollow-core slab is large. As a result the structure needs to 

have a sufficient connection- or joint design, to create diaphragm action of the entire floor system. These connection- 

or joint design presented in CUR-136 are described in section 3.3. 

 

The recommendations presented in CUR-136 are based on the in that time (1988) governing lateral load. For the 

floor system the governing lateral load considered in CUR-136 is the wind pressure at the side facades of the houses. 

As a result the diaphragm resistance is sufficient for the wind load. As mentioned the earthquake forces might be 

larger, compared by the wind forces, which can result the diaphragm resistance is not sufficient. Due to exceeding of 

the diaphragm resistance, the stiffness of the floor system is decreased. As a result the in-plane forces are not 

transferred to the bracing elements (piers), as a result in failure of the floor system.  
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3. Considered masonry-built terrace 

house with hollow-core slabs 

This research focuses at the seismic related loads of a masonry-built terrace house with hollow-core slab floors due 

to induced earthquakes. In this research a standardized geometry of the structure is assumed, which correspond to the 

geometry which is considered in the design example presented with NPR-9998 [4]. This structure will especially be 

investigated in lateral direction, parallel to the front facade. 

 

In section 3.1, the standardized geometry of the structure is presented. The lateral loading at the structure is presented 

by describing the distinction between wind pressure and seismic loading more briefly as in the motivation of this 

research. In section 3.3, the force distribution in the floor system is analysed. Where after (section 3.4) the 

calculation of the floor system conform CUR-136 [1] is presented as used in a masonry-built terrace house, based on 

wind load. 

3.1. Geometry 

The load bearing walls (situated as separation wall between the adjacent houses) are monolithic masonry walls with a 

thickness of 120 millimetres. The lateral stability walls (piers) are made of the same material as the load bearing 

walls and have a thickness of 100 millimetres. These piers are connected to the load bearing walls and are often 

located at the inner leaves of the front and back facades of the house. As a result, the layout of the facades is not 

completely free: openings (for windows or doors) cannot be created in these piers, because this will reduce the 

stiffness and resistance of these piers. The length of the lateral stability piers is depending on the wind load and the 

number of houses in a row. In the considered example, the piers have a width of 0.58 metres, measured from the 

inside position of the load bearing wall. 

 

The floors (ground-, first- and second floor) are made of concrete prefabricated hollow-core slabs with a thickness of 

150 millimetres and width of 1.2 metres. The hollow-core slabs create a free span between the load bearing walls of 

5.1 metres, which is the entire width of the house. 

The depth of the terrace house is in general based on the width of a single hollow-core slab. In most situations there 

is only made use of full-width slabs. Also fitting slabs can be used, which are smaller compared to full-width slabs, 

as a result in more freedom in design for the depth of the terrace house. The costs of these fitting slabs are larger 

compared to the full-width slabs, because these cannot be made together to the full-width slabs due to the used 

construction technique. 

For this considered example seven slabs are considered. The depth of the terrace house (length of load bearing walls) 

result in 8.46 meters, taken into account longitudinal joints of 10 millimetres. 

 

The geometry as shown in Figure 3.1 is in this research used as standardized geometry. Remark: the floor is assumed 

to be continuous, openings are not considered. Normally there is made an opening in the floor to allow a staircase or 

duct shaft, which will reduce the in-plane stiffness and resistance of the floor system. In this research a continuous 

floor system is considered to simplify the structure geometry. 

 



 

 

16 Diaphragm action of a hollow-core slab floor system under seismic loading 

P. Mijnsbergen 

 
Figure 3.1: Geometry masonry-built terrace house with hollow-core slab floors 

3.2. Loading 

The considered structure is loaded by vertical and horizontal loads. Distinction can be made between permanent 

loads, variable vertical loads at the floor and roof (snow), wind loads (horizontal orientated) and seismic related 

forces (vertical and horizontal orientated). 

In this section the lateral loading parallel to the front facade is analysed, which is transferred by the floors to the 

bracing elements (piers). Firstly, the wind pressure with its characteristics is described, which was the governing 

loading at time of design of these structures. Secondly, the characteristics of the earthquake loading is described, 

especially the lateral loading which occurs due to ground motions. 
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The vertical loading at the structure, mainly the self-weight of the structure and variable loading at the floors and 

roof are transferred to the foundation by the load bearing walls. The floors are supported by the load bearing walls 

and the roof is situated at top of the gable wall. 

The self-weight of the structure is relative large, because of using concrete floors (even by using weight saving 

elements) and monolithic masonry walls. A large percentage of the permanent and variable vertical loading (for 

example furniture) is situated at the floors. The roof is made of timber, therefore the permanent load at the roof is 

significant smaller compared to the hollow-core slab floors and the variable vertical loading exists of a snow load. 

3.2.1. Wind pressure 

The wind loading is in general expressed by a pressure load (loading per metre squared). Determining this loading, a 

series of structural variables need to be taken into account. First the geographic location is of great importance, this 

determines the accumulation pressure at the structure. The Netherlands is divided in three zones (wind zones), where 

different wind speeds result in different forces. Also the surrounding of the structure and its height determine this 

pressure. 

To determine the pressure load, the accumulation pressure must be multiplied by various factors and coefficients as 

prescribed in the codes (NEN-EN 1991-1-4 [10]). These take into account the shape and size of the structure which 

can result in a peak pressure or suction at specific parts of the structure. 

 

The wind force on the structure (pressure load) acts at the facades of the structure. The facades (outer-leaves) are 

connected by small wall ties to the load bearing walls (inner-leaves). The floor is placed at these load bearing walls, 

as a result that the lateral wind load is transferred by the load bearing wall (due to adhesion and friction of these 

materials) to the floor system. 

As far as the wind pressure is concerned, distinction can be made between the wind force at the front facade and at 

the side facade. The wind load parallel to the direction of the load bearing walls, can be differentiated in wind 

pressure (at the front facade and roof) and wind suction (at the back facade and roof). This loading will result in an 

in-plane force in the floor perpendicular to the span direction of the hollow-core slabs. This in-plane loading is 

transferred to the load bearing walls, which have a large resistance in this direction to transfer this loading to the 

foundation. 

 

 
Figure 3.2: Wind pressure at side facade of a masonry-built terrace house 
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The wind pressure at the side facade results in smaller forces compared to the wind pressure at the front facade. The 

total wind load is determined by the wind pressure at the side facade, friction from the roof and suction from the side 

facade at the other end of the block of houses. The load caused by friction on the front and back facade is not 

considered. This load is resisted by the outer leave of the facades themselves. 

 

Each terrace house consists of a series of stability piers. For the considered structures in this research, it is assumed 

that these piers are located in the front and back facades (inner leaves). These piers can also be situated for example 

at the staircase, but this is not considered in this research. 

Due to connection of the floors of the adjacent houses, the wind load (at the side facade) is distributed over all 

houses located in the same block. As a result, all houses of the block transfer a part of the wind pressure to the 

foundation, in its turn resulting in a limited value of the in-plane diaphragm force in the floor system due to wind 

pressure at the side facade. 

 

The recommendations in CUR-136 are based on the developed diaphragm forces due to the wind pressure at the side 

facade. The diaphragm forces which need to be transferred by the floor diaphragm are the total forces of the wind 

pressure at the side facade (considering a house located at the end of the row). In this calculation the wind pressure is 

not divided over the houses located in the same block (conservative approach). The wind suction, at the other end of 

the row, is taken into account by the structure located at the other end of the block of houses, but this load is smaller 

compared to the wind pressure. 

3.2.2. Earthquake ground motions 

Earthquake ground motions result in vertical and horizontal accelerations, velocities and displacements of the soil, 

which result in a seismic load in vertical and horizontal direction. To determine these seismic loads, Newton’s 

second law of motion applies: force equals mass times acceleration. 

In static seismic engineering, the seismic related forces of a structure are determined by a static equivalent load. In 

this method the acceleration of the system is determined using a code spectrum (section 4.3.1) which is multiplied by 

the mass of the structure. 

 

In concrete structures a large percentage of the total mass is located at the floors. Especially when the floors are used 

for the stability of the structure (diaphragm action), the floor is designed to be rigid in-plane. As a result, a large 

percentage of the total mass is located at the same height and due to the in-plane stiffness, it is assumed that the 

diaphragm horizontal forces are directly transferred to the bracing elements without dissipation due to floor 

deflections. 

 

The vertical loading of an earthquake is in structural analysis in most situations not governing. The vertical load, like 

self-weight and variable loading, is large compared to the horizontal load. Due to the gravity acceleration there is 

acting a permanent downwards vertical acceleration. 

For the structural resistance of the considered structure the horizontal ground motions are more governing than the 

vertical motions. The horizontal response will result in a lateral load on the structure. For a large percentage this 

seismic lateral load is located at the floors of the structure. The determination of this load in more detail, applying 

code approaches, is elaborated in section 4.1.1. 
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3.3. Force distribution in floor diaphragm 

Diaphragm action of the floor system result that the in-plane forces in the floor are transferred to the bracing 

elements. The resistance to lateral loading of the considered structure perpendicular to the span direction of the floor 

is larger compared to the resistance to loading parallel to the span direction (Figure 3.3). This is a result of several 

geometrical characteristics such as: situation of the hollow-core slabs, shear resistance of the longitudinal joints 

(fragile cause these are only filled with mortar) and used bracing elements. Hereafter only the loading in the direction 

parallel to the span of the floor is considered. 

 

 
Figure 3.3: Force distribution in floor diaphragm by in-plane loading parallel to span direction 

 

The in-plane force distribution of the diaphragm is shown in Figure 3.3, considering lateral forces in governing 

direction. In Figure 3.3 can be seen that, due to the lateral load, a tension force and a compression arch develop in the 

floor system. 

The direction of the tension force is perpendicular to the span direction and is situated at the supports of the  

hollow-core slabs (support of the slabs at the load bearing walls). The resistance to this tension force is developed by 

the interaction of the hollow-core slab with the load bearing walls. That is why CUR-136 states that the hollow-core 

slabs may not be placed on a slip plane at top of the load bearing walls. The interaction of this layer must be of 

sufficient friction, as a result the tension force (tuition tie) can develop. 

 

The compression arch results in a force perpendicular and parallel to the longitudinal joint, normal and shear force 

respectively. The normal force is in equilibrium with the tension force located at the supports of the slabs. The shear 

force, situated over the length of the joint, must be resisted by friction between the side plane of the hollow-core slab 

and the joint mortar. The longitudinal joints, filled with mortar, are often cracked due to shrinkage. The cracked 

situation results that the shear forces need to be taken into account due to friction only. These shear forces can only 

be taken into account when the slabs are compressed, otherwise frictional resistance cannot be developed. 
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Figure 3.4: Slip plane at support (load bearing wall) of hollow-core slab and shear plane at longitudinal joint 

 

The diaphragm forces need to be transferred to the piers. When a masonry-built terrace house is loaded by a lateral 

force parallel to the span direction of the floor, the behaviour of the piers can be categorized in “active” and 

“passive” piers. The “active” piers are the bracing elements which transfer the diaphragm forces to the foundation. 

In the situation shown in Figure 3.3, the structure is loaded from the left hand side of the house. This load will result 

in a tension force located at the opposite side of the house. The “active” piers are located (in this situation) at the left 

hand side of the house. The force in these piers are the reaction forces of the diaphragm and need to be in equilibrium 

with the external load. 

3.4. In-plane forces prescribed by CUR-136 

CUR-136 [1] provides recommendations, for the construction of a hollow-core slab floor to be applied in a  

masonry-built terrace house, which are substantiated by calculations. In this calculation the wind pressure at the side 

facade leads to the governing load at the structure, seismic loading is not taken into account. 

In these calculations the diaphragm forces are determined for a house located at the end of the row, and in CUR-136 

is prescribed that these forces are transferred by diaphragm action to the piers. 

 

The geometry in CUR-136 differs with the geometry example as used in this research. In the used geometry of  

CUR-136 the floor consist of eight hollow-core slabs (depth of the house is 9.6 metres), where in this research seven 

slabs are used (depth of 8.4 metres). 

The width of the structure (b) and storey height (h) used in CUR-136 calculations are similar as the width and height 

shown in Figure 3.1, 5.4 metres and 2.7 metres respectively. 

The calculation as presented in CUR-136 is analysed in this section for a geometry as used in this research  

(Figure 3.1). Secondly the results are compared to the results following CUR-136 calculations. 
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The wind load in CUR-136 (governing load) is determined according to NEN 3850 (this standard is withdrawn in 

December 1991), which results in a pressure load (Qd) at the side facade. As a result, the wind pressure result in an 

equivalent static load (qd) at the floor, uniformly distributed over the floor length. 

 

Q
d
 = 360 N/m2 [ 3.1 ] 

q
d
 = Q

d
 ∙ h = 360 ∙ 2.70 = 972 N/m [ 3.2 ] 

 

The design shear stress in the governing section, longitudinal joint of two outermost slabs, due to the wind pressure 

is determined using following equations ([ 3.3 ] to [ 3.5 ]). The shear stress is determined by dividing the shear force 

in this section by the shear plane, which is the side plane of the hollow-core slab. Finally the design value is 

determined by multiplying the characteristic shear stress by a safety factor of 1.7. 

 

Vmax = 
1

2
 ∙ q

k
 ∙ l' = 

1

2
 ∙ 972 ∙ 6.04 = 3.0 kN [ 3.3 ] 

τ = 
Vmax

 hslab ∙ b 
 = 

3.0 ∙ 103

 150 ∙ 5340 
 = 0.0037 N/mm2 [ 3.4 ] 

τd = 1.7 ∙ 0.0037 = 0.0064 N/mm2 [ 3.5 ] 

 

The shear stress, determined by equation [ 3.5 ], needs to be taken into account by friction between the side plane of 

the hollow-core slab and the longitudinal joint. This friction develops due to micro and macro irregularities in the 

cracked plane, when these slip, the planes will move from each other. When this movement is prevented by an 

anchored tuition tie either frictional resistance at the support of the slabs, a compression component perpendicular to 

the joint develops, which compress these elements to each other. Remark: the initial crack width in the joint mortar 

must be limited, as a result frictional resistance can be developed. 

 

CUR-136 recommends a minimum frictional coefficient between the side plane of the slab and the joint mortar, to 

take into account the shear force ([ 3.3 ]) as a result of the wind pressure. In the calculation of this required frictional 

coefficient, the following assumptions are presented in CUR-136 to which the floor system should meet: 

 The hollow-core slabs may not be placed at a slip plane, at the support of the load bearing wall. 

 Frictional coefficient, between the hollow-core slabs and the load bearing wall, f1 = 0.5. 

 The outermost slabs will develop resistance against sliding (over the load bearing walls) of the in-between 

slabs. 

 

As mentioned before, the tension force as developed by the lateral load results in an equilibrium making compression 

arch. The maximum tension force in the diaphragm is determined ([ 3.7 ]), related the outermost slab will not slide 

over the load bearing wall. The frictional resistance of this section is determined by the friction coefficient in this 

section (f1 = 0.5) and the downwards loading. CUR-136 takes only into account the self-weight of the floor system 

(self-weight of the hollow-core slabs and finishing layer). 

 

  



 

 

22 Diaphragm action of a hollow-core slab floor system under seismic loading 

P. Mijnsbergen 

Determining the maximum developed tension force (T´max), the normal force in the longitudinal joint is determined 

(in equilibrium with the tension force). As a result, CUR-136 determines the required frictional coefficient (f2) in this 

section ([ 3.8 ]). 

 

Gd = 21.40 kN [ 3.6 ] 

T´max = f1 ∙ Gd = 0.5 ∙ 21.4 = 10.7 kN [ 3.7 ] 

f2 = 
Vd

 T´max 
 = 

 1.7 ∙ 3.0 

10.7
 = 0.48 [ 3.8 ] 

 

The required friction coefficient determined in [ 3.8 ] belongs to the geometry as shown in Figure 3.1 and a wind 

load used in CUR-136. In CUR-136 a minimum required friction coefficient f2 = 0.56 is determined. This coefficient 

is larger compared to the coefficient determined in [ 3.8 ], due to differences in geometry of the structure. As a result 

in CUR-136 the acting shear force in the longitudinal joint between the two outermost slabs is larger than determined 

in [ 3.3 ], 3.5 kN instead of 3.0 kN. 

 

Different test results, presented in CUR-136, show that the frictional resistance for smooth cracked joints is of a 

sufficient amount, the presented frictional coefficient is larger compared to the required coefficient determined in  

[ 3.8 ]. The conclusion given in CUR-136 for single family houses which uses one or more bracing elements, is that 

the shear stresses in the diaphragm does not have to be checked. Also applies that reinforcement as tuition ties does 

not have to be applied in the floor diaphragm, as a result the frictional based interactions are of a sufficient 

resistance. 

The recommendations presented in CUR-136 are related to the diaphragm action of the floor system. Therefore it 

need to be checked whether the reaction forces of the diaphragm can be taken into account by the piers capacity and 

whether the load bearing walls can include the tension force in the tuition tie. 
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4. Seismic engineering 

Buildings in the north eastern part of the Netherlands are loaded due to earthquake ground motions since a relatively 

short period of time. This short period of occurrence, have resulted in the fact that the existing structures are not 

designed for these earthquake loads. 

The earthquake loading, relatively new load case, has resulted in a Dutch code of practice [2] (NPR-9998), where the 

earthquake loading and characteristics are presented. The load characteristics and calculation techniques of the 

seismic loads differ compared to the horizontal wind load, which was the governing external load regarding lateral 

stability of a masonry-built terrace house. 

In this chapter general seismic calculation techniques are described as also structural schematization and important 

aspects presented in NPR-9998 are dealt with. 

 

The seismic related forces at a structure can be determined using different calculation techniques. The characteristics 

of these calculation techniques will determine the accuracy of the seismic related forces belonging to the structure. A 

brief overview of the four calculation techniques presented in NPR-9998 are shown in Table 4.1, prescribing the 

necessity of these calculation techniques. 

The calculation techniques will result in constraints to the schematization of the structure. The schematization of the 

considered structure is presented in section 4.2. The schematization as used in static approach (determining a static 

equivalent load) is shown, but this can also be used in non-linear time-history analyses. 

A brief overview of the NPR-9998 is presented in section 4.3 considering; the response spectra, static equivalent 

load, load combination and safety factors. Additional to the NPR-9998 a non-linear static analysis [4] (push-over 

analysis) of the masonry-built terrace house with hollow-core slabs is provided. The non-linear behaviour determined 

in this analysis is used in this research to describe the behaviour of the structure. Therefore the results of this 

calculation is analysed in section 4.3.2 and later on be used in the research calculations. 

4.1. Calculation techniques 

To determine the seismic related forces at a structure, different calculation techniques can be used which are 

presented in the seismic related codes. In these calculation techniques there can be made a distinguish between static 

and dynamic analyses or linear and non-linear behaviour. In this section, four calculation techniques according to 

NPR-9998 ([2] and [11]) are presented. 

The seismic related forces at the structure are determined by many structure characteristics, therefore the structure 

response due to ground motions is complex. The assessment of the structure response and related forces, can be 

determined through a comprehensive dynamic non-linear analysis. Such a calculation is complex and time-

consuming, therefore a time-history calculation is infrequently used in routine design. For convenient structures, a 

simplified static approach results, in general, in sufficient accurate results. 
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Table 4.1: Calculation techniques used in seismic engineering and usability of concerning technique 

Calculation technique Necessity to apply 

Lateral force method 

(linear static analysis) 

The seismic related forces are defined by an equivalent static force (base shear 

force). This force is distributed over the rigid bodies of the structure, for 

buildings in general this force is distributed over the floors, using a similar 

ratio as the deflection of the structure in its fundamental Eigenmode and 

distribution of masses. 

Dynamic effects are taken into account by a dynamic amplification factor, 

which is provided by the elastic response spectra for the structure natural 

period. 

Push-over analysis 

(non-linear static analysis) 

Load definition is similar as used by the ‘lateral force method’, following an 

equivalent static force. Instead of using elastic behaviour, non-linear structural 

behaviour is applied in this calculation technique. In general the non-linear 

behaviour is determined by a push-over analysis. 

Dynamic effects are taken into account using a design response spectrum, 

where the plasticity of the structure is taken into account by using the 

behaviour factor (q). 

Modal response spectrum analysis 

(linear dynamic analysis) 

The seismic related forces are determined using an elastic dynamic analysis. In 

this calculation a modal response spectrum is used. The forces at the rigid 

bodies of the structure are not limited to the structure’s deflection in its 

fundamental Eigenmode. Also the forces belonging to the higher order 

Eigenmodes are taken into account. 

Time-history analysis 

(non-linear dynamic analysis) 

Time-history analyses are the most realistic seismic calculations to determine 

the seismic related forces, using non-linear behaviour and performing a 

dynamic calculation. In this calculation technique the foundation of the 

structure is accelerated by ground motions of the earthquake (using an 

acceleration-time relation). The response of the structure is in general 

determined using numerical analyses. From the response of the structure, the 

related forces are determined. 

 

4.1.1. Static equivalent load 

The static calculation techniques, describe the seismic related forces by an equivalent static load (base shear force). 

In structural analysis, especially the horizontal ground motions are taken into account to determine the stability of the 

structure. This result in static approaches, in a lateral equivalent force which describes the horizontal seismic related 

forces. Dynamic effects are taken into account by a dynamic amplification factor (dynamic amplification factor, 

DLF) which is to be determined using response spectra as presented in the codes ([3] and [11]). The spectra 

presented in NPR-9998 [2] are presented in section 4.3.1. 

 

Lateral force method 
The base shear force is determined, using an equivalent single spring mass system (schematization of the structure), 

using linear behaviour. The natural period of this equivalent system (determined by the equivalent mass and spring 

stiffness) is used to determine the dynamic amplification factor (Sd(T1)/ ag,ref). According to the codes of practice, the 

DLF is presented for a range of natural periods (0 ≤ T ≤ 4.0 seconds) in a response spectrum, as presented in section 

4.3.1. 

 

Fb = Sd(T1)/ag,ref ∙ ag,ref ∙ m [ 4.1 ] 
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The base shear force, determined in [ 4.1 ], is a multiplication of the dynamic amplification factor, mass (m) of the 

structure and its acceleration (Newton’s second law of motion), which is in earthquake engineering the acceleration 

of the earth surface (ag,ref). The ground accelerations (ag,ref) are presented in the seismic related codes and depend on 

the region where the structure is built. 

 

The base shear force is distributed over the height of the structure, over the rigid bodies of the structure. In building 

engineering the structure is in general schematized as a massless cantilever with rigid bodies. These rigid bodies 

consist of rigid elements with a certain mass, in general these are the floors of the structure because they are 

relatively rigid in-plane and contain a large part of the total mass of the structure. 

The force ratio (distribution of seismic forces over the rigid bodies) is similar to the ratio of deflection (of the rigid 

bodies) when the structure deflects in its fundamental Eigenmode. As a result the seismic related forces at the floors 

will increase by increasing the height of the structure. The distribution of the seismic related forces is presented in 

NPR-9998 [2] and dealt with in section 4.3.1. 

 

Push-over analysis 
The difference between the lateral force method and the push-over analysis, is the non-linear behaviour of the 

structure which is taken into account in the push-over analysis by using a behaviour factor (q). The non-linear 

aspects have effects on the DLF (Sd(T1)/ ag,ref) of the structure, in general using the non-linear behaviour of the 

structure this factor decreases compared to a linear system. As a result in lower seismic related forces. 

The principle in determining the base shear force and seismic related forces at the rigid bodies of the structure is 

similar as described for the lateral force method (static equivalent load). 

 

Considering the horizontal earthquake loading, the non-linear behaviour of a structure is in general determined by a 

push-over analysis. By increasing the lateral forces at the structure, using the moment-curvature relation, the non-

linear force-displacement relation of the structure can be determined. 

The non-linear force-displacement relation will convert to an elasto-plastic relation. The constraint in this 

transformation is that the energy of the elasto-plastic relation needs to be similar as in the non-linear behaviour. The 

difference is that the elasto-plastic behaviour will have a specific yield displacement (dy) and maximum displacement 

(dm), which are used to determine the behaviour factor (q) related to the structure ([ 4.2 ] until [ 4.4 ]). 

 

T = 2π ∙ √ 
m

k
  = 2π ∙ √ 

 m ∙ dy 

Fy

  [ 4.2 ] 

μ = 
 dm 

dy

 [ 4.3 ] 

q = √ 2μ – 1  [ 4.4 ] 

 

The difference between the design spectrum and the elastic spectrum, is that for an elastic spectrum the behaviour 

factor q = 1.0. The plastic behaviour of the structure will result that the seismic ability of the structure will increase, 

compared to a fully elastic structure. Structures will in general always have some plastic ability, so therefore in 

seismic engineering a minimum behaviour factor q = 1.5 is used. 
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q = 
Fe

 Fy 
 

Ep = Ee 

Fy ∙ ( dm – 0.5 ∙ dy ) = 0.5 ∙ Fy ∙ dy ∙ ( Fe / Fy )
2
 

Fy ∙ ( dm – 0.5 ∙ dy ) = 0.5 ∙ Fy ∙ dy ∙ q2 

q2 = 
dm

 0.5 ∙ dy 
 – 

dy

 dy 
 

q2 = 2μ – 1 

q = √ 2μ – 1  

 

Figure 4.1: Determination of the behaviour factor (q) using the elasto-plastic behaviour 

 

4.1.2. Dynamic analysis 

The results of dynamic analyses can rather differ from the results found using the static equivalent load. There are 

two constraints made in static analysis, which are in more detail determined using dynamic analysis. The first 

constraint in static analysis is that the DLF is determined using an equivalent single degree of freedom system, 

instead of a larger order system. The second constraint in static approaches is the deflected shape of the structure 

during an earthquake, similar to its fundamental Eigenmode, but larger order system have higher order Eigenmodes. 

 

The two dynamic analyses, presented in Table 4.1, can be used for just elastic behaviour or also non-linear behaviour 

(time-history analyses). The dynamic approach however, is less according to a specific approach (as compared to the 

static equivalent load). 

The approach of the two dynamic calculation techniques is presented in this section, where in this research the most 

calculations are performed using time-history analyses. 

 

Modal response spectrum analysis 
The modal response spectrum analysis is in seismic engineering almost invariably applied in combination with the 

response spectrum. In static analysis is assumed that the structure will deform similar to its fundamental Eigenmode. 

The modal response spectrum analysis is used for structures that also deform in higher order Eigenmodes instead by 

only the fundamental Eigenmode. The modal response spectrum analysis can be compared to the lateral force 

method, but instead of considering only the fundamental Eigenmode the contribution of each Eigenmode of the 

structure is determined. 

 

Fb,max = √ Fb,1
2 + Fb,2

2 + Fb,n
2  [ 4.5 ] 

 

The base shear force for each considered Eigenmode is determined, which are used to determine the maximum base 

shear force at the structure. This maximum base shear force (resultant) is a summation of all individual base shear 

forces per Eigenmode of the structure. These base shear forces does not occur simultaneously, that is why in general 

the sum of square root, shown in [ 4.5 ], is used to determine the resultant base shear force. 
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Time-history analysis 
This fully dynamic analysis does not use a base shear force, to describe the seismic related forces at the structure. In 

this analysis a fully dynamic analysis is performed, where the supports of the structure at the earth surface are 

accelerated by ground motions. 

These complex calculations are in general performed using numerical simulations. In these simulations the structure, 

or part of the structure, can be driven at its foundation by the earthquake response. Numerical simulations are often 

used in structural engineering, for example to solve the force distribution in complex structures. Using numerical 

simulations in time-history analyses, there are different solving techniques available to solve the equations of motion. 

 

The ground motions of the earthquake will result in a response of the system. In general an acceleration-time relation 

(accelerogram) is used to drive the supports of the structure. Several kinds of accelerograms can be used to 

performing a time-history analysis; 

 Records of a real earthquake, scaled to a design earthquake intensity. 

 Artificial accelerogram, which corresponds to the response spectrum. 

 Simulated accelerogram, which is generated by modelling the source and travel path mechanisms of the 

earthquake. 

 

The used structure characteristics will determine the complexity of the time-history calculation. This calculation 

technique is therefore more time consuming compared to the static approach. Time-history analyses are therefore 

mostly used in research rather than a normal design of the structure seismic forces. 

4.2. Schematization masonry terrace house 

The different calculation techniques, presented in section 4.1, result in different schematizations of the considered 

structure. The static approach (lateral force method or push-over calculation) is based upon an equivalent single 

spring mass system to determine the dynamic amplification factor. With the equivalent single spring mass system the 

natural period of the system is determined, where after the DLF is determined by using the response spectrum. The 

seismic related force (base shear force) is determined using [ 4.1 ], taken into account the DLF and the total mass of 

the system (not mass of the equivalent system). This base shear force is distributed over the rigid bodies of the 

system, a system with more degrees of freedom than the equivalent system (floors are schematized as rigid bodies). 

 

In this research the direction parallel to the floor span is considered, where stability is taken into account by masonry 

piers and diaphragm action of the floor system. For structures with floors of sufficient diaphragm action, the floor is 

rigid in-plane and therefore the floors are schematized in general seismic engineering as rigid bodies. The mass of 

the floor system contains a large part of the total mass of the structure, therefore the mass of the structure is in 

general seismic engineering located at these rigid bodies (floors). 

For the considered structure this will result in a two degrees of freedom system (2dof system). The first and second 

floor are schematized as a rigid body and the in-plane lateral deflection of the piers are schematized as a massless 

translational damped spring. 

 

The 2dof system is in static approach only used in distributing the seismic related forces, which are in equilibrium 

with the base shear force. The force distribution of the seismic related forces over the rigid bodies is in the static 

approach assumed, using the deflected shape of the structure in its fundamental Eigenmode and distribution of 

masses. 

The 2dof system has two degrees of freedom, as a result in two Eigenmodes. The modal response spectrum takes into 

account the results of both Eigenmodes (squared root) whereas the static approach only takes into account the 

fundamental Eigenmode. 
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Figure 4.2: Schematization of the considered structure (parallel to the floor span) in seismic engineering 

 

In seismic analysis, a building is in general deflect in the fundamental Eigenmode when the structure is accelerated at 

the base of the structure. Therefore the static approach will result in many cases in accurate seismic related forces, 

and this calculation technique will save time compared to a comprehensive time-history analysis. 

Using time-history analyses, the initial conditions to the schematization of the structure are less compared to the 

schematization requirements belonging to the static analyses. The seismic related forces does not have to be 

determined using an equivalent system. Because in general time-history analyses numerical simulations are used, the 

structure can be schematized more realistic. The support are driven by an acceleration function (accelerogram) and 

the structure response, determined by the structure and acceleration characteristics, are determined. 

4.3. Code of practice 

As stated before, the code in structural engineering is the Eurocode. This is an uniform code, mandatory in all CEN 

member states. Additional to the code, national annexes are made in which country dependent parameters are 

incorporated, for example region specified factors like peak ground accelerations. The seismic part of the Eurocode 

(NEN-EN 1998 [3]) is not yet available in the Netherlands, therefore the NPR-9998 [2] (Dutch code of practice) has 

to be used. 

 

In this section the characteristics of the NPR-9998 are analysed, especially the characteristics which are used in this 

research. Afterwards the design example presented in the NPR-9998 (push-over analysis [4]) is analysed, where the 

non-linear behaviour of the structure is determined and corresponding seismic related forces using the static 

equivalent load. 
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4.3.1. Dutch seismic code of practice for induced earthquakes 

To determine the seismic related forces following the static approach, NPR-9998 [2] provided factors and 

coefficients need to be used. The code approach and provided factors, which are used in this research, are described, 

considering following subjects; 

 Peak ground accelerations. 

 Response spectra; elastic spectrum and design spectrum. 

 Base shear force; seismic related force in static approach. 

 Force distribution of the base shear force over the rigid bodies of the structure. 

 Load combination of seismic forces. 

 Safety factor for calculating the seismic forces in a floor diaphragm. 

 

The peak ground accelerations for the Groningen region are presented in NPR-9998 ‘section 3.2.1’ by a contour plot 

of the Groningen region. These peak ground accelerations are the maximum reference accelerations of the earth 

surface. To determine the design peak ground acceleration, the reference acceleration (ag,ref) is multiplied by a factor 

which is determined by the consequence class of the structure (presented in NPR-9998 ‘section 2.1’). 

 

In static analysis the acceleration of the system is determined using a code spectrum (NPR-9998 ‘section 3.2.2.4’). 

The NPR-9998 provides two response spectra for the horizontal ground motions; an elastic spectrum and a design 

spectrum. The design spectrum related to the non-linear behaviour of the structures, include the behaviour factor (q) 

of the structure. This behaviour factor can be determined by a push-over analysis, which is performed for the 

considered masonry-built terrace house [4] and analysed in section 4.3.2. The behaviour factor will result in a 

reduction of the spectrum compared to the elastic response spectrum where the behaviour factor q = 1.0, as presented 

in Figure 4.3. 

The response spectra describe the accelerations of the considered structure, during an earthquake. The peak ground 

accelerations prescribed are used to construct the spectrum, belonging to the considered situation. 

 

 
Figure 4.3: Design response spectra for different values of q 

 

The base shear force, presented in NPR-9998, is similar to the force presented in section 4.1.1 by Newton’s second 

law of motion (using a different notation). As presented in section 4.1.1, the ground accelerations are used which are 

multiplied by a dynamic amplification factor (DLF). In the NPR-9998 this is included in the acceleration of the 

system, which is determined by the response spectrum. 
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Additional to this equation, NPR-9998 ‘section 4.3.3.2.2’ presented in [ 4.6 ], is the correction factor (λ), which 

reduces the base shear force. This factor takes into account, for buildings with a least three storeys and translational 

freedom in the horizontal plane, that the effective mass at the fundamental Eigenmode is smaller (about 15%) 

compared to the total mass of the building. For the considered structure, there are two storeys resulting in a 

correction factor λ = 1.0. 

 

The distribution of the seismic related forces over the structure height is in static approach assumed following the 

ratio of deflection (fundamental Eigenmode) and ratio of distribution of masses. The seismic related forces need to 

be described by horizontal forces (Fi) which are located to each floor of the building (to be regarded in two 

directions). The sum of the seismic related forces at the structure are in equilibrium with the base shear force (Fb). 

 

Fb = Sd(T1) ∙ m ∙ λ [ 4.6 ] 

Fi = Fb ∙ 
m1 ∙ Φ1

 ∑ mi ∙ Φi 
 [ 4.7 ] 

AE,d + ∑ Gk,j + ∑ ψ
E,i

 ∙ Q
k,i

 [ 4.8 ] 

γ
d
 = 1.3 [ 4.9 ] 

 

The load combination of the earthquake loading for concrete structures, as presented in NPR-9998 ‘section 5.1.4’ is 

following NEN-EN 1990 ‘section 6.4.3.4’ [12] and shown in [ 4.8 ]. The design earthquake loading (AE,d) has to be 

taken into account as also the permanent characteristic load and the characteristic variable load which will occur 

simultaneously. This variable loading is multiplied by a combination factor, which needs to be taken into account 

considering the effect of the design seismic action. 

 

Braced structures or structures with diaphragms in the horizontal plane need to transfer the seismic loading with a 

sufficient over-strength to the bracing elements. This will result in a safety factor (γd) which needs to be taken into 

account considering the seismic resistance of the system (NPR-9998 ‘section 4.4.2.5). The seismic loading is to be 

multiplied by the safety factor, where distinction is made between ductile materials and materials with brittle failure. 

The hollow-core slab diaphragm is construct of prefabricated concrete slabs and joints which are filled with mortar. 

These materials behave brittle, as a result in the safety factor γd = 1.3. The safety factor for ductile materials  

(γd = 1.1) is lower compared to the factor for brittle materials. 

4.3.2. NPR-9998 push-over analysis 

The push-over analysis [4] additional to the NPR-9998 is presented to show the interpretation of the content of the 

NPR-9998. Additional to the NPR-9998 there are calculation examples provided for different materials, like: 

concrete, steel, masonry and timber as well as foundations. In one of these calculation examples the seismic related 

forces of a masonry-built terrace house with hollow-core slab floors are determined using non-linear static analysis. 

In this analysis the non-linear behaviour of the structure is determined by a push-over calculation. Using this  

non-linear behaviour, the seismic static equivalent forces located at the floors are determined for a peak ground 

acceleration of 0.1 g, using the Design NPR-9998 [11]. 

The results of the Push-over calculation are shown in this section and are used in this research to determine the 

seismic related forces at the considered structure and to describe the horizontal deflection of the piers. The push-over 

calculation determines the stiffness of the considered structure in lateral direction with belonging Eigen frequency 

and behaviour factor (q) of the structure. 
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The considered geometry in the push-over calculation is similar as assumed in this research as shown in Figure 3.1. 

The push-over calculation determines the lateral behaviour of the piers, which are in this geometry example located 

in the front and back facades. The resistance in this direction of the structure is determined according to the bending 

moment resistance of these lateral stability walls. 

 

The push-over calculation is performed to determine the lateral displacement of the first and second floor of the 

structure. The displacements of the floor (deflection of piers) are determined by the moment-curvature relation of the 

piers and the foundation beam. 

In this calculation geometric non-linearity is not taken into account, because the determined deflections are of an 

order that it seems that the load bearing walls can resist the inclination without resulting in a suspended load to the 

bracing piers. 

 

The foundation beam exists of a prefabricated concrete beam with a span of 5.4 metres. The bending moment 

angular rotation of this beam is in the push-over determined, due to a reaction force of the lateral stability wall  

(0.7 metres from the end of the beam).  

To determine the bending moment – curvature relation of the piers, distinction is made between the piers located at 

the ground floor and first floor. The normal force in the piers located at the first floor are smaller compared to these 

at the ground floor, which has an influence on the bending moment resistance and its stiffness. The normal force 

considered in the piers is located partially in the load bearing wall, therefore the load bearing element is schematized 

as an L-shaped cross-section. For this L-shaped wall the bending moment – curvature relation is determined in the 

push-over calculation and shown in Figure 4.4. 

The bending moment – curvature of the piers and the bending moment – rotation of the foundation beams are used to 

determine the deflection of the structure loaded by a lateral force. This calculation is performed by integration of the 

curvature over the length and the angular rotation of the foundation beam. 

 

 
Figure 4.4: Bending moment – curvature relation of piers located at the ground floor and first floor 

 

The lateral force at the rigid bodies of the structure (first and second floor), are in the push-over calculation 

distributed over the structure following NEN-EN 1998 ‘section 4.3.3.4.2.2’ [3]. 

 Distributed with a similar ratio as the distribution of masses (masses at the floors). This results in a force 

distribution similar to a ratio of 1.16. 

 Distributed similar to the distribution of forces at a deflected shape which is similar to the lowest 

Eigenmode. This force ratio is found by the first calculation (ratio of masses), where the semi linear part of 

the structure stiffness gives an indication of the deflected shape of the structure at its lowest Eigenmode. 
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The results for a force ratio of 1.16 are presented in this section, as a result in the force–displacement curve as shown 

in Figure 4.5 for the first and second floor. The maximum force is determined by the bending moment resistance at 

the support of the lateral stability wall to the ground floor. 

The force-displacement curve, as shown in Figure 4.5, is used in the push-over calculation to determine the natural 

period and behaviour factor of the structure, following the approach as shown in ‘annex B’ of NEN-EN 1998 [3]. In 

this approach there is made use of an equivalent single spring mass system. 

 

To transform the 2dof system to an equivalent single spring mass system, a transformation factor (Γ) is used. This 

transformation factor results from the ratio between the equivalent mass (m*) and sum of masses multiplied by the 

relative displacement of the floors. In the push-over calculation the mass of the equivalent system is determined with 

the relative displacements of the 2dof system, as shown in [ 4.10 ], where the relation of force-displacement is still 

linear (external force of 9.5 kN). The force-displacement of the equivalent system is related to the total horizontal 

force and the displacements of the second floor, determined by using the transformation factor. 

 

m* = ∑  mi  ∙ φ
i
 [ 4.10 ] 

Γ = 
m*

 ∑ mi  ∙ φ
i
2 

 [ 4.11 ] 

dy
*
 = 2 ∙ ( dm

*
  – 

E* 

 Fy
* 

 ) [ 4.12 ] 

 

The non-linear force-displacement behaviour of the equivalent system, presented in Figure 4.6, is used to determine 

both the natural period and behaviour factor of the system. To determine these characteristics (natural period and 

behaviour factor) the non-linear behaviour of the equivalent system is transformed to an elasto-plastic behaviour. 

The elasto-plastic behaviour is determined using the energy (E) of the system. In the push-over calculation the 

elasto-plastic behaviour is determined by numerical integration of the non-linear behaviour. The maximum force 

(F*) and maximum displacement (dm*) are determined by using the transformation factor (Γ). Using these values the 

yield displacement (dy*) of the equivalent system with elasto-plastic behaviour is determined, using [ 4.12 ]. The 

energy of the non-linear behaviour and elasto-plastic behaviour is constant, as a result in the elasto-plastic behaviour 

as shown in Figure 4.6. 

 

 
Figure 4.5: Force – displacement relation of structure, using a force ratio of 1.16, first floor and second floor 

 

0.00 0.01 0.02 0.03 0.04 0.05

0

5

10

15

20

T
o
ta

l
h
o

ri
zo

n
ta

l
fo

rc
e

Force-displacement [ratio 1:1.16]

First floor

Second floor

Displacement [m]

[k
N

]



 

 

33 Seismic engineering 

 

2016 | Eindhoven University of Technology 

 
Figure 4.6: Force – displacement relation of the equivalent system, using a force ratio of 1.16 

 

The result found through the elasto-plastic behaviour of the equivalent system is used to determine the natural 

period, ductility and behaviour factor of the structure, using [ 4.2 ] to [ 4.4 ]. 

In the push-over calculation the natural period and behaviour factor of the equivalent system are determined for the 

two situations following NEN-EN 1998 ‘section 4.3.3.4.2.2’. In determining the seismic related forces, the lowest 

natural period and behaviour factor are used because these result in the largest seismic related forces. 

The seismic related forces at the structure are determined in chapter 6, in this calculation the elasto-plastic behaviour 

of the equivalent system is used and the behaviour factor q = 1.74. 

 

Table 4.2: Results from the push-over analysis of the equivalent system, determined for two situations 

 Force ratio of 1.16 Force ratio of 3.35 

Energy (E*) 368 Nm 390 Nm 

Yield displacement (dy*) 0.0170 m 0.019 m 

Maximum displacement (dm*) 0.0343 m 0.041 m 

Yield force (Fy*) 14.2 kN 12.5 kN 

Natural period (T*) 1.08 s 1.21 s 

Ductility (µ) 2.02 2.16 

Behaviour factor (q) 1.74 1.82 
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5. Seismic behaviour floor system 

The seismic behaviour of the floor system has been investigated to give an answer on the first research question as 

set in section 1.2. Determining the seismic equivalent load (static approaches), the floors are schematized as rigid 

bodies. Using these rigid bodies, an equivalent force (Fi) is determined located at each rigid body (floor). This 

equivalent force results in an uniform distributed load over the floor area. 

When the floor system is not rigid, the displacement of the floor is not constant over the complete area. This means 

that the static equivalent forces are not uniform distributed over the floor length. As a result, the hollow-core slab 

floor cannot be schematized as rigid body. Therefore the behaviour of the floor system is determined, to investigate 

whether the floor is rigid and can be schematized as a rigid body. 

 

To investigate the behaviour of the floor system during an earthquake, time-history analyses are performed using 

numerical simulations. As a first step the used numerical software is verified, before this software is used to 

investigate the floor behaviour during an earthquake. 

For the verification of the numerical software, different dynamic systems are considered. These systems are solved 

both by the numerical and analytical approach. The results of the two analyses methods are described and compared 

in section 5.1. 

When the numerical approach results in accurate outcome, a similar approach is used to determine the response of 

the floor system. Firstly the schematisation of the floor system is described in section 5.2. In this section two 

different systems are used, to investigate the floor behaviour. These systems are driven by an earthquake signal. The 

used acceleration-time relations, presented in section 5.2.1, are derived from a real earthquake. 

The results found by the driven systems are presented in sections 5.3 and 5.4. Finally, in section 5.5, the concluding 

remarks are presented, giving the answer of the hollow-core slab floor system can be schematized as rigid body in 

seismic engineering. 

5.1. Verification numerical software 

The time-history analyses are performed using numerical software: Abaqus CAE 6.12 [13]. As stated above, the 

numerical software is verified before is applied to investigate the floor behaviour. The response of multiple dynamic 

systems are determined, using the numerical software as well as using the analytical solution. Four different systems 

are considered; two systems consist of damped translational springs (Figure 5.1), where the other two systems 

consist of a rigid bar connected to a free rotational spring. 

The results of these systems are presented in Appendix A. In this section one system is described and analysed, 

where after the conclusion is drawn whether the numerical approach results in accurate results. Firstly the analytical 

approach is described, where after the used numerical solving technique. 

 

Analytical solutions can be determined using various approaches, for example various approaches to determine the 

equation of motion. For the considered systems, the equation of motion is determined using Lagrange’s principle. 

Considering the single spring mass system, presented in Figure 5.1, also Newton’s principle is used which results in 

a similar equation of motions as determined by Lagrange’s principle. 
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Figure 5.1: Considered dynamic systems which are used in verifying the numerical software and which results are 

presented in Appendix A 

 

Lagrange’s equation of motion is determined using energy principles, where Newton uses force equilibrium. The 

problem by Lagrange is formulated in terms of two scalar functions; energy principles and non-conservative forces. 

Lagrange’s equation of motion ([ 5.1 ]), for a system without non-conservative forces, is expressed by the 

Lagrangian (L(t)) and the generalized coordinate (qgen). The generalized coordinate is the coordinate system in which 

the equation of motion is expressed (this can be chosen by the user). The Lagrangian function is determined by 

subtracting the kinetic energy (T(t)) from the potential energy (U(t)) of the system (expressed in terms of the 

generalized coordinate). 

 

∂

∂ t
 

∂ L(t)

 ∂ q
gen

'(t) 
-

∂ L(t)

 ∂ q
gen

(t) 
 = 0 [ 5.1 ] 

∂

∂ t
 

∂ L(t)

 ∂ q
gen

'(t) 
-

∂ L(t)

 ∂ q
gen

(t) 
+

∂ F(t)

 ∂ q
gen

'(t) 
 = Qnc [ 5.2 ] 

L(t) = T(t) - U(t) [ 5.3 ] 

 

For a system where non-conservative forces are active, Lagrange’s equation is extended ([ 5.2 ]). Damping is an 

example which is taken into account by F(t), for example a Rayleigh dissipation function (velocity proportional 

damping forces). When the system is loaded by an external load (Q
nc

), the equation of motion is not equal to zero but 

to this specific load. 

Finally, the equation of motion (differential equation) can be solved for a dynamic system, considering the initial 

conditions. The degree of freedom of the system determines the “order” of the differential equation and the minimum 

essential initial conditions, to solve the equation. 
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The numerical software [13] uses dynamic integration operators, where in this research a dynamic implicit solving 

technique is used. For implicit dynamic integration, the solution of the future state (tn+1) is solved by input of the 

future state (tn+1) and input of the current state as well. As a result, the equations in the future state satisfy to 

equilibrium equations. For each time increment this set of non-linear equilibrium equations needs to be solved. The 

accuracy of these results, using dynamic implicit solving, is due to convergence criteria which are set by the user. 

Dynamic explicit solving is another solving technique which could be used in this research to perform the time-

history analyses. In general this technique is used in large simulations, because this approach asks for less calculation 

power and time, compared by the implicit solving. The equations, which need to be solved in the explicit approach of 

the future state (tn+1) are totally based on the current state (t). Therefore the accuracy of the explicit integration 

depends on the increment size (Δt), where in implicit integration the accuracy stays stable for any Δt. 

 

The results found by the numerical analyses are verified by the analytical determined results. The difference between 

the results found by using these calculation approaches are expressed by means of the root-mean-square-deviation. 

This approach is frequently used to determine the difference between a predicted value and a prescribed value. 

5.1.1. Free inverted pendulum with driven support 

The free inverted pendulum with driven support consists of a massless rigid bar, a mass and a free rotational spring 

connected to a driven support. The rigid bar (with length l) is connected at one end to the rotational spring (spring 

stiffness kR) which is at the other end connected to the support. At the other end of the rigid bar, a mass-point (rigid 

body m) is connected to the rigid bar. The rigid bar is massless, as a result the gravitational force (Fg) is only 

determined by the mass located at the rigid body. 

 

The rigid body can move in two directions (x1 and x2), but this movement is coupled to the rotation of the system at 

the other end of the rigid bar by θ(t). As a result, the movement of the rigid body, in two directions, can be 

determined by θ(t). By taken θ(t) as generalized coordinate (qgen = θ(t)), the system will have one degree of freedom 

and this results in a single equation of motion. 

 

 
Figure 5.2: Free inverted pendulum with driven support by a sinusoidal function 
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This considered system can be compared to an earthquake situation. The system is driven at the support by an 

acceleration function, which leads to a displacement and velocity of the support, in this case a sinusoidal function is 

taken (amplitude A and period ω). Due to acceleration of the support, the system (rigid bar with rigid body) will 

become in motion and related forces will occur. Considering an earthquake, also the foundation of the structure is 

driven by an acceleration function and related forces will develop. The difference with an earthquake situation is that 

the acceleration function is related to an earthquake are arbitrary, instead of a periodic function as taken in this 

situation. 

 

Analytical solution 
The analytical solution needs to result in a function of the angular rotation (θ(t)), because the generalized coordinate 

qgen = θ(t). Therefore the movement of the rigid body in both directions is expressed in a term of the generalized 

coordinate, presented in [ 5.4 ]. As seen in this equation the displacement of the support (s(t)) is taken into account 

by determining the movement of the system in direction x2,1. By determining the displacement of the support, the 

acceleration function (a(t)) is integrated twice. The integration constants are solved using the initial conditions, the 

velocity and displacement of the support at time t = 0 are zero (v(0) = 0 and s(0) = 0). 

By determining the Lagrangian (L(t)), using kinetic and potential energy, Lagrange’s equation of motion is 

determined ([ 5.5 ]). The geometric non-linearity results in a non-linear differential equation. To solve this 

differential equation by the analytical solution, the differential equation is linearized ([ 5.7 ]), because there is no 

analytical solution available for a non-linear differential equation. 

Linearization contain that; sin(θ(t)) = θ(t) and cos(θ(t)) = 1.0. This assumption can be made applying small angular 

rotations. When large angular rotations occur, approximately larger than 10 degrees, this assumption will result in 

inaccurate results. 

 

x(t) = {x1,1 = l ∙ cos(θ(t)), x2,1 = l ∙ sin(θ(t)) + s(t)} [ 5.4 ] 

∂

∂ t
 
∂ L(t)

∂ θ'(t)
-

∂ L(t)

∂ θ(t)
 = 0 [ 5.5 ] 

m ∙ l
2
 ∙ θ''(t) + kR ∙ θ(t) – g ∙ m ∙ l ∙ sin(θ(t)) + A ∙ m ∙ l ∙ cos(θ(t)) ∙ sin(ω ∙ t) = 0 [ 5.6 ] 

m ∙ l
2
 ∙ θ''(t) + θ(t) ∙ (kR – g ∙ m ∙ l) + A ∙ m ∙ l ∙ sin(ω ∙ t) = 0 [ 5.7 ] 

 

 
Figure 5.3: Angular acceleration of the system, considering two systems with different rotational spring stiffness 

 

0 2 4 6 8 10

0.10

0.05

0.00

0.05

0.10

t

Analytical determined angular rotation

R

[s]

[r
ad

]

R



 

 

39 Seismic behaviour floor system 

 

2016 | Eindhoven University of Technology 

 
Figure 5.4: Acceleration of the support and system in x2-direction, considering two systems with different rotational 

spring stiffness 

 

The linear equation of motion is solved using the initial conditions of the system (s(0)=0 and v(0)=0) using Wolfram 

Mathematica 10 [14]. This results in a function of the angular rotation (θ(t)) as presented in Figure 5.3. This function 

is to be differentiated twice, to determine the angular velocity and angular acceleration. Afterwards the displacement, 

velocity and acceleration of the system (using goniometry) in the x2-plane are determined and the acceleration in the 

x2-plane is presented in Figure 5.4. 

 

There are two different systems considered, having a different spring stiffness of the rotational spring  

(kR = 7500 Nm/rad and kR = 10000 Nm/rad). The amplitude and period of the driver function is kept constant in 

these systems. 

Remark: the chosen variables may not lead to an angular rotation larger than ten degrees. By exceeding ten degrees 

the analytical solution becomes inaccurate because of using the linearized equation of motion. 

 

Numerical found solution 
The rotational spring is simulated in the numerical analyses [13] by using a connector element (CONN2D2). One 

end of this connector element is connected to the support of the system and at the other end the connector element is 

connected to a rigid bar. The property assigned to the connector element is an elastic spring stiffness  

(kR = 7500 Nm/rad and kR = 10000 Nm/rad respectively), which is active for rotations in the x1-x2 plane. 

The rigid bar consists of a discrete rigid bar (R2D2), which is massless (ρ = 1.0 e-36 kg/m
3
). This bar can only rotate 

about a given ‘reference point’ prescribed by the user. This reference point is placed at the end of the rigid bar, where 

the reference point is connected to the connector element. At the other end of the discrete rigid bar, a point-mass 

(element type MASS) is connected which is given a certain mass (m = 50 kg). 

The support of the system is fixed in direction x1 and rotations in the x1-x2 plane and free in the direction x2. In this 

direction an acceleration boundary condition is assigned to the support. This boundary condition is equal to 1.0 m/s
2
 

times an amplitude. The amplitude consists of a periodic definition which is optional in the numerical software [13], 

with a period ω = 0.75 and the amplitude of the periodic function A = 1.0. 

The response of the systems is determined for 10 seconds. Dynamic implicit solving is used with fixed time 

increments of 0.05 seconds. 
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Figure 5.5: Verification of numerical- and analytical obtained results for the acceleration (direction-2) of the system 

 

The numerical found acceleration function for the two considered systems, as presented in Figure 5.5, is determined 

at each time increment (Δt = 0.05 seconds). Between these time increments a straight line is drawn. Due to visibility 

reasons, the plot markers are not shown in Figure 5.5 because of the small time increments and the numerical found 

acceleration function is identical to the analytical determined function. 

 

It can be concluded from the dynamic systems, determined by the numerical software [13] and verified by the 

analytical determined results, that the approach as used in the numerical software for these systems result in accurate 

results. 

This calculation approach is used future-on in this research, to firstly determine the behaviour of the floor system 

during an earthquake. 

5.2. Schematization 

In this research a single hollow-core slab floor is considered, where the floor diaphragm is supported by two 

translational damped springs which describe the force-displacement relation of the piers. The floor system is 

schematized in two different systems; bending beam and by a truss system. In this section (section 5.2) the mass of 

the system and distribution of mass-points are presented as the stiffness of these systems. 

5.2.1. Acceleration-time relation 

The supports of the considered systems are driven by an earthquake signal (accelerogram). Characteristics of an 

earthquake is that the ground motions are arbitrary (with respect to the amplitude and period of the signal). 

To investigate the behaviour of the floor system, there is made use of two accelerograms. These used acceleration 

time relations, presented in Figure 5.6 and Figure 5.7, belong to a real Turkish earthquake. This signal has a duration 

of 18 seconds with measurements of the acceleration for every 0.005 seconds. The ground motions are measured in 

three directions (x, y and z direction), as a result in two horizontal accelerograms which are used. 

The vertical acceleration of the system have not been considered in these calculations, because the focus in the 

present research is on the in-plane behaviour of the floor system. Both horizontal measured accelerograms are used 

individually in the calculations. 
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Figure 5.6: Acceleration-time relation measured in direction-x (accelerogram-1) 

 

 
Figure 5.7: Acceleration-time relation measured in direction-y (accelerogram-2) 

 

There is no Groningen accelerogram used in this research, because a design accelerogram is not presented in  

NPR-9998 [2]. Only Groningen acceleration-time relations of real earthquakes are available, but scaling techniques 

for example to transform these accelerograms to use in design is not presented in NPR-9998. Therefore the 

accelerograms as shown in Figure 5.6 and Figure 5.7 are used. 

In this part of the research, it is not of a major importance that an accelerogram corresponding to the Groningen 

situation is considered. The calculations made in this part of the research, are to investigate the behaviour of the floor 

system during an earthquake. As a result, it should be concluded whether the floor system may be schematized as a 

rigid body or whether this schematization is not correct. 

5.2.2. Lateral stability piers 

The horizontal deflection of the lateral stability piers are described by translational damped springs as presented in 

Figure 5.8. The spring stiffness of these springs describe the force-displacement of these piers at the top. 

These translational springs are connected at one end to the end of the floor system (beam or truss system) and at the 

other end (at the foundation) the spring is connected to the driven support. The ground motions are transferred by the 

lateral stability piers to the floor system. 
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Figure 5.8: Schematization behaviour lateral stability pier by a lateral load and schematization by a translational 

damped spring 

 

The spring stiffness of these piers is extracted from the results determined by the push-over analysis [4]. In this  

push-over analyses the horizontal deflection of the piers to a horizontal force are determined by using the  

moment-curvature relation of the piers and moment-angular rotation of the foundation beam. The non-linear 

behaviour of the piers is transformed to an elasto-plastic behaviour which is used in these calculations. 

The results of the push-over analysis are shown in section 4.3.2, which results in the spring behaviour as shown in 

Figure 5.9. 

 

In structural analyses the amount of damping is expressed as a ratio of the critical viscous damping coefficient. For 

general calculations considering concrete structures this ratio ξ = 0.05. The critical damping coefficient (ccr) is the 

coefficient that results in the smallest level of viscous damping, in which the system will not oscillate when displaced 

from equilibrium position. This critical damping value is determined in [ 5.8 ], considering the spring stiffness and 

mass of the system. The used amount of damping (ξ = 5%) is five percentage of the critical damping, result in [ 5.9 ]. 

 

ccr = 2 ∙ √ k ∙ m  [ 5.8 ] 

c = ccr ∙ ξ = 2 ∙ ξ ∙ √ k ∙ m  [ 5.9 ] 

 

 
Figure 5.9: Non-linear and elasto-plastic spring stiffness (lateral stability pier) 
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5.2.3. Floor system 

As mentioned before, the floor system is schematized by means of two systems. Firstly by a bending beam system 

and secondly by a truss system. The total mass of these systems and bending stiffness are equal, where the 

distribution between the individual parts of these systems will differ. At first the total mass and spring stiffness are 

described, where after the distribution of these characteristics in the individual systems are analysed. 

In general seismic engineering the floor system is schematized as a rigid body, because a large percentage of the total 

mass is located in the floors and the in-plane stiffness of the floor is large compared to the stiffness of the bracing 

elements. The total mass of the floor system consists of the permanent load and a part of the variable loading, which 

is taken into account because this will permanently be present. 

The two considered systems (beam and truss) will have a different distribution of the mass-points (rigid bodies). The 

total sum of the masses is equal to the above total vertical loading multiplied by the floor area. 

 

Table 5.1: Load at the floor system 

 
Load per metre squared 

[kN/m
2
] 

Self weight of hollow-core slabs 2.64 

Non-structural finishing layer 1.00 

Partition walls 0.80 

Variable loading = φ ψ2 pq = 0.8 0.3 1.75 0.32 

Total vertical loading of the floor 4.76 

 

The in-plane stiffness of the floor diaphragm is mainly determined by the longitudinal joints between the  

hollow-core slabs. These joints are filled with mortar without any reinforcement or dowels. The shear stiffness of 

these joints depend on friction between the joint mortar and hollow-core slab plane. This shear stiffness is 

investigated by Elliot [15], by means of experimental research. 

In this research [15], two hollow-core slabs were constructed with in-between a filled joint with mortar. The 

longitudinal joint was given an initial crack, because in the considered structures small shrinkage cracks appear. At 

the end of the hollow-core slabs, an end beam was made. 

 

Table 5.2: Shear stiffness (Ks) of longitudinal joint for test number 2 considering no dowel action [15] 

Test number 

 

Cycle number 

 

Shear stiffness 

[kN/mm] 

2 1 2600 

 2 1360 

 3 1080 

 Failure cycle 1080 

 

Several tests were performed by Elliot [15] using different system characteristics. The results used in this research is 

the shear stiffness as determined at the specimens where dowel action was omitted in the end beams. The results of 

this test are presented in Table 5.2. 

The shear resistance of the joint decreases significantly when applying cyclic loading as shown in Table 5.2. The 

shear stiffness used in this research is the shear stiffness at the failure cycle. In an earthquake situation also a cyclic 

situation will occur, which will result in a decrease of shear stiffness. 
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Beam system 
Considering the in-plane stiffness of the floor diaphragm, the system is transformed to a bending stiffness of a beam. 

In this transformation an assumption is made, the hollow-core slabs are rigid in-plane and the stiffness is determined 

by the shear stiffness of the joints, as presented in Figure 5.10. 

The bending stiffness (EI) of the beam is determined using the mechanical model shown in Figure 5.10. The 

maximum deflection (at mid-span) of this system is determined, using standard equations, using an external fictitious 

force. Using the outcome (deflection), the bending stiffness of the beam is determined using standard equations. 

 

 

δspring = 
 4 ∙ F/2 

ks

 = 
3 ∙ 10

 2 ∙ 1080 ∙ 103 
 = 1.389 ∙ 10-5 m 

 

δbeam = 
F ∙ l

3

 48 ∙ EIbeam 
 

EIbeam = 
F ∙ l

3

 48 ∙ δbeam 
 = 

10 ∙ 8.463

 48 ∙ 1.389 ∙ 10-5 
 = 9.082 ∙ 106 kN/m2 

Figure 5.10: Determination of bending stiffness beam system, using the shear stiffness of the longitudinal joints 

 

Mass of rigid body = 
mT

 number rb 
= 

22050

7
 = 3150 kg [ 5.10 ] 

 

The total mass of the system is distributed over seven rigid bodies, which are connected to the beam. These can be 

seen as the mass of an individual hollow-core slab. These rigid bodies are connected to the mesh-nodes of the beam 

system. Therefore the beam is divided in 14 elements, where the rigid bodies are connected to the even number of 

mesh-nodes. 

 

Truss system 
The truss system has a similar bending stiffness as the beam system. The truss system consists of two chords with  

in-between braces and diagonals. The stiffness of the individual parts are of a sufficient amount which result that the 

total stiffness of the truss system is equal to the stiffness of the beam system. This is verified by applying a fictitious 

force to both systems and calculating the total deflection at mid-span, as presented in Table 5.3. 

 

Table 5.3: Deflection of beam system and truss system applying a fictitious force, using elastic and elasto-plastic 

schematizing of the piers 

 
Deflection system 

[m] 

Beam with elastic spring 0.006 

Beam with elasto-plastic spring 0.006 

Truss with elastic spring 0.006 

Truss with elasto-plastic spring 0.006 
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Where the beam system is divided in seven rigid bodies, the rigid bodies in the truss system are divided over both 

chords. Each chord has seven rigid bodies, similar to the beam system. The amount of mass connected to these 

chords is half the mass as applied for the rigid bodies used in the beam system, because the truss system has twice as 

much rigid bodies ([ 5.11 ]). 

 

Mass of rigid body = 
22050

14
 = 1575 kg [ 5.11 ] 

5.3. Response beam system 

The system characteristics of the beam system are presented in section 5.2 related to: spring properties, bending 

stiffness of the beam and mass of the used rigid bodies. These characteristics result in the system as presented in 

Figure 5.11, the beam is simply supported at both ends by translational damped springs which at the other ends are 

driven by the accelerogram (section 5.2.1). The used system characteristics are summed up in Table 5.4. 

 

Table 5.4: System properties of the beam system with elasto-plastic spring stiffness 

System property Value 

Mass of individual rigid body (m) 3150 kg 

Bending stiffness of beam (EI) 9.082 e9 N/m
2
 

Spring stiffness (k) 2.330 e6 N/m 

Yield spring force (Fy) 1.676 e4 N 

Yield spring displacement (dy) 7.200 e-3 m 

Amount of damping (c) 1.600 e4 kg/s 

 

 
Figure 5.11: Schematization of beam system 

 

The elasto-plastic spring properties, presented in section 5.2.2 which are determined from the results found by the 

push-over calculation [4], belong to the lateral stability piers as assumed in this research. To investigate whether the 

beam system behave similar in situations where different bracing elements are used. Multiple time-history analyses 

are performed using systems with different amount of elastic spring behaviour. 
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As presented in Table 5.5, four systems are analysed: using spring properties determined by the push-over 

calculation (elastic and elasto-plastic) and using two systems with elastic spring behaviour (half and twice as large 

spring stiffness compared to the piers). All found results are presented in Appendix B, considering the elastic 

systems and elasto-plastic system using accelerogram-1 and accelerogram-2. 

 

Applying systems with other values of the spring stiffness (decreased and increased spring stiffness), the amount of 

damping changes as well. The bending stiffness of the beam and masses of the rigid bodies are, in the systems with 

the decreased and increased spring stiffness, not changed. 

 

Table 5.5: Spring properties of the considered beam-systems 

 

Spring stiffness 

k 

[N/m] 

Maximum spring force 

Fk 

[N] 

Damping 

c 

[kg/s] 

Elastic 2.330 e6 - 1.600 e4 

Elasto-plastic 2.330 e6 1.676 e4 1.600 e4 

Elastic, decreased k (0.5k) 1.165 e6 - 1.100 e4 

Elastic, increased k (2k) 4.660 e6 - 2.300 e4 

5.3.1. Elastic and elasto-plastic spring properties which belong to the piers 

The response of the beam system using elastic and elasto-plastic spring properties, as presented in Table 5.5, are 

shown in Figure 5.12 and Figure 5.13, considering both accelerograms respectively. The response of these systems is 

determined for a period of five seconds, using fixed time increments in the numerical analyses of 0.005 seconds 

(similar to the measurements of the accelerograms). 

In these figures the acceleration of the support is shown (earthquake signal), as the acceleration of the beam at two 

locations. These locations are located at the beam end (where the translational spring is connected to the beam) and 

at mid-span. As shown in these figures, the accelerations of the beam end and at mid-span are similar. The 

acceleration of all individual rigid bodies (mass-points) are presented in Table 5.6. In this table also the generated 

forces at the rigid bodies are presented. These generated forces are extracted from the shear distribution of the beam. 

The amount of shear force in the beam increases at each rigid body. The amount of increment in shear force at the 

beam can be compared to the external force at the beam (generated force at the rigid body). 

 

 
Figure 5.12: Response of beam system with elastic and elasto-plastic spring properties, using accelerogram-1 
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Figure 5.13: Response of beam system with elastic and elasto-plastic spring properties, using accelerogram-2 

 

Table 5.6: Maximum accelerations and generated forces of the rigid bodies using elastic spring properties 

 Max acceleration 

Accelerogram-1 

[m/s
2
] 

Max force 

Accelerogram-1 

[kN] 

Time 

 

[s] 

Max acceleration 

Accelerogram-2 

[m/s
2
] 

Max force 

Accelerogram-2 

[kN] 

Time 

 

[s] 

Support -4.905 -81.3 3.165 4.905 -80.2 2.415 

Mass-1 -7.357 -23.2 3.165 -7.258 -22.9 2.415 

Mass-2 -7.370 -23.2 3.165 -7.270 -22.9 2.415 

Mass-3 -7.379 -23.2 3.165 -7.279 -22.9 2.415 

Mass-4 -7.382 -23.2 3.165 -7.282 -22.9 2.415 

Mass-5 -7.379 -23.2 3.165 -7.279 -22.9 2.415 

Mass-6 -7.370 -23.2 3.165 -7.270 -22.9 2.415 

Mass-7 -7.357 -23.2 3.165 -7.258 -22.9 2.415 

Difference 

mass 1-4 
0.003 % 0 %  0.003 % 0 %  

 

As seen in Table 5.6, the difference between acceleration of mass-1 and mass-4 is small, which is valid considering 

both accelerograms. This small difference in acceleration, result in a small difference in the generated forces per 

rigid body, which is negligible small. As a result the system is loaded by an uniform distributed seismic load. 

 

The beam will almost not deflect due to the accelerated supports, as shown in Table 5.7. The stiffness of the beam, 

in-plane diaphragm stiffness, is large as a result of a significant low deflection of the beam. 

The displacement of the system, presented in Table 5.7, is measured from the initial position of the system. Due to 

the ground motions, the support (earth surface) has a maximum displacement of 5.9 and 7.0 centimetres respectively. 

The maximum displacement of the system at the ‘beam end’ and at ‘mid-span’ is around 8.0 and 7.2 centimetres 

respectively. Finally, the deflection is determined by subtracting the displacement at mid-span by the displacement at 

the beam end. 
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Table 5.7: Displacement and deflection of the beam system by using elastic spring properties 

 Max displacement 

Accelerogram-1 

[m] 

Time 

 

[s] 

Max displacement 

Accelerogram-1 

[m] 

Time 

 

[s] 

Support -0.0589 2.005 -0.0696 3.895 

Beam end -0.0796 2.065 -0.0719 4.030 

Mid-span -0.0797 2.065 -0.0720 4.030 

Deflection -0.000123  -0.000043  

5.3.2. Elastic systems with decreased and increased spring stiffness 

The outcome, using the systems with a decreased and increased elastic spring stiffness, is similar as found for the 

beam systems as analysed in section 5.3.1. The accelerations at the beam end, as presented in Table 5.8, as well as 

the accelerations at mid-span are similar and these maximum accelerations occur at the same time of occurrence. 

 

Table 5.8: Maximum accelerations of the rigid bodies using the decreased and increased elastic spring stiffness 

 

Max acceleration 

Accelerogram-1 

[m/s
2
] 

Time 

 

[s] 

Max acceleration 

Accelerogram-1 

[m/s
2
] 

Time 

 

[s] 

Support -4.905 2.315 4.905 2.725 

Elastic 0.5k, beam end -5.159 2.460 5.062 1.845 

Elastic 0.5k, mid-span -5.167 2.460 5.076 1.845 

Difference elastic 0.5k, 

beam end mid-span 
0.002 %  0.003 %  

Elastic 2k, beam end -10.327 1.795 10.088 1.685 

Elastic 2k, mid-span -10.409 1.795 10.191 1.685 

Difference elastic 2k, 

beam end mid-span 
0.008 %  0.010 %  

 

5.4. Response truss system 

The truss system uses similar system properties as the beam system, the distribution of several individual elements is 

the only difference. As described in section 5.2, the rigid bodies are divided over the two chords of the truss, also 

presented in Figure 5.14. The number of rigid bodies is twice as much as applied in the beam system, thus the mass 

of these rigid bodies is only half compared to the rigid bodies used in the beam system. The system properties 

belonging to the truss system are presented in Table 5.9. The spring properties, horizontal deflection of the lateral 

stability piers, are similar as used in the beam system (elastic and elasto-plastic behaviour). 

In this section the results found by using elastic spring stiffness are presented, in Appendix C the results of the elastic 

and elasto-plastic are elaborated. 

 

Table 5.9: System properties of the truss system with similar spring properties as used in the beam system 

System property Value 

Mass of individual rigid body (mn) 1575 kg 

Axial stiffness of chord (EAchord) 3.713 e8 Nm
2
 

Axial stiffness of brace (EAbrace) 3.464 e15 Nm
2
 

Axial stiffness of diagonal (EAdiagonal) 3.464 e3 Nm
2
 

Spring properties Table 5.4 
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Figure 5.14: Schematization of truss system 

 

When the truss system is driven by the two accelerograms respectively, the results show quite good agreement with 

the results found for the beam system, presented in Table 5.10. The differences between the accelerations of the rigid 

bodies are small, therefore the difference in generated forces at these rigid bodies are small. Also for the truss system 

it applies that it is loaded by an uniform distributed seismic load. 

There is difference in the generated forces for the truss system driven by accelerogram-2, as a result of 

magnification. 
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Table 5.10: Maximum accelerations and generated forces of the rigid bodies using elastic spring properties 

 Max acceleration 

Accelerogram-1 

[m/s
2
] 

Max force 

Accelerogram-1 

[kN] 

Time 

 

[s] 

Max acceleration 

Accelerogram-2 

[m/s
2
] 

Max force 

Accelerogram-2 

[kN] 

Time 

 

[s] 

Support -4.905 -81.3 2.315 4.905 -80.2 2.725 

Mass-1_1 -7.357 11.6 3.165 -7.258 11.4 2.415 

Mass-1_2 -7.357 11.6 3.165 -7.258 11.4 2.415 

Mass-4_1 -7.383 11.6 3.165 -7.282 11.5 2.415 

Mass-4_2 -7.383 11.6 3.165 -7.282 11.5 2.415 

Difference 

4_1-1_1 
0.004 % 0 %  0.003 % 0.008 %  

Difference 

4_2-1_2 
0.004 % 0 %  0.003 % 0.008 %  

 

 
Figure 5.15: Response of truss system with elastic and elasto-plastic spring properties, using accelerogram-1 

5.5. Concluding remarks 

The floor system has been schematised both as a beam system and a truss system to investigate the behaviour of the 

floor diaphragm during an earthquake. The behaviour of the floor diaphragm in seismic engineering is in general 

schematized as a rigid body, as a result in an uniform distributed load over the floor length. The aim of the 

investigating of the floor behaviour is to verify whether a hollow-core slab floor, as used in a masonry-built terrace 

house, also can be schematized as rigid body or not. 

The in-plane diaphragm stiffness is important to investigate the floor response during the earthquake. The floor 

stiffness is determined by the shear stiffness of the longitudinal joints, based upon the experimental work of  

Elliot [15]. 

 

For the considered systems is found that the stiffness of the floor diaphragm can been seen as rigid during an 

earthquake, when the diaphragm will not fail The accelerations of the considered rigid bodies, used in the beam and 

truss system, differ by a small amount (which can be neglected). As a result, the generated forces at the considered 

rigid bodies are similar. The generated forces can be seen as the external seismic related forces at the structure. 

From the accelerations of the rigid bodies, found by time-history analyses, it can be concluded that the floor system 

acts rigid during an earthquake. Therefore states that the assumption in static approach, by schematizing the floor 

system as rigid body is correct. As a result in an uniform distributed seismic load over the floor length. 
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Figure 5.16: Highlight of elasto-plastic response of beam system by driven support due to accelerogram-1 

 

In sections 5.3 and 5.4, the accelerations and generated forces according to the beam and truss system are presented 

using elastic spring stiffness of the translational springs. Using elasto-plastic spring properties, the results can be 

confusing compared to the results found by using elastic spring properties. 

By using elasto-plastic spring properties, discontinuities in the results occur when the spring deform plastic. To 

highlight these discontinuities, the response of the beam system is presented in Figure 5.16 for a range between  

2.32 and 2.42 seconds using accelerogram-1. Using the elasto-plastic spring behaviour, the accelerations at the beam 

end are not similar to the accelerations at the beam mid-span when the spring is in plastic motion. When the spring 

becomes in plastic motion, the beam system gets in its Eigenfrequency as presented in Figure 5.16. 

 

Using numerical analyses, the Eigenfrequencies of the beam system are determined using the Lanczos Eigensolver. 

With this solving technique, the Eigenfrequencies of the beam are determined and the 10
the

 Eigenfrequency is 

presented in [ 5.12 ]. Determining the natural period ([ 5.13 ]), this correspond to the period of vibrations as 

presented in Figure 5.16 (around 0.01 seconds) when the spring is deformed plastic. 

 

f'beam = 95.11 Hz [ 5.12 ] 

T = 
1

 f'beam 
 = 

1

 95.11 
 = 0.01 s [ 5.13 ] 

 

The beam system is accelerated by a constant increasing (linear) acceleration, as seen in Figure 5.16 until the spring 

become plastic and the accelerations become constant. Because the accelerations at the beam system changes in a 

small time range (suddenly), the beam will get in its Eigenfrequency for a small period, until these vibrations are 

damped. 

The suddenly change of acceleration of the spring is due to the reason the non-linear spring behaviour is schematized 

as elasto-plastic. In one moment the spring does not deform elastic but plastic, as a result in a suddenly change of 

acceleration. In reality the spring behaviour is non-linear and no suddenly change of behaviour occurs. As a result 

the accelerations of the system will not suddenly change and the beam system becomes not in its Eigenfrequency. 
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6. Seismic loading Groningen area 

In chapter 5, the investigation is presented whether the hollow-core slab floor in seismic engineering may be 

schematized as a rigid body. As concluded by performing time-history analyses, it is seen that the floor system is 

rigid during an earthquake until non-linear displacement occur. Therefore the floor system can be schematized as 

rigid body, which is applied in the investigation to the used equivalent single spring mass system as used in 

determining the static equivalent load. 

To answer the first research question (section 1.2), it is verified whether the equivalent system is a correct 

schematization of the masonry-built terrace house with hollow-core slab floors. Using the equivalent system, in static 

approach, the base shear force (static equivalent load) is determined which describes the seismic impact at the 

structure. Afterwards the base shear force is distributed over the height of the structure using the force ratio related to 

the deflection of the structure in its fundamental Eigenmode and distribution of masses. 

 

In this chapter the seismic related forces, at the masonry-built terrace house, are determined for the Groningen 

situation to verify whether the static equivalent load is correct. Therefore the factors and coefficients as presented in 

NPR-9998 [2] are used. The behaviour of the structure is similar as determined by the push-over analysis [4], 

elaborated in section 4.3.2. 

Firstly the seismic related forces are determined using the static equivalent load, taken into account the non-linear 

effects of the structure using the behaviour factor (q). Secondly, the seismic related forces are determined using  

time-history analyses where the system is driven by accelerograms. The used earthquake signals are analysed in 

section 6.2, these accelerograms are scaled records from section 5.2.1. 

Where in static analysis only an equivalent system is used, using time-history analyses also a more degree of 

freedom system is considered. Therefore firstly the seismic related forces for the equivalent system are determined, 

where after a two degrees of freedom (2dof) system is used to determine the seismic related forces at both floors of 

the structure. 

6.1. Seismic related forces using static equivalent load 

The base shear force is determined by using an equivalent single spring mass system. The base shear force is 

distributed over the rigid bodies of the system, in this case the first and second floor. The equivalent system, as 

presented in Figure 6.1, uses an equivalent mass, spring stiffness and damping coefficient. These characteristics are 

determined in section 4.3.2, derived from the push-over calculation [4]. 

 
Figure 6.1: Equivalent single spring mass system driven by an acceleration function 
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In this section the seismic related forces at the first and second floor are determined following NPR-9998 [2] and 

NEN-EN 1998 [3]. The calculation approach following these codes is similar, but the difference in outcome is due to 

difference in the prescribed code spectra, which is presented in Figure 6.2. 

In Figure 6.2 the design response spectrum is presented using a behaviour factor q = 1.0 and q = 2.3. Due to the 

plastic ability of the structure, energy dissipation takes place. As a result, in a lower dynamic amplification factor 

(DLF) by taken into account a behaviour factor q = 2.3 compared to a behaviour factor q = 1.0 (elastic system). 

From the push-over calculation, a behaviour factor q = 1.74 is determined. Determining the seismic related forces, 

following the ‘near-collapse’, the behaviour factor may be multiplied by a factor 1.33 (NPR-9998 ‘section 

3.2.2.2.3’), because of over-strength of concrete (εpl = 3.5 ‰) and masonry. 

 

Table 6.1: System properties of the equivalent single spring mass system 

System property Value 

Mass of the rigid body (m*) 24600 kg 

Natural period (T*) 1.08 s 

Natural frequency (f’*) 0.93 

Ductility ratio (µ) 2.02 

Behaviour factor (q) 1.74 ∙ 1.33 = 2.3 

 

 
Figure 6.2: Elastic response spectra (q = 1.0) and design response spectra for q = 2.3, according to NPR-9998 and 

Eurocode-8 

 

The system properties of the equivalent system, as presented in Table 6.1, are determined by the push-over 

calculation and described in section 4.3.2. In determining the base shear force, using the system properties of the 

equivalent system, the dynamic amplification factor is determined using the design response spectrum. The base 

shear force determined according NPR-9998 design spectrum is presented in [ 6.1 ]. The results found using the 

NEN-EN 1998 spectra, are summarized and presented in Table 6.2. 

The peak ground accelerations which are used to determine the base shear force, are presented in NPR-9998 through 

a contour plot (NPR-9998 ‘section 3.2.2’) of the Groningen region. In this research the maximum prescribed peak 

ground accelerations (PGA) are used, which are near the village Loppersum (ag,ref = 0.36 g). 

 

Using a similar ratio of deflection between the first and second floor of the structure as when the structure deflects in 

its fundamental Eigenmode, the seismic related forces are determined at each floor (using the base shear force). The 

ratio between the first and second floor is respectively 0.35 : 1.0, determined by the push-over calculation. This ratio 

is determined using a force distribution of 1:1.16 between the first and second floor (conform the distribution of 

masses). Finally the deflection ratio is determined when the structure behaviour is still linear. 
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Fb = Sd(T1) ∙ m = Sd(T1)/ag,ref ∙ ag,ref ∙ m = 0.52 ∙ 0.36 ∙ 9.807 ∙ 35000 ∙ 103 = 64.2 kN [ 6.1 ] 

F1= -Fb ∙ 
m1 ∙ Φ1

 ∑ mi ∙ Φi 
 = -64.2 ∙ 

16000 ∙ 0.35

 16000 ∙ 0.35 + 19000 ∙ 1.0 
 = -14.6 kN [ 6.2 ] 

F2 = -Fb - F1 = 64.2 - 14.6 = -49.6 kN [ 6.3 ] 

 

By making a comparison between the results found using the NPR-9998 and NEN-EN 1998, the results of the two 

NEN-EN 1998 spectra are presented in Table 6.2. The only difference between the NPR-9998 and NEN-EN 1998, in 

this calculation, is the result of the design spectrum. Other variables, like for example the soil type, are kept constant. 

The NEN-EN 1998 provides two spectra (type-1 and type-2). For a seismic hazard with a surface-wave magnitude 

lower than 5.5 m/s
2
, the NEN-EN 1998 type 2 spectrum is recommended (NEN-EN 1998 ‘section 3.2.2.2 (2)P). For 

the Groningen situation a peak ground acceleration ag,ref = 0.36 g = 3.5 m/s
2
 is taken into account, as a result that for 

this situation the type-2 NEN-EN 1998 spectrum should be used. 

 

Table 6.2: Seismic related forces (ag,ref = 0.36 g), determined according NPR-9998 and Eurocode-8 design spectra, 

using a behaviour factor q = 2.3 

Design spectra Dynamic 

amplification 

factor 

[-] 

Base shear  

force 

 

[kN] 

Force first  

floor 

 

[kN] 

Force second  

floor 

 

[kN] 

NPR-9998 0.52 64.2 -14.6 -49.6 

Eurocode 8 type 1 0.40 49.4 -11.2 -38.2 

Eurocode-8 type 2 0.25 30.8 -7.0 -23.8 

 

The results found by using the NPR-9998 spectrum result in larger forces compared to NEN-EN 1998 spectra, as a 

result of a different DLF for this natural period as presented in Figure 6.2. Comparing the forces found according the 

NPR-9998 spectrum and the type 2 NEN-EN 1998 spectrum the difference is significant. The NEN-EN 1998 type-2 

spectrum result in a lower force of around 50% compared to the results of the NPR-9998 spectrum. 

6.2. Acceleration-time relation 

Determining the seismic related forces by using time-history analyses, the support of the considered system is driven 

by an accelerogram. In determining the behaviour of the floor system in chapter 5, there are two earthquake signals 

used as presented in section 5.2.1 (accelerogram-1 and accelerogram-2). Whether these earthquake signals complies 

to the Groningen induced earthquakes, is investigated in this section using the elastic response spectrum according to 

NPR-9998 ‘section 3.2.2.2.1’ [2]. 

 

From the accelerograms as presented in section 5.2.1, an elastic response spectrum is determined using numerical 

simulations. A single spring mass system is used, where the support is driven by the considered accelerogram. The 

system properties (mass and spring stiffness) determine the natural period of the system. By varying these properties, 

the natural period will change. By varying the spring stiffness, a series of systems is elaborated, with a varying 

natural period in a range between 0.01 seconds and 1.5 seconds. 

The maximum acceleration of an individual system is determined by using numerical simulations as described in 

section 5.1 (dynamic implicit solving). The dynamic amplification factor is determined by dividing the maximum 

acceleration of the considered system by the maximum acceleration of the accelerogram. 
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Figure 6.3: Elastic response spectrum belonging to the accelerograms as presented in section 5.2.1 and the code 

elastic response spectra according to NPR-9998 and NEN-EN 1998 

 

The first system has a natural period T = 0.01 seconds, because a system with a natural period equal to zero cannot 

be modelled. Afterwards the natural period is increased by 0.01 seconds for each calculation until a system with 

natural period of 0.5 seconds is reached. The increase of natural period, for systems with a larger natural period  

T = 0.5 seconds, is increased by steps of 0.025 seconds. 

The numerical simulations utilise fixed time increments. The systems where the natural period is between  

0.01 ≤ T ≤ 0.35 seconds, the time increments are fixed to 0.001 seconds. For the systems with a larger natural period 

T > 0.35 seconds, the time increments are fixed to 0.005 seconds (similar as measurements of the accelerograms). 

The decrease of used time increments for the systems with a smaller natural period is because a minimum of 

increments is required (related to the natural frequency of the system). 

Finally, by determining the elastic response spectrum, 90 single spring mass systems with varying natural periods are 

elaborated The dynamic amplification factor of these 90 systems will result in the elastic response spectrum 

belonging to these considered accelerograms as presented in Figure 6.3. 

 

As presented in Figure 6.3, the elastic response spectrum belonging to the accelerograms (accelerogram-1 and 

accelerogram-2) show good agreement with the NEN-EN 1998 type 2 spectrum. From section 6.1 can be seen that 

the NEN-EN 1998 type 2 spectrum will result in an underestimation (about 50%) of the seismic related forces for the 

Groningen situation (system with natural period T = 1.08 seconds). Using these accelerograms, a similar conclusion 

can be made from the outcome of the elastic response spectrum, because these correspond with the elastic  

NEN-EN 1998 type 2 spectrum. 

Therefore the used accelerograms are being scaled, which need to result in a similar dynamic amplification factor for 

a natural period T = 1.08 seconds as presented in the NPR-9998 elastic spectrum. 

 

The accelerograms are scaled about the x-axis, by a factor (2.06). As a result that the elastic response spectrum will 

correspond to the NPR-9998 elastic spectrum at T = 1.08 seconds. As expected, the spectrum belonging to the scaled 

accelerograms are not in agreement to the NPR-9998 spectrum as the unscaled accelerograms to the NEN-EN 1998 

type 2 spectrum (Figure 6.6). But an important aspect is that the accelerograms complies with the NPR-9998 elastic 

spectrum for a natural period similar as the natural period of the equivalent single spring mass system belonging to 

the masonry-built terrace house. 
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Figure 6.4: Scaled acceleration-time relation direction-x (accelerogram_0.36-1) 

 

 
Figure 6.5: Scaled acceleration-time relation direction-y (accelerogram_0.36-2) 

 

By scaling the accelerograms over the x-axis by a factor of 2.06, the accelerograms results in a longer duration 

earthquake. As a result to determine the response of the systems for these scaled accelerograms, the response is 

determined for eight seconds instead of five seconds as performed for the unscaled accelerograms. 

Using a similar approach to determine the spectrum belonging to these scales accelerograms (accelerogram_0.36-1 

and accelerogram_0.36-2) as described before, the elastic response spectra are determined and shown in Figure 6.6. 

 

The amplitude of the accelerograms will not have significant influence on the elastic response spectrum. The 

amplitude is scaled from a maximum acceleration of the unscaled accelerogram of 4.9 m/s
2
 to 3.5 m/s

2
 belonging to 

accelerograms-0.36. The maximum acceleration of the scaled accelerograms are conform the maximum described 

peak ground acceleration according to NPR-9998 (ag,ref = 0.36 g = 3.5 m/s
2
). 
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Figure 6.6: Elastic response spectrum belonging to the scaled accelerograms and the code elastic response spectra 

according to NPR-9998 and NEN-EN 1998 

 

6.3. Seismic related forces using time-history analyses 

To determine the seismic related forces using the scaled accelerograms (PGA ag,ref = 0.36 g), time-history analyses 

are performed using numerical simulations. Firstly, the structure is schematized as an equivalent single spring mass 

system and the seismic related forces at the structure are determined using the static equivalent load. The static 

equivalent load is determined using the dynamic amplification factor (DLF), determined by the response of the 

equivalent system. This DLF is determined using two approaches; force-displacement relation and maximum 

acceleration of the system. The results of these analyses are elaborated in section 6.3.1 and the entire calculation is 

presented in Appendix D. 

Secondly, a two degrees of freedom system is investigated, where the floors are schematized as rigid bodies and the 

horizontal deflection of the piers (located on the ground and first floor) by damped translational springs. This system 

is analysed to verify the forces determined by the static equivalent load (equivalent system) and the distribution of 

the forces over the floors which is in static approach assumed. The results of the 2dof system are analysed in section 

6.3.2 and the entire calculation considering different spring behaviour and applied accelerations is elaborated in 

Appendix E. 

6.3.1. Driven equivalent single spring mass system 

The time-history analyses has been performed using numerical simulations [13], similar to those performed 

determining the behaviour of the floor system in chapter 5. 

The equivalent single spring mass system is described by a connector element. The properties assigned to the 

connector element are the spring stiffness (elastic or elasto-plastic) and the amount of damping which is five percent 

of the critical viscous damping. One end of the connector is attached to the driven support, the other end is connected 

to a rigid body which has a certain mass (m* = 24600 kg). 

The driven support is in the numerical simulations modelled by using an accelerated boundary condition equal to 1.0 

times an amplitude. The data of the scaled accelerograms (accelerograms_0.36) are entered using tabular data in the 

amplitude function of the numerical software. Using the unscaled accelerograms, the acceleration of the support was 

described for each time increment (0.005 seconds). By scaling these accelerograms over the x-axis, the acceleration 

of the support is not any more described for each 0.005 seconds (time increments). The numerical software will 

determine the acceleration at the support using interpolation, when the acceleration is not derived for the specified 

time. 
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The response of the system is determined for eight seconds (using fixed time increments of 0.005 seconds and 

dynamic implicit solving). The maximum acceleration of the system using elastic spring behaviour is used to 

determine the DLF. This factor is compared to the DLF found using the elastic response spectrum according to  

NPR-9998 (PGA ag,ref = 0.36 g) and presented in Table 6.3. 

The DLF for the elastic system determined using the scaled accelerograms_0.36 complies with the DLF according to 

the elastic NPR-9998 spectrum, seen from Table 6.3. This is also seen in Figure 6.6, where the elastic response 

spectrum for the accelerograms_0.36 is presented together with the elastic NPR-9998 spectrum. 

 

Table 6.3: Seismic related forces and DLF belonging to accelerograms_0.36 and accelerograms_0.12, using elastic 

and elasto-plastic spring properties 

Elastic spectra Dynamic 

amplification 

factor 

[-] 

Base shear  

force 

 

[kN] 

Force first  

floor 

 

[kN] 

Force second  

floor 

 

[kN] 

Accelerogram_0.36-1 1.19 147.0 -33.5 -113.5 

Accelerogram_0.36-2 1.22 147.0 -33.5 -113.5 

NPR-9998 ag,ref = 0.36 g 1.19 147.4 -33.5 -113.8 

Accelerogram_0.12-1 1.30 53.5 -12.2 -41.3 

Accelerogram_0.12-2 1.34 55.2 -12.6 -42.6 

NPR-9998 ag,ref = 0.12 g 1.31 54.0 -12.3 -41.7 

Design spectra Dynamic 

amplification 

factor 

[-] 

Base shear  

force 

 

[kN] 

Force first  

floor 

 

[kN] 

Force second  

floor 

 

[kN] 

Accelerogram_0.36-1 0.26 32.1 -7.3 -24.8 

Accelerogram_0.36-2 0.23 28.1 -6.4 -21.7 

NPR-9998 ag,ref = 0.36 g 0.52 63.7 -14.5 -49.2 

Accelerogram_012-1 0.59 24.3 -5.5 -18.8 

Accelerogram_0.12-2 0.58 23.2 -5.3 -17.9 

NPR-9998 ag,ref = 0.12 g 0.57 23.3 -5.3 -18.0 

 

For the elasto-plastic system (determined by the push-over calculation [4]), the elasto-plastic behaviour, as presented 

in Figure 6.7, is assigned to the connector element. There is made use of an elastic behaviour first, where after the 

plastic behaviour is assigned by the yield force and yield displacement. As a result, the plastic branch is infinite, the 

maximum deflections of the spring are not defined. 

According to NPR-9998 [2] ‘section 3.2.2.2.3’, the behaviour factor may be multiplied by a factor 1.33, when the 

behaviour factor is determined using a push-over calculation. As a result of the larger behaviour factor, the maximum 

deflection of the equivalent spring is increased as presented in Figure 6.7. The maximum deflection of the equivalent 

system, according to a behaviour factor q = 2.3 is determined using the ductility ratio (µ) as shown in Appendix D. 
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Figure 6.7: Force-displacement relation of the equivalent system, using a behaviour factor q = 1.74 and q 2.3 

 

As presented in Figure 6.8, the maximum deflections of the spring are exceeded using the accelerograms_0.36. As a 

result the system cannot withstand this earthquake signal. The applied force-displacement relation of the spring, 

leads to the lower DLF considering the driven systems by accelerograms_0.36 and the results found using the design 

NPR-9998 spectrum, as presented in Table 6.3. Using accelerograms_0.36, the behaviour factor (q) is significant 

larger as applied to determine the DLF according to NPR-9998 design spectrum. This results in a lower seismic 

related force as seen in Table 6.3. 

 

Using the maximum deflections of the spring, the amplitude of the accelerograms_0.36 are scaled until the maximum 

deflection of the spring in the equivalent system is not exceeded during the vibrations. With this method the 

maximum earthquake magnitude is determined, which can be resisted by the equivalent system. 

When the magnitude of the accelerograms_0.36 are scaled, also the accelerograms need to be scaled over the x-axis 

(Figure 6.9). As a result, the peak ground accelerations according to NPR-9998 are used to determine the spectrum, 

which is seen from Table 6.3 for the DLF belonging to the elastic spectrum using a PGA ag,ref = 0.36 g and  

ag,ref = 0.12 g. 

The maximum earthquake magnitude related to the maximum deflection of the spring in the equivalent system, is an 

earthquake with a PGA ag,ref = 0.12 g. In Figure 6.8 is seen that the maximum deflections are not exceeded and from 

Table 6.3 is seen that the DLF complies with the DLF according to the NPR-9998 design spectrum, because the 

applied force-displacement relations are in accordance. 

 

 
Figure 6.8: Applied force-displacement relation from push-over calculation and following accelerograms_0.36 and 

accelerograms_0.12 
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Figure 6.9: Elastic response spectrum for a Groningen earthquake with PGA ag,ref = 0.36 g and ag,ref = 0.12 g, 

belonging to accelerograms_0.36, accelerograms_0.12 and the elastic response spectra according to NPR-9998 

 

The equivalent single spring mass system is in static approach used to determine the dynamic amplification factor. 

As presented in Appendix D, the determination of the DLF is investigated using a series of equivalent systems using 

varying spring properties. The DLF belonging to these systems is determined using the following two approaches: 

 Force-displacement relation of the elasto-plastic spring, using the ductility of the system. With the ductility 

ratio (µ) the behaviour factor (q) is determined and this factor is used to determine the DLF following the 

design spectrum which is used in static approach to determine the static equivalent load. 

 Dividing the maximum acceleration of the system by the maximum acceleration of the support. This 

method can be used when time-history analyses are performed, determining the response of the system. 

 

In Figure 6.10, the applied force-displacement relations of six systems are presented when these systems are driven 

by accelerograms_0.12. These systems consist of the same mass, spring stiffness, natural period and amounts of 

damping. The yield force of these systems is different, as seen from Figure 6.10. 

 

With the force-displacement relation the influences of the behaviour factor to the DLF can be investigated, as 

presented in Table 6.4. The DLF is determined using the maximum acceleration of the system and the behaviour 

factor is determined using the applied force-displacement relation as presented in Figure 6.10. For the first system 

(yield force Fy = 40 kN) applies that this system stays elastic during the vibrations. Therefore for the other systems, 

the DLF (determined by the maximum accelerations) times the behaviour factor should be equal as the DLF 

belonging to the fully elastic system. As seen from Table 6.4, this is not the case for each system. The difference is 

similar as the difference of the DLF determined using the two previous described approaches. 

 

As presented in Table 6.4, the DLF is determined using the two approaches (maximum acceleration of the system 

and applied force-displacement relation). As seen from Table 6.4 is that for the most systems, these two approaches 

results in a similar DLF. This is not the case for all systems, for example the system with a yield force Fy = 5 kN 

driven by accelerogram_0.36-2. For this specific system the plastic deflections are lower as expected, as a result in a 

lower value of "DLF ∙ q" as expected (DLF ∙ q = 0.86 and should be 1.34). Also for this system, the difference 

between the DLF determined by the two approaches differs significant. 
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Figure 6.10: Force-displacement relations belonging to the considered systems using accelerograms_0.36 

 

Table 6.4: DLF determined by the maximum acceleration of the system and applied force-displacement relation, as 

also the influences of the behaviour factor on the DLF 

 Fy = 40 kN Fy = 30 kN Fy = 20 kN Fy = 25 kN Fy = 20 kN Fy = 10 kN 

Accelerogram_0.12-1 

Acceleration 

Sd(T1)/ag,ref 
1.30 1.11 0.79 0.62 0.45 0.27 

Force-displacement 

Sd(T1)/ag,ref 
1.31 1.14 0.78 0.61 0.41 0.27 

Acceleration 

Sd(T1)/ag,ref ∙ q 
1.30 1.28 1.32 1.33 1.44 1.31 

Accelerogram_0.12-2 

Acceleration 

Sd(T1)/ag,ref 
1.34 1.14 0.78 0.60 0.43 0.24 

Force-displacement 

Sd(T1)/ag,ref 
1.31 1.01 0.79 0.61 0.45 0.37 

Acceleration 

Sd(T1)/ag,ref ∙ q 
1.34 1.48 1.30 1.30 1.24 0.86 

 

6.3.2. Driven two degrees of freedom system 

The 2dof system is a more realistic schematization of the structure compared to the equivalent system used in static 

approaches and analysed in section 6.3.1. The 2dof system is analysed to investigate the force distribution over the 

height (first and second floor) and whether the results using elasto-plastic springs complies with the results found 

using the equivalent system. 

 

Considering the 2dof system, the mass of respectively the first and second floor are considered individually and they 

are connected to damped translational springs which describe the force-displacement relation of the piers between 

the floors (Figure 6.11). Similar to the equivalent system, this system is driven for eight seconds by the scaled 

accelerograms and solved using numerical simulations [13] which uses a dynamic implicit solving technique. 
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Figure 6.11: Two degrees of freedom system (2dof) driven by an acceleration function 

 

The springs of the 2dof system are assigned by elasto-plastic behaviour, determined from the results of the push-over 

calculation [4]. As presented in section 4.3.2, the push-over calculation results in a force-displacement relation for 

both floors (first and second floor). Considering the equivalent system, an equivalent force-displacement relation is 

determined using the transformation factor. For the 2dof system, the behaviour of the piers at both floors is used as 

an elasto-plastic spring property. 

 

The elasto-plastic spring properties are determined using the results as presented in Figure 4.5. The force-

displacement relation of spring-2 is determined by the force and belonging relative displacement at the second floor. 

The relative deflection is the total displacement of the second floor minus the total displacement of the first floor. 

The force-displacement relation of spring-1 is determined by taking into account the total force and relative 

displacement of the first floor. 

As a result from the push-over calculation, a non-linear behaviour of both springs is determined. Using the energy 

belonging to these non-linear relations, the elasto-plastic relation is determined. 

Similar as performed for the equivalent system, the behaviour factor related to the elasto-plastic spring properties 

may be multiplied by a factor 1.33 according to NPR-9998 [2] ‘section 3.2.2.2.3’. As a result, the maximum 

deflections are increased (Appendix E) and the resultant force-displacement relations are presented in Figure 6.12. 

 

The amount of damping of both springs is five percent of the critical viscous damping. To determine the viscous 

damping, presented in section 5.2.2, the mass and spring stiffness need to be taken into account. For the second 

spring the mass of the second floor and the spring stiffness of the second spring are used. To determine the amount 

of damping of the first spring, the spring stiffness of the first spring is used and the total mass of the system.  

 

Table 6.5: System properties of the two degrees of freedom system 

System property Value 

Mass of rigid body 1 (m1) 1.600 e4 kg 

Mass of rigid body 2 (m2) 1.900 e4 kg 

Spring stiffness of spring 1 (k1) 2.330 e6 N/m 

Yield force of spring 1 (Fy,1) 1.676 e4 N 

Yield displacement of spring 1 (dy,1) 7.200 e-3 m 

Maximum displacement spring 1 (dm,1) 2.630 e-2 m 

Amount of damping, spring 1 (c1) 2.860 e4 kg/s 

Spring stiffness of spring 2 (k2) 7.090 e5 N/m 

Yield force of spring 2 (Fy,2) 9.000 e3 N 

Yield displacement of spring 2 (dy,2) 1.270 e-2 m 

Maximum displacement spring 2 (dm,2) 3.730 e-2 m 

Amount of damping, spring 2 (c2) 1.160 e4 kg/s 

a(t)

c1

k1

m1

c2

k2
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Time = t

e1

x1,1 x1,2

x1



 

 

64 Diaphragm action of a hollow-core slab floor system under seismic loading 

P. Mijnsbergen 

 
Figure 6.12: Spring properties as determined by results of the push-over calculation 

 

2dof system with elastic springs 
In static seismic engineering, the force distribution of the seismic related forces is assumed. Using the deflection 

shape of the structure, when the structure deflect in the fundamental Eigenmode, and the distribution of masses at the 

height of the floors. The deflection shape of the masonry-built terrace house is determined in the push-over 

calculation [4], as a result in a deflection ratio of 0.35 : 1.0 (first and second floor respectively). 

Using the elastic springs with spring stiffness as presented in Table 6.5, the deflection shape of the structure is 

verified using the 2dof system. 

 

 
Figure 6.13: Displacement of the 2dof system components (support and rigid bodies) using elastic and elasto-plastic 

springs 
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Figure 6.14: Relative displacement (elongation springs) of both springs using elastic and elasto-plastic springs 

 

As shown in Figure 6.13, the displacements of the support and both masses are presented. The displacement is the 

distances between the location of the component at a specified time and the initial location. Using the displacement 

of the 2dof system, the elongation of both springs is determined. The elongation of the springs is the relative 

displacement of the system, for example for spring-1 the elongation is determined by subtracting the displacement of 

mass-1 by the displacement of the support. 

Using elasto-plastic springs, the spring elongations are changed compared to the elastic springs. After approximately 

4.5 seconds, the spring deflect plastic. As a result the total displacements are increased and the related forces are 

decreased because the springs are limited. 

 

As mentioned before, the force distribution in static approach is related to the deflection shape of the structure. 

Therefore the deflection shape using elastic springs is determined for three phenomenon’s: maximum of base shear 

force, maximum force at first floor and maximum force at the second floor (Table 6.6). Using the 2dof system, these 

forces are determined by the spring forces. The force at the second floor is equal with the force in the second spring 

(spring-2). The force at the first floor is determined by the difference between the force in the first spring and the 

second spring. Only the first spring is attached to the support, as a result the forces due to acceleration of mass-2 are 

also located in the first spring. Therefore the difference is determined to determine the forces at the first floor. 

 

Table 6.6: Force ratio and belonging deflection of the system using elastic springs, accelerograms_0.12 and 

determined for three phenomenon’s (maximum base shear force, force floor-1 and force floor-2) 

 Force ratio 

F1 : F2 

Deflection ratio 

δ1 : δ2 

Time 

 

[s] 

Accelerogram_0.12-1 

Maximum base shear force 1.62 : 1.00 0.48 : 1.00 5.215 

Maximum force floor 1 2.14 : 1.00 0.51 : 1.00 5.190 

Maximum force floor 2 -0.31 : 1.00 0.18 : 1.00 5.370 

Accelerogram_0.12-2 

Maximum base shear force 1.57 : 1.00 0.43 : 1.00 4.090 

Maximum force floor 1 1.57 : 1.00 0.43 : 1.00 4.090 

Maximum force floor 2 -0.08 : 1.00 0.22 : 1.00 4.615 
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As presented in Table 6.6, the force ratio for the elastic springs is not similar as the deflected ratio of the system 

considering accelerograms_0.12 and at time these three phenomenon occur. 

For the 2dof system, the maximum acceleration of the first mass is larger compared to the acceleration of the second 

mass. When the maximum accelerations of the first mass occur, using accelerogram_0.12-1 these occur around 

5.2 seconds as presented in Figure 6.15, the maximum elongation of the first spring occurs. The elongation of  

spring-1 at this time is similar to the elongation of the second spring. 

When the maximum accelerations of the second mass occur, using accelerogram_0.12-1 these occur around 

5.4 seconds, the first mass is already accelerated in the other direction. As a result, the force at the first floor is in the 

other direction as the seismic related force located at the second floor. Also the deflection of the system at mass-1 is 

significant smaller as the deflection of the system at mass-2. 

 

 
Figure 6.15: Acceleration of the 2dof system and seismic related forces (support, first and second floor), using 

elastic springs and accelerogram_0.12-1 

 

2dof system with elasto-plastic springs 
Using the equivalent single spring mass system, the maximum earthquake magnitude is determined. As a result the 

maximum deflections of the elasto-plastic spring are not exceeded. This results in an earthquake magnitude with a 

PGA ag,ref = 0.12 g (accelerograms_0.12). Using elasto-plastic springs for the 2dof system, as presented in  

Figure 6.12, the accelerograms_0.12 are used and it is verified whether the maximum deflections of the springs of 

the 2dof system are exceeded during these vibrations. 

 

As presented in Figure 6.16, it is seen that the maximum deflections of the second spring are exceeded when the 

earthquake magnitude of 0.12 g is used. As a result, the deflections of the pier located between the first and second 

floor are exceeded and this structure component cannot withstand this earthquake. 

Similar as performed for the equivalent system, the accelerograms are scaled until the maximum deflections of the 

system are not exceeded during the vibrations. As a result, the force-displacement relations of both springs are 

presented for the maximum earthquake magnitude (accelerograms_0.08) in Figure 6.16. 
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Figure 6.16: Applied force-displacement relation from push-over calculation and following accelerograms_0.12 and 

accelerograms_0.08 

6.4. Concluding remarks 

Static and time-history analyses have been performed in order to determine the seismic related forces at the  

masonry-built terrace house with hollow-core slab floors. Firstly the seismic related forces are determined using the 

static equivalent load, according to the NPR-9998 [2] design response spectrum. The NPR-9998 elastic response 

spectrum is used in verification whether the used accelerograms (as used in chapter 5) result in corresponding 

dynamic amplification factor (DLF) for the considered structure. Considering these accelerograms a significant 

difference in DLF occur for a system with a natural period T = 1.08 seconds. Therefore the accelerograms are scaled 

over the x-axis, as a result that the DLF correspond for a system with natural period T = 1.08 seconds to the  

NPR-9998 elastic spectrum. Also the amplitude of these accelerograms is scaled, to complies with the maximum 

earthquake magnitude as presented in NPR-9998 

 

Using elasto-plastic spring behaviour of a series of equivalent systems, the approach to determine the DLF is 

investigated. The DLF is in static approach determined by the force-displacement relation of the structure (ductility). 

Using the time-history analyses, the DLF is determined by the applied force-displacement relation (behaviour factor) 

of the system and using the maximum acceleration of the system. 

For some systems, as presented in Table 6.4, a significant difference in DLF is observed using these two approaches. 

This difference is also observed in the investigation of the influence of the behaviour factor on the DLF (DLF ∙ q). 

Only two earthquake signals (for the Groningen situation) where available and six elasto-plastic equivalent systems 

are used. More earthquake signals need to be analysed, with elasto-plastic equivalent systems, to obtain a general 

conclusion on this specific topic. 

 

From the equivalent single spring mass system is concluded that the piers can withstand an earthquake with 

magnitude PGA ag,ref = 0.12 g. This is determined using the applied force-displacement relation of the equivalent 

system, where the maximum deflections of the system during the vibrations are equal to the maximum deflection as 

determined by the push-over calculation [4]. 

Using the 2dof system, the support of this system is also driven by accelerograms_0.12 (maximum magnitude of 

0.12 g). Using these earthquake signals, only the deflections of the second spring are exceeded and not the maximum 

deflections of the first spring (Figure 6.16). The yield force and spring stiffness of spring-2 are lower compared to 

spring-1, because the normal force in the piers located at the first floor are smaller compared to the normal forces in 

the piers located at the ground floor. These piers are made from unreinforced calcium silicate masonry, as a result the 

bending stiffness of these walls is related to the normal force. 
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The maximum earthquake magnitude belonging to the 2dof system maximum spring deflections, has a magnitude of 

0.08 g instead of 0.12 g. As a result from the equivalent system and 2dof system, it had to be concluded that the 

equivalent system is not a correct schematization of the masonry-built terrace house. Using the equivalent system, 

the structure resistance is overestimated. 

 

Table 6.7: Seismic related forces following time-history analyses (accelerograms_0.12) using the equivalent and 

2dof system 

 Base shear  

force 

[kN] 

Force first  

floor 

[kN] 

Force second  

floor 

[kN] 

Equivalent, accelerogram_0.08-1 22.8 -5.2 -17.6 

Equivalent, accelerogram_0.08-1 22.5 -5.1 -17.4 

2dof, accelerogram_0.08-1 18.6 -16.5 -2.1 

2dof, accelerogram_0.08-2 18.4 -9.2 -9.2 

 

Also from the results presented in Table 6.7, is seen that the distribution of forces over the two floors using the 

equivalent system and 2dof system does not complies. Using the static equivalent load, the force distribution is 

assumed using the deflected shape of the structure. As investigated by the 2dof system with elastic springs, the 

system is deflected in a similar shape as assumed in static approach (fundamental Eigenmode). Remark: as seen from 

Table 6.6 the deflection ratio between the two floors is not related to the force distribution at these floors. 

Also for this situation applies, the 2dof system needs to be subjected to more earthquake signals to obtain a general 

conclusion. Only two accelerograms are available. To exclude the scatter between the results, the response related to 

more accelerograms need to be analysed. 
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7. In-plane resistance floor system 

In general seismic engineering, the floors are schematized as rigid bodies. This is done because a large percentage of 

the total mass of the structure is located in the floors (especially using concrete floors) and due to diaphragm action 

the floors have a large stiffness compared to the lateral stiffness of the vertical load bearing elements. 

As concluded from the investigation of the behaviour of the hollow-core slab floor system during an earthquake 

(chapter 5), the hollow-core slab floor behaves rigid during the earthquake until non-linear displacements occur. As a 

result, the seismic related forces are uniformly distributed over the floor length (depth of the house). 

 

In this chapter the resistance of the floor system is analysed, using an uniformly distributed external load (in-plane of 

the diaphragm). The assumption is made that the floor system is constructed following CUR-136 [1] requirements. 

Form this investigation it will be concluded whether the diaphragm has a sufficient resistance to resist a Groningen 

earthquake. 

Firstly the structure characteristics are presented in section 7.1, following the CUR-136 recommendations and 

characteristics of the diaphragm. Secondly in section 7.2 and 7.3, the resistance of the floor diaphragm is determined 

based on section capacity design and numerical analyses respectively. In the numerical analyses, the frictional based 

interactions between adjacent hollow-core slabs (longitudinal joints) and between the hollow-core slabs and load 

bearing walls are investigated. 

Finally, the ultimate load of the floor diaphragm using previous described approaches is determined. 

7.1. Structure characteristics 

For the determination of the diaphragm resistance, the second floor of the masonry-built terrace house is considered. 

Due to absence of an active tuition tie, the amount of tension force is developed by friction at the supports of the 

hollow-core slabs (support with load bearing walls). As a result, the downward loading at this section determines the 

amount of tensile and total resistance of the diaphragm. 

The downwards loading at the support of the second floor is smaller compared to the downwards loading at the 

support of the first floor. As a result, the resistance of the tuition tie at the second floor is smaller compared to the 

tension force developed at the first floor. Therefore the second floor is the governing floor considering the diaphragm 

resistance, due to the developed tuition tie. 

 

The downwards load which is taken into account at the second floor is: the self weight of the floor, roof and gable 

wall as presented in Figure 7.1. The mass of the structural elements which are taken into account to determine the 

downwards loading, complies with the total masses as assumed in section 6.3.2. The characteristics of the structure 

parts are presented in Table 7.1, where also is proved that the summation of masses of the individual parts complies 

with the masses of the rigid bodies as used in the 2dof system. 
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Figure 7.1: Downwards loading at the support (load bearing wall) of the second floor 

 

Table 7.1: Mass of the structure parts of the considered structure and verification with mass of the rigid bodies in 

the 2dof system (where half of the structure geometry is considered) 

Part of the structure Mass structure part Mass of rigid body in 2dof system 

[kg] 

Roof structure 240 kg/m 

Rigid body 2 = 19400 kg ≈ 19000 kg Gable wall (average) 410 kg/m 

Floor 485 kg/m
2
 

Load bearing wall 225 kg/m
2
 

Rigid body 1 = 16800 kg ≈ 16000 kg 
Lateral stability wall 190 kg/m

2
 

 

The criterion to determine the ultimate tension force in the tuition tie of the diaphragm is that the outermost slab may 

not slip over the load bearing wall. As a result the downwards loading at the outermost slab times the frictional 

coefficient results in the ultimate tension force in the tuition tie. 

For the second floor, applies that the downwards loading of the outermost slab is smaller compared to the slab placed 

in the centre of the structure, as a result of the triangular shape of the gable wall as seen in Figure 7.1. In this research 

is assumed that the self weight of the gable wall is vertical projected on the support of the second floor, which leads 

in a triangular load distribution as presented in Figure 7.1. Considering the downwards loading at the first floor, this 

load is uniform distributed, due to the effect the weight of the gable wall is uniform distributed over the depth of the 

structure, and larger compared to the downwards load at the second floor. 

 

 
Figure 7.2: Interaction planes of hollow-core slabs, at the second floor, with the load bearing wall and gable wall 
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As mentioned before, the tension tie capacity is related to the interaction planes of the slabs at the load bearing walls. 

The resistance is determined by friction of these planes, friction coefficient and downwards loading. 

A cross-section of the support of the outermost hollow-core slab is presented in Figure 7.2. It is seen that there are 

two interaction planes (bottom and top of the slab) where frictional resistance can develop. The interaction plane at 

top of the slab (plane-2), is determined by the downwards load of the roof and gable wall. When a tension force in 

this section is applied, the gable wall needs to have a sufficient capacity to resist this force. The cross-section of this 

wall, which needs to resist the tension force, is small and the tension force needs to be resisted by the tension 

resistance of the head joints of the masonry wall which is limited. Therefore to determine the capacity of the tuition 

tie, only the interaction plane at the bottom of the hollow-core slab (plane-1) is used. Remark: in this research it is 

assumed that the ultimate tension force in plane-1 can be taken into account by the masonry-built load bearing walls. 

7.1.1. CUR-136 characteristics (frictional coefficients) 

CUR-136 [1] provide recommendations about the construction and calculation of the hollow-core slab floor, which 

are used as starting point in the calculation of the diaphragm resistance. This results in following frictional 

coefficients and maximum shear stress in the longitudinal joints: 

 Friction coefficient at support of the hollow-core slab (between slab and load bearing wall) f1 = 0.5. 

 Friction coefficient in longitudinal joints: f2 = 1.0 (initial shear strength is neglected). 

 Maximum mean shear stress in shear plane of longitudinal joints: τmean = 0.10 MPa ([16] and [17]). 

 

The friction coefficient at the longitudinal joints (f2 = 1.0) is determined by experimentally research, additional 

presented in CUR-136. Concluded from CUR-136, section 3.4, taken into account the wind pressure at the side 

facade, is that the required frictional coefficient is smaller than the frictional coefficient determined by experiments. 

7.2. Resistance diaphragm following CUR-136 approach 

The force distribution in the diaphragm following CUR-136 approach is described in section 3.3. This approach is 

used to determine the ultimate external load that can be resisted by the second floor of the house. 

The mechanism used in CUR-136 is related to the mechanism of a stocky beam. The internal forces are located in a 

tuition tie and compression arch. The resistance of the diaphragm is related to following criteria: 

 Resistance of the tuition tie: frictional resistance of the support of the slabs. 

 Shear resistance of the longitudinal joints: frictional resistance of the in general cracked joints. 

 Resistance of the compression arch: in most cases not governing. 

 Height of the internal lever arm: shape of the compression arch. 

The ultimate load (uniform distributed over the floor length) is determined by the bending moment resistance of the 

diaphragm. The bending moment resistance is related to the height of the compression arch (internal lever arm (z)) 

and to the maximum force in the tuition tie. 

 

To determine the internal lever arm, the shape of the compression arch is in this calculation assumed, conform the 

shape of a parabola function. The friction coefficient in the longitudinal joints is a constraint of the determination of 

the shape of the compression arch. 

Near the support of the diaphragm the slope of the compression arch is the steepest. In the longitudinal joints the 

slope of the compression arch cannot exceed 45 degrees (using a friction coefficient f2 = 1.0). A friction coefficient  

f2 = 1.0, means that the resistance parallel to the slab plane (shear force) is equal as the force perpendicular (normal 

force) to the longitudinal joint. Therefore the slope of the compression arch in the longitudinal joint between the two 

outermost slabs is limited to 45 degrees (Figure 7.3). 

The shear force in the longitudinal joint between the two outermost slabs is equal to the normal (compression) force 

at this joints (friction coefficient f2 = 1.0). The normal force cannot be larger as the tension force in the tuition tie, 

which is developed by frictional resistance of the support of the outermost slab. As a result that the shear force in the 

longitudinal joint between the two outermost slabs, needs to be smaller or equal to the tension force in the tuition tie. 
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y(x) = a ∙ x2 + b ∙ x  + c 

y'(x) = 2 ∙ a ∙ x + b 

 

Constraints: 

y(4.23) = 0 

y'(0) = 0 

y'(3.03) = -1 

 

Parabola function: 

y'(0) = 2 ∙ a ∙ 0 + b = 0 → b = 0 

y'(3.03) = 2 ∙ a ∙ 3.03 = –1 → a = –0.165 

y(4.23) = –0.165 ∙ 4.232 + c = 0 → c = 2.95 

 

y(x) = –0.165 ∙ x2 + 2.95 

 

Figure 7.3: Shape of the compression arch, determined by the constraint the angle of the slope at the outermost joint 

is limited at 45 degrees 

 

As described before, the ultimate load is determined by the internal lever arm and the amount of tension force in the 

tuition tie. The tension force is assumed to be constant over the depth of the house, as a result in a constant 

compression force in the diaphragm. Remark: the downwards loading, which determines the maximum amount of 

tensile resistance of the diaphragm, is determined by using a constant downwards gravitational acceleration  

(g = 9.807 m/s
2
). When an earthquake occurs, the acceleration in vertical direction will change. This aspect is not 

taken into account in this research. The vertical component of the earthquake signal can result in a lower downwards 

acceleration, as a result in a lower downwards loading in this section which leads to a lower ultimate tension force. 

 

Firstly in [ 7.2 ], the maximum tension force is determined, as a result that the outermost slab does not slide over the 

load bearing walls (using the weight of the floor system, gable wall and roof structure). The maximum tension force 

is in equilibrium with the compression force (parallel to the load bearing walls) in the diaphragm. This compression 

force results in a maximum shear resistance in the longitudinal joints ([ 7.3 ]). 

 

Design downwards force at outermost slab = Gd = 40 kN [ 7.1 ] 

Ultimate tension force = T'max = Gd ∙ f1 = 40 ∙ 0.5 = 20 kN [ 7.2 ] 

Ultimate shear force longitudinal joints Vmax = T'max ∙ f2 = 20 ∙ 1.0 = 20 kN [ 7.3 ] 

Mean shear stress = τmean = 
T'max

 L ∙ h 
 = 

20000

 5340 ∙ 150 
 = 0.025 ≤ 0.10 MPa ([16] and [17]) [ 7.4 ] 

 

The internal lever arm (z), between the compression and tension component in the diaphragm, is determined by the 

shape of the compression arch, as seen in Figure 7.3. The ultimate bending moment resistance is determined using 

the ultimate tension force in the tuition tie (T’max) and the internal lever arm ([ 7.5 ]). Afterwards in [ 7.6 ] the 

ultimate design load is determined and in [ 7.7 ] the ultimate characteristic load, which takes into account γd, is 

determined. 
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Ultimate bending moment = Mmax = Tmax ∙ z = 20 ∙ 2.95 = 59.0 kNm [ 7.5 ] 

Ultimate design load = q
d
 = 

Mmax

 1/8 ∙ l
2 

 = 
59.0

 1/8 ∙ 8.462 
 = 6.6 kN/m [ 7.6 ] 

Ultimate characteristic load = q
k
=

 q
d
 

γ
d

 = 
 6.6 

1.3
 = 5.1 kN/m [ 7.7 ] 

Vd = 0.5 ∙ q
d
 ∙ l' = 0.5 ∙ 6.6 ∙ 6.06 = 20 kN ≤ Vmax = 20 kN [ 7.8 ] 

 

According to NPR-9998 ‘section 4.4.2.5’ [2], a load factor γd = 1.3 for non-ductile materials (for example shear 

failure of concrete slabs) needs to be taken into account. This load factor needs to be applied, when the resistance of 

horizontal diaphragms are determined. Diaphragms need to have a sufficient over-strength, to transfer the seismic 

loads to the bracing elements. 

7.3. Resistance diaphragm following numerical analyses 

In the numerical analyses, the diaphragm action of the hollow-core slab floor system is investigated. Primarily 

focused at the interaction of the hollow-core slabs at the longitudinal joints and at the interaction of the slabs at the 

load bearing walls. 

Before the numerical model of the floor system is built up, a series of benchmark models are investigate. In these 

benchmark models, the used approach to set up a friction model is investigated using different approaches which are 

available in the numerical software [13]. Secondly the numerical model of the floor diaphragm is built up 

(section 7.3.2), where the frictional based interactions are modelled using the conclusions of the benchmark models. 

Finally in section 7.3.3, the results of these numerical analyses are analysed and the outcome is presented. 

7.3.1. Benchmarks 

The interactions between the structure parts of the floor diaphragm are frictional based. Therefore the benchmark 

models investigate frictional interaction using the same numerical software [13] as used for the time-history analyses 

performed in chapter 5 and 6. 

Using the numerical software, there are three general methods which can describe frictional interaction
1
, as follows: 

 Contact elements, coupling surfaces or nodes with user defined behaviour 

 Connector elements, spring behaviour with multiple behaviour options 

 Continuum elements, fictitious material behaviour for example ‘Mohr-Coulomb friction’ 

 

Describing frictional interaction with contact elements, the required increment size is significant small as a result in a 

time consuming calculation. Also using shell elements in a 3D environment (used in the numerical analysis of the 

diaphragm as presented in section 7.3.2), the side surfaces of these shells cannot be connected using contact 

elements. 

Frictional interaction can also be described by using continuum elements, for example ‘Mohr-Coulomb friction’ or 

‘Drucker-Prager’ which are available in the numerical software and normally used in soil mechanics. Characteristics 

of soil material is that the shear strength is related to the normal stress multiplied by a friction coefficient. But in the 

numerical software, these elements consist of ‘plain-strain’ elements, as a result that these cannot be used in a  

3D environment. 

 

                                                           
1
 Kraus, J. November-12-2015. Personal conversation about friction interaction in numerical analyses [13]. TNO, 

Delft 
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Requirements of the benchmark models 
The behaviour of the connector elements need to complies with a series of requirements to fulfil the behaviour as 

these are used in the numerical analysis of the floor diaphragm. These requirements are related to the interaction 

between the structure parts of the floor diaphragm and are as follows: 

 Resistance of the connector in transverse direction is frictional based (for example perpendicular to the side 

planes of the hollow-core slabs). 

 Friction need to be described by a frictional coefficient (f) only, cohesive resistance is not available. 

 Frictional resistance in transverse direction needs to be dependent on the axial compression load (normal 

load) in the connector element. 

 Combined load transfer in axial direction of the connector element. When the axial forces are in 

compression, the forces need to be transferred. But when the axial forces in the connector are in tension, 

these may not be transferred by the connector element. 

 

Connector between fixed points 
The first elaborated benchmark model using connector elements consist of a connector element between two fixed 

points. To meet the previous described requirements, there are three systems investigated as presented in Figure 7.4. 

In these systems a combined connector (Cartesian and rotational connector) is used, as a result that this connector 

can be assigned by a behaviour in three translational directions and a single rotational direction. To describe the 

combined axial forces in the connector, three different systems are investigated. There use is made of combined 

elastic spring behaviour (non-linear spring stiffness), combined elastic behaviour using a strut element (non-linear 

stiffness of the strut) or using beam elements with a similar axial behaviour as the strut elements, as presented in 

Figure 7.4. 

 

  
Figure 7.4: Combined elastic behaviour spring stiffness direction x1 and combined elastic behaviour strut and beam 

behaviour in direction x1 and benchmark models of the connectors, using three different models (connector only, 

strut with connector and beams with in-between a connector) 

 

The axial loads in the connector-strut model are transferred by the strut element, where the transverse loads are 

transferred by the connector. The strut element is only active in a single direction, as a result the axial direction of the 

connector element is not defined. As a result, the strut-connector model cannot describe the frictional resistance. 

Defining friction by the connector element in transverse direction (x2-direction), the axial direction of the connector 

element must be defined, which is not the case in the strut-connector model. 

The beam element in the beam-connector system is assigned by the same axial behaviour as used in the strut-system. 

For the connector system, an equivalent system is used to describe the axial behaviour using the combined elastic 

spring stiffness. 
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Table 7.2: Characteristics benchmark models of the connector between fixed points, for the three considered systems 

 Connector Strut-connector Beams-connector 

Translational connector 

(Cartesian) 

Cartesian: 

x1 = combined elastic 

x2 = friction-elastic 

x3 = rigid * 

Cartesian: 

x1 = - 

x2 = friction-elastic 

x3 = rigid* 

Cartesian: 

x1 = rigid * 

x2 = friction-elastic 

x3 = rigid * 

Rotational connector 

(Rotation) 

Rotation: 

x1-x2 plane = rigid ** 

Rotation: 

x1-x2 plane = rigid** 

Rotation: 

x1-x2 plane = rigid** 

Connection fixed point – spring 
Restrained all active 

directions 

Restrained directions x2, 

x3 and x1-x2 
- 

Connection fixed point – strut 

or beam 
- 

Restrained direction x1 

(hinged) 

Restrained all active 

directions 

Connection spring – strut or 

beam 
- - 

Restrained all active 

directions 

Behaviour strut or beam - Combined elastic Combined elastic 

* rigid = spring stiffness of 1.0 e6 N/m (default value numerical software [13] for rigid translational spring stiffness) 

** rigid = spring stiffness of 1.0 e6 Nm/rad (default value numerical software for rigid rotational spring stiffness) 

 

The benchmark models are built up by two steps, as presented in Figure 7.6. In the first step, the normal load (axial 

load in the connector) is built up from 0 to 100 N. Secondly in the following step, the transverse load is built up and 

the normal load of 100 N stays active. 

Two systems are analysed, varying the transverse load. As a result for the first system (shear force = 50 N) the 

statement presented in [ 7.9 ] is valid, because a friction coefficient f = 1.0 is used. For the second system (shear 

force = 200 N), the transverse frictional resistance is exceeded and from this point the connector element will behave 

elastic (k = 500 N/m). 

 

F2 ≤ f ∙ F1 [ 7.9 ] 

 

In Figure 7.7 the force-displacement in direction x1 and x2 are shown for both systems. The axial behaviour of the 

connector element is elastic (Table 7.2) and therefore the force-displacement relation is linear increasing. The 

transverse force-displacement for both systems differ. The transverse load of the first system is lower as the 

transverse friction resistance, as a result the displacements are significant small. For the second system it applies that 

the friction resistance is exceeded and the transverse force-displacement are in this range elastic because the 

connector friction behaviour is disabled at F2 = 100 N. 

 

 
Figure 7.5: Connector element behaviour in the numerical software [18] 
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Figure 7.6: Load control in time for direction x1 and x2 

 

 
Figure 7.7: Force displacement connector system and beam-connector system for direction x1 and direction x2 

 

The connector element is assigned by two types of behaviour, which are active in transverse direction (direction-x2). 

As shown in Figure 7.5, the behaviour of the connector element (friction and elastic) are applied parallel. When the 

friction resistance is exceeded, only the elastic behaviour (linear spring stiffness) becomes active and the  

force-displacement is determined only by the elastic behaviour. When the transverse load is smaller as the normal 

load times the friction coefficient, the resultant transverse displacement is significant small because of the friction 

behaviour. 

 

Connectors between shell elements 
To verify the axial behaviour of the connector system and beam-connector system, a second benchmark model is 

investigated. In this model, multiple connectors are situated between two shells. These shells (hollow-core slabs for 

the floor system) are rigid (Young’s modulus is large) and the connectors are assigned by the combined elastic axial 

behaviour and friction-elastic transverse behaviour. 

 

The axial behaviour of the connectors is investigated applying two different normal load conditions as presented in 

Figure 7.8. The preload is in this system not an active force (load controlled) but the second shell element is 

displaced from the initial position (displacement controlled). In the first system the second shell is displaced uniform 

in the x1-direction, as which results in a uniform normal compression load in the connector elements. Where in the 

second system, the second shell is rotated and the normal loads differ (compression and tension). 
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Figure 7.8: Benchmark model of two shells with in-between a series of connector elements 

 

As presented in Figure 7.9 using an uniform normal compression load in the connector elements due to an uniform 

displaced shell. It is seen that the frictional resistances is exceeded when the transverse connector load is larger than 

100 N. The normal loads in each connector elements are equal, as a result in a similar behaviour of each connector 

element. After exceeding the transvers frictional resistance, the connectors behave linear elastic (similar as presented 

for the connectors between fixed points). 

For the system where the second shell is rotated, the normal connector loads are not uniform. As shown in  

Figure 7.9, spring-1 until spring-5 are loaded in tension which leads that these forces are not taken into account by 

the connector element. Therefore in these connectors, no frictional resistance is build up. The other connectors 

(spring-6 until spring-10) are loaded in compression and have friction resistance, as a result in the most friction 

resistance for spring-10 because in this connector element the largest preload is available. 

 

 
Figure 7.9: Shear force-displacement relations for an uniform compression axial connector load and various axial 

connector loads (bending moment) 
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Concluding remarks 
A friction model using the numerical software [13] is investigated by benchmark models which meet the 

requirements belonging to the floor diaphragm. 

As a result by analysing multiple benchmark models using: connector elements, contact elements and continuum 

elements, it is found that in the considered program [13] connector elements meet all the requirements. The used 

connector elements are similar as the elements used for the spring mass systems (chapter 5 and 6), but the connector 

behaviour is assigned by friction instead of a spring stiffness or damping coefficient. 

Analysing the different benchmark models using connector elements, the joint behaviour between the adjacent slabs 

can be described by a Cartesian-rotation connector only. 

7.3.2. Built up numerical model 

The numerical model of the floor diaphragm is based on the concluding remarks of the benchmark models as 

prescribed in section 7.3.1. The interactions of the hollow-core slabs (longitudinal joints) and of the slabs with the 

load bearing walls are modelled using the friction-elastic transverse behaviour of Cartesian connector elements 

which also are assigned by combined elastic axial behaviour. 

Connector elements are also used to describe the behaviour of the lateral stability piers. When the structure is loaded 

in lateral direction, two piers behave “active” and the other two behave “passive”. As a result a large spring stiffness 

of the connector elements is active for the “active” piers where the spring stiffness is small for the “passive” piers, 

using the combined elastic behaviour as presented in Figure 7.4. 

 

 
Figure 7.10: Numerical model of the diaphragm, connector properties and support directions are presented in 

global coordinate system 
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The numerical model of the floor diaphragm is shown in Figure 7.10, this model consists of the following aspects: 

 Rigid (E’ = 1.0 e9 N/m
2
) massless (ρ = 1.0 e-30 kg/m

3
) shell elements which describe the in-plane stiffness 

of the hollow-core slabs. 

 Beam which describe the out of plain behaviour of the load bearing walls (EI = 1.0 e3 Nm
2
). 

 Connector elements for the interaction behaviour of the hollow-core slabs with the load bearing walls, 

friction-elastic transverse behaviour (f1 = 0.5 and k = 100 N/m) and rigid behaviour (k = 1.0 e6 N/m) in 

axial direction. 

 Connector elements for the interaction behaviour of the longitudinal joints between the hollow-core slabs, 

combined elastic axial behaviour (kc = 1.0 e9 N/m and kt = 1.0 N/m) and friction-elastic transverse 

behaviour (f2 = 1.0 and k = 100 N/m). 

 Connector elements which describe the “active” and “passive” lateral stability piers, using combined elastic 

axial behaviour (kc = 1.0 e9 N/m and kt = 1.0 N/m). The spring stiffness of the piers in tension is significant 

low which leads that a negligible reaction force is located in this connector. 

 Point masses attached to the shell elements (nodes above the beams) which describe the mass of the floor 

system, gable wall and roof structure as presented in Table 7.3. 

 Gravity loading (g = -9.807 m/s
2
) active in the first and second step in direction x3. 

 Lateral load active in the second step, which is an uniformly distributed pressure load attached to one short 

side of the shell elements as presented in Figure 7.10. 

 

Due to the effects the shape of the gable wall is triangular, the used point masses have no identical  mass when these 

are distributed over the depth of the diaphragm. For each slab (shell) a constant mass is determined. The point 

masses are attached to the nodes of the shell elements, therefore the masses of the nodes at the corners of the shells 

are twice as small compared to the masses located at the other nodes as presented in Table 7.3. 

 

Table 7.3: Used point masses attached to the shell nodes in the numerical model 

 

Mass located at outermost nodes 

of the shells 

[kg] 

Mass located at nodes between 

outermost nodes of  the shells 

[kg] 

Hollow-core slab-1 and slab-7 340 170 

Hollow-core slab-2 and slab-6 420 210 

Hollow-core slab-3 and slab-5 496 248 

Hollow-core slab-4 572 286 

 

7.3.3. Results from numerical simulations 

Two numerical simulations of the floor diaphragm are analysed, applying a different external lateral load. Firstly a 

similar load is applied as prescribed by CUR-136 [1] (wind pressure). Using this load, the forces in the numerical 

model are verified by the outcome following the calculation presented in CUR-136. Secondly the lateral load is 

increased to determine the ultimate lateral loading of the floor system. 

 

Wind pressure (CUR-136) 
To verify the numerical model of the floor diaphragm, the outcome of the numerical model using a lateral load 

similar to the wind pressure conform CUR-136 (qd = 972 N/m as presented in section 3.4) is analysed. 

The normal load in each longitudinal joint, summation of connector forces in direction x1, and the bending moment 

in this section are determined and presented in Table 7.4. The normal compression load in the joints is in equilibrium 

with the tension force in the tuition tie (connector elements between the shell and beam elements). Using the relation 

between the bending moment and normal load, the internal lever arm and the shape of the compression arch is 

determined and presented in Figure 7.11. 
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Table 7.4: Determination of internal lever arm (z) and shape of the compression arch 

Location in diaphragm 
Normal load 

[kN] 

Bending moment 

[kNm] 

Centre compression arch 

[m] 

Longitudinal joint 1 2.3 4.2 1.83 

Longitudinal joint 2 2.6 7.0 2.69 

Longitudinal joint 3 2.6 8.4 3.23 

Mid-span 2.6 8.6 3.30 

 

z = 
 ME,d 

T'
 = 

 8.6 

2.6
 = 3.30 m [ 7.10 ] 

 

As presented in Figure 7.11, the in-plane stresses in the floor diaphragm are shown using a lateral load qd = 972 N/m. 

In this figure the compression arch is highlighted using the data presented in Table 7.4. The shape of the compression 

arch, as determined following the relation between the bending moment and tension force in the tuition tie, results in 

an identical internal lever arm as when the stress trajectories in the diaphragm are analysed. 

 

The angle of the compression arch at the location of the outermost slab is in the section capacity design limited to 

45 degrees. As presented from the numerical model using the wind pressure load, the internal lever arm is larger as 

determined by the section capacity design. The larger internal lever arm results in a larger angle of the compression 

arch than 45 degrees in the longitudinal joint between the two outermost slabs. 

By contrast, the shear resistance of the longitudinal joint between the outermost two slabs is not exceeded. The shear 

force, summation of connector loads in direction x2, in this section are similar as the normal forces, summation of 

connector loads in direction x1. 

 

 
Figure 7.11: Stress distribution of stresses in direction x1 due to wind pressure 
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Ultimate external load 
To determine the ultimate external load related to the numerical model of the diaphragm, the external load is 

increased in steps. In the first step of the numerical analysis, only the gravity load is active. Secondly the external 

load is linear built up in the second step of the numerical analysis. Doing so, internal forces in the structure are 

calculated in a static situation, effects of accelerations other than gravity are not considered. 

 

When the external load is built up, at a load level of 2.5 kN/m, it is seen that the slope of the displacement function 

of the second hollow-core slab (HCS2) in increased significant (Figure 7.12). The outermost slab does not undergo a 

significant displacement at this load level. When the lateral load is increased, no additional load bearing capacity is 

found when the two adjacent outermost slabs are displaced. From this it can be concluded that the longitudinal joint 

between the two outermost slabs has failed at a load level of 2.5 kN/m. The occurring displacement of HCS2 is 

determined by the not realistic elastic stiffness which is applied to the connectors at the joints when the frictional 

resistance is exceeded. 

 

In Figure 7.12 also the connector forces in direction x1 and x2, located in the outermost longitudinal joint, are 

presented. When a load level of 2.5 kN/m is reached, it is seen that the connector forces in direction x2 become larger 

as in direction x1. The frictional resistance of the joint is determined using a frictional coefficient f2 = 1.0. When, at 

qd = 2.5 kN/m, the normal load in the connectors is exceeded by the shear forces, the frictional resistance of the 

connectors are exceeded. 

 
Figure 7.12: Displacement of two outermost slabs in direction x2 and connector forces (direction x1 and x2) in the 

longitudinal joint between these two outermost slabs 

 

From Figure 7.13 is seen that only the frictional resistance of the longitudinal joint between the two outermost slabs 

is exceeded at a load level of 2.5 kN/m. In this section the largest shear forces and the lowest normal loads are 

located, compared to the other longitudinal joints. Also is seen that the normal load in the second longitudinal joints 

is increased but constant with the normal load in the other longitudinal joint. 

 

In the previous section, the compression arch in the diaphragm is determined when a qd = 0.972 kN/m is applied. The 

shape of the compression arch is determined using the normal loads in the longitudinal joints and the bending 

moment in this section. 

In Figure 7.14 the stresses in the diaphragm in direction x1 are presented when a lateral load qd = 2.5 kN/m is 

applied. The compression arch is determined by the same approach as previously prescribed. As seen from  

Figure 7.14 is that the internal lever arm at mid-span is increased when the ultimate load is applied compared to a 

lateral load qd = 1.0 kN/m. The increase of internal lever arm results that the angle of the compression arch in the 

longitudinal joints increases. This lead that the shear forces in the longitudinal joint between the two outermost slabs 

are exceeded, the angle of the compression arch in this section becomes too large. This results in too large shear 

forces which cannot withstood by the frictional resistance of the longitudinal joint between the two outermost slabs. 
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Figure 7.13: Connector forces in the longitudinal joints (LTJ1, LTJ2 and LTJ3) in direction x1 and x2 (axial and 

transverse direction) 

 

 
Figure 7.14: In-plane stresses(direction x1) in floor diaphragm applying the ultimate load and highlighted 

compression arch for a qd = 1.0 kN/m and qd = 2.5 kN/m 

7.4. Maximum Groningen earthquake, related to the diaphragm 

resistance 

From chapter 6 using the driven two degrees of freedom system, it is concluded that the bracing elements can 

withstand an earthquake with PGA ag,ref = 0.08 g. In Table 7.5, the equivalent seismic loading related to an 

earthquake magnitude of a PGA ag,ref = 0.08 g is presented. As a result the base shear force is determined using the 

2dof system and the distribution of seismic related forces over the height of the structure correspond to the static 

approach (distribution of masses and deflected shape). 

 

S
F

LTJ1 SF1

LTJ1 SF2

LTJ2 SF1

LTJ2 SF2

LTJ3 SF1

LTJ3 SF2

[k
N

]

0 1 2 3 4

10

8

6

4

2

0

Spring force s longitudinal joints

q [kN/m]
d

1

1.2 m

8.46 m

5
.3

4
 m



 

 

83 In-plane resistance floor system 

 

2016 | Eindhoven University of Technology 

The calculations according to chapter 6 are performed for a single active pier. The floor system is supported by two 

active piers when the structure is loaded by a uniform distributed external load. Therefore the presented values in 

Table 7.5 does not correspond to the determined values in section 6.3.2, the values shown in Table 7.5 are twice as 

large. 

 

Determining the resistance of the diaphragm by numerical analyses and based on section capacity design, the 

ultimate external load is determined related to the second floor of the masonry-built terrace house. The ultimate 

characteristic load using these two approaches is presented in Table 7.5. Using the ultimate floor load, the maximum 

equivalent force at the second floor is determined. This force is used to determine the maximum base shear force, 

which is related to the earthquake magnitude. The base shear force is only valid for a structure with piers as assumed 

in this research example, the base shear force is strongly related to the stiffness and deflection capacity of the piers. 

 

The maximum floor load determined in section 7.3.3 is the design external load. As a result to determine the 

characteristic load, the design load is divided by a load factor (γd = 1.3) according to NPR-9998 ‘section 4.4.2.5’ [2]. 

In Table 7.5, the characteristic loads are compared, as a result in the difference of the load presented in Table 7.5 

belonging to the numerical model and determined in section 7.3.3. 

 

Table 7.5: Ultimate external floor load and seismic related forces at the structure 

 

Ultimate floor load 

qk,max 

[kN/m] 

Force second floor 

F2 

[kN] 

Force first floor 

F1 

[kN] 

Base shear force 

Fb 

[kN] 

CUR-136 5.1 43.1 9.9 53.0 

Numerical model 1.9 16.3 3.4 19.7 

 

Load second floor 

qk 

[kN/m] 

Force second floor 

F2 

[kN] 

Force first floor 

F1 

[kN] 

Base shear force 

Fb 

[kN] 

PGA ag,ref = 0.08 g 3.4 28.6 8.4 37.0 

 

As presented in Table 7.5, the numerical model results in a lower diaphragm resistance as determined by the 

calculation based on the section capacity. The shape of the compression arch in the numerical model differs to the 

assumed shape of the compression arch determined in section 7.2. In the calculation based on the section capacity, 

the ultimate tension force in the tuition tie can develop. From the numerical analysis, it is seen that the frictional 

resistance in the outermost longitudinal joint is exceeded before the ultimate tension force in the tuition tie is 

developed. Therefore the ultimate load related to the numerical model is lower compared to the calculation based on 

the section capacity design. 

 

The ultimate floor loading of the second floor, determined by the section capacity design, results in a larger 

characteristic floor load compared to the seismic related load belonging to a Groningen earthquake with magnitude 

PGA ag,ref = 0.08 g. From the numerical analysis it seems that the ultimate load is lower compared to the load related 

to a Groningen earthquake with magnitude PGA ag,ref = 0.08 g. As a result from this analysis, damage of the second 

floor occur when a Groningen earthquake with this magnitude occurs. 

7.5. Concluding remarks 

The resistance of the floor diaphragm is determined using two approaches: based on section capacity design and a 

numerical analysis where the frictional based interactions are investigated. Determining the diaphragm resistance, the 

second floor is considered because the resistance of this floor is lower (due to the limited capacity of the tuition tie) 

compared to the first floor of the structure. 
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As presented in section 7.4, the ultimate load determined by the numerical model is lower compared to the ultimate 

load determined using the section capacity design calculation. In the calculation based on the section capacity, the 

ultimate tension force in the tuition tie is used and the angle of the compression arch at the outermost slab is limited 

to 45 degrees. In the numerical analysis failure of the diaphragm occur at a smaller load level as determined by the 

section capacity calculation. The tension force in the tuition tie at the critical load level of the numerical analysis is 

not equal to the ultimate force as determined by the section capacity. From the numerical analysis it seems that the 

internal lever arm is increased when the lateral load at the diaphragm is built up. The increase of internal lever arm 

results that the angle of the compression arch at the outermost longitudinal joint becomes larger than 45 degrees. 

This results that the frictional resistance in the outermost longitudinal joint is exceeded because the shear forces 

become larger than the normal forces in this section (f2 = 1.0). 

 

Using the two degrees of freedom system (section 6.3.2), the maximum earthquake magnitude is determined 

belonging to the resistance of the piers. When the load at the second floor belonging to this magnitude earthquake is 

determined, as presented in Table 7.5, it is seen that this load is larger compared to the ultimate load determined by 

the numerical analysis. This results that when a Groningen magnitude earthquake with PGA ag,ref = 0.08 g occur, 

damage to the diaphragm will occur because of the related horizontal forces to this earthquake. 

Remark: the forces at the floors are strongly related to the behaviour of the piers (stiffness, ductility and deflection 

capacity). Considering the peak ground accelerations as prescribed by NPR-9998 [2], the resistance of a significant 

number of floor diaphragms (hollow-core slabs with filled joints) are too small to resist the horizontal load related to 

a Groningen earthquake. Therefore damage of these floor diaphragms can occur. In other words, strengthening is 

needed. 

 

The calculation based on the section capacity design is used in CUR-136 [1] to determine the forces in the diaphragm 

using a lateral load qd = 0.972 kN/m. In this calculation it is assumed that the force in the tuition tie is constant over 

the length of the diaphragm. Using a similar lateral load in the numerical analysis as used in CUR-136, it is seen that 

the tension force in the tuition tie is almost constant, only the tension force in the outermost slab is smaller but 

constant at the location of the other slabs. 

The angle of the compression arch at the outermost longitudinal joint is larger as 45 degrees, but still the normal and 

shear forces over the entire length of the joint are similar (f2 = 1.0). Therefore the calculation based on the section 

capacity is correct using a load level qd = 0.972 kN/m. 

When the load level is larger compared to the load used in CUR-136, the calculation based on the section capacity 

design is not correct any more. From the numerical analysis it is seen that the angle of the compression arch at the 

outermost joint is increased and the frictional resistance in this joint is exceeded before the ultimate load in the 

tuition tie is developed. 

 

Remark to the numerical analysis, the frictional based interactions are modelled using connector elements. These 

connector elements are situated between the nodes of the shells and between the nodes of the shell and beam 

elements. Because there is made use of a specific number of connector elements to describe the frictional based 

interactions, the numerical model is discrete. The discrete numerical model can result in a lower value of the ultimate 

load at the diaphragm. 

 

In this geometry example, the outermost longitudinal joint is situated at 1.2 metres (width of an entire slab) from the 

front and back facades, fitting slabs are not considered. When in a structure fitting slabs are used and placed near the 

front and back facades, the distance between the piers and outermost longitudinal joints is decreased. 

As mentioned before, the governing section of the diaphragm to determine the ultimate load is the shear resistance of 

the outermost longitudinal joint, which is frictional based. In this section the angle of the compression arch is limited 

to 45 degrees. When the distance between the piers in the front and back facades and the outermost longitudinal joint 

is decreased, the internal lever arm at mid-span will decrease. A smaller internal lever arm results in a smaller 

bending moment resistance of the diaphragm and finally in a smaller ultimate load, compared to the situation where 

slabs of 1.2 metres are situated next to the piers.  
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8. Conclusions and recommendations 

Chapters 5, 6 and 7 all end with concluding remarks and specific for that chapter. In this chapter the overall 

conclusions are presented. The chapter ends with recommendations for further research. 

8.1. Conclusions 

In static seismic engineering, the earthquake loading can be determined using a static equivalent load. In this analysis 

the structure is schematized as an equivalent single spring mass system to determine the dynamic effects, using the 

design spectrum and behaviour factor of the system. As concluded by performing time-history analyses, using the 

equivalent system, the resistance of the structure is overestimated compared to a more degrees of freedom system. 

Analysing the maximum earthquake magnitude belonging to the masonry-built terrace house, the structure is 

schematized as an equivalent system (as used in static analysis) and also by a two degrees of freedom system (2dof). 

The equivalent system can withstand a larger magnitude earthquake compared to the 2dof system. As a result by 

applying the maximum earthquake signal determined using the equivalent system for the 2dof system, the maximum 

deflections of the piers between the first and second floor are exceeded. The static equivalent load overestimates the 

resistance of the structure. This makes the results of using this approach not safe (non-conservative), to determine the 

maximum earthquake magnitude which can be withstood by the structure. 

 

As mentioned above, the equivalent system leads to an overestimation of the structure resistance (in this particular 

case). The seismic related forces determined by using the equivalent system, lead to larger forces compared to the 

forces determined by using a 2dof system (for an identical earthquake magnitude). The equivalent system can be 

used to determine the seismic related forces on the structure. This is a safe approach. However when the structure 

resistance is analysed, the equivalent system should not be used. 

 

The behaviour of the masonry piers is not constant over the height of the structure. The ductility of the piers located 

at the ground floor and located at the first floor differ, the ductility ratio of the piers at the ground floor is larger. 

Applying the static equivalent load, an equivalent behaviour factor for the structure is determined. Whereas the 

ductility of the unreinforced masonry piers is significantly different over the height of the structure, the 

transformation of the structure behaviour to an equivalent behaviour (according to NEN-EN 1998 ‘annex B’ [3]) is 

not correct. 

Determining the seismic related forces, time-history analyses by a 2dof system is recommended instead of using the 

static equivalent load. This is not valid for the considered masonry-built terrace house only, but also for other 

structures where the behaviour of the structure (bracing elements) is significantly different over the height of the 

structure. 

 

In general seismic engineering, the floors are schematized as rigid bodies. This can also be done in determining the 

seismic related forces for the masonry-built terrace house with hollow-core slabs. By investigation of the in-plane 

behaviour of the floor diaphragm during an earthquake, it is seen that the accelerations of the floor system are 

equivalent over the depth of the house provided it has sufficient resistance. This results in a uniform distributed load 

over the floor length (depth of the house). 
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Considering the resistance of the existing masonry-built terrace houses, it is concluded that the piers can withstand a 

Groningen earthquake with magnitude (PGA) 0.08 g. The maximum earthquake magnitude related to the piers is 

determined by analysing the 2dof system (time-history analyses). For this analysis, only two Groningen earthquake 

signals were available. To obtain a general conclusion related to the maximum earthquake magnitude of the piers, 

more earthquake signals need to be analysed. 

The seismic related forces on the floor diaphragms are strongly related to the behaviour (stiffness, ductility and 

deflection capacity) of the piers. Therefore the resistance of the floor diaphragms cannot be related directly to the 

ultimate Groningen earthquake magnitude, as described above, considering the piers capacity. The diaphragm 

resistance is limited. Having in mind the prescribed PGA’s in NPR-9998 [2], it is realistic that the floor capacity 

(hollow-core slabs with filled mortar joints) is too low to withstand the horizontal seismic related forces. 

 

For structures where the prescribed Groningen earthquake magnitude is larger than a PGA ag,ref = 0.08 g, the piers 

need to be strengthened. When the ductile ability of the piers is increased, the maximum deflection of the piers will 

increase. As a result, the seismic related forces at the structure will decrease for a similar magnitude earthquake. 

When the ductile ability of the piers is increased, the floor diaphragm is able to withstand a stronger earthquake. On 

the other hand increasing the stiffness of the piers only leads to the opposite. 

It is recommended for the structures which need to be strengthened, to increase the ductile ability of the piers or 

increase the natural period of the system. As a result the seismic related forces to a similar magnitude earthquake will 

decrease. 

8.2. Recommendations for further work 

Performing this Master-research, new and additional research questions came up. In this section a series of main 

aspects are presented, based on the obtained results. 

 

The time-history analyses performed in this research are based on two accelerograms belonging to one earthquake 

signal (measured in two horizontal directions). It is recommended to apply a series of accelerograms for structural 

safety, to confirm the normal distribution and scatter of the results. 

 Time-history analyses using a series of earthquake signals: 

o Using the equivalent system, to determine the dynamic response using the maximum acceleration 

of the system and using the applied force-displacement relation of the system. 

o Analysing the 2dof system, whether the deflection shape using linear springs complies with the 

force distribution over the height of the structure. 

o Analysing the resistance of the 2dof system to a Groningen induced earthquake. 

 

The numerical simulations of the diaphragm resistance analysed in this research are based on a static load. In the 

following step, a dynamic load at the diaphragm can be analysed. 

 Numerical simulations diaphragm: 

o Dynamic resistance of the diaphragm, especially analysing the behaviour of the frictional based 

interactions also when the static frictional resistance is exceeded. 

o Effects on the entire structure when the diaphragm becomes less stiff because of failure of the 

frictional based interactions. 

o Diaphragm resistance whether openings are situated in the floor system. 

 

  



 

 

87 Conclusions and recommendations 

 

2016 | Eindhoven University of Technology 

The focus of the present research was not at strengthening solutions. Since it is concluded that the structure cannot 

withstand the maximum Groningen earthquake, the structure needs to be strengthened. 

 Strengthening solutions for existing masonry-built terrace houses with hollow-core slabs: 

o Strengthening solutions to existing structures. 

o Smart solutions which can decrease the seismic impact at the structure, for example shock 

absorbers or using ductile materials which increase the structure ductile ability. 

 Improvement of structure components to improve the resistance of new buildings: 

o Shear resistance of the longitudinal joints 

 

The present research is fully based on numerical simulations and existing experimentally obtained data. Considering 

the structural behaviour in case of a Groningen earthquake, data from experiments directly related to the Groningen 

situation is strongly preferred. 

 Experimental research: 

o Static, static-dynamic or fully dynamic (shake table) tests. 

o Small scale experiments to verify frictional based interactions. 

o Behaviour of piers (stiffness, ductility and deflection capacity). 

The research being performed in Pavia and Delft is a good basis for this. 
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Appendix A; Verification numerical 
software

The time-history analyses in this research are performed using numerical software. Before this software is used 
for the time-history analyses considering the earthquake systems, the software is verified. In this verification 
the response of four different systems is determined analytical and by the numerical software.
In this appendix the analytical solution of different systems is determined and compared by the results found 
by the numerical analyses.

Four different systems are considered: two systems consist of damped translational springs and two systems 
are inverted pendulums connected to a free rotational spring. The response of these systems is determined, 
using different system properties, analytical by solving the equation of motion and using dynamic implicit 
solving for the numerical simulations.
For each system, firstly the analytical solution is determined using Lagrange’s equation of motion and secondly 
for certain system properties the response is determined following numerical analyses. The analytical solution 
consist of one equation including all system properties, which describes the response of the system. For each 
system, the response found by the analytical solution is shown using different system properties. For all these 
systems the response is determined by the numerical analyses using dynamic implicit solving. Afterwards the 
solutions determined by these two analyses are compared.

Single spring mass system, given an initial displacement
The single spring mass system consist of a damped translational spring (damping c and elastic spring stiffness 
k) attached to a fixed support and at the other end attached to a rigid body (presented in Figure 1). The rigid 
body is given a certain mass (m).

Figure 1: Single spring mass system
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The system gets in motion because the position of the mass is prevented in its initial situation. At time t = 0, the 
translational spring is elongated (x0), in other words the translational spring is “loaded” in the initial position. 
Afterwards this prevention is released, as a result the system will oscillate because the stored force in the 
translational spring is released.

Analytical solution solving Lagrane’s equation of motion
The equation of motion is determined by using Lagrange’s principle. This principle uses the kinetic energy 
(T(t)) and potential energy (U(t)) of the system, to determine the Lagrangian function (L(t)). The Lagrangian 
function is expressed by the generalized coordinate (qgen) of the system. For this system the degree of freedom 

is in the direction of the elongation of the translational spring (direction-x1).
As a result of the damper, the system consist of non-conservative forces (F(t)), because there is made use of a 
Rayleigh dissipation function. There are no external forces located at the system, as a result that the equation 
of motion is equal to zero.
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The equation of motion result in a second order differential equation, using Lagrange’s principle as situated 
above. This second order differential equation is solved using the initial conditions of the system. A second 
order differential equation leads to a minimum of two initial conditions to solve the differential equation.
The initial position of the rigid body is fixed (x0), as a result that the initial conditions of the rigid body are 
known: x1,1(t = 0) = x0 and x1,1’(t = 0) = 0.

The differential equation is solved for the displacement of the system (x1,1), as a result in an equation of 

motion x1,1(t). The variables in this equation are the mass of the rigid body, spring stiffness, damping and 

initial position of the rigid body.
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Analytical solution solving Newton's equation of motion
In the previous section the equation of motion is determined using Lagrange’s principle (energy methods). 
Another principle is Newton’s approach to determine the equation of motion, using force equilibrium.
As shown below, the equation of motion is equal to the equation of motion as determined using Lagrange’s 
principle. For the other systems, the equation of motion is only determined using Lagrange’s principle.

Fm(t)  m x1,1
′′(t)

Fk(t)  k x1,1(t)

Fc(t)  c x1,1
′(t)



F

(Fc(t) + Fk(t) + Fm(t))

c x1,1
′(t) + k x1,1(t) +m x1,1

′′(t)  0

Analytical determined response of the system for different values of damping
For the single spring mass system, the response of the system is determined for three systems with a different 
amount of damping (strong and weak damping), as a result in following system characteristics:
System characteristics:

Mass (m) = 50 kg
Spring stiffness (k) = 1000 N/m
Damping (c) = varying kg/s
Initial position (x0) = - 0.5 m

Amount of damping:
Spring 1 system 1 (c) = 20 kg/s
Spring 1 system 2 (c) = 100 kg/s
Spring 1 system 3 (c) = 500 kg/s

In Figure 2, Figure 3 and Figure 4 the displacement, velocity and acceleration of the system is presented 
respectively. The displacment of the system is determined by inputting the system characteristics in the found 
equation of x1,1(t), by solving the equation of motion. The velocity function is determined by differentiate the 

displacement function and the acceleration function is determined by differentiate the velocity function.
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Figure 2: Analytical determined displacement for three systems (damping differs)
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Figure 3: Analytical determined velocity for three systems (damping differs)
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Figure 4: Analytical determined acceleration for three systems (damping differs)

Numerical found response of the system for different values of damping
In the numerical analyses, the damped translational spring is modelled by using a connector element. The 
connector element is assigned with an elastic spring stiffness (k) and a constant amount of damping (c), similar 
as the three systems prescribed in previous section. At one end of the connector element a rigid body is con-
nected to the connector element. This rigid body is assigned by a point mass (m) which is equal to 50 kg.
The other end of the connector element is restrained, the active degrees of freedom of this point are fixed as a 
result that the displacements of this node are equal to zero.

The numerical analyses consist of two steps. In the first step (static step), the rigid body is displaced to its 
initial position by half a metre, as a result in a “loaded” translational spring. This is performed to assign a 
boundary condition to the rigid body, where a displacement of half a metre in direction-x1 is entered.
At the start of the second step, the prevention to the rigid body is released (boundary condition assigned to the 
rigid body is made inactive). In this step there is made use of dynamic implicit solving. The time increments 
are fixed to 0.05 seconds and the response of the system is determined for a total time of 10 seconds.
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Figure 5: Numerical found displacement for three systems (damping differs)
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Figure 6: Numerical found velocity for three systems (damping differs)
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Figure 7: Numerical found acceleration for three systems (damping differs)

As shown by Figure 5, Figure 6 and Figure 7, the found response of the three considered system show good 
aggreement with the analytical determined results. The lines in the graphs of the considered systems are plotted 
on top of each other (analytical and numerical found result).
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Verification analytical and numerical found results
The absolute difference between the analytical detmined displacement and numerical found displacement are 
not constant. The absolute difference, for the three considered systems, is presented in Figure 8. For the system 
with the largest amount of damping it is seen that the maximum difference is when the accelerations are 
changed significant (around 0.25 seconds).
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Figure 8: Absolute difference between analytical and numerical found results

In Figure 8 only the absolute difference between the analytical determined and numerical found results is 
presented. The absolute difference can not be used directly to conclude whether the numerical found results are 
correct, only that the absolute difference is small which is also an inportant conclusion.
The difference between the outcome of the the two analyses is expressed by using the ‘root-mean-square-
deviation (RMSD)’ (standard deviation of the difference). The RMSD is frequently used when the difference 
between a predicted value and a prescribed value is determined. In this situation it is used to determine the 
difference between the analytical and numerical determined result.

RMSD 
∑n

N-1 x1,1(num.) - x1,1(anal.)
2

n

Table 1: RMSD for the three considered systems (analytical and numerical found results)

Ratio for δx1,1(t) Ratio for δx1,1'(t) Ratio for δx1,1''(t)

System with c = 20 kg/s {0.002} {0.011} {0.073}

System with c = 100 kg/s {0.005} {0.024} {0.12}

System with c = 500 kg/s {0.003} {0.014} {0.166}

Multiple spring mass system, given an initial displacement
The multiple spring mass system consist of a two degrees of freedom (2dof) system. This system can be 
compared to the single spring mass system as analysed in previous section, with an additional damped transla-
tional spring and rigid body as presented in Figure 9.
This 2dof system will get in motion similar as the single spring mass system, by prevent the rigid bodies in the 
initial position. In this situation only the second spring is elongated by half a metre in the initial position. 
Mass-1 is prevented to the normal position, as a result only the second spring is elongated (loaded) and not the 
first spring.
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Figure 9: Multiple spring mass system

Analytical solution solving Lagrane’s equation of motion
The equation of motion is determined by Lagrange’s principle, where the kinetic energy, potential energy, non-
conservative forces and external forces are determined for the generalized coordinates of the system. There are 
two degrees of freedom, as a result in two generalized coordinates which result in two equations of motion.
Lagrange’s principle is expressed by x1,1(t) and x1,2(t) (generalized coordinates) and solved for these coordi-

nates. Because the springs are connected to each other, the equations are coupled.

Appendix A; Verification numerical software | 7 of 25

2016 | Eindhoven University of Technology




∂

∂ t

∂L(t)

∂ x1,1
′(t)

-
∂L(t)

∂ x1,1(t)
+

∂F(t)

∂ x1,1
′(t)

 0,
∂

∂ t

∂L(t)

∂ x1,2
′(t)

-
∂L(t)

∂ x1,2(t)
+

∂F(t)

∂ x1,2
′(t)

 0

T (t) 
1

2
m1 x1,1

′(t)2 +
1

2
m2 x1,2

′(t)2

U (t) 
1

2
k1 x1,1(t)

2 +
1

2
k2 x1,2(t) - x1,1(t)

2

L(t)  -
1

2
k1 x1,1(t)

2 -
1

2
k2 x1,2(t) - x1,1(t)

2
+

1

2
m1 x1,1

′(t)2 +
1

2
m2 x1,2

′(t)2

F(t) 
1

2
c1 x1,1

′(t)2 +
1

2
c2 x1,2

′(t) - x1,1
′(t)

2

As described before, the two equations of motion are related to each other, which can also be seen by 
Lagrange’s equation of motion. The initial conditions are used to solve these two second order differential 
equations, which are as follows: x1,1(0) = 0, x1,1’(0) = 0, x1,2(0) = x0 and x1,2’(0) = 0.

The differential equations are solve for the displacement of both rigid bodies (generalized coordinates). These 
equations of motions (x1,1(t) and  x1,2(t)) are not shown, because these function are complex equations. The 

results of two systems are shown by figures in the next section.

c1 x1,1
′(t) + c2 x1,1

′(t) + k1 x1,1(t) + k2 x1,1(t) + m1 x1,1
′′(t)  c2 x1,2

′(t) + k2 x1,2(t)

c2 x1,1
′(t) + k2 x1,1(t)  c2 x1,2

′(t) + k2 x1,2(t) + m2 x1,2
′′(t)

Analytical determined response of the system for different spring stiffnesses 
and values of damping
For the multiple spring mass system, the response of two systems is determined with a different value of the 
spring stiffness and amount of damping for both springs, as a result in following system characteristics:
System characteristics:

Mass rigid body 1 (m1) = 50 kg
Mass rigid body 2 (m2) = 50 kg
Spring stiffness springs (ki) = varying N/m
Damping (ci) = varying kg/s
Initial position (x0) = - 0.5 m

Spring stiffness:
Spring 1 system 1 (k1) = 250 N/m
Spring 2 system 1 (k2) = 1000 N/m
Spring 1 system 2 (k1) = 250 N/m
Spring 2 system 2 (k2) = 250 N/m

Damping:
Spring 1 system 1 (c1) = 50 kg/s
Spring 2 system 1 (c2) = 50 kg/s
Spring 1 system 2 (c1) = 50 kg/s
Spring 2 system 2 (c2) = 1000 kg/s
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In Figure 10, Figure 11 and Figure 12 the displacement, velocity and acceleration of the system is presented 
respectively. The displacement function of both rigid bodies is determined by solving the differential equa-
tions, where the velocity and acceleration function are determined using the displacement function (first and 
second derivative function).
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Figure 10: Analytical determined displacement for two systems
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Figure 11: Analytical determined velocity for two systems
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Figure 12: Analytical determined acceleration for two systems
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Numerical found response of the system for different spring stiffnesses and 
values of damping
The numerical simulations are built up similar as the single spring mass system, using connector elements. In 
this analyses two connector elements are used, connected at one end to each other. The first connector element 
is at the other end connected to fixed boundary conditions. The second connector element is at the other end 
connected to the second rigid body. The first rigid body is assigned to the node where the connector elements 
are connected to each other.

In the first step of the analysis, boundary conditions are assigned to the two rigid bodies in direction-x1. The 
displacement in direction-x1 of the first rigid body is fixed, where the second rigid body is displaced for half a 
metre in direction-x1. In the second step (dynamic implicit), the boundary conditions assigned to the rigid 
bodies are inactive at time t = 0, as a result the system gets in motion due to release of the spring force.
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Figure 13: Numerical found displacement for two systems
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Figure 14: Numerical found velocity for two systems
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Figure 15: Numerical found acceleration for two systems

Verification analytical and numerical found results
The difference between the analytical determined results and numerical found results are expressed using the 
RMSD and presented in Table 2.
In Table 2 it is shown that the difference between the accelerations of the second system (between the analyti-
cal and numerical results) are significant. For this system the ratio of difference for the displacment and 
velocity is small, but the difference between the found accelerations is large. 

Table 2: RMSD for the two considered systems

Ratio for δx1,1(t) Ratio for δx1,1'(t) Ratio for δx1,1''(t)

System-1 {0.003} {0.021} {0.155}

System-2 {0.001} {0.003} {0.078}

Ratio for δx1,2(t) Ratio for δx1,2'(t) Ratio for δx1,2''(t)

System-1 {0.003} {0.017} {0.121}

System-2 {0.001} {0.003} {0.076}

The large difference in acceleration is due to the strong damping of the second spring. The large amount of 
damping result that the velocity is decreased quickly, as a result in also a quickly decreasing acceleration. At 
time t = 0, the accelerations of both rigid bodies is equal to 2.5 m/s2. After 0.1 seconds the system is not 
accelerated any more and the accelerations become equal to zero.
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Figure 16: Analytical and numerical found acceleration (system-2) using different time increment steps
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Using the numerical simulations, fixed time increments are used of 0.05 seconds. The acceleration function 
can not be described with good accuracy in the time domain between 0 and 0.1 seconds, the fixed time incre-
ments ar too large. As presented in Figure 16, the acceleration funciton of the analytical determined system is 
shown as found by using the numerical simulations with fixed time increments of 0.05 seconds.
Also the response of the second considered system is determined using fixed time increments of 0.01 seconds, 
as presented in Figure 16. It is seen, in Figure 16, that the acceleration function can be described is a better 
way using time increments of 0.01 seconds compared to the time increments of 0.05 seconds.

Inverted pendulum, given an initial rotation
The inverted pendulum system can be seen as a more building like schematization, compared to the transla-
tional spring systems. In general seismic engineering, the floors are schematized as rigid bodies with a certain 
mass and the vertical elements for load bearing in horizontal direction are schematized as massless but with a 
certain stiffness. The mass of the inverted pendulum can be seen as the floor mass which is located on top of 
walls which are mass less in the calculations and have a certain bending stiffness.

Figure 17: Inverted pendulum

The inverted pendulum considered in this section consist of a free rotational spring attached to a fixed support 
and at the other end to a rigid bar. This rigid bar can not deform, infinit large stiffness, it can only rotate in the 
x1-x2 plane. At the top of the rigid bar, at the other end as it is connected to the rotational spring, a rigid body 
is connected to the rigid bar. This rigid body, similar as the other considered systems, is given a certain mass.
For the inverted pendulum systems, also gravity (constant downwards acceleration) is taken into account. As a 
result in a constant downwards force (Fg) located at the rigid body, which is equal to mass times gravitational 

acceleration (Fg = m g).

The considered inverted pendulum in this section is given an initial angular rotation, as a result in a “loaded” 
rotational spring. Afterwards the prevention is released, stored spring force is released, and the system become 
to oscillate. No damping is taken into account, as a result that the oscillations are periodic and continuous.
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The entire system is shown in Figure 17. Firstly, the analytical solution is determined using Lagrange's princi-
ple. Secondly, for three systems with varying rotation spring stiffness, the results found by the analytical 
solution are compared to the numerical found results.
Additional added in this section is the verification whether the linearized equation of motion is accurate for the 
used angular rotations. A system with varying angular rotations is considered, where the linear equation of 
motion is solved analytical and the non-linear equation of motion is solved numerically.

Analytical solution solving Lagrane’s equation of motion
The rigid body of this system can move in two directions (direction-x1 and direction-x2). As a result in two 
equations of motions, both considering one direction of movement. The movement of the rigid body in the two 
directions is coupled to the angular rotation of the system (θ(t)). By determining the equation of motion, 
expressed in terms of the angular rotation of the system it will lead to a single equation of motion which 
describe the movement of the rigid body in two directions. Therefore the movement of the rigid body in the 
two directions is first expressed in terms of the angular rotation.

x1,1(t)  l cos(θ(t))

x2,1(t)  l sin(θ(t))

x(t)  {l cos(θ(t)), l sin(θ(t))}

Lagrange’s equation of motion is determined by only the Langrangian (L(t)) and the generalized coordinate. In 
this system there are no non-conservative forces or external forces active.
The kinetic and potential energy are expressed first by the movement x1,1 and x2,1, where afther the movement 

in these directions is expressed by the generalized coordinate system.


∂

∂ t

∂L(t)

∂θ′(t)
-
∂L(t)

∂θ(t)
 0

T (t) 
1

2
m x1,1

′(t)2 + x2,1
′(t)2 

1

2
m l2 θ′(t)2 sin2(θ(t)) + l2 θ′(t)2 cos2(θ(t))

U (t)  g m x1,1(t) +
1

2
kR θ(t)2  g l m cos(θ(t)) +

1

2
kR θ(t)2

L  T (t) -U (t)  -g l m cos(θ(t)) -
1

2
kR θ(t)2 +

1

2
m l2 θ′(t)2 sin2(θ(t)) + l2 θ′(t)2 cos2(θ(t))

Determining the Lagrangian function, the equation of motion is determined. The equation of motion result in a 
non-linear second order differential equation. The equation of motion, belonging to the inverted pendulum is 
non-linear because the inverted pendulum system is a geometric non-linear system.
To solve the non-linear equation of motion analytical, the equation is linearized. Linearization takes into 
account that sin(θ(t)) = θ(t) and cos(θ(t)) = 1.0. This assumption is only valid for small rotations, when the 
rotations exceed approximately 10 degrees this assumption result in inaccurate results.
The linear second order differential equation is solved analytical, because no analytical solution is available for 
the non-linear equation of motion. The non-linear equation of motion can only be solved numerically.
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As a result solving the equation of motion, a function of the angular rotation of the system is determined. This 
function is used to determine the response of three systems with varying spring stiffness.

-g l m sin(θ(t)) + kR θ(t) + l2 m θ′′(t)  0

θ(t) (kR - g l m) + l2 m θ′′(t)  0

θ(t) →
1

2
θ0 ⅇ

-
t g l m-kR

l m ⅇ

2 t g l m-kR

l m + 1 

Analytical determined response of the system for different values of spring 
stiffness
The response of three systems is determined, by varying the spring stiffness of the rotational spring, as a result 
in following system characteristics:
System characteristics:

Mass (m) = 50 kg
Spring stiffness (k) = varying Nm/rad
Length rigid bar (l) = 5.0 m
Gravitational acceleration = 9.807 m/s2

Initial angular rotation (θ0) = 3 °

Spring stiffness:
Spring 1 system 1 (k) = 7500 Nm/rad
Spring 1 system 2 (k) = 10000 Nm/rad
Spring 1 system 3 (k) = 2000 Nm/rad

The angular rotation, angular velocity and angular acceleration are presented in Figure 18, Figure 19 and 
Figure 20. The angular velocity and acceleration are determined by determining the derivative function of the 
angular rotation.
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Figure 18: Analytical determined angular rotation for three systems
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Figure 19: Analytical determined angular velocity for three systems
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Figure 20: Analytical determined angular acceleration for three systems

The third considered system with a spring stiffness of 2000 Nm/rad, is not oscillating as shown by the results 
found by the linearized equation of motion. The bending moment resistance (spring stiffness) is smaller 
compared to the acting bending moment due to the gravity force and initial angular rotation of the system. Due 
to the larger acting bending moment compared to the bending moment resistance, the system does not oscillate 
but so to speak falls to the ground.

Numerical determined response of the system for different values of spring 
stiffness
The numerical simulations of the inverted pendulum consist, similar to the translational spring systems, of a 
connector element which describes the spring. In this analysis the connecter element is assigned by an elastic 
spring stiffness active in the rotational direction in the x1-x2 plane. One end of this connector element is 
restrained, the other end is connected to the rigid bar. In the numerical analyses there is made use of a discrete 
rigid bar, this bar can not deform and is massless. The bar can only rotate about a reference point, which is 
assigned by the user. In these calculations the reference point is placed at the connector node where it is 
connected to the rigid bar, as a result that the rigid bar can rotate in the x1-x2 plane. At the other end of the 
rigid bar, a rigid body is assinged to the rigid bar. This rigid body is given a certain mass, which is the only 
mass in the entire system.
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Similar to the previous described systems, the position of the system is prevented in its initial position. In the 
first step, the angular rotations of the reference point of the rigid bar are prescribed, as a result the total system 
will rotate and the rotational spring is “loaded”. Afterwards this prevention is released in the second step 
(dynamic implicit with fixed time increments of 0.05 seconds) at time t = 0 and the system becomes to oscilate.
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Figure 21: Numerical found angular rotation for three systems
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Figure 22: Numerical found angular velocity for three systems
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Figure 23: Numerical found angular acceleration for three systems
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Verification analytical and numerical found results
Only the results of the first two systems (spring stiffness of 7500 Nm/rad and 10000 Nm/rad) are compared. 
The difference, for the third system, between the analytical and numerical results is large. This is partly a result 
due to the effect the angular rotations are larger as 10 degrees and the linearization of the equation of motion 
becomes inacurate.
The results of the linearized equation of motion and numerical found results show good aggreement for 
system-1 and system-2, as presented in Table 3.
 

Table 3: RMSD for the two considered systems

Ratio for δθ(t) Ratio for δθ'(t) Ratio for δθ''(t)

System with kR = 7500 Nm/rad {0.001} {0.001} {0.003}

System with kR = 10000 Nm/rad {0.001} {0.002} {0.006}

Solving the linear and non-linear differential equation (analytical and 
numerically)
Additional to this system, the differential equation is solved analytical and numerical. The analytical solution is 
described before, which is related to the linear differential equation. Using numerical solving of the differential 
equation, the non-linear differential equation is solved.
Solving the non-linear differential equation, following system characteristics are entered and afterwards solved 
using the initial conditions of the angular rotation and angular velocity (θ’(t = 0) = 0).
System characteristics:

Mass (m) = 50 kg
Spring stiffness (k) = 7500 Nm/rad
Length rigid bar (l) = 5.0 m
Gravitational acceleration = 9.807 m/s2

Initial angular rotation (θ0) = varying °

Initial angular rotation:
System 1 (θ0) = 3 °

System 2 (θ0) = 12 °

System 3 (θ0) = 30 °

-g l m sin(θ(t)) + kR θ(t) + l2 m θ′′(t)  0

1250 θ′′(t) + 7500 θ(t) - 2451.75 sin(θ(t))  0

The results of the three considered systems are shown in Figure 24. For the two systesms with an initial 
angular rotation of 3 and 12 degrees, the results show good agreement. For the third system, with an initial 
angular rotation of 30 degrees, the difference between the linear and non-linear equation of motion is signifi-
cant.
The absolute difference of the angular rotations is shown in Figure 25. In Figure 25 it is seen that the absolute 
difference is enlarged when the system is oscillating (for all systems). The period for one system is not equal 
for both calculation approaches, this result that the difference is enlarged after a the number of oscillations is 
increased.
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Figure 24: Difference in angular rotation, between linear and non-linear equation of motion
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Figure 25: Absolute difference, between linear and non-linear equation of motion

Inverted pendulum, driven support
This system is equivalent to the other inverted pendulum, the only difference is that this system is not given an 
initial angular rotation but the support is driven by an acceleration function. The support is accelerated by a 
sinusoidal function, as a result in a periodic acceleration.
This system is more like a building in an earthquake situation, but when an earthquake occurs the accelerations 
of the foundation are arbitrary.
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Figure 26: Driven inverted pendulum

Analytical solution solving Lagrane’s equation of motion
The analytical solution is determined using the same proceedure as described in previous section for the 
inverted pendulum which is given an initial angular rotation. The displacement of the rigid body is determined 
using the angular rotation of the system at the location of the angular spring.
Expressing the displacement of the system by means of θ(t) in direction-x1 and direction-x2, the displacement 
of the support is added for the total movement in the second direction.

x1,1  l cos(θ(t))

x2,1  l sin(θ(t)) + s(t)

x(t)  {l cos(θ(t)), l sin(θ(t)) + s(t)}

The angular rotation is determined, as a result that the displacement of the support is used to describe the 
displacement of the system in direction-x2. The support is accelerated by an acceleration function, using a 
sinusoidal function with a certain amplitude (A) and period (ω). To determine the displacement function, the 
sinuoidal acceleration function is integrated twice. The integration constants are solved using the initial 
conditions of the acceleration function.
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a(t)  v(t) ⅆ t   s(t) ⅆ t ⅆ t

a(t)  A sin(t ω), v(t)  C1 -
A cos(t ω)

ω
, s(t)  -

A sin(t ω)

ω2
+ C1 t + C2

{a(t)  A sin(t ω)}

v(t) 
A

ω
-
A cos(t ω)

ω
, C1 →

A

ω


s(t) 
A t

ω
-
A sin(t ω)

ω2
, {C2 → 0}

Determining the displacement function of the support, the Lagrangian function is determined using the kinetic 
and potential energy. The driven support is part of the movement of the system, not as non-conservative force 
or external force. Therefore Lagrange’s equation of motion is only determined by the Lagrangian function and 
the generalized coordinate θ(t).


∂

∂ t

∂L(t)

∂θ′(t)
-
∂L(t)

∂θ(t)
 0

T (t) 
1

2
m -

A cos(t ω)

ω
+
A

ω
+ l θ′(t) cos(θ(t))

2

+ l2 θ′(t)2 sin2(θ(t))

U (t)  g l m cos(θ(t)) +
1

2
kR θ(t)2

L 
1

2
m -

A cos(t ω)

ω
+
A

ω
+ l θ′(t) cos(θ(t))

2

+ l2 θ′(t)2 sin2(θ(t)) - g l m cos(θ(t)) -
1

2
kR θ(t)2

The equation of motion is only determined analytical, therefore the non-linear differential equation is lin-
earized, otherwise there is no analytical solution available. As a result in a function of the angular rotation, 
where the variables of the support function appear also in the angular rotation of the system.

A l m cos(θ(t)) sin(t ω) - g l m sin(θ(t)) + kR θ(t) + l2 m θ′′(t)  0

A l m sin(t ω) + θ(t) (kR - g l m) + l2 m θ′′(t)  0

θ(t) → - A l m ⅇ
-
t g l m-kR

l m l m ω -ⅇ

2 t g l m-kR

l m + 2 sin(t ω) g l m - kR ⅇ

t g l m-kR

l m + l m ω 

2 g l m - kR -g l m + kR - l2 mω2 
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Analytical determined response of the system for different values of spring 
stiffness
The response of two systems is determined, by varying the spring stiffness of the rotational spring, as a result 
in following system characteristics:
System characteristics:

Mass (m) = 50 kg
Spring stiffness (k) = varying Nm/rad
Length rigid bar (l) = 5.0 m
Gravitational acceleration (g) = 9.807 m/s2

Support amplitude (A) = 1.0 m/s2

Support period (ω) = 0.75 [-]
Spring stiffness:

Spring 1 system 1 (k) = 7500 Nm/rad
Spring 1 system 2 (k) = 10000 Nm/rad

The angular rotation, angular velocity and angular acceleration are presented in Figure 18, Figure 19 and 
Figure 20. The angular velocity and acceleration are determined by determining the derivative function of the 
angular rotation.
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Figure 27: Analytical determined angular rotation for two systems
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Figure 28: Analytical determined angular velocity for two systems
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Figure 29: Analytical determined angular acceleration for two systems

For this system also the displacement, velocity and acceleration in the x2-plane are determined, using the 
angular rotation, angular velocity and angular acceleration function respectively. Also the displacement, 
velocity and acceleration of the support is shown in Figure 30, Figure 31 and Figure 32.
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Figure 30: Analytical determined displacement for two systems and support displacement
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Figure 31: Analytical determined velocity for two systems and support velocity
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Figure 32: Analytical determined acceleration for two systems and support acceleration

Numerical determined response of the system for different values of spring 
stiffness
The support is in this numerical analyses not fixed in direction-x1 and direction-x2. There is made use of a 
fixed bounday condition at the connector end in direction-x1 only. A second boundary condition is assigned to 
the end of the connector element, which is given a constant acceleration of 1.0, in the x2 direction, times an 
amplitude. The amplitude can be entered by the user, where is made use a periodic function. This function is 
similar as the sinusoidal function as used in the previous section (amplitude A = 1.0 and period ω = 0.75).

The numerical analysis only uses a dynamic implicit step to determine the response of the system. The system 
is in this calculation not prevented in initial position, as a result a static step is not required.
The other aspects of the numerical analysis are similar as the numerical model described in previous section.
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Figure 33: Numerical found angular rotation for two systems
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Figure 34: Numerical found angular velocity for two systems
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Figure 35: Numerical found angular acceleration for two systems
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Figure 36: Numerical found displacement for two systems and support displacement
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Figure 37: Numerical found velocity for two systems and support velocity
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Figure 38: Numerical found acceleration for two systems and support acceleration

Verification analytical and numerical found results
The difference found by the analytical solution and numerical found response, shown in Table 4, show good 
agreement (difference is a small percentage). This is also a result that the angular rotation does not exceed 10 
degrees of rotation, as a result the linearization of the non-linear equation of motion can be used.

Table 4: RMSD for the two considered systems

Ratio for δθ(t) Ratio for δθ'(t) Ratio for δθ''(t)

System with kR = 7500 Nm/rad {0.} {0.} {0.001}

System with kR = 10000 Nm/rad {0.} {0.001} {0.002}

Ratio for δx2,1(t) Ratio for δx2,1'(t) Ratio for δx2,1''(t)

System with kR = 7500 Nm/rad {0.001} {0.002} {0.009}

System with kR = 10000 Nm/rad {0.002} {0.004} {0.012}
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Appendix B; Response beam systems
The driven beam system is used to determine the behaviour of the floor system during an earthquake. The 
response of the beam system is determined using numerical analyses and the results of these analyses are 
presented in this appendix.

In total four systems are analysed, using different spring properties. The beam system is supported by damped 
translational springs, which describe the horizontal force-displacement relation of the lateral stability piers at 
the top. These spring properties are determined by the push-over calculation, as a result in an elasto-plastic 
spring behaviour.
In this analysis, the first two systems are assigned with the spring behaviour as determined by the push-over 
calculation. The spring properites of the first system are elastic, where the second system uses elasto-plastic 
spring behaviour. Also two additional beam systems are analysed, where is made use of a decreased and 
increased elastic spring behaviour (0.5k and 2k). These systems are analysed to investigate whether the beam 
behaviour changes by using a different amount of spring stiffness, for example for a structure which using 
another kind of bracing element for load bearing in horizontal direction parallel to the floor span.
The system properties of the considered systems are presented in Table 1 and the results of each system are 
presented in following sections. Each systsem is driven by two accelerograms: accelerogram-1 and 
accelerogram-2.

Figure 1: Beam system supported by driven damped translational springs

Table 1: System properties for the four considered beam systems

Elastic Elasto-plastic Elastic Elastic

Push-over Push-over 0.5k 2k

mi 3150 3150 3150 3150 [kg]

EI 9.082 × 109 9.082 × 109 9.082 × 109 9.082 × 109 [N/m2]

k 2.33 × 106 2.33 × 106 1.165 × 106 4.66 × 106 [N/m]

Fy [-] 16.76 [-] [-] [kN]

dy [-] 7.2 × 10-3 [-] [-] [m]

c 1.6 × 104 1.6 × 104 1.1 × 104 2.3 × 104 [kg/s]
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Elastic spring behaviour (push-over), accelerogram-1
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Figure 2: Acceleration beam system: at support, beam-end and mid-span,

using accelerogram-1 and elastic spring behaviour

Table 2: Maximum acceleration and generated forces beam system, using accelerogram-1 and

elastic spring behaviour

Maximum acceleration Time Maximum generated force Time

[m/s2] [s] [kN] [s]

Support-1, support-2 -4.905 2.315 -81.3 3.165

Mass-1 -7.357 3.165 -23.2 3.165

Mass-2 -7.37 3.165 -23.2 3.165

Mass-3 -7.379 3.165 -23.2 3.165

Mass-4 -7.382 3.165 -23.3 3.165

Mass-5 -7.379 3.165 -23.2 3.165

Mass-6 -7.37 3.165 -23.2 3.165

Mass-7 -7.357 3.165 -23.2 3.165
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Elastic spring behaviour (push-over), accelerogram-2
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Figure 3: Acceleration beam system: at support, beam-end and mid-span,

using accelerogram-2 and elastic spring behaviour

Table 3: Maximum acceleration and generated forces beam system, using accelerogram-2 and

elastic spring behaviour

Maximum acceleration Time Maximum generated force Time

[m/s2] [s] [kN] [s]

Support-1, support-2 4.905 2.725 -80.2 2.415

Mass-1 -7.258 2.415 -22.9 2.415

Mass-2 -7.27 2.415 -22.9 2.415

Mass-3 -7.279 2.415 -22.9 2.415

Mass-4 -7.282 2.415 -22.9 2.415

Mass-5 -7.279 2.415 -22.9 2.415

Mass-6 -7.27 2.415 -22.9 2.415

Mass-7 -7.258 2.415 -22.9 2.415
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Elasto-plastic spring behaviour (push-over), accelerogram-1
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Figure 4: Acceleration beam system: at support, beam-end and mid-span,

using accelerogram-1 and elasto- plastic spring behaviour

Table 4: Maximum acceleration and generated forces beam system, using accelerogram-1 and

elasto-plastic spring behaviour

Maximum acceleration Time Maximum generated force Time

[m/s2] [s] [kN] [s]

Support-1, support-2 -4.905 2.315 22.7 2.065

Mass-1 1.984 2.065 6.2 2.065

Mass-2 2.055 2.065 6.5 2.065

Mass-3 2.105 2.065 6.6 2.065

Mass-4 2.122 2.065 6.7 2.065

Mass-5 2.105 2.065 6.6 2.065

Mass-6 2.055 2.065 6.5 2.065

Mass-7 1.984 2.065 6.2 2.065
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Figure 5: Highlight acceleration beam system: at support, beam-end and mid-span,

using accelerogram-1 and elasto- plastic spring behaviour
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Elasto-plastic spring behaviour (push-over), accelerogram-2
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Figure 6: Acceleration beam system: at support, beam-end and mid-span,

using accelerogram-2 and elasto- plastic spring behaviour

Table 5: Maximum acceleration and generated forces beam system, using accelerogram-2 and

elasto-plastic spring behaviour

Maximum acceleration Time Maximum generated force Time

[m/s2] [s] [kN] [s]

Support-1, support-2 4.905 2.725 20.9 1.68

Mass-1 1.686 1.68 5.3 1.68

Mass-2 1.887 1.68 5.9 1.68

Mass-3 2.018 1.68 6.4 1.68

Mass-4 2.062 1.68 6.5 1.68

Mass-5 2.018 1.68 6.4 1.68

Mass-6 1.887 1.68 5.9 1.68

Mass-7 1.686 1.68 5.3 1.68
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Figure 7: Highlight acceleration beam system: at support, beam-end and mid-span,

using accelerogram-2 and elasto- plastic spring behaviour
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Elastic (0.5k) spring behaviour, accelerogram-1
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Figure 8: Acceleration beam system: at support, beam-end and mid-span,

using accelerogram-1 and elastic (0.5k) spring behaviour

Table 6: Maximum acceleration and generated forces beam system, using accelerogram-1 and

elastic (0.5k) spring behaviour

Maximum acceleration Time Maximum generated force Time

[m/s2] [s] [kN] [s]

Support-1, support-2 -4.905 2.315 -56.9 2.46

Mass-1 -5.159 2.46 -16.3 2.46

Mass-2 -5.163 2.46 -16.3 2.46

Mass-3 -5.166 2.46 -16.3 2.46

Mass-4 -5.167 2.46 -16.3 2.46

Mass-5 -5.166 2.46 -16.3 2.46

Mass-6 -5.163 2.46 -16.3 2.46

Mass-7 -5.159 2.46 -16.3 2.46
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Elastic (0.5k) spring behaviour, accelerogram-2
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Figure 9: Acceleration beam system: at support, beam-end and mid-span,

using accelerogram-2 and elastic (0.5k) spring behaviour

Table 7: Maximum acceleration and generated forces beam system, using accelerogram-2 and

elastic (0.5k) spring behaviour

Maximum acceleration Time Maximum generated force Time

[m/s2] [s] [kN] [s]

Support-1, support-2 4.905 2.725 55.9 1.845

Mass-1 5.062 1.845 15.9 1.845

Mass-2 5.069 1.845 16. 1.845

Mass-3 5.075 1.845 16. 1.845

Mass-4 5.076 1.845 16. 1.845

Mass-5 5.075 1.845 16. 1.845

Mass-6 5.069 1.845 16. 1.845

Mass-7 5.062 1.845 15.9 1.845
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Elastic (2k) spring behaviour, accelerogram-1
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Figure 10: Acceleration beam system: at support, beam-end and mid-span,

using accelerogram-1 and elastic (2k) spring behaviour

Table 8: Maximum acceleration and generated forces beam system, using accelerogram-1 and

elastic (2k) spring behaviour

Maximum acceleration Time Maximum generated force Time

[m/s2] [s] [kN] [s]

Support-1, support-2 -4.905 2.315 -114.3 1.795

Mass-1 -10.327 1.795 -32.5 1.795

Mass-2 -10.369 1.795 -32.7 1.795

Mass-3 -10.398 1.795 -32.8 1.795

Mass-4 -10.409 1.795 -32.8 1.795

Mass-5 -10.398 1.795 -32.8 1.795

Mass-6 -10.369 1.795 -32.7 1.795

Mass-7 -10.327 1.795 -32.5 1.795
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Elastic (2k) spring behaviour, accelerogram-2
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Figure 11: Acceleration beam system: at support, beam-end and mid-span,

using accelerogram-2 and elastic (2k) spring behaviour

Table 9: Maximum acceleration and generated forces beam system, using accelerogram-2 and

elastic (2k) spring behaviour

Maximum acceleration Time Maximum generated force Time

[m/s2] [s] [kN] [s]

Support-1, support-2 4.905 2.725 111.8 1.685

Mass-1 10.088 1.685 31.8 1.685

Mass-2 10.142 1.685 31.9 1.685

Mass-3 10.178 1.685 32.1 1.685

Mass-4 10.191 1.685 32.1 1.685

Mass-5 10.178 1.685 32.1 1.685

Mass-6 10.142 1.685 31.9 1.685

Mass-7 10.088 1.685 31.8 1.685
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Appendix C; Response truss systems
The driven truss system, together with the analyses of the driven beam system, is used to determine the 
behaviour of the floor system when an earthquake occurs. The time-history analyses are performed to deter-
mine the response of the truss system by making use of numerical simulations. The results of these calculations 
are presented in this appendix.

The spring behaviour, which support the truss system and which are driven at the other side by the earthquake 
signal, is determined by the push-over calculation. The same spring behaviour is used as used for the beam 
system (Appendix B), where analyses are performed using elastic and elasto-plastic spring behaviour. These 
system properties are presented in Table 1 and the restuls of these systems, driven by accelerogram-1 and 
accelerogram-2 are presented in following sections.

Figure 1: Truss system supported by driven damped translational springs
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Table 1: System properties of the truss system with elastic and

elasto-plastic spring behaviour

Push-over elastic Push-over elasto-plastic

mi 1575 1575 [kg]

EAchord 3.713 × 108 3.713 × 108 [N/m2]

EAbrace 3.464 × 1015 3.464 × 1015 [N/m2]

EAdiagonal 3.464 × 103 3.464 × 103 [N/m2]

k 2.33 × 106 2.33 × 106 [N/m]

Fy [-] 16.76 [kN]

dy [-] 7.2 × 10-3 [m]

c 1.6 × 104 1.6 × 104 [kg/s]
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Elastic spring behaviour (push-over), accelerogram-1
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Figure 2: Acceleration truss system: at support, truss-end and mid-span,

using accelerogram-1 and elastic spring behaviour

Table 2: Maximum acceleration and generated forces truss system, using accelerogram-1 and

elastic spring behaviour

Maximum acceleration Time Maximum generated force Time

[m/s2] [s] [kN] [s]

Support-1, support-2 -4.905 2.315 -81.3 3.165

Mass-1_1 -7.357 3.165 -11.6 3.165

Mass-1_2 -7.357 3.165 -11.6 3.165

Mass-2_1 -7.37 3.165 -11.6 3.165

Mass-2_2 -7.37 3.165 -11.6 3.165

Mass-3_1 -7.379 3.165 -11.6 3.165

Mass-3_2 -7.379 3.165 -11.6 3.165

Mass-4_1 -7.383 3.165 -11.6 3.165

Mass-4_2 -7.383 3.165 -11.6 3.165

Mass-5_1 -7.379 3.165 -11.6 3.165

Mass-5_2 -7.379 3.165 -11.6 3.165

Mass-6_1 -7.37 3.165 -11.6 3.165

Mass-6_2 -7.37 3.165 -11.6 3.165

Mass-7_1 -7.357 3.165 -11.6 3.165

Mass-7_2 -7.357 3.165 -11.6 3.165
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Elastic spring behaviour (push-over), accelerogram-2
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Figure 3: Acceleration truss system: at support, truss-end and mid-span,

using accelerogram-2 and elastic spring behaviour

Table 3: Maximum acceleration and generated forces truss system, using accelerogram-2 and

elastic spring behaviour

Maximum acceleration Time Maximum generated force Time

[m/s2] [s] [kN] [s]

Support-1, support-2 4.905 2.725 -80.2 2.415

Mass-1_1 -7.258 2.415 -11.4 2.415

Mass-1_2 -7.258 2.415 -11.4 2.415

Mass-2_1 -7.27 2.415 -11.5 2.415

Mass-2_2 -7.27 2.415 -11.5 2.415

Mass-3_1 -7.279 2.415 -11.5 2.415

Mass-3_2 -7.279 2.415 -11.5 2.415

Mass-4_1 -7.282 2.415 -11.5 2.415

Mass-4_2 -7.282 2.415 -11.5 2.415

Mass-5_1 -7.279 2.415 -11.5 2.415

Mass-5_2 -7.279 2.415 -11.5 2.415

Mass-6_1 -7.27 2.415 -11.5 2.415

Mass-6_2 -7.27 2.415 -11.5 2.415

Mass-7_1 -7.258 2.415 -11.4 2.415

Mass-7_2 -7.258 2.415 -11.4 2.415
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Elasto-plastic spring behaviour (push-over), accelerogram-1
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Figure 4: Acceleration truss system: at support, truss-end and mid-span,

using accelerogram-1 and elasto- plastic spring behaviour

Table 4: Maximum acceleration and generated forces truss system, using accelerogram-1 and

elasto-plastic spring behaviour

Maximum acceleration Time Maximum generated force Time

[m/s2] [s] [kN] [s]

Support-1, support-2 -4.905 2.315 22.7 2.065

Mass-1_1 1.971 2.045 3.1 2.045

Mass-1_2 1.971 2.045 3.1 2.045

Mass-2_1 2.004 2.045 3.2 2.045

Mass-2_2 2.004 2.045 3.2 2.045

Mass-3_1 2.05 2.045 3.2 2.045

Mass-3_2 2.05 2.045 3.2 2.045

Mass-4_1 2.08 2.045 3.3 2.045

Mass-4_2 2.08 2.045 3.3 2.045

Mass-5_1 2.05 2.045 3.2 2.045

Mass-5_2 2.05 2.045 3.2 2.045

Mass-6_1 2.004 2.045 3.2 2.045

Mass-6_2 2.004 2.045 3.2 2.045

Mass-7_1 1.971 2.045 3.1 2.045

Mass-7_2 1.971 2.045 3.1 2.045
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Table 5: Maximum acceleration and generated forces truss system, using accelerogram-2 and

elasto-plastic spring behaviour

Maximum acceleration Time Maximum generated force Time

[m/s2] [s] [kN] [s]

Support-1, support-2 4.905 2.725 20.9 1.68

Mass-1_1 1.704 1.68 2.7 1.68

Mass-1_2 1.704 1.68 2.7 1.68

Mass-2_1 1.898 1.68 3. 1.68

Mass-2_2 1.898 1.68 3. 1.68

Mass-3_1 2.003 1.68 3.2 1.68

Mass-3_2 2.003 1.68 3.2 1.68

Mass-4_1 2.034 1.68 3.2 1.68

Mass-4_2 2.034 1.68 3.2 1.68

Mass-5_1 2.003 1.68 3.2 1.68

Mass-5_2 2.003 1.68 3.2 1.68

Mass-6_1 1.898 1.68 3. 1.68

Mass-6_2 1.898 1.68 3. 1.68

Mass-7_1 1.704 1.68 2.7 1.68

Mass-7_2 1.704 1.68 2.7 1.68
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Appendix C; Response truss system | 7 of 7

2016 | Eindhoven University of Technology



 



Appendix D; Driven equivalent single 
spring mass system

The equivalent single spring mass system is used to determine the static equivalent load in static seismic 
engineering. The equivalent system is used to determine the dynamic amplification factor (DLF). From the 
equivalent system the behaviour factor and natural period are determined, where after the DLF is determined 
using the design spectrum according to NPR-9998 [2].

In chapter 6, the static equivalent load belonging to the masonry-built terrace house with hollow-core slabs is 
determined. In this appendix the equivalent system (used in static approache), is analysed performing time-
history analyses.
Firstly the system properties of the equivalent system are summed up, according to the results determined by 
the push-over calculation [4]. Secondly the DLF is determined and the seismic related forces using elastic and 
elasto-plastic springs. These results are compared to the results of the equivalent system driven by the scaled 
accelerograms (accelerograms_0.36)
Using elasto-plastic spring behaviour, the applied force-displacement relation is determined, considering the 
driven equivalent system. With the applied force-displacement relation, the behaviour factor is determined and 
the DLF according to the design spectrum. Also the DLF is determined by the maximum acceleration of the 
system. The DLF between these two approaches is verified for a series of elasto-plastic springs with varying 
yield force.

System properties from push-over calculation
The used system properties are determined by the push-over calculation [4]. In this calculation the behaviour of 
the structure is determined when it is lateral loaded in the direction parallel to the floor span. The non-linear 
behaviour of the structure at the locations of the first and second floor is used and transformed to an equivalent 
single spring mass system by using the transformation factor (NEN-EN 1998 ‘appendix B’ [3]).
The system properties of the equivalent system are presented in Table 1, as determined by the push-over 
calculation which are regarded to a single “active” pier, as a result in half of the total structure.

Table 1: System properties

Push-over

Elasto-plastic

Yield force (Fy) 14.2 kN

Bending energy (Em) 366 Nm

Total deflection (dm) 0.0342 m

Elastic deflection (dY ) 0.0169 m

Plastic deflection (dp) 0.0173 m

Spring stiffness (k) 840 000 N/m

Ductility (μ) 2.02 [-]

Behaviour factor (q) 1.74 [-]

Equivalent mass (m) 24 600 kg

Natural period (T) 1.08 s
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Figure 1: Elasto- plastic force-displacement relation (push-over)

In these calculations the behaviour of the structure is schematized as elasto-plastic. As a result, that the non-
linear behaviour is transformed to a perfect elasto-plastic behaviour as presented in Figure 1. With this elasto-
plastic behaviour the ductility of the structure is determined (ratio between the maximum and yield deflection 
of the structure).
According to NPR-9998 ‘section 3.2.2.2.3’ [2], the behaviour factor needs to be multiplied by a factor 1.33, 
determining the seismic related forces. This factor is related to the over-strength of the structure material, as a 
result in more ductile ability.
The force-displacement relation using a behaviour factor q = 1.74 and q = 1.74 1.33 = 2.3 is presented in 
Figure 1. The maximum displacement of the system belonging to the system with a behaviour factor q = 2.3 is 
determined using the ductility ratio as shown in Table 2.

Table 2: System properties using a behaviour

factor q = 2.3

Push-over

Elasto-plastic

Behaviour factor (q) 2.3 [-]

Ductility (μ) 3.18 [-]

Total deflection (dm) 0.0537 m

Plastic deflection (dp) 0.0368 m
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Static equivalent load (DLF and seismic related forces)
The DLF following static appraoch is determined by using the elasto-plastic force-displacement relation of the 
equivalent system as shown in Figure 1. The force-displacement relation of the equivalent system describes the 
resistance of the structure and its amount of plastic deflection. A structure which is ductile will result in a 
smaller static equivalent load compared to a structure which is elastic only. The accelerations of a system with 
elastic behaviour are larger as for a structure which has plastic ability.
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Figure 2: Elastic and design spectrum (q = 1.0 and q = 2.3) according to NPR-9998 [2]

The code spectra differ for an elastic structure (q = 1.0) as for ductile structures. In Figure 2, the elastic 
spectrum is presented and the design spectrum according to a behaviour factor q = 2.3.
The spectrum describes the DLF for the structure for a range of structures with a natural period 0 < T ≤ 4.0 
seconds. The spectra presented in Figure 2 are, according to the NPR-9998 [2], related to a reference peak 
ground acceleration (PGA). In this spectrum the DLF is presented related to a PGA ag,ref  = 0.36 g = 3.53 m/s2 

(maximum PGA for the Groningen situation).

Using the code spectra, the DLF (Sd (T1)/ag,ref ) of the equivalent system is determined (belonging to the elastic 

and elasto-plastic system). The DLF is used to determine the base shear force (static equivalent load), which is 
the force that describe the seismic impact at the structure.

The DLF of the elastic system is determined to verify whether the accelerograms_0.36 result in a similar DLF 
for the driven equivalent system. This is analysed in following section, where time-history analyses are per-
formed and the DLF is determined considering elastic and elasto-pastic springs.

Table 3: DLF and static equivalent forces determined for elastic and

elasto-plastic behaviour of the equivalent system

Sd (T1)/ag,ref Fbase F1 F2

[-] [kN] [kN] [kN]

Elastic response spectrum 1.19 147.4 33.5 113.8

Design response spectrum 0.52 63.7 14.5 49.2
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Time-history analyses using elastic and elasto-plastic force-
displacement relation

The equivalent system is driven by accelerograms_0.36 with have a maximum acceleration of 0.36 g. The 
maximum acceleration correspond to the reference PGA according to the contour plot of the NPR-9998 at the 
village Loppersum (maximum prescribed PGA).
The elasto-plastic spring behaviour is similar as determined by the push-over calculation, presented in Table 1. 
As a result, in a system with equal spring stiffness (k), yield force (Fy), yield deflection (dy) and natural period 

(T).
In the time-history analyses, the plastic range of the force-displacement curve is infinit, as a result that the  
maximum deflection (dm) is not defined. The maximum applied deflection of the spring is derived from the 
time-history analyses and is used to determine the behaviour factor.

The force-displacement relation belonging to the equivalent system when its driven by accelerograms_0.36, is 
presented in Figure 3. Using the maximum deflection and yield deflection of the spring, the ductility and 
behaviour factor are determined and presented in Table 4.
When the system is driven by accelerogram_0.36-1 the plastic deflection is larger compared to the plastic 

deflection of the spring when its driven by accelerogram_0.36-2. Therefore the behaviour factor belonging to 
the system driven by accelerogram_0.36-1 is larger compared to the behaviour factor belonging to accelero-
gram_0.36-2.

As shown in Figure 3 and Table 4, the maximum deflection of the spring in the equivalent system is larger 
compared to the maximum deflection determined by the push-over calculation.

Table 4: Input from push-over analyses and results found using accelerograms_0.36

Fy dy dp dm E μ q

[kN] [m] [m] [m] [Nm] [-] [-]

Push-over 14.2 0.0169 0.0368 0.0537 643 3.18 2.31

Accelerogram_0.36-1 14.2 0.0169 0.2028 0.2197 3000 13. 5.

Accelerogram_0.36-2 14.2 0.0169 0.0822 0.0991 1288 5.86 3.28
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Figure 3: Force-displacement relation from push-over, as a result of accelerograms_0.36
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With the used force-displacment relation, presented in Figure 3, the DLF and seismic related forces are deter-
mined using static approach (static equivalent load), shown in Table 5. The DLF is determined using the 
behaviour factor, shown in Table 3 for the considered system, and belonging design spectrum according to 
NPR-9998. With the DLF, the base shear force and forces located at the first and second floor are determined.
The ratio of distribution of forces over the first and second floor are conform the deflected shape of the 
structure and distribution of masses as determined by the push-over calculation.

Table 5: Static seismic forces using elasto- plastic behaviour

applied by the system driven by accelerograms_0.36

Sd (T1)/ag,ref Fbase F1 F2

[-] [kN] [kN] [kN]

Push-over 0.52 63.7 14.5 49.2

Accelerogram_0.36-1 0.24 29.5 6.7 22.8

Accelerogram_0.36-2 0.36 45. 10.2 34.7

The outcome using the force-displacement relations determined by the time-history analyses result in a lower 
DLF compared to the found DLF using the elasto-plastic relation determined by the push-over calculation. As 
a result of a larger applied plastic deflection from the time-history analyses, because the maximum deflection is 
not used as input in these calculations.

Using time-history analyses, the DLF is also determined using the maximum acceleration of the system instead 
of the applied force-displacement relation. The DLF is determined by divide the maximum acceleration of the 
system by the maximum acceleration of the earthquake signal (0.36 g = 3.53 m/s2).
The response of these systems is presented in Figure 4 and Figure 5. The time-history analyses are performed 
for 8.0 seconds, using dynamic implicit solving with fixed time increments of 0.005 seconds.
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Table 6: Maximum acceleration and DLF, considering an elastic and elasto- plastic system using

accelerogram_0.36-1 and accelerogram_0.36-2

Max acceleration Sd (T1)/ag,ref Fbase F1 F2

[m/s2] [-] [kN] [kN] [kN]

Elastic spring, accelerogram_0.36-1 4.2 1.19 41.8 9.5 32.3

Elastic spring, accelerogram_0.36-2 4.2 1.22 42.8 9.7 33.

Elasto-plastic spring,

accelerogram_0.36-1
0.9 0.26 9.1 2.1 7.

Elasto-plastic spring,

accelerogram_0.36-2
0.8 0.23 8.2 1.9 6.3

In Table 5, the results of using elastic and elasto-plastic spring behaviour are presented. From the elastic 
equivalent spring, the DLF is determined and compared to the DLF determined by the elastic response spec-
trum according to NPR-9998 [2], presented in Table 3. The DLF determined by the elastic spectrum and time-
history analyses are similar using a natural period T = 1.08 seconds. As a result, the accelerograms_0.36 have a 
similar impact compared to the Groningen induced earthquakes for systems with a natural period T = 1.08 
seconds.

Using the elasto-plastic spring behaviour, the DLF is in this section determined using two appraoches. Firstly 
by the applied force-displacement relation, using the behaviour factor. Secondly by using the maximum 
acceleration of the system. These two approaches need to result in a corresponding DLF, but from the results 
of using these two approaches (Table 5 and Table 6) it is seen that this is not the case. Therefore multiple 
calculations are performed and presented in the last section of this appendix. In these calculations there is 
made use of a series of elasto-plastic equivalent systems, to investigate the relation between the determination 
of the DLF following these two approaches (force-displacement and maximum acceleration).

Maximum Groningen induced earthquake belonging to the 
equivalent system

As analysed in previous section, the applied spring deflection, using accelerograms_0.36, is larger than the 
maximum deflection as determined by the push-over calculation. As a result the lateral stability piers can not 
withstand this earthquake, because the deformations become too large.
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In the time-history analyses performed in previous section, the plastic part of the spring was infinit and no 
maximum deflection was assigned to the spring behaviour. In these time-history analyses, the maximum spring 
deflection is assigned to the translational spring properties. Damage of the spring will occur when the maxi-
mum spring deflection is exceeded. This damage is entered by defining the maximum deflection of the spring 
and the spring energy when damage occurs.
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From Figure 6 and Figure 7 it is seen that the system exceed the maximum deflection around 4.0 seconds, 
using accelerogram_0.36-1. When damage occurs, the system is not accelerated any more. As a result in a 
constant velocity and therefore linear increasing displacement.

Using the maximum deflection of the spring, the maximum PGA is determined. The amplitude of accelerogram-
s_0.36 are scaled with a vector, as a result that the maximum deflection of the spring is not exceeded during 
the earthquake.
The results of the time-history analyses using these scaled accelerograms (accelerograms_0.12) are presented 
in Table 7, where the maximum deflection is presented and also the maximum acceleration of the support. The 
DLF is determined using the maximum acceleration of the system. These results are compared to the results 
found by using the design response spectrum according to the NPR-9998 [2] using a behaviour factor q = 2.3.
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Table 7: Maximum acceleration support and system as a result of

dm = 0.0342 m using accelerograms_0.12

Accelerations

dm ag,ref Sd (T1) Sd (T1)/ag,ref Fbase

[m] [m/s2] [m/s2] [-] [kN]

Accelerogram_0.12-1 0.052 1.17 0.69 0.59 24.3

Accelerogram_0.12-2 0.051 1.15 0.66 0.58 23.2

Static approach 0.0537 1.18 0.67 0.57 27.4

●

● ●

■

■ ■

◆

◆ ◆

0.00 0.01 0.02 0.03 0.04 0.05 0.06

0

5

10

15

Displacement [m]

H
or

iz
on

ta
lf

or
ce

[k
N
]

Force-displacement curve

● Push-over: q = 2.3

■ Push-over: accelerogram_0.12-1

◆ Push-over: accelerogram_0.12-2

Figure 8: Force-displacement relation from push-over and as a result of accelerograms_0.12

From the results found by accelerograms_0.12, it is seen that the maximum acceleration of the support is 
around 1.2 m/s2. When the support is driven by a Groningen earthquake, the maximum accelerations of the 
equivalent system are 1.2 m/s2, because for larger accelerations the deflections of the equivalent systerm are 
exceeded during the vibrations.
In this research only two accelerograms are analysed. From the two systems, a large difference is seen in 
maximum acceleration of the support when dm ≈ 0.0537 m. To obtain a general conclusion, more time-history 
analyses need to be analysed using different earthquake signals. According to NEN-EN 1998 [3], seven or 
thirty calculations has to be made to exclude the scatter of the results.

Not only the amplitude of the accelerograms_0.36 is scaled to determine the maximum PGA, as a result that 
the maximum deflection of the structure does not exceed. Also the accelerograms_0.36 are scaled over the x-
axis, because the DLF for a similar natural period differs by chanzing the PGA according to the NPR-9998 [2]. 
As a result, for an elastic structure with a similar natural period, the DLF is larger for an earthquake with PGA 
ag,ref  = 0.12 g compared to an earthquake with PGA ag,ref  = 0.36 g as presented in Figure 9.

In Figure 9, the NPR-9998 elastic response spectrum is presented for a PGA ag,ref  = 0.36 g and PGA ag,ref  = 

0.12 g. Also the elastic spectrum belonging to accelerograms_0.12 are presented in Figure 9, as can be seen 
that for a natural period T = 1.08 seconds the DLF complies with the NPR-9998 elastic spectrum.
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Determination DLF following force-displacement relation and 
acceleration of the system

In this research using accelerograms_0.36 it is seen that the DLF determined by two appraoches results in 
different outcome (force-displacement relation and acceleration of the system). The DLF is determined by the 
force-displacement relation, which is used in static approach, derived from the results found by the time-
history analyses. Also performing time-history analyses, the maximum acceleration of the system is determined 
and used to determine the DLF.

To investigate the DLF determined by these two approaches, the response of a series of systems with varying 
yield force is determined when these are driven by accelerograms_0.12. The mass, spring stiffness, natural 
period and amounts of damping in these systems is identical, only the yield force is different.
The applied force-displacement relations are presented in Figure 10 as a result of the time-history analyses. 
The belonging characteristics to these force-displacement relations are presented in Table 8. The yield force of 
the first considered system (Fy = 40 kN) is chozen at a point the system response stays in the elastic part of the 

system.
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driven by accelerograms_0.12
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Table 8: Results of the systems with changzing yield force using

accelerograms_0.12

Fy dy dp dm μ q

[kN] [m] [m] [m] [-] [-]

System Fy = 40 kN
40. 0.0444 0. 0.0444 1. 1.

Accelerogram_0.12-1

System Fy = 30 kN
30. 0.0357 0.0058 0.0416 1.16 1.15

Accelerogram_0.12-1

System Fy = 20 kN
20. 0.0238 0.0215 0.0453 1.9 1.67

Accelerogram_0.12-1

System Fy = 15 kN
15. 0.0179 0.0326 0.0504 2.82 2.16

Accelerogram_0.12-1

System Fy = 10 kN
10. 0.0119 0.0547 0.0666 5.59 3.19

Accelerogram_0.12-1

System Fy = 5 kN
5. 0.006 0.0653 0.0712 11.96 4.79

Accelerogram_0.12-1

System Fy = 40 kN
40. 0.0448 0. 0.0448 1. 1.

Accelerogram_0.12-2

System Fy = 30 kN
30. 0.0357 0.0123 0.048 1.34 1.3

Accelerogram_0.12-2

System Fy = 20 kN
20. 0.0238 0.0209 0.0447 1.88 1.66

Accelerogram_0.12-2

System Fy = 15 kN
15. 0.0179 0.0323 0.0502 2.81 2.15

Accelerogram_0.12-2

System Fy = 10 kN
10. 0.0119 0.0448 0.0567 4.76 2.92

Accelerogram_0.12-2

System Fy = 5 kN
5. 0.006 0.0339 0.0399 6.7 3.52

Accelerogram_0.12-2

As presented in Figure 10, by decreasing the yield force the applied plastic deformations of the system 
increases. In Table 9 the influences of the plastic behaviour on the DFL are presented. When the system is 
elastic (Fy = 40 kN) the behaviour factor q = 1.0. Using this system the DLF belongs to the elastic response 

spectrum. For the systems with uses plastic ability, the DLF is lowered. To multiply the DLF by the behaviour 
factor, the same result has to be found as used for the elastic system.
As presented in Table 9, the previous prescribed statement is not true for all analysed systems. Using accelero-
gram_0.12-1 the largest difference is around 10%. When the systems are driven by accelerogram_0.12-2, the 
differences are significant larger compared to the results found by using accelerogram_0.12-1, especially 
considering the systems with a yield force Fy = 30 kN and Fy = 5 kN.
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To verify the influences of the behaviour factor on the DLF, more earthquake signals have to be analysed. Due 
to the effects the accelerations of the earthquake signals are arbitrary, the response is significant different when 
the system behaviour is changed. For example considering the system with yield force Fy = 5 kN and driven by 

accelerogram_0.12-2, during these vibrations the system gets no time to fullfill the plastic deflections because 
the system is allready accelerated in the other direction.

Table 9: Influence plastic behaviour on DLF

Sd (T1)/ag,ref q Sd (T1)/ag,ref · q

[-] [-] [-]

System Fy = 40 kN
1.3 1. 1.3

Accelerogram_0.12-1

System Fy = 30 kN
1.11 1.15 1.28

Accelerogram_0.12-1

System Fy = 20 kN
0.79 1.67 1.32

Accelerogram_0.12-1

System Fy = 15 kN
0.62 2.16 1.33

Accelerogram_0.12-1

System Fy = 10 kN
0.45 3.19 1.44

Accelerogram_0.12-1

System Fy = 5 kN
0.27 4.79 1.31

Accelerogram_0.12-1

System Fy = 40 kN
1.34 1. 1.34

Accelerogram_0.12-2

System Fy = 30 kN
1.14 1.3 1.48

Accelerogram_0.12-2

System Fy = 20 kN
0.78 1.66 1.3

Accelerogram_0.12-2

System Fy = 15 kN
0.6 2.15 1.3

Accelerogram_0.12-2

System Fy = 10 kN
0.43 2.92 1.24

Accelerogram_0.12-2

System Fy = 5 kN
0.24 3.52 0.86

Accelerogram_0.12-2

Using the force-displacement relation as presented in Figure 10, the DLF can be determined using static 
approach. In this method the behaviour factor, as determined by the maximum and yield deflection of the 
system, and design response spectrum according to NPR-9998 [2] is used. As presented in Table 9, the DLF is 
determined using the maximum acceleration of the system.
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In Table 10, the DLF is determined using the force-displacement relations and maximum accelerations of the 
systems with varying yield force. As a seen in Table 10, for the most systems the DLF determined by the two 
approaches correspond. The largest difference applies for the systems where also the largest difference is seen 
in Table 9, considering the influence of the DLF.
Therefore to formulate a general conclusion between these two approaches is difficult when only two earth-
quake signals are analysed. For the most systems it had to be concluded that these two approaches results in 
corresponding DLF. As a result the static appraoch to determine the DLF is correct, a comprehensive time-
history analysis has not be performed to determine the maximum accelerations of the equivalent single spring 
mass system. Because the scatter between the results is large (especially for the systems Fy = 5 kN) it is 

recommended to perform this analysis using more earthquake signals.

Table 10: DLF determined using the force-displacement relation and

maximum acceleration of the systems

Applied, force-displacement Applied, acceleration

q Sd (T1)/ag,ref Sd (T1)/ag,ref

[-] [-] [-]

System Fy = 40 kN
1. 1.31 1.3

Accelerogram_0.36-1

System Fy = 30 kN
1.15 1.14 1.11

Accelerogram_0.36-1

System Fy = 20 kN
1.67 0.78 0.79

Accelerogram_0.36-1

System Fy = 15 kN
2.16 0.61 0.62

Accelerogram_0.36-1

System Fy = 10 kN
3.19 0.41 0.45

Accelerogram_0.36-1

System Fy = 5 kN
4.79 0.27 0.27

Accelerogram_0.36-1

System Fy = 40 kN
1. 1.31 1.34

Accelerogram_0.36-2

System Fy = 30 kN
1.3 1.01 1.14

Accelerogram_0.36-2

System Fy = 20 kN
1.66 0.79 0.78

Accelerogram_0.36-2

System Fy = 15 kN
2.15 0.61 0.6

Accelerogram_0.36-2

System Fy = 10 kN
2.92 0.45 0.43

Accelerogram_0.36-2

System Fy = 5 kN
3.52 0.37 0.24

Accelerogram_0.36-2
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Appendix E; Driven two degrees of 
freedom system

In static analysis, an equivalent system is used to determine the dynamic amplification factor (DLF). For this 
structure it means that a two degrees of freedom (2dof) system is transformed to an equivalent system. In the 
2dof system the floors are described by rigid bodies and the stiffness of the lateral stability piers by the damped 
translational springs.
As described in chapter 4 of the report, the push-over analysis is performed to determine the behaviour of the 
structure when it is loaded in horizontal direction. In this analysis the external forces are located at the floors 
and the deflection at these locations are determined, as a result in a 2dof system.

The equivalent system is analysed in Appendix D and chapter 6 of the report. In this appendix the 2dof system 
is analysed using time-history analyses. Firstly the system properties are described, determined by the push-
over calculation. Secondly the 2dof system is driven by accelerograms and the response of the system is 
determined by numerical analyses. In these numerical analyses, the springs are assigned with elastic and elasto-
plastic behaviour to investigate the response of the 2dof system during an earthquake and to investigate the 
plastic deformations of the springs.

System properties from the push-over calculation
The system properties used for the equivalent system are derived from the structure behaviour when the 
deflection of the first and second floor are determined when external loaded in horizontal direction. Consider-
ing the 2dof system, the first spring describes the behaviour of the lateral stability pier located from the ground 
floor to the first floor, where the second spring describes the behaviour of the pier located at the first floor to 
the second floor. The mass of the structure is in the 2dof system located at the floors, because a major part of 
the total mass is located at the floors. At these mass points not only the floor mass is taken into account, also 
the mass of the walls and roof structure.

Table 1: System properties of 2dof system determined by push-over analysis

Push-over spring 1 Push-over spring 2

Elasto-plastic Elasto-plastic

Yield force (Fy) 16.76 9. kN

Bending energy (Em) 216 158 Nm

Total deflection (dm) 0.0165 0.0239 m

Elastic deflection (dY ) 0.0072 0.0127 m

Plastic deflection (dp) 0.0093 0.0112 m

Spring stiffness (k) 2 330 000 709 000 N/m

Ductility (μ) 2.29 1.88 [-]

Behaviour factor (q) 1.89 1.66 [-]

Mass (mi) 16 000 19 000 kg
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Figure 1: Elasto- plastic force-displacement relation for both springs (push-over)

The force-displacement relations of both springs are presented in Figure 1. It is seen that the spring stiffness 
and ductility of the second spring is lower compared to the first spring. The normal force in the piers located 
from the first floor to the second floor is lower compared to the other piers. These piers are made of unrein-
forced masonry, as a result that the stiffness of these walls is determined for a large part by the normal force.

The behaviour of the first spring is different as the behaviour of the second spring, as a result in different 
behaviour factors. These behaviour factors are presented in Table 1, determined by the force-displacement 
relation of both springs respectively. Secondly the behaviour factor is multiplied by a factor 1.33, acording to 
NPR-9998 ‘section 3.2.2.2.3’ [2], as presented in Table 2. Using this behaviour factor, the force-displacement 
relation is determined following the same proceedure as considered in Appendix D.

Table 2: System properties using a behaviour factor q = 1.89 1.33 = 2.5

and q = 1.66 1.33 = 2.2

Push-over spring-1 Push-over spring-2

Elasto-plastic Elasto-plastic

Behaviour factor (q) 2.5 2.2 [-]

Ductility (μ) 3.66 2.94 [-]

Total deflection (dm) 0.0263 0.0373 m

Plastic deflection (dp) 0.0191 0.0246 m
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Figure 2: Elasto- plastic force-displacement relation for both springs (q = 2.5 and q = 2.2)
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Time history analyses using elastic force-displacement relation
In static approach, the force distribution over the height of the structure is assumed. When the forces are 
distributed over the height of the structure, the force ratio is identical to the ratio of deflection of the structure 
when it is defelcted in its fundamental Eigenmode.
Using the elastic springs, the deflection of the structure is analysed and corresponding forces which occur at 
the same time.
 
The spring properties assigned to both springs are an elastic behaviour. In this elastic behaviour a spring 
stiffness (ki) is defined. There is no maximum force defined, as a result in a linear behaviour of the force-
displacement with infinit capacity in both directions (compression and tension).
From the time-history analyses of the equivalent system (appendix D) it is concluded that the maximum peak 
ground acceleration (PGA), which does not exceed the maximum spring deflection, is around 0.12 g. For the 
2dof system, accelerograms_0.12 with a PGA ag,ref  = 0.12 g are used.
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Figure 3: Displacement of the 2dof system using elastic springs
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Figure 4: Total elongation (elastic) for both springs of the 2dof system

In Figure 2 and Figure 3, the displacement of the 2dof system and elongation of the springs are presented. The 
displacement of the system is the displacement of the mass points from the initial position of the system. The 
elongation of the springs is the difference in the displacements as presented in Figure 2. For spring-1 applies 
that the elongation of spring-1 is equal to the difference in displacements between the support and mass-1. For 
spring-2 it applies that the elongation of spring-2 is the difference in displacement between the two mass points.
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The elongation of both springs describes the deflection of the structure at the first and second floor. The 
deflection of the structure is determined and shown in Table 2 for three different situations. In this table, the 
forces at the structure are determined by using the 2dof system with elastic spring behaviour, as also the 
corresponding deflection shape of the structure at that time of occurence. As a result, it is verified whether the 
deflection shape is related to the forces at the structure as assumed in static approach.
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Figure 5: Acceleration 2dof system, accelerogram_0.12-1 and elastic spring behaviour
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Figure 6: Forces at the structure floors using 2dof system belonging to accelerogram_0.12-1

and elastic springs

The forces in the 2dof system are related to the accelerations of the system, following Newton’s second law of 
motion. In Figure 6, the forces at the masonry-built terrace house are presented, determined by the forces in the 
2dof system. The force at the second floor is determined by the spring force of spring-2. The force located at 
the first floor is the difference between the spring force located in spring-2 and spring-1. These forces are 
verified by multiplication of the mass times its acceleration at a specific time, which is a rough estimation of 
the seismic related force at the structure (force located in the damper is not significant).

The forces and corresponding deflection of the system are determined for three situations: maximum reaction 
force (max Fb), maximum force at first floor (max F1) and maximum force at second floor (max F2).
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Table 4: Seismic related forces and deflected shape at that time of occurence (elastic)

Fb F1 F2 F1 : F2 δ1 δ2 δ1 : (δ1+δ2) Time

[kN] [kN] [kN] [-] [m] [m] [-] [s]

Accelerogram_0.12-1

Max Fb -48.8 30.2 18.6 1.62 : 1. 0.021 0.023 0.48 : 1. 5.215

Max F1 -47. 32.1 15. 2.14 : 1. 0.019 0.018 0.51 : 1. 5.19

Max F2 -24.3 -11. 35.2 -0.31 : 1. 0.011 0.049 0.18 : 1. 5.37

Accelerogram_0.12-2

Max Fb 52. -31.8 -20.3 1.57 : 1. -0.022 -0.029 0.43 : 1. 4.09

Max F1 52. -31.8 -20.3 1.57 : 1. -0.022 -0.029 0.43 : 1. 4.09

Max F2 -30.8 -2.5 33.3 -0.08 : 1. 0.013 0.046 0.22 : 1. 4.615

Time history analyses using elasto-plastic force-displacement 
relation

Considering elasto-plastic spring behaviour, as presented in Figure 2, the maximum deflections of the 2dof 
system are investigated by using accelerograms_0.12. The magnitude of these accelerograms are determined as 
a result the maximum deflection of the equivalent system is not exceeded during the vibrations. Using the 2dof 
system it is verified whether the maximum deflections of the 2dof system are exceeded or not by using these 
accelerograms.

In Figure 8 and Figure 9, the displacement of the mass points and elongation of both springs is presented. In 
these figures the total, elastic and plastic elongation are presented. It is seen that spring-1 only deform plastic 
around 4.0 seconds. Also at this time, the maximum plastic deformation of spring-2 occurs. At this time the 
deformations become larger compared to the elastic system.
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Figure 7: Displacement of the 2dof system using elasto-platic springs

Appendix E; Driven two degrees of freedom system | 5 of 9

2016 | Eindhoven University of Technology



0 2 4 6 8

-0.10

-0.05

0.00

0.05

t [s]

s 1
[m

]

Elongation spring-1 using elasto-plastic springs

accelerogram_0.12-1

Displacement, support

Elongation, spring-1

Elastic elongation, spring-1

Plastic elongation, spring-1

Displacement, mass-1

Figure 8: Elongation (total, elastic and plastic) for spring-1 of the 2dof system and

displacement of the support and mass-1
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Figure 9: Elongation (total, elastic and plastic) for spring-2 of the 2dof system and

displacement of mass-1 and mass-2

Analysing the motion of the 2dof system, from Figure 9 it is seen that the vibrations between 2.0 and 4.0 are 
contra. After 4.0 seconds the system is deformed by a large amount in one direction, similar to the earth 
surface. At this moment the contra vibrations of the system turns to a pro vibration. Firstly the structure deflect 
in its second Eigenmode where at 4.0 seconds the deflected shape is conform the fundamental Eigenmode.
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Figure 10: Total elongation (elastic and plastic) for both springs of the 2dof system
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Figure 11: Forces at the structure floors using 2dof system belonging to accelerogram_0.12-1

and elasto- plastic springs

Considering the maximum deflections of the 2dof system, when these are driven by accelerograms_0.12, it is 
seen from Table 5 and Figure 12 that the maximum deflections of the second spring are exceeded. This results 
that when a Groningen earthquake with magnitude PGA ag,ref  = 0.12 g occur, the deflections of the piers 

located at the first floor are exceeded and damage will occur.
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Table 5: Results of the systems with elasto- plastic behaviour considering

accelerogram_0.12-1 and accelerogram_0.12-2

Fy dy dp dm Em μ q

[kN] [m] [m] [m] [Nm] [-] [-]

Spring-1
16.8 0.0072 0.011 0.0182 245 2.53 2.02

Accelerogram_0.12-1

Spring-2
9. 0.0127 0.0408 0.0535 424 4.21 2.73

Accelerogram_0.12-1

Spring-1
16.8 0.0072 0.0121 0.0193 264 2.69 2.09

Accelerogram_0.12-2

Spring-2
9. 0.0127 0.0407 0.0534 423 4.2 2.72

Accelerogram_0.12-2
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Figure 12: Force-displacement relations from push-over calculation (resistance)

and accelerograms_0.12 (applied)

As mentioned before, the maximum deflections of the piers are exceeded when an earthquake magnitude PGA 
ag,ref  = 0.12 g occurs. This earthquake magnitude is the ultimate magnitude which can be resisted by the 

equivalent system as elaborated in Appendix D. Therefore it has to be concluded that the schematization of the 
masonry-built terrace house is not correct by the equivalent system.

Similar as performed to determine the maximum earthquake magnitude belonging to the equivalent system, the 
earthquake signal is scaled until the maximum deflections of the second spring are not exceeded during the 
vibrations. This leads to, as presented in Figure 13, a maximum Groningen earthquake magnitude PGA ag,ref  = 

0.08 g.
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Figure 13: Force-displacement relations from push-over calculation (resistance)

and accelerograms_0.08 (applied)
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