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Abstract

The near future is challenging: depletion of non-renewable energy depletion, electricity shortage
and sustainability give the need of developing renewable energy technology. The solar updraft tower
power generation technology using solar and wind generates a reasonable amount of electricity with
zero carbon footprint during operation. The working principle is rather simple: the heated air under-
neath a large transparent roof (air collector) is sucked into a central vertical chimney; the driven wind
generates electricity by wind turbines. The solar updraft towers are mainly suitable for high power
output, which also requires a large scale structure. The solar updraft tower in this research project is a
1000m reinforced concrete tall tower stiffened by ten stiffening rings every 100m.

The wind load is the most hazardous action for ultra-high ultra-thin SUT shells. The constitutive
behavior of the reinforced concrete structure will give nonlinear responses under a certain wind load-
ing level, which requires a careful study. Additionally, the SUT structural design under large wind load
treated in a linear elastic stage could be costly. The dimensions of the reinforcement calculated by
linear-elastic analysis can be improved by nonlinear analysis. It gives a real structural behavior in-
cluding the stress redistribution caused by concrete cracking, crushing and reinforcement yielding.
Nonlinear analysis can achieve a more economic design while maintaining sufficient safety.

This main thesis objective is to perform a physical nonlinear analysis of the SUT under static wind
action to acquire realistic structural behavior and conduct a further optimization. A finite element
model is built and a linear analysis is done for the model verification. Then a detailed linear model
is built to determine the necessity of detailing the stiffening rings. The analysis shows that by de-
tailed modeling the stiffening rings provide a higher stiffness compared to modeling the simplified
way, hence improving the overall structural behavior of the Solar Updraft Tower.

A discussion about the feasibility of the chosen nonlinear material models has been done. The
total strain crack rotating model is chosen whose crack is rotating continuously with the direction
of principal stress. The simple working principle gives the model a robust and stable behavior. For
concrete tensile behavior, a linear ultimate strain based stress-strain relation is used including the
tension stiffening effect. A nonlinear stress-strain behavior is adopted for concrete in compression,
considering effects of lateral crack and lateral confinement. For the reinforcement steel, elastoplastic
material modeling is used with strain hardening.

Few models according to the original design of Krätzig & Partner have been built. The shell walls
have a one layer reinforcement grid located at the mid-surface of the shell walls with minimum re-
inforcement ratio both in the meridional and the circumferential directions. The difference between
these models is the way of modeling the stiffening rings: one is modeled by 3D beam elements with 1%
reinforcement ratio modeled in the longitudinal direction, and the other is modeled by curved shell
elements with 1% reinforcement ratio modeled both in the longitudinal direction and the transverse
direction. Both models experienced a large ovalization failure mechanism at the upper cone at the
serviceability limit state. This is caused by 1) the low reinforcement ratio which provides a low stiff-
ness to the stiffening rings; 2) The eccentricity of the stiffening rings which generates a large bending
moment, thus weakening the ring-wall connections. The model with beam elements showed weaker
structural response than the model with curved shell elements because the beam elements do not
take the transverse stiffness into consideration. The model using curved shell elements is adopted for
further nonlinear analysis.

Models with increasing reinforcement ratio in two directions up to 3% on the stiffening rings are
built to improve the structural behavior. The stiffness of the Solar Updraft Tower has improved, which
gives less ovalization deformation. However, all models experienced the ovalization failure mecha-
nism at a certain loading stage. Unfortunately, the concrete crushing and reinforcement yielding still
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occur, even with the maximum reinforcement ratio on the stiffening rings. It is because the large
bending crack at the ring-wall connection caused by the eccentricity of the stiffening rings decreases
the contribution of the stiffening ring to the overall structural behavior.

Several models are built using the same reinforcement ratio in two directions on the stiffening
rings with increasing tension stiffening effect. The nonlinear result shows that the influence of tension
stiffening rings is high at a low loading level and is decreasing at a higher loading level.

One possibility of removing the bending failure at the ring-wall connection is to move the mass
center of the cross-section of the stiffening rings to the mid-surface of the shell walls. Two re-centered
models with increasing reinforcement ratio are built. With 1% reinforcement ratio, the model with
re-centered stiffening ring gives a similar structural response as the original design model with a re-
inforcement ratio of 2%. The re-centered model with 2% reinforcement ratio gives an almost linear
behavior of the structure without ovalization failure mechanism at the upper cone. No cracking is
found both at the ring-wall connection and the concrete shell wall, no concrete crushing occurs and
also no reinforcement is yielding. A maximum deflection around 1m meets the requirement of the
maximum allowable displacement in the serviceability limit state. However, a large crack width of
1.1mm is found in the stiffening rings which should be further improved by modeling the structure
using two layer reinforcement or by prestressing. Last but not least, the effect of moving the stiffening
rings inside the airflow on the power output should be further investigated. But re-centering geometry
gives a triple time of improvement on the structural behavior, and eventually saved a high amount of
material use.
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1
Introduction

High quantity of energy consumption worldwide drives the needs of renewable and sustainable en-
ergy for the sake of sustainable development of economics. On the other hand, some developing
countries in Africa have been facing the electricity shortage for decades due to the lack of raw mate-
rial and water source. In 1903, the Spanish engineer I. Cavanyes proposed the concept of the solar
updraft power generation technology that generates a reasonable amount of electricity under a sunny
but energy-brutal environment. The wind and solar are the two renewable energy applied to this tech-
nology which give zero carbon footprint during operation. Since 1981, a team including German civil
engineer J. Schlaich designed and built a prototype of SUT in Manzanares in Spain (Bourget (2013)),
with 200m high and a maximum power output of 50kW. More investigation and research have been
done in recent years to improve this new generation of renewable power technology.

Figure 1.1 provides insight into how the solar updraft tower(SUT) operates. As shown in the figure,
the solar updraft plant consists of three components: the solar air collector, the tower, and the wind
turbine. Its working principle explained in the following.

• Air collector consists of a glass or plastic roof that horizontally several meters above the ground
for the greenhouse effect. The air beneath the transparent roof is heated up under the solar
radiation and the re-radiation from the Earth.

• The solar updraft tower locates at the center of air collector with a large air inlet connects to the
air collector.

• The pressure differences between heated air and atmosphere generate the driving force to let
solar updraft tower updraft heated air move to the top atmosphere of the tower. In a large SUT
with temperature rise by about 30K to 35K, the updraft velocity in the tower is about 15m/s
(Bergermann (2011)). At the mean time, a suction force in tower drives cold air around the
frontier of the air collector move into the air collector.

• Wind turbines are installed at the base of the tower. The turbine is a shrouded pressure-staged
wind turbo generator. The power output is determined by the product of the volume flow per
unit time and the pressure differences over the turbine. So, the air velocity stays the same before
and after the turbine. Depending on the design scheme, it can be one large wind turbine or
many small turbines.

1.1. Possible threats to reinforced concrete solar updraft tower
Solar updraft towers can be both constructed of steel or reinforced concrete. Lately, there have been
many investigations about constructing a SUT of steel. But some decisive shortcomings of a steel SUT

1
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Figure 1.1: The solar updraft tower power plant schematic (Gannon (2002)).

do hinder its construction possibilities. Firstly, steel structures are too light to resist wind load and
much more prone to the dynamic resonance. Secondly, slender steel structures with thin wall thick-
ness can lead to the global buckling, the shell buckling, and the local buckling easily. Furthermore,
the air-tightness cannot be ensured in the long term. The high cost of connection and maintenance
and inspection are also the drawbacks compared to concrete. Additionally, cracks caused by fatigue
under cyclic wind load leads to a much lower structural resistance. On the contrary, reinforced con-
crete is durable and has achievable performance both on the stability and the dynamic resistance.
Around all proposed locations for constructing the SUT, the reinforced concrete (RC) material regards
as the most economic choice (Lohaus and Abebe (2010)). Even for a SUT constructed by using the
high-performance reinforced concrete, due to its extra height and extra thin thickness, some struc-
tural challenges need to be considered.

• The combination of selfweight and static wind load acting on the concrete shell may cause ex-
tensive cracking at windward side.

• The natural vibration frequency of solar updraft tower is rather low, which is close to the fre-
quency of gust wind fluctuation. Along-wind oscillation is vulnerable to occur.

• Stress and thermal fatigue problem for concrete material.

• Durability of concrete material during the end of service life around the 80-120 years.

• Buckling and instability problems of the thin shell structure.

• Shrinkage causes residual stress in the freshly reinforced concrete shell.

• Construction load.

• Cross-wind loading caused by vortex shedding on the leeward side.

• Seismic load by earthquakes.

Among all these problems, some loads should be addressed here. The large self-weight is treated
as a favorable load that compensates part of the tension force on the windward side. Wind load and
temperature load are the unfavorable loads for SUT. Temperature differences may cause cracks on the
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shell wall due to structural fixation. The static wind load gives the large tensile force on the windward
side and deforms the top cross-section of the tower. Dynamic wind action is another serious hazards
for SUT because the first natural frequency is very close to the peak of the wind power spectrum.

1.2. Problem analysis
The SUT is costly due to its structural size, and until now the SUT has not been built yet. The stiffen-
ing rings require an enormous amount of construction effort which leads to an even higher cost. The
solar updraft tower would be the largest shell structure if it were ever built. A research project from
Eck et al. (2015) did a structural optimization of RC solar updraft tower under dynamic wind actions.
Continuing with the structural improvement, an accurate model to simulate the structure is needed
including material nonlinearity. The cracking of concrete is expected to redistribute the strain over
the cross-section, which mainly actives the reinforcement and eventually saves a substantial amount
of reinforcement (Harte et al. (2013)). By understanding the nonlinear structural response, a less con-
servative structural design can be achieved by strengthening or modifying the structure only at the
critical area.

1.3. Research question
1.3.1. Main research questions
What is the problem areas of the solar updraft tower by performing the physical nonlinear analysis
under static wind action? How the model can be improved to achieve a feasible structural behavior at
the serviceability limit state?

1.3.2. Sub research questions
There are some sub research questions in order to achieve answering the main research question. The
answers to these sub-research questions can be found in chapters that are denoted in parentheses.

• How to built a finite element model for material nonlinear analysis to get a reasonable results
(Chapter 4, 5).

• What are these proper nonlinear material models that can provide a reasonable structure re-
sponse of the SUT (Chapter 6).

• What is the suitable element type for modeling the stiffening rings (Chapter 7).

• What is the nonlinear structural behavior of the SUT with a minimum reinforcement ratio mod-
eled at the shell walls and 1% reinforcement ratio modeled at the stiffening rings (Chapter 7)

• What is the influence of the tension stiffening effect on the overall structural behavior (Chapter
8).

• How does the eccentricity of the stiffening rings affect the structural bearing capacity (Chapter
8).

1.4. Research Methodology
1. Review state-of-art related to the structural behavior of SUT under self-weight and wind action.

Review nonlinear material models for the concrete and the reinforcing bar.

2. Calculate the geometry of solar and wind load profile over the whole structure.

3. Perform linear analysis both for structural verification and then build a more detailed model for
the nonlinear analysis.
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4. To determined the nonlinear material models for both concrete, the reinforcing bar and their
bonding behavior.

5. To perform a material nonlinear analysis with to find the realistic structural response under
self-weight and static wind action.

6. To perform material nonlinear structural optimization to find the recommended structural de-
sign.

7. Gives conclusions and recommendations of further research.

1.5. The scope of the research
For the sake of keeping the power performance of the SUT, the geometry was determined according to
the original design of Krätzig & Partner. The analysis related to the turbine and the air collector is out
of the research scope. The openings at the base of the tower will not be modeled and no substructure
is considered. According to the analysis of foundation stiffness from the original research project of
Eck et al. (2015), the boundary conditions at the base of the tower would be fixed constraint. Rein-
forcement will be added both in the shell wall and the stiffening rings. The pre-stressed load might be
a design choice while is will not be considered in this research project.

This research project focuses on the structural behavior under static self-weight and wind load.
The solar updraft tower will be built in reinforced concrete. Physical non-linearities are included
without considering time-depended behavior. The load at construction phase is not counted. It was
concluded that compared to static and dynamic wind load, the temperature differences has no sig-
nificant impact on structure response (Dyk (2008)), which is not considered in this research project.
Furthermore, it is expected that a non-seismic region is chosen for constructing SUT. No fatigue load is
considered because a high-performance concrete can compensate this effect. It was assumed that the
SUT is built on an uninformed soil environment without neighboring structure then the settlement
will also be ignored.

1.6. Expectations
The nonlinear structural response is expected to be different from the linear response so as to the
problem area of the structure. Failure mechanisms and the stress redistribution might occur in the
nonlinear analysis. From the original research project of Eck et al. (2015), it was known that the stiff-
ening rings play a significant role in the structural response of SUT. More attention to stiffening rings
will be given in this research project.

1.7. Thesis layout
This thesis is organized as follows. Chapter 1 presents the background and motivation of this research
project and its possible structural challenges.

Chapter 2 Geometry of Solar Updraft Tower
In Chapter 2, the calculation procedure of the geometry of solar updraft tower is performed. The

calculation includes the upper cone, the hyperbolic and their geometrical matching. The discussion
for choosing a certain geometry parameter is given. Thickness function over tower height and techni-
cal design drawing of stiffening ring are presented at the end of this chapter.

Chapter 3 Loads on Solar updraft tower
Chapter 3 presents the loading conditions acting on SUT. The self-weight and static wind load will

be defined. This chapter gives the calculation method of the wind profile, the maximum wind speed,
the pressure coefficient.

Chapter 4 Finite element modeling In this chapter, the methodology of finite element modeling
of solar updraft tower is presented. This chapter also gives the meshing refinement, the definition of
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material properties, boundary conditions. The element types choices and their comparisons for mod-
eling stiffening ring are discussed. By doing so, a cross-section analysis of stiffening ring is performed.

Chapter 5 Linear Analysis
The result related to the linear analysis of different models is shown in this chapter. First, a model

was set for verification of the model setup. Then the models with different stiffening ring geometry
are compared. One model is chosen to continue the physical nonlinear analysis.

Chapter 6 Material nonlinear Model
Before the nonlinear analysis, selecting the proper nonlinear material models should be done. In

this chapter, a concrete model will be explained including the input and their background theory.
They are cracking model, tensile behavior, compressive behavior, lateral cracking and lateral confine-
ment. For reinforcement, a von Mises Plasticity theory and stress and strain relation are introduced.

Chapter 7 Physical nonlinear analysis
This chapter will start with the load step-displacement curve between three different models.

From the discontinuities of the curve, a structural analysis is performed. The structural behavior at
certain load level is shown. At the mean time, a comparison between the model modeled by beam
element and curved shell element on the rings is given. All physical nonlinear result gives a clue about
structural optimization.

Chapter 8 Nonlinear structural optimization
Given the nonlinear structural behavior of SUT, some solutions are given to improve structural

behavior. The reinforcement ratio will be increased and their result will be compared. Models with
recentered ring geometry will be built to improve the structure behavior.

Chapter 9 Discussion
This chapter gives the brief discussion and conclusion on each chapter.
Chapter 10 Conclusions and Recommendations
The conclusion is driven in this chapter, so as some recommendations for the future research.





2
Geometry of Solar Updraft Tower

This chapter starts with the geometry component of the solar updraft tower. The upper cone geome-
try and lower hyperbola are mathematically derived. Next, the matching condition is determined to
result in a smooth connection between two geometries. The mathematical and geometrical limita-
tions determined the base tilt angle. The thickness function and drawing details of stiffening ring are
also mentioned in this chapter.

2.1. Introduction
The development of framework technology of large reinforced concrete (RC) shell wall in construct-
ing cooling tower gives the possibility of construction SUT by RC shell wall with varying wall diameter
and thickness. The geometry of SUT is highly related to the power output, and its power efficiency
increases with the increasing height of tower and diameter of the collector. Only extra-high solar up-
draft tower ranging from 750 to 1500 meter high can reach a sufficient power output efficiency. The
tower of 1000 meter is a challenge, while it is possible to be built. Additionally, for the sake of keep-
ing consistency with original research of Eck et al. (2015), a tower height of 1000 meter will be used
for this research. In this chapter, the calculation method of SUT geometry will be detailed reported.
Two geometries will be considered, one is the original design from Krätzig & Partner, and the other is
structurally optimized model according to the research of Eck et al. (2015).

For the sake of stabilizing the air flow velocity, the upper part of the tower is assumed to be an
expanded cylinder with the cross-sectional area increased about 13% to 14% from the base to the
upper end. The lower part of the tower will be a hyperboloid of revolution. It is formed by rotating
a hyperbolic profile around a central axis over 360 degrees. The junction between the upper cone
and lower hyperboloid should be smooth and has one slope. With default values including the height
of the tower, the throat height, the base diameter, throat diameter and the tilt angle, the geometry of
solar updraft tower can be defined by geometrical and mathematical equations and limitations. In this
chapter, the wall thickness profile over height is also present. It was implemented into finite element
method by inserting thickness function in the direction of height.

2.2. Upper cone
The upper part of SUT is an inverted truncated cone. To keep the flow velocity constant, the cross-
sectional area must be increased to the top end with around 13% to 14%. The increment is assumed an
inverted truncated cone from the base of the SUT to the top end. A virtual base diameter is assumed.
Figure 2.1 shows the cone geometry with virtual base diameter. By following this requirement, the
following equalities can be got

7
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Atop = 1.14Abas (2.1)

πr 2
top = 1.14πr 2

bas (2.2)

rtop =p
1.14rbas (2.3)

where

Atop area of circle at top of cone
Abas area of circle if cone formula extend to the base
rtop radius of circle located at top of cone
rbas radius of circle located if cone formula extended to the base.

The upper part cone needs to connect to lower hyperboloid, and the slop of two geometries at con-
nection point needs to keep consistent. Now it gives the slope function of the cone:

r ′(h) = rtop − rbas

H
(2.4)

Where

r ′(h) slop of the cone
H height of tower=1000m

The linear increment of the diameter gives the function of cone diameter. The inverted truncated cone
can be got by sweep the linear function along the center axis.

r (h) = rbas +
rtop − rbas

H
h (2.5)

where

r (h) radius of tower with varying height

For a solar updraft tower, the throat diameter and throat height are predefined as known variables.
Once the throat diameter and throat height are known, from Equations 2.1 and 2.6, the radius at the
top end of the tower can be determined.
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Figure 2.1: Parameter indication on the geometry and the shell wall thickness over height.

rbas =
rt

1+
p

1.14−1
H ht

(2.6)

where

ht throat height

2.3. Lower Hyperboloid
The hyperbolic structure has a negative Gaussian curvature, meaning the curve is inward. Stability of
hyperbolic structure is superior compared to the cone and the straight structure. Firstly, the hyperbola
profile equation will be determined, and then the hyperbola parameters will be defined. The geometry
can be created eventually. The hyperboloid at the lower part of the tower is formed by rotating the
defined hyperbola about its central axis for 360◦. A hyperbola with transverse axis is aligned with the
x-axis of a Cartesian coordinate system, the equation of the hyperbola is written as

x2

a2 − y2

b2 = 1 (2.7)

x(z) = a

b

√
b2 + y2 (2.8)

For tower geometry, the x coordinate refers to the radius of tower and y coordinate refers to the height
of the tower.
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r (z) = a

b

√
b2 + z2 (2.9)

For the geometry model, the curve is shifted from the central axis to a certain distance a. It should be
noted that, in the coordinate system of hyperbola, z = 0 is the location of the throat of the solar tower.
The expression of radius at lower hyperboloid is written as

r (z) =∆r + a

b

√
b2 + z2 (2.10)

After taking the derivative of z in Equation 2.9, the slope of hyperbola can be found

r ′(z) = a

b

zp
b2 + z2

(2.11)

2.3.1. Defining the hyperbola parameters a and b
In the expression of hyperbola, two important parameters a and b should be determined. These pa-
rameters are determined by default values. The the radius of tower at throat height is summation of
offset and a parameter.

rt = r (z = 0) =∆r + a

b

√
b2 +02 =∆r +a (2.12)

where

rt radius of tower at throat height

The expression of the radius at the base of the tower shows below and the parameter a can be found
be expressed by default values including bottom radius, throat radius, throat height and unknown
parameter b.

rbot = r (z =−ht ) =∆r + a

b

√
b2 +h2

t ⇔ a = rbot − rt

1
b

√
b2 −h2

t −1
(2.13)

where

rbot radius at bottom of tower

Using Equation 2.13 and Equation 2.10, the tilt angle at the base of tower can be expressed in the
following equations
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r ′
bot = t an(ϕbot ) = rbot − rt√

b2 +h2
t −b

ht√
b2 +h2

t

(2.14)

where

ϕbot tilt angle at the bottom of the tower.

From Equation 2.14, the parameter b can be expressed by default bottom radius, throat radius, and
throat height and unknown base tilt angle.

b =
√√√√ ht r ′

bot

2(rbot − rt )−ht r ′
bot

(
rbot rt

r ′
bot

−ht ) (2.15)

2.3.2. Determining the tilt angle at the base of the SUT
Theoretically, infinite variations of a hyperbola exist. But they can be only achieved under a certain
geometrical and mathematical limitation. These borders give the limitation of tilt angle.
The bottom radius has to be larger than throat radius.

rbot > rt (2.16)

The bottom tilt angle has to be bigger than the slope of the line connect from bottom to throat. Figure
2.2 shows minimum tilt angle.

tan(ϕmi ni mum) > rbot − rt

ht
(2.17)

The tilt angle also has its upper limit according to the expression of the parameter b. The expression
2(rbot − rt )−ht u′

bot has to be positive.

2(rbot − rt )−ht u′
bot > 0 (2.18)

u′
bot < 2

rbot − rt

ht
(2.19)

The tilt angle can subsequently be expressed into the following inequality.
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Figure 2.2: Minimum tilt angle of hyperbola at the base.

arctan(
rbot − rt

ht
) >ϕbot > arctan(2

rbot − rt

ht
) (2.20)

In this research project, the middle value of this range will be chosen.

2.4. Geometrical matching
The principal for matching between cone and paraboloid is that the connection point has only one
slope in order to decrease the geometrical discontinuity. Assume the height of hyperboloid is Hhy per .

r ′
Hhy per

= r ′
con (2.21)

where

r ′
con slop of the cone

r ′
Hhy per

slop of hyperboloid at matching height

a

b

zp
b2 + z2

= r ′
con (2.22)

The location of matching point can be expressed in the following

z =±
√

b4r ′2
con

a2 −b2r ′2
con

(2.23)
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Table 2.1: Geometry details of the design model of Krätzig & Partner

Model of Krätzig & Partner
Tower Height (m) 1000.00
Throat Height (m) 400.00
Transition Height (m) 401.81
Bottom Radius (m) 140.00
Throat Radius (m) 75.00
Top Radius (m) 77.97
Tilt Angle (degree) 14◦

The height of lower hyperboloid would be sum of throat height and the distance from throat and
matching point.

Hhy per = ht +
√

b4r ′2
con

a2 −b2r ′2
con

(2.24)

2.5. Thickness function
To save concrete material, a major design principle is to construct the tower shell wall as thin as pos-
sible. The wall thickness varies with height. The top 400m has a constant wall thickness of 0.25m, and
then gradually increases to 0.6m to the base. Figure 2.1 shows the wall thickness detail that will be
modeled in the research project.

2.6. Selected Geometry
The original design according to Krätzig & Partner has a throat radius of 75m and throat height of
400m. This design is widely accepted in both structural engineering and other related scientific field.
The contraction and diffuser shape of the chimney can affect the amount of flow and pressure drop
over the turbine. Except for chimney geometry, the wall thickness and obstruction in the chimney
also play a role in pressure drop over the turbine. The design of Krätzig & Partner will be used in this
research project. Table 2.1 and Figure 2.3 give the geometrical details and the 3D images of the models.

2.7. The stiffening rings
The configuration of stiffening rings shown in Figure 2.4. Stiffening rings divide the shell tower into
segments, which will increase effectively the natural frequencies (Arndt et al. (2011)). More impor-
tantly for the use of stiffening rings is that it can reduce the tensile force by increasing the internal
level arm. The throat height is vulnerable to the concrete tensile crack because the self-weight of the
tower is not able to counterbalance wind action Eck et al. (2015). The increasing number of stiffening
rings leads to a more cosine shape stress distribution in the circumferential direction, which means a
linear distribution over the diameter of the cross section.

One top stiffening ring is constructed at the top end of the tower. The nine intermediate stiffening
rings are located evenly on the tower with the spacing of 100m. All rings are located in the shell wall in
a certain eccentricity, which means the mass center line of stiffening ring is outside the mid-surface
of the shell wall. Reinforcements will be embedded in the stiffening rings.

2.8. Conclusions
In this chapter, the approach of defining SUT geometry has been explained. It mainly consists of
defining upper cone and lower hyperbola and their geometrical matching. For a given throat height,
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Figure 2.3: Geometry of design model of Krätzig & Partner

Figure 2.4: Drawing of the top and intermediate stiffening rings by Krätzig & Partner, Germany (Lupi et al., 2015)(Niemann et al.,
2009)
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throat diameter and base diameter, the geometry of an SUT can be defined. Two geometries are men-
tioned in this chapter for modeling nonlinear analysis. The original geometry design from Krätzig &
Partner is chosen for this research project. The tower has a height of 1000 meters with a throat radius
of 75 meters at height of 400 meters. It has a base radius of 140 meters and tilts angle of 14◦. For the
sake of increasing stiffness and stability of SUT, the top and intermediate stiffening rings geometry are
defined. The stiffening rings are located over the whole height of solar updraft tower every 100m.





3
Loads on solar updraft tower

This chapter starts with a background introduction of wind characteristics. Given the modeling pur-
pose, the need for select a proper wind load profile is apparent. The derivation of the wind load pres-
sure vertical direction and the wind coefficient over circumferential direction are discussed in details.

3.1. Introduction
A variety of loads is acting on the solar updraft tower. The problematic loads are dead load, wind load,
earthquake load, temperature variations, construction load and settlement. In this research, the wind
load and self-weight load are taken into account. The wind load is recognized as an unfavorable load
which plays the most critical role in design the solar updraft tower. The amount of reinforcement in
the shell wall and stiffening ring are determined by the net difference between tension caused by wind
load and compression caused by the dead load.

For the ultra-high structure (1000m) with varying diameter from 140m to 280m, the determination
of wind pressure can be challenging. The particular engineering structures, such as cooling towers, are
often designed by special regulations or guidelines. The regulations are based on years of experience
in engineering design and construction. However, no specific design code is made for design the
solar updraft tower, and it is, therefore, would be reasonable to calculate the loading conditions based
on current existing design code. The effects of different loading conditions can result in the wind
by factoring and combining according to the code. The existing German cooling tower code VGB-
R-610E2010 (2010) gives both ultimate limit state and serviceability limit state design for the large
cooling tower. In this chapter, the calculation of the wind speed profile, the maximum wind speed
profile, the wind pressure and the pressure coefficient will be explained.

3.2. Wind load
For the calculation of wind load, the free stream means wind speed profile over 1000 meter high should
first be defined. For taking into account, the fluctuation of wind speed by gust wind, a conversion from
the mean wind speed profile to the maximum wind speed profile should be done. Subsequently, the
free stream wind pressure profile can be generated by defining the air density function over height.
Lastly, the circumferential direction wind load coefficient is derived according to the code VGB-R-
610E2010 (2010) for natural draft cooling towers.

3.2.1. Wind speed profile
The definition of wind is air flowing from the high pressure to low pressure. The wind speed and
direction can be highly variable over time and space. In space, it can be described on a large scale

17
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Figure 3.1: The Ekman sprial (Lupi et al. (2015))

such as climatic region, while it can be localized into obstacles such as trees and buildings. It can also
be measured according to the different time scale. In the time, it can be a seasonal variation or it can
also be the second variation.

When wind passing over Earth’s surface, swirling of air and the reverse current called eddies are
generated if the Earth’s surface is not smooth. The characteristics of eddies highly depend on the
roughness of Earth’s surface. In wind perspective, an atmosphere can be divided into several lay-
ers. Prandtl layer is the layer that extends from ground level to a height of around 300m (Lupi et al.
(2015)). It consists of eddies with different size and moving and rotating along the ground surface.
The ground surface roughness and turbulence play a significant role in wind speed. The mean wind
speed increases with the increase of height while the turbulence tends to decrease with height. The
solar updraft tower with a height of 1000m crosses Prandtl layer and steps into Ekman layer. In Ekman
layer, the shear, and turbulence decrease, the Coriolis force plays a role in changing wind direction.
For a wind profile of a structure up to 1000m high, both Earth’s surface roughness and Coriolis effect
should be considered. Harris and Deaves (ISO04353 (2012)) derived a wind profile both for Prandtl
and Ekman layer which including both effects. This is based on the traditional logarithmic law with
additional consideration of Coriolis effect.

The mean wind speed profile averaged over one hour over flat open country terrain can be pro-
duced. Zimbabwe, where the latitude falls between 15o and 22o specifies a design wind speed of 35m/s
with 50-years return period 3-s gust (Holmes (2007)). This wind speed was analyzed at five different
locations by Lewis(1983). Zimbabwe is chosen for the construction location in this research project for
keeping the consistency of wind load profile from the original research project of Eck et al. (2015). The
expected dominant windstorm would be thunderstorm winds created by local convection (Holmes
(2007)). The Harris and Deaves wind profiles over flat terrain for synoptic storm:
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Figure 3.2: The mean wind profiles for different terrains (P. Mendis and Cheung (2007)).

Vtr,z,T=3600s = u∗
0.4

{ln(
z

z0
)+5.75(
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z
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)3 +0.25(

z

zG
)4} (3.1)

where

z the height above ground level
zG the atmospheric boundary layer thickness

zG = u∗

6 f
(3.2)

The thickness of the boundary layer highly depends on the type of terrain. The higher the rough-
ness of Earth’s surfaces the larger the boundary layer thickness. Figure 3.2 shows the mean wind pro-
files for different terrains.

Logarithmic law fits right to wind speed distribution near the surface, for a given reference wind
speed at the reference height of 10 meters. The function of logarithmic law can be used for calculation
of friction velocity. The log law is shown below (Scanlan and Simiu (1996)).

U (z) = 1

k
u∗ln(

z

zo
) (3.3)

Vr e f =
1

k
u∗ln(

10

zo
) (3.4)

Then the expression for friction velocity can be found.
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u∗ =
√

V 2
r e f κ (3.5)

κ is the corresponding values of the surface drag coefficient defined as

κ= [
k

ln( 10
zo

)
]2 (3.6)

where

Vr e f reference wind speed
u∗ friction velocity
zo surface roughness with a variety of terrain roughness given Figure 3.3
k well-known Von Kármán constant is assumed to be k = 0.4

To take the Coriolis effect into account, f factor is applied.

f = 2Ωsi nφ (3.7)

where
φ latitude which is 15◦ for selected location
Ω angular velocity of the Earth rotation (= 72.9×10−6)

ISO04353 (2012) gives the analysis procedures for conversion wind speeds with different averaging
time. The calculations depend on an averaging time factor and a peak factor and terrain roughness.

VT = kT VT=3600s (3.8)

ISO04353 (2012) provided the average peak factors and reference averaging time factors along differ-
ent averaging time at reference condition of z = 10m and z0 = 0.03. It shows on Table 3.1.

The conversion needed for this research project is to converse 3s gust wind speed to hourly mean
wind speed. According to Table 3.1, for 3s gust wind speed, the average peak factor is 3, and reference
averaging time factor is 1.53.

Table 3.1: Averaging peak factors and evaluation of reference averaging time factor (ISO04353 (2012)).

Averaging time
Average peak factor
gv

Reference averaging time
kT

T(s) gv z=10m, z0 = 0.03
1 3.90 1.62
3 3.00 1.53
10 2.40 1.42
30 1.65 1.27
100 0.90 1.15
600 0.28 1.05
3600 0 1.00
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Figure 3.3: Description of terrain roughness lengths, zo (ISO04353 (2012)).

Table 3.2: Correction factor for other return period (ASCE7 (2013)).

Return period (year) Correction factor
500 1.23
200 1.14
100 1.07
50 1.00
25 0.93
10 0.84
5 0.78
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VT=3s = 1.53VT=3600s (3.9)

The design service life for the solar updraft tower is over 100 years, the correction factor for wind
speed should be applied to determine the wind load. The ASCE7 (2013) gives the correction factor
from year 5 to 500 years(Table 3.2). For SUT with a service life of 100 year, the correction factor is 1.07.

VT=3600,10m = 35m/s × 1

1.53
×1.07 = 24.5m/s (3.10)

3.2.2. Wind pressure
Wind pressure distribution on a structural surface is determined by the wind speed and the shape and
surface roughness of the structure. The total wind pressure consists of the mean wind pressure and
pressure fluctuations produced by gusts and separation-induced turbulence. A sufficient accuracy
for the structural design can be achieved if both effects are considered (Niemann and Höffer (2009)).
For the wind pressure load acting on solar updraft tower, a maximum pressure expected gust velocity
pressure should be adapted. The wind pressure on concrete shell surface is formulated as follows,

qz,θ = [Cpe,θ−Cpi ]×qmax,z (3.11)

where

qmax,z maximum pressure calculated from gust velocity
Cpe,θ external pressure coefficient
Cpi internal pressure coefficient

Maximum free stream wind load pressure
The expression of maximum free stream wind pressure is the following,
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Figure 3.4: Free stream wind velocity[m/s](left); free stream wind pressure[Pa](right).

qmax,z = 1

2
ρzV 2

z,p (3.12)

where
ρ air density at a relative height

Vz,p peak wind velocity at relevant height

The instantaneous peak wind velocity can be calculated from mean wind velocity by taking the
peak factor and turbulence intensity account. The expression shows to the following equation.

Vz,p =Vz.m × (1+ gv Iv ) (3.13)

where
gv average peak factor (3) refer to Table 3.1
Iv turbulence intensity = 1

ln z
zo

The averaged peak factors depend on the extent of the area that can influence the load. The gust
factor is three due to the larger impact areas and quasi-static behavior (Niemann and Höffer (2009)).

Air density
It is common that the variability of air density is neglectable with structure height. For an ultra high

structure like SUT, the air density should be taken as a variable over height. Due to temperature and
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pressure differences, the air density decreases with increasing height. A 10% reduction of air density
leads to a 10% decrease of wind force. The calculation is the following.

The expression for air density

ρ = pM

RT
(3.14)

p = p0[1+ L×h

T0
]

g M
−RL (3.15)

T = T0 +Lh (3.16)

where
M molecular weight of dry air= 0.0289644kg/mol
p the atmospheric pressure in relevant height
R the universal gas constant = 8.31447J/(molK)
T the temperature at relevant height
h the height above the sea level. For the chosen location, the altitude is 300m
p0 the sea level standard atmospheric pressure
T0 the sea level standard temperature= 288.15K
L the temperature lapse rate=-0.0065K/m
g the gravitational acceleration

In Figure 3.4, on the left side it gives the free stream hourly mean velocity and peak wind velocity
increase with height, and on the right-hand side, it provides the free stream wind pressure increase
with height.

Pressure coefficient
The shell is sensitive to membrane tension in meridional direction. The external wind load and

internal operation flow effect should be both taken into account. For internal condition, guideline
VGB-R-610E2010 (2010) suggests an axisymmetric internal suction coefficient with the magnitude of
0.5 as a common practice. The external pressure coefficient distribution over the circumferential di-
rection of the cylindrical cross section was defined in VGB-R-610E,2010. For external wind pressure
coefficient, VGB Guideline divides the coefficient distribution into three parts. The section I is the
windward side with angle θ from 0◦− 30◦. Section II is the side suction ranging from around 30◦ to
100◦ and the maximum suction force locates at an angle around 70◦. Section III is a constant back
suction pressure acting on the leeward side. The circumferential distribution is shown in Figure 3.5.

Niemann and Höffer (2009) proposed a more comprehensive calculation method for determining
the static wind pressure coefficient on solar updraft tower. The distribution of external pressure coef-
ficients varies over height. The equation is derived according to experimental result from wind tunnel
measurement of solar updraft tower and measurement in natural scale at cooling towers (Niemann
and Höffer (2009)). For modeling such large structure in finite element modeling in engineering ap-
plication, the method from Niemann and Höffer (2009) would be sophisticated and it would increase
much more analysis effort and easy to cause errors in the model for nonlinear analysis. The compari-
son between these two methods will be discussed in the Appendix A.

The magnitude of pressure coefficient distribution highly depends on the surface roughness of so-
lar tower. A large surface roughness yields greater total drag force acting on the tower while decreasing
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Figure 3.5: Types of circumferential pressure distribution (Phillip L. Gould; Wilfried B (2005)).

the maximum suction. It is a favorable effect on local deformation of tower shell such as of the circular
cross-section. A roughness parameter can be decided by analyzing the stiffening ring layout at about
one-third of the height of the tower. Laboratory and the experimental result determined this analyzing
method, and the roughness parameter k/aR is shown in Figure 3.6. As roughness parameter is known,
according to Table 3.3, the specified pressure distribution can be determined. In this research project,
the stiffening ring has the length around 7 meters with equal spacing 100 meters over the whole tower,
which gives the roughness parameter of 0.07. Pressure distribution K1.0 is chosen for SUT coefficient
distribution(Figure 3.5). The equation of each circumferential distribution curve is given in Table 3.4.
The chosen pressure coefficient distribution over circumferential direction for the whole tower shows

Table 3.3: Roughness parameter and pressure distribution n curve with different types of ribs(Phillip L. Gould; Wilfried B (2005)).

Execution
Roughness parameter
k/aR

Pressure
min cpa

Pressure distribution

With ribs 0.025-0.100 -1.0 K 1.0
0.016-0.025 -1.1 K 1.1
0.010-0.016 -1.2 K 1.2
0.006-0.010 -1.3 K 1.3

Without ribs Smooth -1.5 K 1.5
-1.6 K 1.6
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Figure 3.6: Surace roughness and types of pressure distribution (Phillip L. Gould; Wilfried B (2005)).

Table 3.4: Function of pressure coefficient over circumferential direction(Phillip L. Gould; Wilfried B (2005)).

Curve pmi n Sector I Sector II Sector III cw

K 1.0 -1.0 1−2.0(si n 90
71θ)2.267 −1.0+0.5(si n( 90

21 (θ−70)))2.395 -0.5 0.66
K 1.1 -1.1 1−2.1(si n 90

71θ)2.239 −1.1+0.6(si n( 90
22 (θ−71)))2.395 -0.5 0.64

K 1.2 -1.2 1−2.2(si n 90
71θ)2.205 −1.2+0.7(si n( 90

23 (θ−72)))2.395 -0.5 0.60
K 1.3 -1.3 1−2.3(si n 90

71θ)2.166 −1.3+0.8(si n( 90
24 (θ−73)))2.395 -0.5 0.56

K 1.5 -1.5 1−2.5(si n 90
71θ)2.395 −1.5+1.0(si n( 90

27 (θ−75)))2.395 -0.5 0.49
K 1.6 -1.6 1−2.6(si n 90

71θ)2.085 −1.6+1.1(si n( 90
28 (θ−76)))2.395 -0.5 0.46
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Figure 3.7: Pressure coefficient in the circumferential direction

in Figure 3.7.

3.3. Serviceability limit state
In serviceability limit state, the crack width and deflection of the structure should be within an accept-
able limit. According to the Code of Practice for Structural use of Concrete Departement (2013), the
maximum allowable displacement at the top of the structure is 1/500th of the height. The Eurocode
provides allowable maximum crack width for the reinforced concrete structure with the magnitude
of 0.4mm. Depending on the environment of chosen location, the maximum crack strain might de-
creases to 0.2mm. The following loading combination are recommended (Phillip L. Gould; Wilfried B
(2005)),

D +W (3.17)

D +W +T (3.18)

D +0.70W +T (3.19)

where
D dead load for the shell wall and the stiffening rings
W wind loading acting both on the external and the internal surface of the shell.
T temperature loads.

The temperature load includs the collector temperature rising; operation temperature, asymmet-
rical due to the ambient air temperature, non-asymmetrical due to solar irradiation Lupi et al. (2015).
Temperature effect is not considered in this research project, Equation 3.17 will be adopted.
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3.4. Conclusions
In this chapter, the wind load calculation has been demonstrated. Given the hourly mean wind speed
and surface roughness of the construction location, the vertical wind pressure profile based on Harris
and Deaves (ISO04353 (2012)) equation coupled with Coriolis effect is calculated. From the calcula-
tion of the pressure coefficient of the natural draft cooling tower, it has been shown the surface rough-
ness of the tower is the major factor for determining the wind load distribution. Once the wind load
is determined, in the next chapter, a finite element model will be built with the defined geometry and
the load acting on it.



4
Finite element modeling

In this chapter, the finite element modeling setup is discussed in detail. Here gives the modeling
procedure and the mesh refinement. The element types for different structural components are intro-
duced. The cross-sectional analysis of the stiffening rings is done for detailing the geometry. Material
properties used in the linear analysis will be discussed.

4.1. Software Choice
The variety of FEM software in Civil Engineering application is large, and the most commonly used
are ABAQUS, ADINA, ATENA, DIANA. For modeling reinforced concrete shell structure with nonlinear
physical properties, their comparisons about modeling nonlinear reinforced concrete structures are
discussed in Appendix A.

In this research, the pre-processing for modeling takes place in FX+ for DIANA, the analysis and
the post processing takes place in DIANA 10.0. Using DIANA 10.0 is not only due to the license avail-
ability but also due to its capacity of modeling reinforced concrete. DIANA offers varieties of cracking
models, tensile models, compressive models to simulate the complex mechanisms of reinforced con-
crete structure. Nonlinear models are chosen by the specific analysis type and the particular structural
scale. To investigate crack behavior for a large-scale structure under complex loading conditions, DI-
ANA provides the total strain rotating crack model which is rather robust and stable. DIANA is also
available for dynamic analysis and geometrical non-linearity, which is helpful for future research.

4.2. Modeling methodology
The finite element modeling is the dominant discretization technique that subdivides the geometrical
model into components called finite elements or integrators. Each element is connected to each other
by nodal points. Each node has a finite number of degree of freedoms. Inside the integrators, there
are a finite amount of integration points. In DIANA, a displacement based method is employed. The
displacement on the node is the primary unknown. At the integration points, the strain and stress
are calculated by the increment of displacement. After integrating of the stress field, the nodal forces
are calculated, the final goal of the analysis is to make the nodal forces from different elements in
equilibrium. Figure 4.1 shows the necessary steps for building up the solar updraft tower model in FX+
for DIANA. Before mesh, the material properties will be added and the element type is selected. The
material is assigned to the element type, and the element type is assigned to each discrete elements
on the model.

29
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Figure 4.1: Procedures for building up the FEM, 1st Determine the compound points,
2nd Connect point by 3D lines, 3r d Revolution around central z axis,
4th Mesh the geometry, 5th Setting boundary conditions, 6th Adding loads.
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4.3. Material properties
Before defining element type, the material properties are determined. Concrete and steel reinforce-
ment are the two material types in the solar updraft tower. Their properties are defined according to
Eurocode EN1992-1-1 (2011) which is the design regulation for reinforced concrete structure. These
properties are the inputs for linear analysis and the primary inputs for nonlinear analysis. The non-
linearity of the concrete and the steel reinforcement will be reported in detail in Chapter 6.

4.3.1. Concrete material
In the final structural design phase, the concrete class will vary with height, but for the sake of sim-
plification, C50/60 concrete quality will be used for the entire structure (Niemann et al. (2009)). The
following equations give the concrete strength and the concrete linear material properties.

fck = 50MPa (4.1)

fcm = fck +8 = 58MPa (4.2)

fctm = 0.3 f 2/3
ck = 4.1MPa (4.3)

fctk = 0.7 fctm = 2.9MPa (4.4)

fcd = αcc fck

γc
= fck

1.5
= 33.3MPa (4.5)

fctd = αct fctk,0.05

γc
= fctk

1.5
= 1.93MPa (4.6)

Ecm = 22[ fcm/10]0.3 = 37GPa (4.7)

νc = 0.2 (4.8)

ρc = 2500kg /m3 (4.9)

where

γc partial factor for concrete
fck characteristic compressive cylinder strength of concrete at 28 days
fcm mean value of concrete cylinder compressive strength
fctm mean value of axial tensile strength of concrete
Ecm secant modulus of elasticity of concrete
νc concrete Poisson ratio
ρc density of concrete

fctk Characteristic axial tensile strength of concrete

According to Eurocode EN1992-1-1 (2011), the characteristic compressive strength used for struc-
tural design and analysis is defined such that only 5% of all possible strength that measured is lower
than the value of fck . For serviceability limit design state which refer to the durability, overall sta-
bility, fire resistance and deflection, a mean compressive strength will be considered. The tensile
strength of concrete highly depends on the curing condition and dimension of structural members,
while EN1992-1-1 (2011) gives the tensile strength fctm as an approximation. The modulus of elastic-
ity of concrete depends on the modulus of elasticity of its components. An approximate value is given
called Ecm . The Poisson’s ratio is taken to 0.2 concrete.
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Figure 4.2: Stress-strain relation for reinforcement (EN1992-1-1 (2011))

4.3.2. Reinforcement
The reinforcement properties will be identical both for in the shell wall and the stiffening ring. The
steel quality is B500A for this design. Figure 4.2 provides the material model according to EN1991-1-4
(2011). EN1992-1-1 (2011) Annex C provides the value of ultimate strain limit and maximum stress
limit for defining the inclined top branch of the stress-strain curve. In this research, the k value is 1.08,
and characteristic strain at maximum force is 5%.

fyk = 500MPa (4.10)

fyd = fyk

γs
= 500MPa

1.15
= 435MPa (4.11)

Ep = 200GPa (4.12)

ρs = 7850kg /m3 (4.13)

νs = 0.3 (4.14)

where

fyk characteristic yield strength of reinforcement
fyd design yield strength of reinforcement
Es design value of modulus of elasticity of reinforcing steel
ρs mean density of reinforcing steel
νc Reinforcement Poisson ratio

4.4. Meshing
4.4.1. Shear locking
An important aspect to consider when modeling thin shell structure is the element size. The accu-
racy of finite element solution will decrease when the thickness of element length t

L ratio falls (Bathe
(2011)). Compared to the exact solution, the numerical solution has exceedingly stiff behavior. This is
known as shear locking. A treatment such as increasing meshing densities to find the proper t

L ratio is
necessary so as for the element size.

An incorrect choice of the shape of the element also leads to locking. The use of triangular ele-
ment makes the mesh easier compared to the use of quadrilateral elements for complex geometry.
However, for the fully integrated linear triangular element with an incompressible material property
or with solids with revolution or highly constraint boundary condition, their displacements on nodes
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Figure 4.3: Mesh scale from very coarse(1st ) coarse(2nd ), intermediate(3r d ), fine(4th ), very fine(5th ).

Figure 4.4: The mesh refinement of the top stiffening ring before(left) and after refinement(right)

are going to be fully locked. This phenomenon is also known as volumetric locking. This extreme
case shows triangular elements are more prone to locking. The shear locking also occurs when the
fully integrated linear element is applied under pure bending. Since the linear element has to deform
linearly, an extra shear strain is generated which it should not exist.

The discussion above revealed that the choice of proper elements is vital. Firstly it is necessary to
find the is element size according to the shell thickness. A quadrilateral element shape is chosen to
avoiding volumetric locking. Also, for nonlinear analysis, all element types should be quadratic.

Meshing densities analysis For finite element modeling, one of the key concepts is mesh conver-
gence. The model with finer mesh has more accurate solution and avoids shear locking. This is be-
cause a fine mesh also implies a longer calculation time, and coarse mesh results in a less accurate
result. Therefore, models with different mesh densities are investigated. There are five models with in-
creasing mesh densities. The very coarse model (810 elements), the coarse model (2620 elements), the
intermediate model (9240 elements), the fine model (34480 elements) and the very fine model(132960
elements). The shell wall and the stiffening ring were modeled by using curved shell elements. The
stiffening ring are modeled according to the original design of Krätzig & Partner. Figure4.5 shows the
five models with increasing mesh densities from the left to the right.

Eck et al. (2015) performed a mesh-density analysis using ANSYS. Instead of using curved shell
element, the beam element was adopted for modeling the stiffening rings. The beam element has
a rectangular cross-section of 4.5 × 1.5m. The mesh densities analysis of van Eck(Eck et al., 2015)
(Figure 4.5) shows a good consistency for first seven eigenfrequencies for all models. For this research
model, due to the complexity of the geometry of the stiffening rings (see Figure 2.4), the model is
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Figure 4.5: Natural frequencies with different mesh densities with curved shell element modeling the stiffness rings(top) and
Natural frequencies with different mesh densities for beam element modeling the stiffening ring ((Eck et al., 2015))(bottom)

more sensitive to the mesh densities, which gives more scattered result between models. As can be
seen in the figure, except for the first natural frequency, the very coarse mesh and coarse mesh gives a
big difference in natural frequency compared to these of intermediate mesh and the fine mesh. Due
to coarse mesh gives very low t

L both at the rings and the shell wall which might give an over stiff
behavior. The stiffer structure gives a higher natural frequency. This is also due to the shell vibration
occur from the second eigenfrequency and it is more sensitive to the meshing size of the shell wall and
the stiffening rings. However, the models of intermediate and fine mesh give consistent result even
when the natural frequency is high. Furthermore, the intermediate mesh shows nearly the same result
as eigenfrequencies the model with fine mesh. The intermediate mesh densities will be taken for this
research project. For intermediate mesh, the tower is divided into 40 segments in the circumferential
direction and is split into 20 sections every 100 meters in the vertical direction.

4.4.2. Mesh refinement

Mesh refinement is necessary for nonlinear analysis with complex geometry at the cost of increasing
the computational time. Whereas mesh refinement also means more calculation time. Finding a
proper mesh scale is required before proceeding nonlinear analysis. The stiffening rings are one of
the key components in solar updraft tower design. The eigenfrequency varies considerably by slight
changes in the ring shape. The sensitivity of rings on the complete structural response is high. Here,
the mesh on the stiffening ring will be refined into smaller element sizes. Figure 4.4 gives the mesh
of top stiffening ring before and after refinement. The same refinements were done for intermediate
stiffening rings.
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Figure 4.6: Finite element model of solar updraft tower(left) and finite element model of the connection between the shell wall
with the intermediate ring(middle) and top stiffening ring(right)

4.5. Structural elements
4.5.1. Introduction
DIANA offers many different types of elements. Two questions need to be answered before having an
accurate result of nonlinear analysis. One is the way to model such large-scale SUT, and the other is
how much detail should be incorporated. Certain types of the element often serve a particular struc-
tural element or analysis. For example, 3D-solid element produces an extensive system of equations
which increases analysis cost and time, particularly for nonlinear analysis. However, the 3D-solid el-
ement has to be applied to the model with the massive concrete block or the soil block. Choosing a
proper element type can give a feasible result and a reasonable calculation time. The different types
of element in DIANA that can be possibly used in this research project are listed below.

• CQ40S-QUADRILATERAL, 8 nodes. Curved shell element can be used for modeling the shell
wall and the stiffening ring.

• CHX60-BRICK, 20 nodes. The solid element as an alternative for modeling the shell wall.

• CL18B-CURVED, 3nodes. Beam element can be used for modeling the stiffening ring.

4.5.2. The shell wall modeling
Two possibilities for modeling the shell wall are the curved shell element and the 3D solid element.
The curved shell element produces a good approximate if the thickness of the element is thin com-
pared to dimension b in the plane of the element. The 3D solid element normally is used only when
there is no other option on the element types (DIANA (2016)).

The reason for using curved shell element instead of 3D solid element are many. First, complex
modeling with long calculation time usually boosts the cost of the analysis. Second, instead of the
discretizing problem in the thickness direction, using kinematical assumption in curved shell element
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Figure 4.7: Natural frequencies of curved shell element model and 3D solid element model

to distribute displacement over the thickness reduces the complexity of analysis. To maximize the
accuracy of nonlinear analysis, the shell wall will be modeled by curved shell element.

Two models were generated. Their shell wall was modeled by solid element and curved shell el-
ement respectively. Solid element CHX60 is 20 nodes solid brick element. It is based on quadratic
interpolation. Curved shell element CQ40S has eight nodes and quadrilateral shape. The stiffening
rings were modeled by 3D beam element with rectangular cross-section size of 4.8mx1.55m. For both
models, eigenfrequency analysis was done. In Figure 4.7, the first 15 eigenfrequencies of solid element
model as well as shell element model. With intermediate mesh density, two models give consistent
first 15 natural frequencies and identical shapes. Due to solid element has a large system of equation,
which increases the calculation time considerably for nonlinear analysis. Curved shell three will be
adopted for this research project.

4.5.3. The stiffening rings modeling
The stiffening ring can be modeled by curved shell elements and 3D-beam elements. The cross-
sectional area of the stiffening ring is small compared to the circumferential ring length, so it is pos-
sible to use beam elements to model the stiffening rings. To model nonlinear behavior of large-scale
continuous concrete shell structure in DIANA, large quantities of elements are required. Therefore, a
long computational time is expected. If simplifying stiffness ring modeling by using the beam element
yields the similar result as that of using shell element, a simpler model, as well as less computation
time, will be preferred. However, concerning the complex wind load pattern acting on the structure,
the capability of 3D beam element to adequately demonstrate the real structural behavior might be in-
sufficient. Therefore, a comparison between the stiffening rings modeled by the curved shell element
and the 3D beam element is conducted in the Appendix C.

Modeling ring by curved shell element
The geometry of a top and mid stiffening ring influence the structural performance considerably.

An exact geometry based on the technical drawings of the top and intermediate stiffening ring by
Krätzig & Partner is modeled and they are connected to the shell wall. Figure 4.6 shows the connection
of the shell wall and stiffening ring.

Modeling ring by beam element
Eck et al. (2015) performed the linear analysis by using the beam element to model stiffening rings.
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Figure 4.8: Mesh of cross-section of the top(right) and intermediate(left) stiffening ring

Figure 4.9: Eigenfrequencies of curved shell model with precise geometry and beam model with precise geometry

The beam has a rectangular shape with the size of 4.5x1.5m. The mass center of the cross-section
of the ring is located at the mid-surface of curve shell wall. It is a simplified way of modeling the
stiffening ring of Krätzig & Partner. However, the accuracy of the modeling stiffening ring becomes of
importance to reveal real structural behavior for nonlinear analysis. A detailed comparison between
model according to Eck et al. (2015), the model with curved shell element with exact ring geometry
and model with 3D beam element with precise ring geometry are investigated.

Before the comparison, a cross-sectional analysis of the top and intermediate stiffening ring has
to be conducted to get the cross-sectional properties of the stiffening rings which will be the input
for 3D beam element. This section will analysis the properties of the top and the intermediate stiff-
ening ring cross-section, whose geometry is based on the original design of Krätzig & Partner (Lupi
et al. (2015)). These cross-sections are defined in the XY-system. The CQ8TO eight-node quadrilateral
isoparametric element was adopted for this two-dimensional cross-section analysis. It is based on
quadratic interpolation and Gauss integration with 2×2 integration scheme. Figure 4.8 displayed the
mesh of top and intermediate stiffening ring cross section. The output of cross-sectional properties
of the top and intermediate stiffening ring was shown in Table 4.1.

Two models were built with precise geometry according to the original design of Krätzig & Part-
ner while one is modeled by curved shell element, the other is modeled by 3D class beam element.
Eigenvalue analyses were conducted, and the first 15 eigenfrequency shows in 4.9. The curved shell
model and beam model with precise geometry have similar results. Two models also have identical
mode shapes. The results concluded that two types of elements give similar results in the linear anal-
ysis. Since in linear analysis, the results reveal no significant differences between using beam element
and shell element, a comparison between these two model in physical nonlinear analysis will be con-
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Table 4.1: Cross-sectional properties of stiffening ring

Formula Top ring Intermediate ring
Moment of inertia

(m4)
Iy

∫
A z2d A 2.5120 1.4180

Iz
∫

A y2d A 25.1800 31.2100
It 0.8563 1.1940

Extreme fibers
(m)

ymax 3.0540 3.2530

ymi n −2.9640 −3.9780
zmax 1.7700 1.6960
zmi n −0.7966 −0.8931

Sections moduli
(m3)

Wymax Iy /zmi n 8.2450 9.5950

Wymi n Iy /zmax 8.4970 7.847
Wzmax Iz /ymi n 1.4190 0.8365
Wzmi n Iz /ymax 3.1540 1.5880

Center
(m)

Xc 1.2590 2.4890

Yc 0.4024 0.1723
Axis

(r ad)
α 0.0077 0.1060

Area
(m2)

A 6.0000 6.4750

Shear center
(m)

ey −0.0584 2.048

ez −1.0100 −0.4554

Figure 4.10: Bar particles in beam element (top) and grid reinforcement in curved shell element (bottom) (DIANA (2016))
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ducted in the later chapter.

4.5.4. Reinforcement
Certain reinforcement ratios are required both for the shell wall and stiffening ring. In curved shell ele-
ment, a layer of grid reinforcement is embedded at the mid-surface of the shell. In reality, two layers of
reinforcement will be constructed with a concrete cover of 40mm. A sub research is performed in Ap-
pendix B for comparing the differences of nonlinear result between a one layer reinforcement layout
and a two layers reinforcement layout. In beam element, the bar reinforcement is chosen and located
at the exact location of the center line of the beam element. This section explains the background
theory of embedded reinforcement and its working principal.

Working principals
Reinforcement is embedded in the mother element and embedded reinforcement element has the

following characteristics:
• The the particles of the reinforcement are embedded in what is called the mother element.

• DIANA ignores the self-weight and volume of the embedded reinforcement element.

• The embedded reinforcement does not have degrees of freedom of its own. The displacement
follows the mother element, which means that reinforcement is perfectly bonded to the mother
element.

• The embedded reinforcement does not have to be located along a mesh line, but it has to be
inside the cross-section of the mother element.

Bar reinforcement in beam element
Bar reinforcement has the shape of a line and is divided into particles by specifying location points.

Some location points are in the intersection of bar and the mother elements; some are located in be-
tween to define curvature. The integration points are specified according to the integration scheme of
the mother element. It has variable of strain εxx ,σxx stress in direction tangential to the bar axis. Fig-
ure 4.10 shows an example of a quadratically curved bar reinforcement embedded in a curved beam.

Grid reinforcement in curved shell element
Grid reinforcement is a plane shape 2D element that can be embedded in some 2D and 3D mother

element. Grid reinforcement is also considered to be subdivided into particles. The dimension of
particles depends on the boundary of the mother element. DIANA numerically integrates these par-
ticles independently. The integration point on the particles depends on the integration scheme of the
mother element. The variable of a grid reinforcement are strain εxx ,εy y and stress σxx ,σy y in user-
defined x-and y-direction. For grid reinforcement, the equivalent thickness should be specified, which
should be in the thickness domain of the curved shell element. Figure 4.10 shows the grid reinforce-
ment in curved shell element.

4.5.5. Integration schemes
The CQ40S-quadrilateral element with eight nodes is chosen for modeling shell wall of the SUT and
the stiffening ring of SUT. It is based on quadratic interpolation and Gauss integration. For linear anal-
ysis, 2x2 Gauss integration scheme was chosen over the surface area, and 3 points Simpson integration
scheme is chosen in the thickness direction.

Due to compatibility between the shell wall and stiffening ring, the 3 nodes 3 dimensional Class
III beam element CL18B is chosen. For linear analysis, two point Gauss integration scheme is chosen
along the bar axis. In cross-sectional direction, the 3-point Composite Simpson integration scheme
was chosen. Figure 7.2 specifies the Gauss and Simpson integration scheme. However, for nonlinear
analysis, the complex reinforcement bar layout requires more integration points both in bar axis and
cross section. A high integration scheme was chosen.
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Figure 4.11: Integration schemes in quadrilateral zone (DIANA (2016))

Figure 4.12: Boundary conditions of the solar updraft tower

4.6. Boundary conditions
For a 1000m tall SUT, the foundation consists of a reinforced concrete circular ring beam with the
width of 22m, 6m in thickness and 28m in diameter (Lupi et al. (2015)). The large self-weight of the RC
solar updraft tower requires a good soil condition. It is assumed that the soil stiffness of the selected
location exceeds 10GPa. The eigenfrequency analyses with different soil stiffness were conducted in
the original research project of Eck et al. (2015). The behavior of the SUT with soil stiffness of 10GPa
behave almost exactly to the SUT with the fixed boundary condition at the bottom Eck et al. (2015). It
is concluded, the soil effect on the structure can be ignored with the stiffness equal or over 10GPa and
the fixed boundary condition will be added at the bottom of the tower shell wall. Figure 4.12 gives the
FE model with fixed nodal constraint at the base of the tower and the boundary condition setting will
be used for both linear and nonlinear analysis.

4.7. Conclusions
The following conclusions are drawn concerning the modeling procedure of a solar updraft tower.

• The purpose of research lead to a correct selection of the software. DIANA has fulfilled the re-
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quirements on concrete nonlinear modeling.

• Concrete C50/60 is chosen for both the shell wall and stiffening ring. Reinforcement B500A
was chosen. Their properties were calculated based on EN1992-1-1 (2011). For linear analysis,
only Young’s modulus, Poisson ratio and mass density were considered. Other properties will be
applied in material nonlinearity analysis, see Chapter 6.

• Several models with different mesh density were compared by eigenvalue analysis. First, the
mesh densities have the vital influence on the accuracy of eigenvalue analysis. Second, the in-
termediate mesh density with mesh refinement on the stiffening rings shows sufficient accuracy.

• Two types of the elements were discussed in detail. Models with different element types were
compared. Their stiffening rings were modeled by the curved shell elements and 3D beam ele-
ments respectively. Their structural behaviors are similar to the linear analysis.

• Two ways of modeling reinforcement were mentioned. One is the reinforcement grid applied to
the curved shell element, and the other is reinforcement bars applied to the 3D beam element.

The verification of the model and accompanying discussion is presented in the next chapter. The
accuracy of the finite element model is essential before performing a nonlinear analysis. The model
complexity of the linear model proposed by literature might not be sufficient for nonlinear analysis.
This observation will be further elaborated in the next chapter.





5
Linear analysis

After the detailed explanation about the FEM setup, this chapter firstly gives results of the eigenvalue
analysis and the linear static analysis to verify the accuracy of the model and later, shows the analysis
results of another model who has more precise detail on geometry of the stiffening rings.

5.1. Introduction
For model verification, the comparisons of analysis results between a linear model and the two models
from the literature are done. The both analysis results can show the accuracy of the geometry input,
the boundary conditions, the sufficiency on meshing density as well as the stiffness of the model. With
static analysis result verification, the accuracy of the complex wind load input can be ensured. The
material nonlinear analysis will be performed later in this research project, and because the geometry
of the stiffening ring is simplified, this linear model might not sufficient to show the real structural
behavior. Thus, it is of interest to understand how much influence on linear analysis if the structure is
modeled further in detail. In this chapter, two models were built, they are:

• Simple Linear Model (SLM) is identical to the base model from the original research project of
Eck et al. (2015).

• Detailed Linear Model (DLM) is a model that has detailed geometry on modelling the stiffening
rings using 3D calss-III beam element.

5.2. Model setup
The summaries of the model setup of these two models is shown in this section. It will be introduced
through explaining their similarities and differences.

5.2.1. Similarities
Two models have an almost identical geometry except for the stiffening rings. They have same choices
on the element types, the meshing density, the material properties, the loading and the boundary
conditions.

Geometry
The similarities on geometries listed below:

Tower Height: 1000.00m
Tower Throat Height: 400.00m
Tower Transition Height: 401.81m
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Bottom Radius: 140.00m
Throat Radius: 75.00m
Top Radius: 77.97
Tilt Angle: 14◦

Both models have the same wall thickness. In Chapter 2, the thickness function over height is shown
in Figure 2.1.

Material properties
The normal concrete with class C30/37 is used. Its linear properties are the following:
Concrete Young’s modulus: 37GPa
Concrete Poisson ratio: 0.2
Concrete density: 2500kg /m2

Meshing and element type
For the intermediate meshing density, the tower is divided into 40 segments in the circumferential

direction, and into 20 segments in every 100 meter in the vertical direction.
For the element types, two models use the curved shell element CQ40S-QUADRILATERAL with

eight nodes for modeling the shell walls and use 3D class III beam element CL18B with three nodes
for modeling the stiffening rings.

Loading and boundary condition
The eigenvalue analysis considers the self-weight of the SUT, and later for the linear static analy-

sis, the static wind load is modeled. The wind load will be calculated based on the averaged hourly
design wind speed with the magnitude of 24.5m/s at the height of 10m. The free stream wind pressure
profile over height is given in Figure 3.4. The pressure coefficient distribution over the circumferential
direction is shown in Figure 3.7. In this chapter, the ultimate limit state analysis is considered. The
load factor for the self-weight and the wind load are 1 and 1.5 respectively.

For the boundary conditions, the nodes at the base will be fixed. No translations and rotations are
allowed.

5.2.2. Differences
The only difference between Simple Linear Model(SLM) and Detailed Linear Model(DLM) is the stiff-
ening rings geometry. For SLM, the stiffening rings have a rectangular cross-section with a dimension
of 4.5x1.5m located at the mid-surface of the shell wall. For DLM, the stiffening rings are identical to
the original design of Krätzig & Partner (Lupi et al. (2015)), their technical design drawing and ring
cross-section analysis can be found in Figure 2.4 and Table 4.1. The cross-sectional mass center of
the stiffening rings arelocated outside the middle surface of shell wall according to the original design
from Krätzig & Partner (Lupi et al. (2015)).

5.3. Model Verification
In this section, the structural response of Simple Linear Model will be compared to the analysis result
from the original research of Eck et al. (2015).

5.3.1. Eigenvalue analysis
This research takes prime attention to static response with material non-linearity. The dynamic re-
sponse in this research is used for model verification, a detailed dynamic analysis under wind action
can be found in the original research of Eck et al. (2015). SLM model setup is identical to the base
model of Eck et al. (2015), and is comparable to the model from Harte and Krätzig (2011). As pre-
sented in Figure 5.1, the first six eigenfrequencies of SLM are almost identical to the result from Eck
et al. (2015), the errors margins in table 5.1 shows that the maximum difference is 6% at the fourth
frequency. The result shows that the accuracy of the model regarding the stiffness, the geometry, the
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Figure 5.1: Comparison among the calculated eigenfrequencies of Simple Linear Model, results from Eck et al. (2015) and results
from the literature Harte and Krätzig (2011)

element type, the meshing density and the boundary conditions are sufficient. Compared to result
from Harte and Krätzig (2011), the results are not completely similar, while they both have identical
mode shapes.

The free vibration response shows the dynamic deformation capability of a structure. Figure 5.2
gives the first 6 mode shapes of SLM and they are identical to the base model from the original research
project of Eck et al. (2015). The first vibration mode is a beam-like dynamic behavior, which shows a
global deformation on the structure without local deformation of the cross-section of the tower. The
other five vibration modes are more shell-like dynamic behavior.

5.3.2. Linear static analysis
Up to this point, the eigenvalue analysis shows a good similarity between Simple Linear Model and
models from the literature. In the static analysis, the comparison of the displacements and in-plane
forces will be shown.

Displacement
The displacement in the SUT can be divided into three directions: 1) the along wind direction; 2) the
cross wind direction; 3) the vertical direction. Obviously, the wind load tries to push over the tower
which indicates the dominating displacement would be in the along wind direction. Furthermore,
the deformation in the cross wind direction depicts the local shell deformation of the upper cone.
Figure 5.3 shows the deformed shape of the tower with the along-wind displacement contour (left) and
the cross wind displacement contour (right) over the tower. The maximum displacement the along-
wind direction is 2.18m and 2.27m at the top of the SUT for SLM and the base model from Eck et al.
(2015) respectively. A marginal difference of 4% is found. The deformation of the upper cone causes
a displacement in crosswind direction about 1.15m in both sides symmetrically. From the deformed
shape, it can be concluded that the tower deforms globally like a cantilever beam, and also deforms
locally at the upper cone by ovalizing.

In plane forces
Thin shell structure can resist the forces both parallel and perpendicular to the shell surface. The

stress resultants are calculated by integrating the stress in the thickness direction, which based on
the middle surface of the shell. The stress resultants line diagram in meridional direction N22 will be
considered.

Figure 5.4 shows the comparison of stress resultant (N22) in line diagram over the height of the
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Figure 5.2: The first 6 free vibration mode shapes for Simple Linear Model the 1st (most left) and the 6th (most right)

Table 5.1: Verification of eigenfrequency and their error margin among Simple Linear Model and result from Eck et al. (2015)
and from Harte and Krätzig (2011)

Frequencies
Mode Eck 2015 Literature SLM Error % Error %

Harte2011 Eck 2015 Harte 2011
1 0.1715 0.17 0.1690 1.44% 0.57%
2 0.2068 0.21 0.2129 2.95% 1.38%
3 0.3537 0.30 0.3428 3.08% 14.26%
4 0.5170 0.46 0.4844 6.30% 5.30%
5 0.5345 0.56 0.5376 0.57% 4.007%
6 0.5936 0.63 0.6018 1.38% 4.480%



5.3. Model Verification 47

Figure 5.3: Deformed chimney (factor 30) with displacement distribution in the windward direction(left) and the cross-wind
direction(right) under D+1.5W -Simple Linear Model

Figure 5.4: Comparison of in-plane meridional stress resultant distribution over height between literature Eck et al. (2015)(left)
and Simple Linear Model(middle), the location that stress resultant distribution is calculated (right)
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Figure 5.5: Cricumferential stress distribution on the shell walls (left) meridional stress distribution on the shell walls(middle)
and circumferential stress distribution on the stiffening rings(right) for Simple Linear Model (1D+1.5W)

tower between Simple Linear Model and the base model from Eck et al. (2015). These two curves are
rather similar except the stress resultant near the base of the tower. It is because the wind pressure
varies every 5m in the vertical direction in SLM, while it varies every 100m in the base model of Eck
et al. (2015). Since the wind speed was varying largely at a height near the ground level due to earth
surface roughness, the result near the base with wind load will be different between those two models.
Additionally, it is observed that the tower at throat height is under tension in both models with similar
magnitudes.

Stress distribution
Figure 5.5 gives the circumferential stress distribution(Sxx ) and the meridional stress distribution(Sy y )

on the shell walls, as well as the longitudinal stress distribution on the stiffening rings. The maxi-
mum tensile stress in the shell walls is 4.8MPa in both directions, which exceed the design tensile
strength(2.9MPa). In the meridional direction, the tensile stress on the shell walls is concentrated both
at the top tip and at the throat height of the tower. In the circumferential direction, the tensile stress
is mainly concentrated at the upper cone since the circular cross-section deforms into an ellipsoid
shape. For the stiffening rings, the maximum tensile stress is 58MPa. It gives a hint that the reinforce-
ment both at the shell walls and the stiffening rings is needed. Furthermore, since the large tensile
stress and compressive stress are concentrated at the stiffening rings, the stiffening rings should be
more intensively reinforced compared to the reinforcement in the shell walls.

5.4. Detailed Linear model
Given the question that whether the detailed modelling of the stiffening is different in structural re-
sponse compared to the simplified one, a comparison of eigenvalue analysis and static analysis be-
tween Detailed Linear Model(DLM) and Simple Linear Model(SLM) was done.

5.4.1. Eigenvalue analysis
In Figure 5.6, the first 15 eigenfrequencies of DLM and SLM are depicted. As can be seen, the first
eigenfrequency are identical for both models. For the rest 14 eigenfrequencies, the eigenvalues of
DLM are all higher than SLM. The changing in geometries of the stiffening rings show a bigger impact
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Figure 5.6: The first 15 natural frequencies of Simple Linear Model and Detailed Linear Model

Figure 5.7: First 6 free vibration mode shapes for Detailed Linear Model (1st (most left)-6th (most right))

on the higher vibration mode.

To have a deeper understanding of the differences, the first six free vibration modes are given for
DLM (Figure 5.7), and these modes can be compared with the mode shapes of SLM (Figure 5.2). The
first eigenfrequency and the first mode shape are identical for both models. The second and third
vibration modes have same mode shapes, while DLM has higher eigenfrequencies than SLM. After
the third eigenfrequency, their eigenvalues and mode shapes are not synchronous. For SLM, except
the first mode shape, other five mode shapes are shell-like vibration, which means the cross-section
changes its shape. For DLM, the first and sixth both has a global vibration behavior without defor-
mation on the cross-section of the shell structure. In conclusion, eigenvalue analysis gives a different
result of these two models, and DLM shows a stiffer behavior. The shell-like vibration is sensitive to
the modification of the geometry of the stiffening rings because the stiffness of the stiffening rings
gives a direct impact on deformation capacity of the tower cross-section.

5.4.2. Linear static analysis
The linear static analysis will be conducted for the comparison between DLM and SLM.
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Figure 5.8: Global and local displacement of Simple Linear Model and Detailed Linear Model (left) and top view of deformed
tower for Simple Linear Model and Detailed Linear Model(right) (1D+1,5W)

Displacement
Figure 5.8 shows the global displacement and the local displacement on the windward direction

of the SUT. The global displacement was calculated by averaging the displacement of every node on
the same level. It shows the deformation of the center line of the tower. The local displacement is the
displacement on the shell walls located at the center of the tower in the windward side. Comparing the
global displacement of these two models, it is observed that two structures deformed almost identical,
both in shape of the curve and magnitude. The maximum displacements at the top are 0.958m and
0.95m for DLM and SLM respectively. Therefore, the changing of the configuration of the stiffening
rings has a small influence on global behavior.

It is not the case for the local displacement. These two models have similar local displacement up
to the height of 300m. However, SLM starts to deform more when it is higher than 300m. The maxi-
mum displacement at the top of the tower for SLM and DLM is 2.18m and 1.47m respectively, and a
40% of difference is observed. Simple Linear Model has slight deformation fluctuations at the location
near the stiffening rings because the eccentricity of the stiffening rings gives a bending moment on
the wall.

The right-hand-side of the Figure 5.8 shows the top view of a deformed tower for both models. The
deformed shape of the top cone changed from circular shape to an ellipsoid shape. The stiffness of
the cross-section is lower which leads to a larger ovalizing deformation of the upper cone and it might
cause large cracks and decreased material strengths and a weak the global structural stiffness in the
physical nonlinear analysis.

In-plane forces
This section shows the distribution of meridional stress-resultant both over the height of the tower

on the windward side (left) and over the circumference direction(right) (Figure 5.9). It can be seen that
in Detailed Linear Model, the in-plane forces is under compression, while for Simple Linear Model, the
large ovalization leads to the tensile force occurred at the throat height. It is because the weak stiffness
of the stiffening ring at the top cone in SLM. The right-hand side of Figure 5.9 gives the meridional
stress resultant distribution at the throat height. DLM has a more linear distribution compared to
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Figure 5.9: In-plane meridional stress resultant distribution over height of Simple Linear Model and Detailed Linear Model(left)
and In-plane meridional stress resultant distribution at throat height over the circumference (right) (1D+1.5W)

SLM, which is a beam-like distribution shape. SLM has a more shell-like distribution shape with large
variations. Furthermore, the stress-resultant for DLM is under compression over the entire circumfer-
ence but SLM gives tensile forces on the windward side.

Conclusion
Detailed Linear Model and Simple Linear Model have rather big differences in structural response

both in the dynamic analysis and the static analysis. If the nonlinear analysis is performed, due to the
cracking of concrete and yielding of the reinforcement, these differences will be enlarged. If Simple
Linear Model is used, the structure will be underestimated, and unnecessary amount of reinforcement
will be used. As a conclusion, for the following research, Detailed Linear Model is chosen to yield a
real structural behavior.

5.5. Conclusions
As a result, the eigenvalue analysis and static analysis show sufficient accuracy on model setup. The
necessity of a more detailed model has been demonstrated. Between DLM and SLM, it is shown that
the detailed model has stiffer behavior than SLM in general. The configuration of the stiffening rings
has the impact on the local deformation of the upper cone and has a less impact on the global be-
havior. Finally, another vital advantage of choosing DLM for material nonlinear analysis is that the
reinforcement layout can be modeled in detail. The material non-linearity will be presented and dis-
cussed in the next chapter. Material models and crack mechanisms adopted in this research will be
explained.





6
Nonlinear Material Models

This chapter demonstrates the material models that have been used for the nonlinear analysis along
with their basic background theory. The Concrete cracking, tensile, and compressive behavior will be
discussed and then the reinforcement model and its stress-strain curve will also be defined.

6.1. Introduction
Physical non-linear analysis is capable of representing the real behavior of a large-scale SUT under
the complicated wind action. However, the material models assigned to each element of finite ele-
ment model can be tricky, particularly for reinforced concrete. For concrete, DIANA offers a broad
range of physical models for both the tensile cracking and the compressive plasticity behavior. For
the reinforcement, the material can be modeled by an elastoplastic model with hardening behavior.
The interaction between concrete and reinforcement is a crucial aspect for determining the ductility
of the reinforced concrete. Additionally, the physical behavior also highly depends on the stress state
and cracking state. Lateral confinement and lateral cracking can both alter concrete compressive per-
formance, which will also be included.

6.2. Concrete model
This section is organized as follows. Firstly, a brief theoretical explanation of the total strain rotating
smeared crack concept will be given. The same is done for the fixed and the multi-directional fixed
crack model in the Appendix A. The syntax of the input for the rotating smeared crack model will be
explained. Next, the concrete tensile and compressive behavior will be illustrated.

• Concrete cracking behavior relates to the cracking and the failure mechanism of concrete in
tension.

• Tensile behavior refers to the physical response to tension, mainly about the tensile cracking.

• Compressive behavior describes the compressive behavior of concrete. The effects of lateral
confinement and the lateral cracking will be attached to the compression model.

6.2.1. Concrete cracking behavior

Smeared crack and Discrete crack
There are many numerical ways of modeling concrete cracking behavior. Typically they can be divided
into two categories, the smeared and the discrete crack models. This research intends to analyze the
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structural behavior of a large-scale shell structure under a complex loading conditions, the distribu-
tion of crack is concealed. However, in the discrete crack model, the location and the number of cracks
are predefined by interface elements, which does not suit for the research purpose. For the smeared
crack models, the crack solid is a continuum material defined by stress-strain relations. As a result,
the geometrical discontinuity in FEM vanishes. In some cases, the crack can rotate according to the
principal stress state.

Fixed, multi-directional, rotating smeared crack
Of the several smeared crack models available, a choice has to be made. Three models are available
in DIANA: the fixed, the multi-directional and the rotating smeared crack model. Their differences
depend on the orientation of the crack: fixed, stepwise and updated continuously respectively (J.G
(1988)). Particular attention should be given if the structure under the multi-stress state. For example,
in a tension and shear loading condition, the principal stress tends to rotate, or new crack tends to
occur at the same sample point. In a fixed crack model, and an over stiff behavior will be observed
(Willam et al. 1987, Kolleger and Mehlhorn 1987, Rots and de Borst 1987, Crisfield and Wills 1989).
A fixed crack model would not be the proper choice for modeling structural under multi-direction
loading conditions.

In the multi-directional fixed crack model, the total strain is decomposed into the strain of the
solid material and the strain of the crack. This decomposition allows the plastic behavior and other
nonlinear material properties such as concrete aging, creep, and shrinkage to be assigned to the solid
material. The crack strain is decomposed into the separate contributions from a number of multi-
directional cracks. When the angle of inclination of existing cracks and the current direction of prin-
cipal stress exceeds a certain threshold, a new crack will be initiated (J.G Rots (1989)). The initiation
of new crack and existing crack interact with each other, for instance, a new crack might cause clo-
sure of an existing crack. Since the cracks are fixed, the shear retention function to interpreting shear
softening behavior resulting from aggregate interlock should be assigned. Even with shear retention
function, an over stiff structural behavior can still be found (J.G Rots (1989)). The multi-directional
fixed crack model has mechanisms that are capable of modeling concrete time-dependent behavior
which unnecessarily complicates the analysis. Convergence issue arises when the rotation of the prin-
cipal stress is large (J.G Rots (1989)).

Another model is the total strain rotating crack model for which the crack is rotating continuously
with the direction of the principal stresses. It has a averaged stress-averaged strain relation without
strain decomposition. The co-axially of the principal stress and strain makes the system more sta-
ble. The working principle is straightforward because no threshold angle is defined. Shear retention
function is unnecessary to be defined manually because the shear softening behavior is introduced
implicitly by co-axially theory.

This research project conducts the static analysis of a large-scale curved reinforced concrete shell
structure under the complex wind action. Time-dependent material behavior is not of interest. There-
fore, the strain decomposition is not necessary. Instead, a robust model with simple working principle
such as the total strain rotating smeared model is most appropriate for this research by considering
that the model has a complex loading condition, a large structural size, a complex geometry. Since
the crack is always with the same direction as the principal stress, the uncontrollable principal stress
direction is no longer a concern for the rotating model. The over-stiff behavior is minimized because
the shear softening behavior is one of the attributes of the rotating model. Based on this overview of
the current valid smeared crack models, the total strain rotating crack model will be applied in this
research.

Theory of smeared rotating crack
Consider a concrete solid under tension. When the tensile stress exceeds the tensile strength, the

crack is initiated. The isotropic elastic law turns to the orthotropic law, and the principal axis of or-
thotropy is referred to the direction of the crack. The key concept of the rotating smeared crack is the
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Figure 6.1: Development of equivalent shear retention factor for coaxial rotating crack result (J.G (1988))

co-rotating among material orthotropy, the axis of principal strain and the axis of principal stress. The
strain in the global coordinate system is converted into the crack direction by the strain matrix N . The
matrix depends on the current strain vector.

Assume a 2D configuration, a small increment of strain causes a slight rotation of the axis of the
principal strain. The angle is ∆θε. From Mohr’s circle, the following equation can be obtained.

t an2∆θε = ∆γ12
2(ε11−ε22)

The Same theory works for principal stress, a small increment of stress gives a rotation of the axis
of principal stress. The angle is ∆θσ. From Mohr’s circle, the following equation can be found.

t an2∆θσ = ∆σ12
2(σ11−σ22)

In order to achieve the coaxiality of the principal strain and the principal stress, these two angles
have to equal to each other. This condition is satisfied only if the tangential shear modulus equal to
the following:

G12 = (σ11−σ22)
2(ε11−ε22)

For a linearized tangential stress-strain law, the rotating smeared crack concept is
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Multiple rotating cracks are possible if the material is in multi-axial tension, which is mutually

orthogonal since they all follow with the principal strain.
Figure 6.1 shows the equivalent shear retention factor. After the crack initiation, the shear reten-

tion factor decreases gradually to zero, which gives a more flexible and robust structure response.
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βG = (σ11 −σ22)

2(ε11 −ε22)
(6.1)

where
βG overall shear stiffness
β equivalent shear retention factor
G elastic shear modulus

6.2.2. Tension behavior

Uni-axial Tension
Concrete is usually not designed for resisting the direct tension. The tension capacity is only 10%
of its compression capacity. However, concrete in tension can occur when concrete is under bend-
ing, shrinkage and temperature differences. It was found that concrete behave brittle under tension
with failure strain around 0.0001-0.0002. The stress-strain relation of concrete in tension is usually
based on the tensile strength and fracture energy. DIANA offers different types of the tension soft-
ening diagrams. These diagrams illustrate a single concrete cracking behavior within a certain crack
bandwidth. The crack bandwidth is a material attribute, and it is also a function of element size. For
this research, with reinforced concrete element size of 5m, it would be difficult to define a particular
crack bandwidth.

Tension stiffening
For reinforced concrete behavior under bending, the cracks reduce its bending stiffness, because

the tensile contribution of concrete below neutral axis vanished. However, the solid concrete between
cracks can still carry tensile stress due to the bond between reinforcing bar and surrounding concrete.
If the tension stiffening effect is omitted, the deflection of the structure, as well as the crack width,
will be overestimated. Bonding behavior plays an important role on tension stiffening effect. The
bond consists of three main components: the chemical adhesion, the friction, and the mechanical
interlock. The chemical adhesion has a small effect, and it vanishes when slip occurs. The friction
force can counteract the slip. Ribs on the bar create the mechanical interlock, and it generates the
main pullout resistance. Figure 6.2 gives the formation of the secondary internal cracks due to the
bonding between primary cracks. The bonding capacity decided the stress state of concrete just after
crack initiation. A stronger bonding yields a highly stressed surrounding concrete which gives a faster
crack developing and less tension stiffening effect.

In reality, the tension stiffening is limited at a particular area that closes to reinforcing bar, which
is named as the tension stiffening zone. The area outside tension stiffening zone is called the tension
softening zone. For the numerical modeling, the softening and the tension stiffening are combined
into one stress-strain relationship, which is called tension-stiffening. The averaged stress-averaged
strain method to predict the cracking and the deformation is used in this research project. Concrete
has one stress-strain relationship over the whole area that is under tension. The tension stiffening
effect will be incorporated by modeling the concrete tensile behavior.

The tension-stiffening curve is driven by the experimental data, and it was observed that it highly
depends on the concrete tensile strength and the reinforcement ratio. Figure 6.3 gives the load-deformation
behavior of a tension member. As shown in Figure 6.3, the cracking behavior of the tensile member
can be divided into three stages. Upon loading, the first stage is the uncracked stage. The reinforcing
bars fully bond with concrete and behave linearly. With the increase of tensile load, the first primary
crack is initiated at the weak point of the material, then, the element steps into a multiple cracking
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Figure 6.2: The formation of secondary crack (Goto.Y. (1971))

Figure 6.3: Stages of load-deformation behavior of a reinforced concrete tensile member (Goto.Y. (1971))
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Figure 6.4: The tension stiffening curve with varying reinforcement ratios(left) Stress-strain relationship of concrete in ten-
sion(right)

stage. Without further increasing of the crack width, more cracks are initiated until the last one. Ul-
timately, in the final cracking stage, without new crack formation, the cracks width keeps increasing
until the member failed. In Figure 6.3, the gray area shows the contribution of concrete to the tensile
member including the tension stiffening effect.

Sokolov (2010) derived the tension-stiffening law using free-of shrinkage tension stiffening rela-
tionship. The tension stiffening model has the form: For εct ≤ εct ,EC 2

σct = Ecεct (6.2)

For εct ≥ εct ,EC 2

σct = ft ,EC 2(1−0.27l n(
εct

εct ,EC −0.21p
)) (6.3)

where

Ec modulus of elasticity of concrete
ft ,EC 2 tensile strength of concrete according to EN1992-1-1 (2011)
εct ,EC 2 concrete cracking strain

p reinforcement ratio

The gragh on the left in Figure 7.16 shows the tension-stiffening curve with increasing reinforce-
ment ratios. In comparison, the tension-stiffening effect decreases with the increase of reinforcement
ratios, as the larger reinforcement ratio means more reinforcement with larger steel bars and rib size.
This gives a larger contact area with surrounding concrete and stronger bonding. A relatively higher
bond force is expected which leads to a faster cracking in concrete. While for the RC member with a
smaller reinforcement ratio, a larger area of pure concrete less stressed is contributing to bear tensile
force after crack initiation. However, it gives a lower tensile capacity and a lower bond force. With
lower bond forces, the reinforcement might be pulled out before crack initiation.

For finite element modeling, an ultimate strain tension stiffening model will be utilized. It has a
linear descending branch after the tension strength is reached. The tensile strength and the ultimate
strain are the nonlinear material inputs. The ultimate strain is computed by integrating the equation
6.1 and 6.2 and the area under the ultimate strain curve will be the same as the tension-stiffening
curve. The right-hand-side of Figure 7.16 is the ultimate strain curve of concrete in tension.
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Figure 6.5: Thorenfeldt curve for concrete compressive behavior (DIANA (2016))

εcr
u =

∫
ft ,EC 2(1−0.27l n( εct

εct ,EC−0.21p ))dεct

2∗ ft ,EC 2
+ ft ,EC 2

Ec
(6.4)

6.2.3. Compressive behavior
Concrete in compression gives a pressure-dependent behavior. the effect of concrete compressive
behavior on whole structural performance should be taken into account when the structure is under
the multi-stressed stage. Owing to the circular hollow cross-section of the tower, lateral confinement
should be taken into account. For the solar updraft tower under the static self-weight and the wind
action, the cracking is presumed, which might reduce the concrete compressive strength and the duc-
tility. In this section, a concrete compressive curve will be defined.The lateral confinement and lateral
cracking will be considered.

Concrete compressive curve
For the smeared rotational crack model, DIANA provides four nonlinear compressive curves. One

is a parabola determined by the compressive strength and the concrete compressive fracture energy.
With concrete models related to fracture energy, the compressive behavior highly depends on the el-
ement size. According to the model function, It was observed that the larger the element size is, the
more brittle the compressive behavior becomes, which would be unrealistic without experimental
data. The compressive behavior will be underestimated. This model is not recommended for this re-
search. The Hognestad Parabola and the curve according to Eurocode 2 EN 1992 are not capable of
taking lateral confinement into consideration. These two models will not be adopted. The Thoren-
feldt curve is a function of compressive strength only. It gives best correlations from low to a high
strength concrete. Additionally, the lateral confinement can be taken into account in this model. The
Thorenfeldt model should be utilized in this research. The formula of the Thorenfeldt curve is shown
below:

f =− fp

n(−εεp
)

(n −1)+ (−εεp
)nk

(6.5)

n = 0.80+ fp (MPa)

17
(6.6)
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For −εp < ε< 0

k = 1.0; (6.7)

For ε2 <−εp

k = 0.67+ fp (MPa)

62
; (6.8)

where
f compressive stress
fp concrete compressive peak stress
ε concrete compressive strain
εp concrete compressive strain at peak stress

The stress-strain relationship is shown in Figure 6.5

Lateral cracking
It was observed that the lateral cracking of reinforced concrete could significantly decrease con-

crete strength and ductility. The degree of the reduction is essential for accurately modeling cracked
reinforced concrete. Vecchio and M.P. Collins (1994) did a comprehensive study on the impact of lat-
eral cracking on compressive behavior at different loading conditions. The strength softening model
is presented on the right-hand-side of Figure6.6. DIANA provides the softening function proposed by
Vecchio and M.P. Collins (1994). The reduction factor of compressive stress is a function of average
lateral damage variables. The curve of lateral cracking reduction factor is shown in the left-hand-side
of Figure 6.6 The formula is shown below,

β= 1

1+Kc
(6.9)

Kc = 0.27(−αl at

ε0
−0.37) (6.10)

αl at =
√
α2

l ,1 +α2
l ,2 (6.11)

where
αl ,1 and αl ,2 tensile damage in the lateral direction
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Figure 6.6: The reduction factor by lateral crack(left) The stress-strain compressive curve for concrete after the lateral crack is
taken into account(right) (DIANA (2016))

Lateral confinement
The tower has a circular hollow cross-section, this creates the confining pressure in the circum-

ferential direction by the self-weight. This lateral pressure can increase the concrete ductility and
strength in compression. The left one in Figure 6.7 shows the influence of lateral confinement on
the compressive stress-strain curve. To take lateral confinement into account, DIANA gives the peak
strain factor to determine the compressive stress-strain function. It is based on the Hsieh-Ting-Chen
four parameter criterion which is defined as following:

f = 2.0108
J2

f 2
cc

+0.9714

p
J2

fcc
+9.1412

fc1

fcc
+0.2312

I1

fcc
−1 = 0 (6.12)

where J2 is the second deviatoric stress invariant

J2 = 1

6
((σc1 −σc2)2 + (σc2 −σc3)2 + (σc3 −σc1)2) (6.13)

I1 is the hydrostatic stress invariant

I1 =σc1 +σc2 +σc3 (6.14)

fc1 is the maximum concrete principal stress.

fc1 = max(σc1;σc2;σc3) (6.15)

The four parameter is empirically determined by analyzing uni-axial tensile and compressive strength,
bi-axial compressive and tri-axial tests on concrete (DIANA (2016)).

Then the failure criteria are determined by stress fc3 which is a function of scale factor s. The scale
factor is computed from the linear elastic principal stress vector that holds in equation 6.11.

s = σc

Eεnst
(6.16)

Then the fc3 can be determined
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Figure 6.7: Influence of lateral confinement on compressive stress-strain curve(left); Compressive behavior under lateral con-
finement (right) (DIANA (2016))

fc3 = s ·mi n(σc1;σc2;σc3) (6.17)

The failure criteria is

fc f =− fc3 (6.18)

The peak stress factor can be determined. DIANA assumes that the peak strain factor is equal to
peak stress factor.

Kσ = fc f

fcc
≥ 1 (6.19)

For the Thorenfeldt curve, the strain at the peak stress is defined by the following

εp = Kσε0 (6.20)

where the initial strain at the peak stress is given by

ε0 =− n

n −1
× fcc

E
(6.21)

For the descending branch of the Thorenfeldt curve, it is assumed that the ductility increases with
the increase of lateral confinement. DIANA adopts a linear descending branch:

f j =− fp (1− (1− r )
α j −αp

αu −αp
(6.22)

where the strain at peak is defined by

α= (
fp

fcc
)γαp (6.23)
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with γ is equal to 3
With the residual strength r fp defined by

r = (
fp

fcc
)γr0 (6.24)

with r0 is equal to 0.1.
The compressive behavior under lateral confinement in DIANA for the Thorenfeldt curve is shown

in Figure 6.7 (right). In DIANA, if the ratio
fp

fcc
> 1.05, the linear compression-softening relation will be

taken into account, and if
fp

fcc
< 1.05, the increase of ductility will not be considered.

6.3. Reinforcing steel
DIANA offers two main categories for modeling the reinforcement. One is the embedded reinforce-
ment that the reinforcement is fully bonded to concrete; the other is bond-slip reinforcement that
a reinforcement, a concrete and a bond-slip iteration between bar and concrete are modeled. The
bond-slip reinforcement is more used in analysis the concrete and reinforcement interactions in a
small structure size. Bond-slip reinforcement is only available for using line elements in regular plane
stress, curved shell, or solid element with linear or quadratic interpolation function(DIANA (2016)).
For a model with 1000 meter high with reinforcement in two directions on the whole structure, a sig-
nificant amount of modeling effort is demanded. A lengthy calculation time is needed because of the
complex nonlinear models for concrete, the reinforcement, and the bond-slip interaction. For embed-
ded reinforcement, a plane-shaped reinforcement grid can be embedded in the curved shell element.
There is no relative movement between concrete and reinforcement, which indicate no the bond-slip
model need to be assigned. Instead of modeling bond-slip interaction, the bonding is considered in
the concrete tensile model by tension stiffening.

For embedded element, DIANA offers three types of material model, linear elasticity, uni-axial
nonlinear elasticity and Von Mises plasticity. Nonlinear structural analysis requires a realistic steel
material behavior. Wind action on the SUT might result in the yielding of reinforcing bar. The von
Mises is applicable for reinforcement response beyond yielding. A plastic deformation of reinforcing
bar can be achieved by using von Mises criteria.

The reinforcement grid is modeled in two directions separately, and their stress state is indepen-
dent of each other. The directions of stress σxx and σy y are considered. For axial tension or compres-
sion, the von Mises criterion simply reduced to

σxx =σy (6.25)

σy y =σy (6.26)

The stress-strain relation for reinforcing bar is shown in Figure 6.8

6.4. Conclusions
In this chapter, the background theory of the material non-linearities has been explained. The con-
crete cracking model has been presented. A total strain rotating smeared crack model is chosen. Next,
tensile behavior including tension stiffening effect of concrete has been displayed. The tension stiff-
ening behavior is a function of tensile strength and reinforcement ratio. Furthermore, a concrete com-
pressive behavior is realized using a Thorenfeldt curve. The lateral cracking and the lateral confine-
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Figure 6.8: Stress-strain relation for reinforcement bar

ment are considered. Lastly, the steel isotropic plasticity with a hardening behavior has been intro-
duced by using von Mises yielding criterion. With the explanations of different material nonlinear
models, a firm foundation for the following physical nonlinear analysis has been obtained.

In the next chapter, a nonlinear analysis is executed. Several analysis results are shown. Having
gained inside in various material nonlinear properties, an analysis of structural response will be given.



7
Material nonlinear analysis

The linear analysis from Chapter 5 has been extended to the physical nonlinear analysis in this chap-
ter. It starts with the nonlinear model setup together with its iteration method. Later, three models are
built. The nonlinear analysis is done for evaluating the realistic structural behavior under the static
wind load. Three nonlinear models are compared and a comparison between linear and nonlinear
structural responses is also given.

7.1. Introduction
The aim of the detailed material nonlinear analysis is to understand how this unbuilt tower behaves
under the wind action in reality. The biggest challenge is to conduct this nonlinear analysis with the
inclusion of details that would generate a reasonable result. The reinforcement in the concrete wall
and the stiffening rings are modeled. The choices of the reinforcement element types highly depend
on the types of its mother elements. Three models are built with different element types for modeling
the stiffening rings and its reinforcement. Their definitions show below.

• Beam Nonlinear Model (BNM). Beam Nonlinear Model has a geometry similar to Detailed Lin-
ear Model. The only difference is that the reinforcement is added. The reinforcement grid el-
ement is embedded in the shell element and the reinforcing bar is embedded in the beam ele-
ment.

• Shell no Transverse Nonlinear Model (STNM). Shell no Transverse Nonlinear Model is similar
to BNM. However, in STNM, the stiffening rings are built by the curved shell element and the
reinforcement grid is embedded in the rings only in circumferential direction.

• Shell Nonlinear Model (SNM) Shell Nonlinear Model is almost the same as STNM. However, its
reinforcement in the stiffening rings is modeled both in the circumferential and the transverse
directions.

7.2. Model setup
In this section, the detailed model setup and design choices will be described briefly. For all mod-
els, their geometry, the element types of the shell walls, meshing density, and boundary conditions
are identical to the Detailed Linear model. Their concrete properties are shown in Table 7.1 and the
reinforcement properties are shown in Table 7.2.

For BNM and SNM, the reinforcement grid used for the concrete shell wall is the minimum per-
centage of reinforcement according to VGB Guideline (VGB-R-610E2010 (2010)). The reinforcement
ratios for shell wall in two directions are shown in Table 7.3

65
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Table 7.1: Concrete material properties for nonlinear analysis

Linear properties Material type Concrete
Smeared crack model Total strain based crack
Young’s modulus 37000N /mm2

Poisson’s ratio 0.2
Mass density 2500kg /m3/g

Crack model Crack rotaton Rotation
Crack bandwidth

Tensile behavior Tensile model Linear-ultimate crack strain
Tensile strength 4.1N /mm2

Ultimate strain Undetermined
Residual tensile strength 0N /mm2

Reduction by lateral cracking Vecchio and Collins 1993
Poisson’s ratio reduction No reduction

Compressive behavior Compressive curve Thorenfeldt Curve
Compressive strength 58N /mm2

Lateral confinement Selby and Vecchio

Table 7.2: Reinforcement material properties for nonlinear analysis

Material Steel
Material model Von Mises plasticity
Young’s modulus 200000N /mm2

Yield stress 500N /mm2

Table 7.3: Reiforcement ratio setup for the shell walls

Reinforcement ratio for the shell wall
Meridional direction Cricumferential direction

Lower half 0.3% 0.3%
Upper half 0.3% 0.4%

Table 7.4: Reinforcement setup for stiffening rings

Reinforcement ratio of stiffening ring
Model type Physical Nonlinear model

Stiffening ring Beam model Shell without transverse Shell model
Mother Element 3D Beam element Curved shell element Curved shell element
Reinforcement Bar Grid Grid
Longitudinal ρ 1% 1% 1%

Transverse ρ 0% 0% 1%
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Figure 7.1: Modified Newton-Raphson iteration (DIANA (2016))

7.3. Nonlinear analysis
This section specifies the nonlinear analysis setup. A solver and an iteration method will be chosen
for this specific nonlinear analysis.

7.3.1. Solution method
The Parallel Direct Sparse solver is adopted in this research project. The model is mainly built by the
curved shell element. According to DIANA guideline, the Parallel Direct Sparse is the proper solver
and it can handle the different order of contributions from rotations and translations to the stiffness
matrix efficiently (DIANA (2016)).

7.3.2. Iteration method
In linear analysis, the equilibrium between internal and external forces can be calculated directly.
However, considering a nonlinear analysis, the balance depending on previous constitutive proper-
ties is calculated at every displacement increment. To achieve this equilibrium, an iterative method
is prescribed. The total displacement is equal to the sum of the iterative displacement increments.
Different iterative methods are given in DIANA.

In Regular Newton-Raphson iterative method, the stiffness matrix is calculated at every iteration.
The governing parameters are the displacement, the internal force vectors and the stiffness matrix. In
this are, divergence can easily happen if the accuracy of stiffness matrix is not guaranteed. Modified
Newton-Raphson calculates the stiffness matrix only at the start of the increment, so it is more sta-
ble compared to Regular Newton-Raphson. However, it requires more iterations which mean a longer
time to achieve convergence. DIANA also gives Quasi-Newton-Raphson iteration method. Figure 7.1
shows the force-displacement diagram for this method. As can be seen from the figure, the stiffness is
determined by the previously known position at its equilibrium path. Since this method is not com-
pletely stiffness-dependent, the accuracy of stiffness matrix plays a minor role in convergence. By this
method, the stiffness matrix is always positive so that no snap-back occurs in the load-displacement
curve. Thus the Quasi-New-Raphson method is more stable compared to Regular Newton-Raphson
Method. Additionally, because the stiffness matrix is changing and is close to secant stiffness at next
equilibrium point, it has a relatively faster convergence time and fewer iterations to converge com-
pared to Modified Newton-Raphson. In conclusion, the Quasi-Newton-Raphson iteration method
will be adopted for all nonlinear models.
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Figure 7.2: Load steps-displacement curve for 1%NM integration scheme of 5-points Simpson and 7-points Simpson in thick-
ness direction

7.3.3. Integration scheme for nonlinear analysis
In the nonlinear analysis, over the shell surface area, the integration scheme keeps 2x2 Gauss scheme,
while in the thickness direction, 5 points Simpson integration scheme is adopted. In shell thickness
direction, a higher integration scheme reveals a more precise nonlinear result. However, it takes a
longer calculation time. The structure experiences divergence when the 3-point Simpson integration
scheme is used in nonlinear analysis. A 5 points integration scheme gives an easy convergence until
the last load step for all nonlinear models. When the structure is experiencing extensive material non-
linearity, an integration scheme higher than 5-points should be used. Models with Simpson 5-point
and 7-point integration scheme were built and their nonlinear analysis was made. Figure 7.2 shows the
load steps-displacement curve of these two models. Two curves are similar, with average differences
of 6% in displacements, but 5-points gives a much less calculation time. The 5-points integration
scheme will be used for all nonlinear analysis.

Convergence Criteria
Convergence Criteria specifies the time that the iteration should stop. The iteration process will

stop in the following three conditions:
• The convergence criteria is reached.

• The iteration reached the maximum number.

• The divergence occurs during iteration.

DIANA provides several convergence criteria.

• Force norm criteria is to check the force norm after the current iteration against the force norm
of the initial unbalances(DIANA (2016)).

• Displacement norm criteria is to check the current iterative displacement increment against
displacement increments in the first prediction. (DIANA (2016)).
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• Energy norm criteria The energy norm consists of both internal forces and relative displace-
ment. The energy ratio is the ratio between the energy norm in the current iteration and the
initial energy norm (DIANA (2016))

The energy norm may be a good choice if the following analysis type is used by:

• The displacement is prescribed in the model which makes the displacement norm less useful.

• The material can expand freely and as a consequence, the material has barely any internal forces
which make the force norm less useful.

DIANA also suggests that two convergence criteria should be used to perform an accurate analysis.
The displacement norm and the force norm are used in this research project since the model is neither
displacement prescribed nor easy to expand.

7.4. Result and Discussion
In this research project, the objective is to understand structure response under the static wind ac-
tion. FEM can yield a significant amount of results. Only the key problem at specific load steps will
be addressed in this section. More results will be shown in Appendix D. This section will start with
investigating load steps-deflection curve. Some critical load steps are of interest to study.

7.4.1. Load steps-Deflection Curve
Load steps-deflection curves obtained in the nonlinear static analysis gives the structural response
with every wind load increment. This load steps-deflection curve is the displacement of a local point
at the windward side at the top of the shell wall. Hence the displacement is a combination of global
displacement and local displacement. The discontinuities in the curve are important as the failure
mechanism of this complex model is unknown. The slope of the curve gives averaged stiffness of the
structure. The load steps-deflection curve shows in Figure 7.3 for these three models.

Several points on the curves marked in the figure are noteworthy. Once the marked points so as
the structural behavior are understood, a further model improvement can be made. Five points are
mentioned and they are marked on Figure 7.3 by capital letters.

• Point A At the first load step. the structure is under the self-weight only.

• Point B The point that the Shell No Transverse Nonlinear Model starts to diverge.

• Point C At this point, a significant deformation occurs.

• Point D The point at which the curve between Beam Nonlinear Model and Shell Nonlinear
Model start to separate from each other.

• Point E The point is the last load step for Shell Nonlinear Mode.

7.4.2. Point A
At load step 1, only self-weight is loaded. Figure 7.4 shows the in-plane meridional stress resultant
distribution over the tower height. The curves show a linear force distribution and the maximum
compressive stress at the base is 9.33MPa. However, local bending is found at the stiffening rings
which causes cracks.

The crack strain distribution on concrete shell wall shows on the left of Figure 7.5. As can be seen,
the crack emerges at the upper cone. The largest crack strain is 0.000095 at 900m where the first
intermediate ring is located. Furthermore, cracks are found in the first top 5 intermediate stiffening
rings from the height of 500m-900m. The cracks all locate at the vertical section of the intermediate
rings (Figure 7.5).



70 7. Material nonlinear analysis

Figure 7.3: Load steps-deflection curve for nonlinear analysis for Shell Nonlinear Model, Beam Nonlinear Model, Shell no Trans-
verse Nonlinear Model



7.4. Result and Discussion 71

Figure 7.4: The meridional stress resultant for shell walls at windward side of the tower of SNM under self-weight

Figure 7.5: The crack strain distribution on the shell wall under self-weight(left); the crack distribution on the stiffening rings
(right up); the deflected shape of stiffening rings under self-weight(right-down) (SNM)
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Figure 7.6: The maximum crack strain at the stiffening rings under self-weight (SNM)

In Chapter 5, it was concluded that the self-weight has a positive effect on preventing overturn-
ing of the tower caused by the wind load. But the mass center line of all stiffening rings located at
outside of the mid-surface of the shell walls with a cantilever of 5m long, and the self-weight of rein-
forced concrete stiffening ring leads to a large bending moment at the ring-wall connection. Figure
7.5 also shows the deformation of intermediate stiffening ring. The deflection is around 0.03m for top
4 intermediate rings.

The maximum crack strain at each stiffening ring is shown Figure 7.6. From 800m-600m, with
the decrease of the tower diameter, the crack increases. It was observed that the largest crack strain
located at 900m both the shell walls and the stiffening rings. The reasons are the following

• The shape and location of the intermediate ring give larger bending moment compared to the
top U-shape ring.

• The wall thickness of 0.25m is the thinnest over the tower.

• The location is rather close to the free end of the tower which has less constraint.

The distribution internal forces over the tower proves the structural behavior linearly. Locally, at up-
per cone, cracks are already initiated in the stiffening rings and the ring-wall connection. Large crack
strain and local failure might occur if the wind load is added. After the wind action is loaded, 900m
might gives large local failure. It can, therefore, be stated that the structure behavior might be im-
proved by eliminating the bending moment caused by self-weight.

In Beam Nonlinear Model, no cracks are found on the stiffening rings. The ring deforms in trans-
verse direction due to the eccentricity. This behavior can be explained by the fact that the structural
response in beam transverse direction is not taken into account in Class III 3D beam element.

7.4.3. Point B
Before analyzing point B, it is of interest to show the crack development from point A to point B in
SNM (Figure 7.7). The load increases from 1D+0.04W to 1D+0.32W. All top six stiffening rings crack
once the load once the wind load is added. As shown in Figure 7.7, only the vertical segment of the
ring cracked at the beginning, while from step 9 with wind load factor of 0.16W the horizontal segment
of stiffening ring starts to crack. At step 11, the second stiffening ring begins to extend the cracks to
the shell walls. The ring at throat height(400m) starts to crack at step 15.

At point B, the structure experienced a discontinuity in SNM and the model failed to converge in
STNM. As can be seen in Figure 7.3, the structure behaves linearly from point A to point B. Starting
from point B, the stiffness of the structure decreases. Figure 7.8 gives the deformed shape of the first
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Figure 7.7: The crack distribution of SNM from load step 3 to 17

Figure 7.8: Principal strain distribution of the intermediate ring (900m) for SNM

intermediate ring from step 16-19 with the first principal stress distribution of SNM. As can be seen,
after step 17, the shape of the ring changed to a larger ovalizing deformation and the stress concen-
trated on the windward side of the ring and 90◦ from the windward side (cross-sides).

Figure 7.9 shows the comparison of the concrete tensile model of the stiffening rings with the
development of the first principal strain until the load step 20 (SNM). At point B, the principal strain
violates the ultimate tensile strain of concrete of stiffening rings (0.001115). With the increasing of the
tensile force, when the concrete tensile stress exceeds the tensile strength, the crack is initiated and the
stress starts to drop. Then the tensile stress keeps dropping due to the gain of crack strain and more
load is transferred to the reinforcement. Between load step 17-18, concrete tensile stress dropped to
zero and moved all tensile forces to reinforce grid, which means the tension stiffening effect vanishes.
For STNM, divergence occurred once the tensile stress of concrete on the stiffening ring dropped to
zero. Tensile force in concrete has no reinforcement to carry in the transverse direction and the force
unbalance causes the divergence of the system.

Last but not least, in Beam Nonlinear Model, the cross-section of the tower experiences one kink
at the windward side of the tower between load steps 17-18. Figure 7.12 gives the deformed shape
from load step 16-23. The kink is marked in the red circle on the tower at load step 18. Same as Shell
Nonlinear Model, this is due to part of structure material violates the ultimate strain of the stiffening
rings (0.001115).
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Figure 7.9: The comparison between concrete cracking model of the stiffening rings with maximum crack growth until load
step 20 for SNM

7.4.4. Point C
At load step 18, the material in tension violates the concrete ultimate strain of the stiffening rings.
At point C, with wind load factor of 0.4, structural sections in tension has violated the ultimate crack
strain of concrete of shell wall (0.00177). A curve discontinuity is found between load steps 20 to 21
with a large displacement and a decreased stiffness. Figure 7.10 shows the comparison of the con-
crete tensile models and the development of the principal strain until load step 23. The principal
strain increases suddenly two times larger than that of load step 21. It is because the reinforcement is
elongated by the tensile force once the concrete has lost all tensile bearing capacity.

Figure 7.11 gives the crack distribution over the whole tower from load steps 19 to 22 and the top
view of deformed top rings with the strain distribution. The cross-section of the cone changes to non-
ellipsoid shape. The shape of the wind-ward side of the tower is flattened and the two cross-sides
is under large bending. Three kinks appear at the cross-section of the cone. They located on the
windward side of the tower and two cross-sides. Instead of a smooth stress distribution, at load step
21, the large strains concentrate at three kinks.

Similar to Shell Nonlinear Model (SNM), a large deformation occurred at load step 20 for Beam
Nonlinear Model(BNM) whose maximum strain exceeds the ultimate tensile strain of concrete shell
wall. While, instead of three kinks in SNM, BNM has four kinks at the upper cone. Except for the kink
at windward side occurred at load step 18(7.12), three other kinks occur at load step 20.

7.4.5. Point D
Point D is neither a specific discontinuity nor a divergence. However, around point D, the load steps-
deflection curve for BNM starts to separate from the curve of SNM. For SNM, horizontal cracks on
the rings violate the ultimate tensile strain results in a zero tensile stress and then the transverse re-
inforcement is taken over. For BNM, beam elements in all stiffening rings do not take transverse di-
rection into consideration as well as the transverse reinforcement. The beam theory only considers
stress and strain in the beam axis. The cross-section of the beam remains planer but not necessarily
perpendicular to the deformed beam axis. It gives a certain constraint on mechanical properties in
the transverse direction. It is of interest to know the degree of constraints in the transverse direction
is given by beam theory.

The STNM and BNM have only the longitudinal reinforcement modeled in the stiffening rings.
The only difference is that the stiffening ring is modeled by curved shell elements in STNM and it is
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Figure 7.10: The comparison between concrete cracking model of stiffening ring with maximum crack growth until load step 23
for SNM

Figure 7.11: The crack distribution of SNW of step 19 (1st ), step 20 (2nd ), step 21 (3r d ), step 22 (4th ) and their deformed shape
of the top stiffening ring
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Figure 7.12: The deformation of Beam Nonlinear Model from load step 16 to 23 with normalized deformation

beam elements in BNM. The STNM divergences at early load step 17 while, BNM divergences at load
steps 48. It can be concluded that with no transverse reinforcement, the beam element gives a more
stiff behavior than the shell element due to the theoretical constraint.

SNM has a transverse reinforcement ratio of 1% on the stiffening rings. Thus by adding the rein-
forcement, a certain stiffness is defined. The curve shows that after the discontinuity, the model BNM
has less stiff behavior than SNM. It means that the given certain stiffness in SNM is higher than the
theoretical constraint of beam elements. If the nonlinear analysis is modeled by BNM, the structural
response will be underestimated. With the increase of the reinforcement ratio, the SNM is able to give
an increasing structure stiffness which will not occur if BNM is used. The SNM should be adopted in
the further research project instead of BNM.

7.4.6. Point E
Only Shell Nonlinear Model converged at the last load step. The deflection, the crack distribution,
the stress resultant and the reinforcement stress distribution will be shown in this section. As can be
seen fr om the load steps-deflection curve of SNM, the structure behaves non-linearly. At last two
load steps, the structure gives very large deformations and their stiffness decreases near to zero. It
means a structural failure occur at the last load step. The curve reached a plateau. A more detailed
investigation is given in the following.

Deflection
The deflection and deformation help with visualizing the failure mechanism of the structure and

its critical areas. A comparable study is made between Linear Detailed Model and Shell Nonlinear
Model. The deformed shape with the windward displacement contour plot shows in Figure 7.13 for
both LDM and SNM. For SNM, the upper cone is entirely distorted. The greatest deformation is posi-
tioned at the shell walls just below the top ring with the magnitude of 9.4m because the top shell wall
is under the biggest wind load and has the thinnest wall thickness. The ring is deformed out of the wall
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Figure 7.13: deformed shape for SNM and DLM with factor of 10 and the contour plot is the displacement in windward direction

considerably. For DLM, the upper cone remains almost circular without large ovalization or kinks.
Figure 7.14 gives the global deformation(left) over the height of the tower for both SNM and DLM

as well as the picked location(right). Their maximum global displacement at the top of the tower is
1.14m and 0.636 for SNM and DLM respectively which gives an 82% difference. In DLM, the nonlinear
material properties gives a weaker structural response. The displacement of two models at lower 400m
for SNM and DLM are overlapped. However, starting from the throat height, the SNM deforms more
and more. We can say that the lower part of the tower is still in the linear region, while the non-linearity
of the upper cone is fully activated. The throat height at which DLM and SLM start to separate in the
Global displacement curve can be viewed as a kink in the vertical direction. The eccentricity of the
stiffening rings results in a protrusion on every ring location in SNM. At beginning, the 5m cantilever
of the stiffening rings causes a downward deformation of the ring under its self-weight. With the
increasing wind load, this deformation becomes larger until the whole ring is pushed out of the wall.
For DLM, the displacement is a smooth curve, which indicates the stiffening rings deform following
the adjacent concrete wall without being pushed out of the wall.

Figure 7.15 shows the local displacement of the tower for both SNM and DLM. The location at
which experiences the largest displacement shows on the right-hand-side of the figure. Unlike the
global displacement with only 83% increment, the SNM is ten times larger than the DLM in local
deformation. Large protrusions are discovered in SNM with the length of 2.6m located at the first
intermediate ring(900m), which is also the most critical location when the tower is under the self-
weight only. From 900m, the protrusion length decreases with decreasing tower height. There are
no significant differences between local and global behavior for DLM. In the nonlinear analysis, the
structure might present a minute global deformation with massive local failure.

Crack strain
The crack strains are calculated automatically by DIANA. For the total strain rotatind crack models,

the crack strain εcr is defined as
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Figure 7.14: Global displacement of Shell Nonlinear Model and Detailed Linear Model at last load step(1D+1W)

Figure 7.15: Local displacement of SNM and DLM at the last load step(1D+1W)
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εcr = εnst − σ

E
(7.1)

Where
n, s, t crack strain in I II III crack modes
σ material stress
E Young’s modulus of the material

Once the crack strain is known, the crack width can be calculated. According to EN 1992-1-1,
the serviceability limit state design gives the requirement for crack control. The Eurocode provides
allowable maximum crack width for the reinforced concrete structure with the magnitude of 0.4mm.
Depending on the environment of chosen location, the maximum crack strain might decreases to
0.2mm. To calculate the crack width, the maximum crack spacing should be known. In the situation
where bonded reinforcement is applied, the maximum crack spacing is calculated by the following
expression according to NEN-EN 1992-1-1:

Sr,max = k3c +k1k2k4φ/ρp,e f f (7.2)

Where

φ bar diameter. VGB guidelines recommend a bar diameter of 8mm.
c cover of the longitudinal reinforcement

k1 takes account the bond properties for the bonded reinforcement (0.8 for high bond bars)
k2 takes account of the distribution of strain (0.5 for bending; 1.0 for pure tension)

k3 and k4 the recommended value is 3.4 and 0.425 respectively.

For this research, the concrete cover is assumed to be 40mm, and the calculation of concrete cover
can be found in Appendix B. The reinforcement is bonded to the concrete. It is assumed that the shell
walls are under bending. The maximum crack spacing according to the equations above would be
476mm. The maximum crack width can be calculated by multiplying crack spacing with the crack
strain. If the maximum allowable crack width is 0.4mm, the maximum crack strain would be 0.0008.

Figure 7.16 (lower five plots) shows the crack strain distribution. These five plots show the crack
distributions on the five layers in the thickness direction. The upper part of concrete shell wall is filled
with crack, both at the windward side, the leeward side and two cross-sides. The distributions of crack
strain that exceeds the maximum allowable value (0.0008) are shown in Figure 7.16 (top five plots).
Those layers were located at different depths of the shell walls, while every layer is heavily cracked at
the top seven stiffening rings. Even though there is a large area of cracking generated at the upper
shell wall, only two non-allowable cracks vertically go through the first three segments of the concrete
wall.

The maximum crack strain is 0.059 located at the two cross sides of the second stiffening ring
(900m) and by multiplying the crack spacing, the crack width is 17mm. This indicates a complete
failure of the stiffening rings where the concrete cracking and the steel yielding occurred. The areas
that have the largest crack strain are marked in Figure 7.16 with the black circle.

Concrete in compression
The concrete functionality in an RC structure is to carry the compressive force. It is not a desirable

structural design if the material failed in compression because concrete is rather brittle. Visualizing
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Figure 7.16: Crack strain distribution that exceeds the maximum allowable value for the 5 layer from inner to outer (top) Crack
strain distribution for 5 layers from inner to outer of SNM(bottom)
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Figure 7.17: Concrete stress-strain curve at a critical point(left); the strain distribution in the circumferential direction(right)

the structure in compression can find if there is a brittle failure in the structure. In this research, the
lateral cracking and the lateral confinement effect will be taken into account (see Chapter 6). The
large area of lateral cracking distributed over the upper cone might decrease the compressive strength
of the concrete. Furthermore, due to the self-weight, the circular hollow cross-section of the tower
provides the lateral constraint, which gives a higher compressive strength and ductility.

According to the formula of Thorenfeldt described in Chapter 6, without considering multi-directional
stress state and lateral cracking, the maximum compressive stress is 58MPa. The strain at peak stress is
-0.0021. After adding the effects of lateral confinement and lateral cracking, both values might change
and they depend on the loading condition at every node. A point having the largest compressive strain
is chosen for a stress-strain plot (Figure 7.17). The location of this point is marked at the figure in the
right-hand-side with a red circle. As shown in the curve, the point has a relatively high stiffness until
the peak value. The peak value reached at the load step 48 and then the sudden drop on the stress
occurs in last two load steps. It shows a brittle concrete behavior. The figure at right-hand-side shows
the strain distribution of SNM in the circumferential direction. As can be seen, the stress is not uni-
formly distributed over the whole tower. A high strain concentrates at the kinks. By comparing the
concrete cracking and concrete crushing, the location where for concrete crushing is also the places
gives the largest concrete cracking at the top cone. Figure 7.18 indicates the region of the concrete
crushing. In the circumferential direction, the wind load pushes the circular shape of the tower into
ovaling and then the thin shell failed by the out of plane bending, which causes the crushing in the
circumferential direction. In meridional direction, the crushing is mainly caused by the wind action
which gives a large deformation of the stiffening rings. The ring is pushed out of the shell walls that
leading to a large bending moment at the connection.

In conclusion, the concrete crushing did not occur over the whole structure but mainly concen-
trates at the connection between the shell walls and the stiffening rings. The crushing is not caused
by pure concrete in compression but by bending mechanism, which means the shell walls have large
cracks on one side of the shell and concrete crushing on the other side.

Stress resultant It is hard to avoid tensile force in the circumferential direction due to the oval-
ization deformation. However, investigating the differences in stress resultant in meridional direction
gives the potential on structural optimization since its distribution and magnitude is sensitive to the
design of the stiffening rings.

Figure 7.19 shows the meridional stress resultant at the windward side for DLM and SNM. The
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Figure 7.18: The distribution of concrete crushing in the circumferential direction(left) and the meridional direction(right) for
SNM at 1D+1W

Figure 7.19: N22 stress resultant distribution over height for Shell Nonlinear Model and Detailed Linear Model at 1D+1W
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Figure 7.20: Tensile stress distribution in the meridional direction for Beam Nonlinear Model(left) Shell Nonlinear
Model(middle) and Linear Model(right)

stress resultant is under compression in DLM. With adding nonlinear material properties, the vulner-
ability of the tower to wind action was found to be much higher. Due to the bending moment acting at
the connection between the shell walls and stiffening rings, the curve for SNM has a distorted shape
and large force variation. In SNM, at the windward side of the tower from 300-500m, the shell walls
are under direct tension. The large differences between linear and nonlinear analysis reveal that the
structure is relatively weak and material non-linearity arises in a high degree.

Figure 7.20 refers to the tensile meridional stress resultant distribution for BNM, SNM and DLM.
For the stiffening ring modeling, since the beam element has a weaker stiffness in the transverse di-
rection compared to the curved shell element who has the transverse reinforcement ratio of 1%, a long
and large area of concrete shell wall is under direct tension in BNM compared to SNM.

In SNM, the tensile resultant mainly located at top six stiffening rings and throat height. The area
that under direction tension at throat height is smaller than that of BNM. Large tensile forces also
concentrated on stiffening ring due to the ovalization deformation failure of the upper cone. Only
small amount of tensile resultant located at stiffening ring in SLM. No tensile resultant is observed at
the shell walls.

Figure 7.21 presents the circumferential distribution of the meridional stress resultant on the shell
wall at the height (390m). A tension zone is observed on the windward side and large compressive
forces at about two cross sides. In a perfect beam-like behavior, the meridional force in the circumfer-
ential direction should be a straight line, and it will be tension on the windward side and compression
on the leeward side in this case. As can be seen the curve for SNM, the stress distribution is neither
smooth nor linear and with the high peaks in tension zone and the low ebbs for the compression zone
for SNM. The DLM shows a much linear-like forces distribution.

The structural design with 1% reinforcement ratio for the stiffening rings and averaged 0.35% of
reinforcement ratio for the shell walls are not sufficient to avoid tensile stress on the shell walls. The
stiffness of the stiffening rings should be increased by adding more reinforcement.

7.4.7. Reinforcement
From the previous analysis, given cracking and crushing of the concrete, the reinforcement yield-

ing occurs in the structure. Figure 7.22 present the yielding reinforcement distribution in the circum-
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Figure 7.21: N22 in the circumferential direction at throat height for Shell nonlinear Model and Beam Nonlinear Model

ferential direction and the meridional direction.
The yielding of the reinforcement is mainly located at the ring-wall connection. The stiffening ring

has a larger thickness(0.8m) and a higher reinforcement ratio(1%), and thus few yielding of reinforce-
ment is found at the rings. Most of the cases, the area of the yielding of reinforcement is the shell walls
who has a thinner thickness and low reinforcement ratio.

7.5. Conclusions
Different from most of the analytical models, by analyzing a relatively weak structure, the possible
structural failure mechanism can be shown. The reinforcement can be added only to the problem
area instead of the whole tower once the problem area is known. Some conclusions are described,

• Due to the lack of the transverse direction degree of freedom, the beam element is not sufficient
for nonlinear material analysis.

• The initial crack caused by the self-weight gives the adverse effect on structural behavior, par-
ticularly for the shell walls.

• The significant deformation of the stiffening rings provide an enormous amount of concrete
crushing and reinforcement yielding.

• Locally, the cross-section of the cone experience three kinks in Shell Nonlinear Model. Globally,
a kink is located at the throat height.

For the current model with the 1% reinforcement ratio, the large concrete cracking and crushing oc-
cur due to out of plane bending at the upper cone. It can be concluded that the proposed model
does not have enough stiffness and strength to resisting static wind load. In the next chapter, some
improvements are adopted to optimize the structural behavior.
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Figure 7.22: Yielding reinforcement distribution in the meridional direction(left) and the circumferential direction(right)





8
Model Optimisation

From the conclusion of Chapter 7 it was known that the structure could be optimized by increasing the
reinforcement ratio and minimizing the eccentricity of the stiffening rings. This chapter makes a few
attempts, firstly by increasing the reinforcement ratio of stiffening rings and secondly by moving the
stiffening rings so that the eccentricity of rings vanish. Eventually these two attempts are combined
to improve the structural response.

8.1. The structural model with increasing reinforcement ratios
This section deals with the influence of the reinforcement ratio of the stiffening ring on the structural
behavior. The nonlinear analysis model setup was already mentioned in detail in the previous chapter.
Each model presented in this section is based on the Shell Nonlinear Model with modification on the
reinforcement ratio. Three models are considered, their definitions are shown below:

• 1% Nonlinear Model(1%NM) This model is identical to Shell Nonlinear Model while a new
name is used to highlight the usage of the reinforcement ratio.

• 2% Nonlinear Model(2%NM) Based on the 1% Nonlinear Model, this model has increased the
reinforcement ratio of the 10 stiffening rings to 2% in both directions.

• 3% Nonlinear Model(3%NM) Same as the 2% Nonlinear Model, the reinforcement ratio of the
stiffening rings has increased to 3% in both directions.

8.1.1. Model setup
It was known from Chapter 5 that an increase of the reinforcement ratio decreases the effect of tension
stiffening of reinforced concrete. Before the tension stiffening effect can be added in FEM, the tension
stiffening diagram needs to be calculated and finally integrated in order to get the ultimate strain.
Table 8.1 gives the calculated ultimate strain with different reinforcement ratios.

Table 8.1: The calculated ultimate strain with different reinforcement ratios

Model Reinforcement Ratio Ultimate limit strain
1% Nonlinear Model 1% 0.00115
2% Nonlinear Model 2% 0.00043
3% Nonlinear Model 3% 0.00021

87
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Figure 8.1: The load steps-deflection curve for model 1%NM, 2%NM, 3%NM

8.1.2. Load steps-deflection curve

The load steps-deflection curve (Figure8.1) provides the direct visualization on the structural response.
In the beginning, the three models generate an identical slope and from this it can be concluded that
an increase of the reinforcement ratio has few influence on the overall stiffness of the structure in the
early elastic stage. However, it does have influence when the structure steps into the nonlinear stage.
As can be seen in the Figure 8.1, just after the elastic stage, all models experienced a discontinuity but
at different load levels. The discontinuity occurs earlier for the model with a higher reinforcement
ratio. The model with 1% reinforcement ratio gives the discontinuities at the load step 21, while it
occurs at load step 16 and 12 for the models with reinforcement ratio of 2% and 3% respectively. The
load level at which discontinuity occurred is related to the tension stiffening behavior of the stiffening
rings. The low tension stiffening effect yield a early failure mechanism in 3NM.

All discontinuities are characterized by a sudden large displacement. 3%NM gives the smallest
displacement among all three models. It depends on the reinforcement ratio on the rings. At the
same loading level, the greater amount of reinforcement yields lower strain which gives smaller dis-
placement. It also depends on the loading stage. The discontinuity occurs at a lower loading level for
3%NM. 1%NM gives the largest displacement at load step 21 with the lowest amount of reinforcement
and largest loading level.

After the discontinuity, all models show a lower structural stiffness but the stiffness of the structure
increases with the growth of the reinforcement ratio. 1%NM experienced structural failure who gives
almost zero stiffness at the last few load steps. Compared to 1%NM, 2%NM had a large increase in the
stiffness and a large decrease on the displacement, while there is less progress both on the stiffness
and the displacement when the reinforcement ratio increase from 2% to 3%.
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Table 8.2: The reinforcement ratio and ultimate strain of different models

Model A1 A2 A3 B1 B2
Reinforcement ratio 2% 2% 2% 3% 3%
Ultimate strain 0.001 0.0065 0.004 0.001 0.0002

Figure 8.2: The load steps-displacement curve for A1, A2, A3 (left); The load steps-displacement curve for B1, B2 (right).

8.1.3. Influence of ultimate strain
Concrete cracking behavior plays a significant role in structural performance because it is related to
the reinforcement activation and the stress redistribution. The last section has shown that the ulti-
mate strain changes the load level at which the discontinuity occur. The experimental result builds
the tension stiffening model, and it should be noticed that when the reinforcement ratio is high, the
experimental results on the tension stiffening become scattered. It is of interest to understand the in-
fluence of the tension stiffening on the structural response. In this section, for the same reinforcement
ratio, the models have increasing tension stiffening effect achieved by altering the ultimate strain. Two
groups of models are listed in table 8.2.

Models who has same reinforcement ratio with increasing ultimate strain are compared in Figure
8.2. The left-hand side figure gives the comparison with models which have the reinforcement ratio
of 2% and the 3% models are being depicted at the right-hand side. The three curves give the same
slope at the beginning while the discontinuity occurred at a lower load stage for concrete with a lower
ultimate strain. Moreover, the paths of the curves after the discontinuity are much similar compared
to the curves in Figure 8.1 whose models have different reinforcement ratios.

Just after the discontinuity, the three curves are rather distant from each other. The model with the
lowest ultimate strain (A3) gives the greatest displacement. With the increase of the loading, the three
curves are starting to come closer to each other. There are no large differences on displacement at the
last few load steps. The large separation and the following tightening of the gap between the curves
can be explained as follows: 1) tension stiffening is the bonding behavior between the concrete and
the reinforcement and this effect gives larger contribution when the tensile stress stays low. 2) after
concrete exceeds the ultimate strength, with the increase of the strain, the contribution of tension
stiffening decreases. 3) When steel is under high tensile stress, the structural response depends more
on reinforcement ratio instead of concrete brittle tensile behavior. The similar tendency is found for
model B1 and B2. Their differences on the displacement at the last load step are around 10%. To
summarize, the influence of ultimate strain on the structure is high at low loading level and becomes
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Figure 8.3: The load steps-displacement curve for model 1%NM(red), A1(blue), B1(purple)

lower at high loading level. The reinforcement plays a significant role in structural behavior after
structural non-linearity rises.

Different reinforcement ratios used in the model might also relate to the discontinuity loading
level. A comparison of models having a constant ultimate strain with increasing reinforcement ratio is
displayed in Figure 8.3. With the same ultimate strain, the discontinuity occurred at a higher loading
stage with the increase of the reinforcement ratio. It is because the higher amount of reinforcement
also contributes to postponing the concrete cracking and reduces the cracking developing speed by
the slower tensile strain development.

8.1.4. Maximum principal strain
Figure 8.4 gives the development of the maximum principal strain. Some discontinuities can also be
found in the principal strain curves. All models occurred all at a similar strain region but at different
load steps. These discontinuities cross the ultimate tensile strain of the shell wall. The speed of growth
of the maximum principal strain depends on the reinforcement ratio in the structure. 1%NM has the
fastest growth compared to other models and at the end few load steps. The fast strain development
indicates that the reinforcement is yielding at the critical area. The cracks open without any incre-
ment on load bearing capacity. The model with 2% and 3% reinforcement ratio gives better structural
performance. The strain growth is stable even until the last few load steps.

8.1.5. Deformation
This section gives the deformed shape of 1%NM, 2%NM and 3%NM. Figure 8.5 is the top view of the
deformed shape of the three models. The deformed shapes of 3%NM and 2%NM is rather similar but
2%NM gives a larger deformation on the cross-section than 3%NM. All models have their largest dis-
placements at the windward side at top of the cone with magnitude 9.43m, 2.96m, 2.19m for 1%NM,
2%NM, 3%NM respectively. For 1%NM, the cross section of the top cone has a large distorted defor-
mation while 2%NM and 3%NM give smooth ellipsoid cross-sections without any kinks or disconti-
nuities on their shape.
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Figure 8.4: The maximum tensile principal strain development at inner shell layer for model 1% Nonlinear Model, 2% Nonlinear
Model, 3% Nonlinear Model

Figure 8.5: The deformed shape for 3%NM(left), 2%NM(middle), 1$NM(right)
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Figure 8.6: the global displacement in the windward direction over height (1D+1W) for model 1% Nonlinear Model, 2%Non-
linear Model, 3%Nonlinear Model (left),The local displacement in the windward direction over height (1D+1W) for model 1%
Nonlinear Model, 2% Nonlinear Model, 3% Nonlinear Model(right)

Now concerning the displacement over the height of the tower, the global displacement(left) and
local displacement(right) for the three models will be compared with the Detailed Linear Model at
the last load step in Figure 8.6. For the global response, large displacement over height is present
in 1%NM. The curves for 2%NM and 3%NM coincide with the curve of the Detailed Linear Model.
When the model increases its reinforcement ratio to 2%, the structure behaves linearly. Given the
bending moment caused by the eccentricity of the stiffening rings and the large horizontal wind load
at the top, large protrusions starts to appear in 1%NM. A sharp decrease in protrusion size is found
for model 2%NM and 3%NM. Furthermore, in the displacement over height, there is one kink found
at 1% NM at the throat height. Even though the geometrical matching was done between the lower
hyperbolic structure and the upper cone, this geometrical connection will still be a critical area for
structural bearing of the wind load. Thanks to the high amount of reinforcement ratio, there is no kink
found for 2%NM and 3%NM.

For the local displacement the curves for all three models do not coincide. The displacement and
the size of the protrusions decreases with the increase of the reinforcement ratio. The largest displace-
ment of 2%NM model is one-third of that of 1%NM. All models have protrusions on the location of the
stiffening rings. There are no huge differences in the size of the protrusions between model 2%NM and
3%NM. The displacement of 3%NM is twice the displacement of DLM. This can be explained in the
following. For DLM, the bending moment due to the eccentricity of the stiffening rings only gives a
deformation and a certain stress without decreasing the material stiffness. On the contrary, the con-
crete crack decrease the material stiffness and gives a larger deformation. The local displacement
results reveal that 2%NM and 3%NM give a linear global displacement but a large local displacement
is observed due to ovalization.

8.1.6. Crack strain distribution
Figure 8.7 gives the crack strain distribution over the whole tower at the extreme inner and outer layer
of the shell thickness where the maximum cracks are expected to occur at the last load step. As can
be seen, with the increasing reinforcement ratio, the crack distribution on the shell walls decreased
dramatically. For 1%NM, the cracks are found over the whole shell wall at the top 600m. For 2%NM,
cracks are found at the top 300m at the windward side and the two cross sides due to the ovalization
deformation and no crack is found at leeward side. The stiffening rings divided the shell wall into
segments. With the reinforcement ratio increasing from 1% to 2%, the maximum crack strain has de-
creased from 0.059 to 0.011. For 3%NM, the shell walls cracked along the first 100m. The maximum
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Figure 8.7: The crack strain distribution of the model 1% Nonlinear Model; 2% Nonlinear Model; 3% Nonlinear Model

Figure 8.8: The crack strain distribution exceeds the allowable value of the model 1% Nonlinear Model; 2% Nonlinear Model;
3% Nonlinear Model

crack strain is half of that corresponding to 2%NM. The stiffness of the stiffening rings is higher which
gives the boundary conditions of each segment a stiffer constraint. The stiffness constraints the de-
formation of the shell walls and ultimately hinder the ultimate strain development. Even though there
is a significant decrease in the crack distribution on the shell walls with increase of the reinforcement,
the top eight stiffening rings cracked for all models.

Figure 8.8 gives the crack distribution that exceeds the maximum allowable crack width according
to Eurocode at the last load step. Except for 1%NM, all other models have non-allowable cracks located
only at the stiffening rings. However, even the shell walls are within the allowable range, the crack
control on the stiffening rings should be done since all top seven rings have non-allowable cracks
distributed over the whole perimeter. The crack of shell wall segment depends on the stiffness of the
constraint by the rings. Note that the crack near the stiffening ring is caused not only by ovalization
deformation of the cone shape but also due to the eccentricity of the stiffening ring.

8.1.7. Compression
As mentioned before, the concrete crushing should be avoided in the structure design. If it occurs, a
higher concrete class should be used instead of C50/60 or more reinforcement should be added. In the
circumferential direction, there is no concrete crushing for 2%NM and 3%NM while all models expe-
rienced concrete crushing in meridional direction. Figure 8.9 gives the concrete crushing distribution
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Figure 8.9: The crushed concrete distribution of the tower for 1% Nonlinear Model, 2% Nonlinear Model, 3% Nonlinear Model

in the meridional direction at the last load steps. The large wind load with the additional eccentricity
of the rings causes large deformations of the ring which ultimately leads to the concrete crushing. As
can be seen, the distribution of the concrete crushing reduced with the increase of the reinforcement
ratio, and thus for the maximum compressive strain. The higher reinforcement ratio on the rings gives
a greater stiffness and eventually leads to less concrete crushing on the shell walls even if all models
have the identical reinforcement ratio setting at the shell walls. For all models, the concrete crushed
at the shell walls but not at the rings because the ring is much stiffer and heavier reinforced than the
wall.

8.1.8. Reinforcement
Figure 8.10 gives the yielding of the reinforcement distribution in the meridional direction and the
circumferential direction. There is a significant reduction of reinforcement yielding with the increase
of the reinforcement ratio. Almost no reinforcement yielding is found in 2%NM in the circumferential
direction. No reinforcement is yielding at the circumferential direction for 3%NM. Despite increasing
the reinforcement ratio till 3%, the reinforcement still yielded in meridional direction at the top three
stiffening rings. Since the minimum reinforcement ratio is added to the shell walls, more reinforce-
ment can be embedded in the shell walls near the wall-ring connections.

8.1.9. Stress-resultant
Figure 8.12 shows the tensile stress resultant in meridional direction. As can be seen, the tensile stress
resultants in the shell walls are mainly concentrated at the throat height. The wind load tends to lift
up the tower from the windward side. Because the shape of the top cone is more flexible than the
shape of the hyperbola, their connection can be seen as a boundary constraint of the top cone. The
large distributed wind load induced a large bending moment at the constraint of the top cone, a large
tension force at windward side and a compression force at leeward side. The area under tension at
throat height decreases with increased reinforcement ratio. When the ratio rose to 3%, the whole
structural shell wall is under compression in meridional direction.

8.2. Recentered Model
The previous section gives the structural optimization by adding the reinforcement ratio on the rings
until the maximum allowable value (3%) for C50/60. There are significant improvements on defor-
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Figure 8.10: The yielding reinforcement distribution in the meridional direction of the model 1% Nonlinear Model, 2% Nonlin-
ear Model, 3% Nonlinear Model

Figure 8.11: The yielding reinforcement distribution in circumferential direction of the model 1% Nonlinear Model, 2% Nonlin-
ear Model, 3% Nonlinear Model
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Figure 8.12: The tensile stress resultant in the meridional direction distribution 1% Nonlinear Model, 2% Nonlinear Model, 3%
Nonlinear Model

Figure 8.13: The configuration of the ring-wall connection for the Shell Nonlinear Model and Recentered Nonlinear Model
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Figure 8.14: Load steps-deflection curve for Recentered model and Shell Nonlinear Model

mation, crack distribution, concrete crushing and reinforcement yielding with the increase of rein-
forcement ratio. Particularly, a significant increase is found between 1%NM and 2%NM. The concrete
crushing and reinforcement yielding still exist for model 2%NM and 3%NM, all located around the
stiffening rings. One of the main reasons is the eccentricity of the rings which gives a large deforma-
tion at the ring-wall connection. It would be very costly if more reinforcement is added to the shell
walls or if the concrete class is replaced by a higher class.

A simple way is to recenter the stiffening ring and diminish the eccentricity. Two models were built
and all their stiffening rings mass centers are located at the mid-surface of the shell walls. One model
has a reinforcement ratio of 1% on the rings in two directions, named the 1% recentered Nonlinear
Model(1%RNM) and the other has a reinforcement ratio of 2% on the stiffening rings in two directions
named the 2% Recentered Nonlinear Model(2%RNM). Figure 8.13 gives the configuration of the ring-
wall connection of the recentered model and the original model. The nonlinear result will be shown.
Except for differences in the geometry of the stiffening rings, the complete model setup is identical to
1%NM for 1%RNM and identical to 2%NM for 2%RNM.

8.2.1. Load steps-displacement curve
Figure 8.15 gives the load step-deflection curve of the two recentered models together with the 2%
Nonlinear Model and the 1% Nonlinear Model. This load steps-deflection curve is the displacement
of a local point at the windward side at the top of the shell walls. Hence the displacement is a combi-
nation of global displacement and local displacement. As can be seen, 2%RNM gives the best perfor-
mance compared to the three other models. 2%RNM performed almost a linear behavior throughout
the complete loading process without any discontinuity. 1%RNM, 1%NM and 2%NM all give a ge-
ometrical discontinuity at a certain load step and the stiffness of the structure decreased after the
discontinuity. Three kinks are observed at the top cone cross section for these three models.

1%RNM and 1%NM are now being compared. The two curves both develop linearly at the be-
ginning. However the discontinuity occurred much later for the recentered model,Load step 29, com-
pared to load step 20 for 1%NM. Due to the high loading level, a larger displacement at the point of dis-
continuity is obtained for 1%RNM. Even though two models have the same amount of reinforcement,
the structural stiffness of 1%RNM is higher than that of 1%NM after the discontinuity. Consequently,
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Figure 8.15: The crack initiation of 1% Recentered Nonlinear Model from load step 10 to 20.

1%NM leads to structural failure but 1%RNM did not. For 2%RNM it is observed that the structure
is strong enough that the discontinuity did not occur until the last load steps and the structure still
performed almost linearly.

8.2.2. Maximum principal strain
It was known, due to the eccentricity of the rings, that 1%NM model experiences crack both at the shell
walls and the stiffening rings under self-weight. No crack is observed in 1%RNM until load step 10 with
load factor 1.0D+0.18W. Figure 8.15 gives the crack developing pattern of the 1% Recentered Nonlinear
Model. Without eccentricity the crack developing pattern is different from the original design model.
Unlike the 1% Nonlinear Model whose crack starts from the whole perimeter of the stiffening rings and
the shell walls, the crack starts from windward side first, following the two cross sides and ultimately
the leeward side. The crack is not distributed over the whole perimeter for the recentered model. For
the 2% Recentered Nonlinear Model, the crack development shows a similar pattern as 1%RNM but
with a slower developing speed. Crack initiation starts at load step 10 indicating a slow development
of tensile strain. This can explain why the kink occurs at a higher loading level for 1%RNM than that
for 1%NM.

Figure 8.16 gives the maximum principal strain development until the last load step. The curves
have certain similarities compared to load-step deflection curve: 1) The discontinuities are also ob-
served in the maximum principal strain development curve. 2) There is an increase in crack develop-
ment after the discontinuities. At the discontinuities for 1%NM, 2%NM and 1%RNM, the maximum
principal strain crosses the ultimate tensile strain of the shell walls. However, it should be mentioned
that for 2%RNM, the curve development shows a small discontinuity which is not the case in the load-
step displacement curve. This discontinuity located at the maximum principal strain exceeds the
ultimate strain of the shell walls. From the continuous load-step displacement curve it can be seen
that this jump in maximum principal strain did not lead to a large deformation of the structure. The
stiffening rings are still able to keep the original cross-section of the structure without kinks.

For the model with same reinforcement ratios, their maximum principal strain development pat-
tern after it exceeds the ultimate strain is rather similar. However, the load-step displacement curves
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Figure 8.16: Principal strain development for 1%RNM, 2%RNM, 1%NM, 2%NM

after the discontinuity are very different between model 2%NM and 2%RNM. The structural behavior
highly depends on whether the failure mechanism occurs. Once three kinks occur at the top cone, the
stiffness of the structure will be decreased significantly.

8.2.3. Deformation at the last load step
Figure 8.17 gives the deformed shape of 1%RNM and 2%RNM, combined with their displacement
distribution in windward direction. As can be noticed, the maximum displacement of 1%RNM and
2%RNM are around 3m and 1m respectively. According to the Code of Practice for Structural use
of Concrete Departement (2013), the maximum allowable displacement at the top of the structure
is 1/500th of the height, which is 2m for the SUT. 2%NM satisfied the displacement requirement in
serviceability limit state. 1%RNM shows a larger deformed ovalization compared to 2%RNM. The
maximum displacement of 1%RNM is 3.2m which is one third of the model 1%RNM. A three times
improvement is obtained by re-centering the stiffening rings without adding more reinforcement ra-
tio. 2%RNM shows an almost perfect circular cross-section

Figure 8.18 gives the global displacement of the recentered models over the whole height and these
curves will be compared with DLM, 1%NM and 2%NM. Except for 1%NM model, all other curves over-
lap with DLM. With 1% reinforcement ratio on the stiffening rings, the recentered model shows a linear
global behavior. However, even though the reinforcement ratio has increased to 2%, no reduction on
global displacement is found.

Figure 8.19 gives the local displacement of the recentered models. 1%RNM gives similar displace-
ment as 2%NM. Note that although 2%RNM gives better local displacement than DLM, the global
displacement has no significant improvement. The deformation of the cross-section at the top cone
of 2%RNM is expected to deform less than DLM. However, even though 2%RNM has reduced dis-
placement, the diminutive protrusions are still found. These protrusions are induced by the wind
load pushing the wall inward of the tower and the wall being more flexible than the heavily reinforced
stiffening ring. The protrusions can be minimized by increasing the reinforcement ratio at the shell
walls near the ring. Figure 8.19 also shows with the same amount of reinforcement, the maximum
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Figure 8.17: Topview of 1%RNM(left) and 2%RNM(right) at the last load step (1D+1W)

Figure 8.18: The global displacement of in the windward direction 1%RNM, 2%RNM, 1%NM, 2%NM, DLM at the last load
step(1D+1W)
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Figure 8.19: The local displacement of 1%RNM, 2%RNM, 1%NM, 2%NM, DLM at the last load step(1D+1W)

displacement of 1%RNM is one-third of 1%NM.

8.2.4. Crack distribution at the discontinuity
Although 2%RNM did not give a structural discontinuity, it still shows a slight jump on maximum
principal strain development when the model crosses the ultimate strain. For 2%RNM, this jump will
be compared with 1%RNM which also experience the jump but also with a failure mechanism on the
cross section. Figure 8.20 shows the deformed shape of 1%RNM and 2%RNM before and after the
jump. Three kinks are observed after the discontinuity for 1%RNM. The windward side of the shell
walls are pushed into the tower and has been flattened. The two cross-sides were pushed outward.
These three sides show large strain concentrations. Before the jump, the strain concentrated at the
windward and leeward side with a smooth pattern, after the jump, the strain concentrated both at the
windward, the leeward, and the two cross sides. 2%RNM shows a much smaller deformation after
the jump than for 1%RNM. The deformed shape stays the same before the jump without the strain
concentration at the two cross sides. The shape remains circular. For 2%RNM, the maximum strain
is concentrated on the windward side and leeward side before the tower cross the maximum ultimate
strain, while after the cross, the shape of the tower remain almost circular and there is no sudden
change in shape. As stated before, 2%RNM did not experience the structural failure mechanism even
though the maximum principal strain crosses the ultimate tensile strain. 2%RNM did not have a fail-
ure mechanism on the cross-section until the last load steps.

8.2.5. Crack distribution at the last load step
Figure 8.21 gives the crack distribution of 1%RNM and 2%RNM. For 1%RNM, at areas where the shell
walls cracked, the crack strain is in all cases within the allowable range. All unacceptable cracks are
located at the stiffening rings. The maximum crack strain is 0.015. As calculated before, the crack
spacing for the shell wall is 476mm, and thus the maximum crack width of the structure is 7mm. Due
to the recentered rings, the maximum crack width has been reduced by 10mm compared to 1%NM.
However, it is apparent that the crack width grows to a very undesired value since it is 17 times larger
than the maximum requirement.

For 2%RNM, the maximum crack strain is 0.0023 which gives the maximum crack width of 1.1mm.
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Figure 8.20: The principal strain distribution of 1%RNM and 2%RNM before and after the discontinuity

Figure 8.21: The crack strain distribution of 1%RNM and 2%RNM at the last load step (1D+1W)
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Figure 8.22: The crack strain distribution exceeding the allowable value of 1%RNM and 2%RNM at the last load step (1D+1W))

The increase in reinforcement ratio reduced the crack width significantly. the shell walls are now in a
un-cracked stage and cracks only occurred at the stiffening rings.

For the recentered model, considering the overall crack distribution on the ring, the crack is not
distributed over the whole perimeter of the ring but at the windward side, the leeward side and the two
cross sides. Figure 8.22 shows the crack that exceeds the maximum allowable crack strain(0.0008). For
1%RNM, the non-allowable crack is distributed over the first six stiffening rings but not over the whole
perimeter. For 2%RNM, the non-allowable crack is distributed over a few locations with a marginal
magnitude at the top five stiffening rings.

8.2.6. Concrete crushing and reinforcement yielding
No concrete crushing is observed in all recentered models, even though 1%RNM gives a larger dis-
placement than 2%NM. This is because without the extra bending moment acting on the shell walls,
the concrete is still within the linear stage under static wind load. With recentered ring geometry, con-
crete class C50/60 is sufficient for the structural design even with reinforcement ratio of 1% on the
ring. However, 1%RNM shows the yielding of reinforcement in both circumferential direction and the
meridional direction. The yielding distribution is shown in Figure 8.23. Thanks to the increase of the
reinforcement ratio, no reinforcement yielding is found in 2%RNM. Large displacement on the cross-
section at the top cone is one of the factors causing the reinforcement yielding. However, it is not the
cause for the concrete crushing.

8.3. Top ring deformation
The nonlinear analysis in this thesis research is developed and optimized step by step. However, a
more systematic comparison was beneficial for understanding the changing of structural behavior
from a weak to a strong state. Figure 8.24 to Figure 8.27 show the principal strain distribution of the
top ring and the shell walls before and after the discontinuity at the windward side. Their deformed
shapes are 30 times the absolute value. The principal strain at the integration point is calculated from
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Figure 8.23: Principal strain development for 1%RNM, 2%RNM, 1%NM, 2%NM

the force equilibrium, at the node by quadratic interpolation. The result is not averaged.

8.3.1. Top ring deformation of 1%NM
Figure 8.24 shows the top ring deformation of 1%NM. Before kink

• The strain distribution is smooth at the rings.

• The maximum strain is located at the ring-wall connection over the whole perimeter due to the
eccentricity of the ring.

• The cross-section is almost a circular shape.

• The outer sides of the ring deflects downwards, the inner sides of the ring deflects upwards.

After kink

• The strain on the stiffening ring is not continuous due to the large crack opening of the ring.

• The maximum strain is located at the ring-wall connection due to the eccentricity over the whole
perimeter.

• A significant downward deformation of the outer side of the ring and uplift of the inner side of
the ring.

• The ring elongates in the transverse direction which significantly activates the transverse stiff-
ness.

• The windward side of the tower is pushed inward and is flattened.
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Figure 8.24: The principal strain distribution of the top ring for 1% Nonlinear Model

Figure 8.25: The principal strain distribution of top ring for 2% Nonlinear Model
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Figure 8.26: The principal strain distribution of top ring for 1% Recentered Nonlinear Model

Figure 8.27: The principal strain distribution of top ring for 2% Recentered Nonlinear Model
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8.3.2. Top ring deformation of 2%NM
Figure 8.25 shows the top ring deformation of 2%NM Before kink

• The strain distribution is smooth and the cross-section is almost a circular shape.

• The maximum strain is located at the ring-wall connection.

• Due to the eccentricity of the stiffening ring the outer ring deforms downward and the inner
ring is uplifted with marginal magnitude.

After kink

• The strain is not continuous because of the large crack opening.

• The maximum strain is still located at the ring-wall connection. The increase of the reinforce-
ment ratio has no significant influence on reducing the large strain at the ring-wall connection.

• The large downward deformation at the outer side of the ring and the large uplift of the inner
side of the ring but with less magnitude than that for 1%NM.

• The ring is elongated in the transverse direction with less magnitude than that of 1%NM.

• The windward side of the tower is flattened with less magnitude than that of 1%NM

8.3.3. Top ring deformation of 1%RNM
Figure 8.26 shows the top ring deformation of 1%RNM Before kink

• The strain is continuously distributed at the ring. The shape of the top cone is almost circular.

• The maximum strain located at the vertical section of the inner side of the ring. No large strain
is found at the ring-wall connection.

• No downward or uplift deformation of the ring.

After kink

• The strain is not continuously distributed due to the large crack opening.

• The maximum strain is located in the ring at windward side. No large strain is found at the
wall-ring connection.

• The cross-section is not a circular shape anymore, the windward side of the tower is pushed
inward and is flattened.

• The ring is elongated in the transverse direction.

• A large deformation of the ring is found but no downward and uplift deflection of the ring oc-
curs.

8.3.4. Top ring deformation 2%RNM
8.27 shows the top ring deformation of 2%RNM. Before kink

• The strain distribution is smooth on the ring with an almost circular shape.

• The maximum strain is not located at the top ring, but at the intermediate rings, the inner part
of the ring at windward side.

• The ring has no downward or uplift deformation.
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After kink

• This model has no kink on the cross-section but it does have a discontinuity on maximum strain
development.

• The ring remains an almost circular shape. The strain is not continuous because of the crack
opening.

• The maximum strain is not located at the top ring but at the inner side of the intermediate rings
at the windward side of the tower.

• The ring has no large elongation because there is no flattened shape of the tower.

8.3.5. Conclusions
1%NM and 2%NM give the same failure behavior and the increase of the reinforcement ratio does
help the structure to obtain a smaller failure magnitude.

The recentered ring models provide a different failure mechanism compared to 1%NM and 2%NM.
The increase of the stiffness of the ring gives an essential improvement on structural behavior. The
stiffening rings give a constraint on each shell wall segment. The large strain at the ring-wall con-
nection immediately decreases the contribution of the stiffness rings on the shell walls, reducing the
constraining effect of the stiffness rings. The decreased contribution of the constraint is caused by
the weak and cracked wall-shell connection. The kink highly depends on the stiffness of the ring. If
the ring-wall connection is weakened, the high reinforcement ratio of the ring will not give any useful
contribution. The stiffness of the top stiffening ring plays an important role on the structural behavior.

8.4. Conclusions
This chapter has shown a few attempts to improve the overall structural behavior. The physical non-
linear analysis, shown in the previous chapter, revealed the critical area of the structure under the wind
load, hence the optimization can be directly to the problem area. Without try and error, the structure
shows significant improvement. By adding more reinforcement, the structure gives less deformation,
improved cracking behavior and improved reinforcements yielding behavior. The eccentricity caused
large cracking and crushing on the concrete and decreases overall structure stiffness. Hence there is
a limitation of increasing reinforcement ratio as a method of improving the structural behavior. By
recentering the stiffening rings the result show a significant improvement without increasing the re-
inforcement ratio. The failure mechanism did not occur for the recentered model with reinforcement
ratio of 2% while all other models experienced this mechanism together with a sudden decrease in
structural stiffness. The deflection is within the allowable range. Without the extra bending moment
caused by the eccentricity of the stiffening ring, the structure gives almost a linear behavior until the
last load step. Appendix E shows the structural performance of 2%NM under 1D+2W.



9
Discussion

This chapter will give a short discussion and conclusion related to the nonlinear analysis result on
each chapter

9.1. Geometry of the solar updraft tower
This research project uses the original design from Krätzig&Partner with minor modification during
the optimization process. Hyperboloid shape at the bottom performs superior on the load bearing
resistance as well as the stability compared to the upper cone. While even with geometrical match-
ing, the throat where connecting the upper cone and lower hyperbola can be problematic due to the
geometrical discontinuity. But with sufficient stiffness of the upper cone, the throat height will be
on the safe side, because in that way the ovalization failure mechanism will not occur. Increasing
the wall thickness of the upper cone or increasing the stiffness of stiffening ring can be the ways to
reduce the ovalizing deformation of the top cone. The stiffening ring geometry and its position pro-
foundly influence the structure behavior and thus determine the amount of material use. Recentering
the stiffening rings give significant improvement on structural response. However, the influence of
airflow and power output should be further investigated.

9.2. Load on the solar updraft tower
The top of the tower near the boundary layers is found to experience large deformation due to the
high wind pressure. The wind speed near the boundary layer is large because it is not influenced by
the earth roughness. The means hour wind speed of the selected location plays the most important
role in determining the wind load magnitude for 1000m solar updraft tower. An outer surface rough-
ness could alter the pressure distribution and could prevent the upper cone from ovalizing. A smooth
surface will give a rather large suction force at two sides of the tower, which can easily cause ovaliza-
tion.

9.3. Finite element modeling
One or two proper models by considering many model setup possibilities were built. In order to do
the nonlinear analysis, detailing the stiffening rings is necessary. With the precise geometry of the
stiffening rings modeling, the model is more sensitive to meshing density. Comparing the eigenvalue
of each model, a proper meshing density and proper element types were found. Intermediate meshing
with the element size of 5m 5m sufficient for modeling the shell wall, but the stiffening rings should
be refined due to the detailing of the reinforcement. The element type for the stiffening rings can be
beam element and curved shell element, and their differences could not be seen in eigenvalue analysis
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but it does give significant differences in nonlinear analysis.

9.4. Linear analysis
The eigenvalue analysis and the linear analysis verification reveal an accurate model setup. On top
of an accurate linear model, the geometry of the stiffening rings has changed from the simple rect-
angular cross-section located at the mid-surface of concrete shell wall to a detailed geometry with a
certain eccentricity. The eigenvalue analysis has shown that the stiffening rings has the impact on
the shell-like vibration. In the later nonlinear analysis, the stiffer stiffening rings also reduce the shell
deformation such as ovalizing significantly. The precise geometry of the stiffening rings gives a higher
stiffness compared to rectangular cross-section ring geometry, but the eccentricity of the ring cause
massive concrete cracking and crushing in the nonlinear analysis. The accuracy of the model should
be sufficient before conducting the nonlinear analysis.

9.5. Nonlinear Material Model
Before conducting physical nonlinear analysis, the reinforced concrete behavior should be under-
stood. Explanation on the material model is given. The total strain rotating crack model provides a
robust behavior so that the structure is able to experience massive concrete cracking and crushing un-
der large strain value without divergence. The concrete nonlinear compressive behavior is found to be
necessary because the eccentricity of stiffening ring led to the crushing of the concrete even the model
is designed with a maximum reinforcement ratio at the stiffening rings. Furthermore, the compression
crushing occurred in the material nonlinear analysis concluded that it is essential to add the lateral
cracking and lateral confinement into the concrete compressive model. The tension stiffening theory
gives a more accurate modeling on reinforced concrete with different reinforcement ratios and it has a
significant impact on structural behavior at low loading level and a minor impact on the large loading
level. The embedded reinforcement needs the reinforcement properties in one direction, which is a
simple and effective way for modeling reinforced concrete.

9.6. Material Nonlinear Analysis
The material nonlinear analysis compared three models. The result reveals that the curved shell ele-
ment for modeling the stiffening rings is needed in order to add the transverse reinforcement. Tension
on the throat height is found in the nonlinear analysis which is not the case for the linear analysis. In
the linear analysis, no tension force is found at the throat height. The shell deformation is proved to
be large if the stiffness of the upper cone is not sufficient. Eigenvalue analysis shows identical results
between the model with the stiffening rings modeled with beam element and the curved shell ele-
ment. In the nonlinear analysis, the one with curved shell element shows a stiffer behavior than the
beam due to the additional transverse reinforcement. Curve shell element for modeling stiffening ring
proved to be the proper choice for the material analysis. Tension on the windward side is found due
to the large ovalization deformation on the top cone. Concrete cracked under static self-weight due to
the eccentricity of the stiffening ring gives a bending moment on the shell walls. Large deformation is
found at the ring and the ring-wall connection under wind action.

9.7. Model Optimisation
Increasing reinforcement ratio and re-centering the stiffening ring are the two attempts to improve
the structural behavior. A model with 2% reinforcement ratio at the ring and with re-centered rings
geometry leads to significant improvements. It might not be the most optimal design while it does
shows the problem area. Increasing the reinforcement ratio only gives a stiffer stiffening rings while
the ring-wall connection still experiences large crack due to the eccentricity of the ring. However,
the structure stiffness does increase with the increment of reinforcement ratio which leads to a better
structural performance. The low ultimate strain value gives an early cross-section failure mechanism



9.7. Model Optimisation 111

even with high reinforcement ratio. This demonstrates that the cracked ring-wall connection did not
give enough constraint on the shell walls, even with a high stiffness of the ring, the failure mechanism
will still occur. The maximum strain is located at the connection but not the ring for original design
model. Without cross-sectional failure mechanism, the structure shows almost a linear behavior to
the last load step. The ovalization deformation is half of the value of the linear model with the original
design. No concrete crushing and reinforcement yielding are found for the last optimized model.
No tension force is found at the throat height, not concrete cracking is found on the concrete wall.
The failure kinks on the top cone cross-section is no longer a threat. It is believed by the author that
the stiffness of the top stiffening ring contributes to control the failure mechanism and its transverse
reinforcement on the top stiffening ring have the potential the flattened deformation at the windward
side of the tower.





10
Conclusions and recommendations

In this chapter the conclusion of this thesis research project will be given and the recommendations
on the future research

10.1. Conclusions
The research project has been carried out in order to find the realistic structural behavior of the solar
updraft tower under static wind actions with nonlinear material behavior. The effort performed also
goes in the direction of improving the structural response with minimum modification on the geome-
try, which can hopefully contribute in a useful way in the design phase of the solar updraft tower. A set
of models were built and its load steps-deflection curves are shown in Figure 10.1. Some conclusions
related to the nonlinear analysis are drawn below.

• In a physical non-linear analysis of the solar updraft tower, curved shell elements are suitable
for modeling the shell walls and the stiffening rings. Beam elements are not sufficient due to the
lack of transverse stiffness.

• For the reinforced concrete solar updraft tower originally designed by Krätzig & Partner, a min-
imum reinforcement ratio in the shell walls and 1% reinforcement ratio in the longitudinal and
transverse direction in the stiffening rings give a large ovalization failure at the upper cone un-
der the serviceability limit state. This is caused by a low reinforcement ratio in the stiffening
rings which diminished their stiffening ability. In addition, the eccentricity of the stiffening rings
caused a large bending moment which weakened the ring-wall connections.

• A weak upper cone will experience an ovalization failure mechanism which leads to a sudden
decrease of the stiffness of SUT. The structure with decreased stiffness leads to large concrete
cracking, crushing and reinforcement yielding. This failure mechanism can be avoided by the
stiffening rings with sufficient stiffness and a strong ring-wall connection.

• The eccentricity of the stiffening rings causes bending failure at the ring-wall connection which
decreases the overall contribution of the stiffening rings on the structural behavior of the SUT. It
can not be solved only by adding more reinforcement to the stiffening rings. The bending failure
at the ring-wall connection can be solved by recentering or prestressing the stiffening rings.

• 2% reinforcement ratio both in the longitudinal and the transverse direction is a feasible amount
for the stiffening rings which gives a considerable improvement in structural behavior com-
pared to the model with 1%. Increasing to 3% gives a minor improvement. The concrete quality
is difficult to control with a high reinforcement ratio, which might even decrease the structural
performance in reality.

113



114 10. Conclusions and recommendations

Figure 10.1: Load steps-deflection curve

• The influence of tension stiffening on the SUT structural behavior is high at a low loading level
and becomes lower at a high loading level.

Based on the knowledge acquired from the nonlinear analysis, an improved model is found, with
2% reinforcement ratio on the recentered stiffening rings. Some conclusion related to the improved
model are drawn below.

• A sufficient reinforcement ratio gives a high stiffness of the stiffening rings and this high stiffness
can be fully utilized to constrain the shell walls by recentering the geometry of the stiffening
rings.

• With a sufficient reinforcement ratio and recentered geometry of the stiffening rings, the up-
per cone ovalization failure mechanism vanishes and gives a linear structural behavior in the
serviceability limit state. No concrete crushing and reinforcement yielding are found. The in-
fluence on the airflow and the power output should be further investigated.

• The improved model has a maximum displacement which is lower than the linear model with
the original geometry from Krätzig & Partner. The model meets the requirement on the max-
imum allowable displacement in the serviceability limit state but an excessive crack width of
1.1mm is found in the stiffening rings which should be further improved. However, the shell
walls and the stiffening rings were modeled with one layer reinforcement located at the mid-
surface of the shell. In reality, two reinforcement layers with a 40mm concrete over will be built
and a smaller crack width is expected.

10.2. Recommendations
This research project focus on the physical nonlinear behavior of the solar updraft towers under static
wind action, much further research is needed before it can be built. Some interesting research direc-
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tions are found during the current research by the author. Five topics are of the most interest.

• Temperature effect. In this research, only the dead load and static wind load is considered.
The temperature effect was not taken into account. Temperature differences may cause cracks
on the shell wall due to structural fixation, which could reduce the stiffness of the structure and
finally decrease the first and second natural frequency of the SUT. The temperature load in SUT
includes the temperature rise in the collector, operational force the action of the heated air,
asymmetrical due to ambient air temperature, non-asymmetrical due to solar irradiation of the
tower shell. A nonlinear model can be done including all these temperature effects, the wind
load, and the self-weight.

• Plastic buckling analysis. Thin shell structure is high sensitive to the shell buckling instabilities
under dead load, wind load, and wind suction. The buckling strength is lower if the material of
the member is stressed beyond the elastic material range. The cracking of the concrete might
give a lower stiffness of the structure so as the buckling strength. The plastic buckling analysis
might of interest to research.

• The transient analysis. The natural frequency of the solar updraft tower is rather low, which
is close to the frequency of gust wind fluctuation. Along-wind oscillation is vulnerable to occur.
Wind load is rather random and unpredictable; it might be interesting to investigate the struc-
ture under stochastic wind action with material non-linearity. A transient analysis is a dynamic
analysis with time integration. Geometrical or physical nonlinear analysis or both can be added
to the transient response.

• Detail optimization. With the reference of current research result, it reveals that the stiffen-
ing rings gives a significant impact on the structural response. But the shell walls thickness, the
shape of the tower, the concrete class, the reinforcement of the shell walls and the detailed foun-
dation of structure also can influence the overall structural behavior and they were not consid-
ered in this research project. A more detailed structural optimization should be done including
all these aspects mentioned above. By detailing the structural optimization, less material can be
used.

• Detailed design of the stiffening rings. From this research project, it was found that the orig-
inal design from Krätzig & Partner gives an eccentricity of the stiffening rings which lead to a
relatively weak structural behavior. This eccentricity is designed mainly for keeping the airflow
and power output because the long stiffening ring inside the shell walls will interrupt the airflow
and thus influence the power output. Some solutions can be done, such as designing the pre-
stressed tendon to balance the load and to reduce the bending moment acting on the ring-wall
connections. There might be other better solutions. A detailed design of the stiffening ring to
increase the structural behavior without interrupting the air flow can be further researched.
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A
Background information

A.1. Solar Updraft Tower
Solar updraft tower is the new technology using the solar and wind energy without the supplying of
cooling water (Schlaich). It is one of the solutions to the climate change crisis if the SUT is econom-
ically feasible. A conventional solar updraft power plant design is used in this thesis research. The
economical feasibility of constructing the SUT are listed below,

• A rather clear and simple working principle with worldwide available constructing materials
gives a possibility of realizing the SUT in the environmental brutal area. The required construc-
tion materials are mainly steel, concrete, glass, which is accessible for most of the countries.

• The solar updraft tower use only solar and wind renewable energy, and can operate for 24hrs
with the help of absorber. The absorber stores the energy during the sunny days, and then
releases the heat during the night and cloudy day.

• The power output and the efficiency are increased with the increase of the area of the air collec-
tor and the height of the tower.

• The SUT has a zero carbon footprint and is nearly pollution-free during operation.

• A service life of 100 years with low operation and maintenance needs is rather beneficial.

There are also some disadvantages for constructing SUT and realizing it in the market.

• Large cost for constructing the SUT with 1000m high is a big disadvantage. A high amount of
water served as the heat absorber is needed at the starting stage.

• Realizing the solar updraft tower with height over 1000m is rather difficult due to external wind
load, earthquake, and other structural challenges.

• The constructing of reinforced concrete solar updraft towers may give a negative effect on the
local environment such as plant, animals species.

A.2. Wind-induced effects on SUT
Lupi (2009) performed the structural optimization of an SUT under the self-weight and the wind load
with load factors of 1 and 1.5 respectively. The 1000 m SUT models with different stiffening ring lay-
outs were built and analyzed. It was concluded that the upper cone gives a more shell-like deforma-
tion with ovalling of the cross section. The stiffness of the stiffening rings shows a decisive effect on
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Figure A.1: Circumferential distributions of meridional resultant stresses at the ultimate limit state (D+1.5W) Comparison be-
tween 1-km tower with ten or seven rings (Lupi (2009))

whether the tower behaves more like a beam or more like a shell. It was found, when the number of
stiffening rings reduced from 10 to 7, a larger ovalling deformation and a larger tension force acting
on the throat height are observed.

Some models were built with the configuration of 10 stiffening rings, while the ring stiffness is
gradually increased. The C50/60 concrete class is adopted. The stiffness rings give a cross-sectional
area of 6.48m2 and inertia J = 30.88m4. The tension at the windward side is reduced with doubled
increased stiffness of the 10 stiffening rings. A more beam-like behavior is shown with a better dis-
tribution of the internal forces. It was also found that the increasing of the stiffness on the top cones
gives greater benefits while the increasing of the stiffness rings along the hyperboloid is not necessary.
Figure A.1 gives the circumferential distribution of the meridional stress resultant at the ultimate limit
state (D+1.5W). As can be seen in the figure, the configuration of 7 stiffening rings with doubled stiff-
ness shows a similar value of stress resultant distribution compared to the one with 10 stiffening rings
with standard stiffness. The performed analysis is a linear static analysis without including nonlin-
earities and local bending moment caused by the eccentricity of the rings. The result does show the
fundamental roles that the stiffness of the stiffening rings played for the structural behavior.

A.3. Concrete models
A.3.1. Concrete compressive curve
The Thorenfeldt curve is adopted in this research project. The factor n and k are determined by the
default value. However, by modifying the n and k value, the curve got from the experimental data can
also be modeled. DIANA provides several compressive curves, and the feasibility of the chosen model
is discussed in Chapter 6. Some other models with their background theory will be explained in this
section.

Parabolic
In DIANA, there are three other compressive models for smeared crack rotating model. One is a
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Figure A.2: Parabolic curve for concrete in compression (DIANA (2016))

parabolic curve. This curve is referred to a thesis research of Feenstra (1989). The post-peak behavior
of concrete in compression is based on the fracture energy. The fracture energy for concrete in tension
describes the energy for a single crack, which means the size of the element should have a similar di-
mension of a crack bandwidth. It works same for the fracture energy in compression which describes
the fracture energy of a small element. The compressive curve and the formula are shown below.
Fracture energy can be derived from experimental data and ultimately used as an input of Parabolic
model. The curve is divided into four sections. The first linear section is from the starting point to the
one-third of the maximum compressive strength( fc ).

αc/3 =−1

3

fc

E
(A.1)

The formula for the first linear section is shown below

f =− fc
1

3

α j

αc/3
(A.2)

The second section is the parabolic curved from 1
3 fc till the maximum compressive strength. This

curve is not fracture energy-dependent.

αc =−5

3

fc

E
= 5αc/3 (A.3)

The formula for the second parabolic section is shown below.

f =− fc
1

3
(1+4(

α j −αc/3

αc −αc/3
)−2(

α j −αc/3

αc −αc/3
)2) (A.4)

The third section is the post-peak behavior of concrete in compression. Formula describes the
curve from the maximum compressive strength until the ultimate strain. The concrete softening in
compression stops when the ultimate strain is reached. This curve is calculated from the fracture
energy.

αu =αc − 3

2

Gc

h fc
(A.5)
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Figure A.3: Hognestad stress-strain relation for concrete in compression (DIANA (2016))

f =− fc (1− (
α j −αc

αu −αc
)2) (A.6)

After the material reached the ultimate strain, the compressive strength of concrete becomes zero.
The fracture energy of concrete in compression is normally about 50 to 100 times of the tensile fracture
energy Feenstra (1989). Figure A.2 gives the parabolic compressive curve.

Hognestad Parabola
Hognestad Parabola (Figure A.3) has a relatively simple definition compared to other curves. It is

determined by compressive strength. In DIANA, the influence of lateral confinement on concrete in
compression is not included in Hognestad Parabola model. This curve is not related to fracture energy
which means the element size has no effect on the compressive behavior of the structure. The formula
shows below:

f =− fc (2
α

αp
− (

α

αp
)2) (A.7)

The strain at maximum compressive strength gives,

αp =−2 fc

E
(A.8)

Eurocode 2 EN 1992-1-1
In finite element modeling, if the input data is not according to the experimental result, it would be

convenient to use the model from regulations. Once a concrete class is chosen, a concrete compres-
sive model can be determined. DIANA offer the concrete compressive curve according to Eurocode 2
(EN 1992-1-1). This codified model does not take the lateral confinement into consideration. Figure
A.4 is the given curve from Eurocode 2. It can be noticed that this model gives an ultimate strain with
a relatively high compressive stress, and after material reached to ultimate strain, the stress will drop
to zero suddenly.

f =− fc (k(
α

αc
)2)/(1+ (k −2)(

α

αc
)) (A.9)
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Figure A.4: Stress-strain relation according to EN 1992-1-1 for concrete in compression(DIANA (2016))

with

k = 1.05Ecm |αc |/ fc (A.10)

where Ecm is the Young’s modulus approximated at 0.4 fc :

Ecm = 0.4 fc

α0.4c
(A.11)

A.3.2. Cracking models
DIANA offers different types of concrete crack models; the total strain rotating crack model is adopted
for this research project, the comparison of different cracking models has been done. The theory of
other two types of crack models will be explained in this section.

Fixed smeared crack concept
Fixed smeared crack concept is a rather traditional cracking concept. Once the tensile strength

of concrete is violated, the isotropic linear elastic law will switch to orthotropic law with a reduced
stiffness. In the orthotropic law, a fixed principal n, s, t axis is applied. n is the direction perpendicular
to crack which represents Mode I crack, and s and t are the directions tangential to the crack surface,
which represents Mode II and Mode III crack.

In the fixed smeared crack model, the total strain is subdivided into a crack strain and a solid
material strain. For global coordinate system

∆ε=∆εcr +∆εco

∆εcr = [∆εcr
xx ,∆εcr

y y ;∆εcr
zz ,∆γcr

x y ;∆γcr
y z ;∆γcr

zx ]

For n,s,t-coordinate system

∆ecr = [∆εcr
nn ;∆γcr

ns ;∆εcr
nt ]

Three component represent the three cracking modes.
The relation between local and global crack strain is connected by a transformation matrix who

relates to the orientation of the crack. If N is a fixed matrix, the fixed cracked concept is applied. A
traction increment at the crack is applied on a local coordinate system. The local traction increment
and global stress increase are linked by the transformation matrix.

∆εcr = N∆ecr ∆t cr = N T∆σcr
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Both solid material and crack have its own constitutive model.

∆σco = Dco∆εco

∆t cr = Dcr∆ecr

Multi-directional fixed smeared crack
Based on the concept of the single fixed smeared crack, a more advanced model can be introduced.

The crack strain is further decomposed into multi-directional cracks.
∆εcr =∆εcr

1 +∆εcr
2 + .........

Each crack contribute to the total crack strain at one sampling point. The local crack strain, the local
traction increment and transformation materix shows below

∆ ˆecr = [∆ecr
1 ;∆ecr

2 .......]
∆ ˆt cr = [∆t cr

1 ;∆t cr
2 .......]

N̂ = [∆N1;∆N2.......]

Follow the same theory of the single fixed crack, we have

∆εcr = N̂∆ ˆecr

∆t cr = D̂cr∆ ˆecr

For concrete under biaxial or triaxial tension, the crack tends to crack orthogonal to each other. In
this loading condition, the multi-directional fixed crack model is a good approach to simulate. For
concrete under tension and shear, the principal axis tends to rotate after the crack formation. Once
the angle between the principal axis and crack exceed a threshold value, a new crack will initiate.

A.3.3. Concrete tensile behavior
In total strain crack model, DIANA provides wide varieties of tensile models. Figure A.5 lists all avail-
able tensile models. These can be divided into two types. One is tension softening, and the other is
tension stiffening. As discussed in this research, tension softening is not a feasible model for a large
reinforcement concrete structure with element size around 5m. DIANA provides the different shape
of the curve from simple to complex which gives the modeling flexibility. The most commonly used
curve is linear fracture energy based model and exponential model. For cyclic loading or concrete
in fatigue, the model of Hordijk offers good functionality and flexibility, more detailed please refer to
Hordijk (1991). JSCE model gives tension softening without considering tensile fracture energy. CEB-
FIP model code gives a material model that concrete starts microcracking before the tensile strength
is reached. The CEB-FIP 1990 model is a concrete aggregate size dependent curve. For tension soft-
ening, DIANA also offers a fiber-reinforced concrete model. Multilinear is fully described stress-strain
behavior, the definition of tensile strength is not needed.

In this thesis research, the concrete tensile behavior includes the tension stiffening effect. The
Figure A.6 gives the tension stiffening model and calculated linear ultimate strain model that used in
the FEM.

A.4. Finite element software
In this section, a comparison with a variety of software tools for nonlinear finite element modeling
of reinforced concrete is done. The most commonly used programs are ABAQUS, ADINA, ATENA,
DIANA. Table A.1 gives the comparison of different programs on simulating concrete material, and
table A.2 gives the one for reinforcement.

ABAQUS
ABAQUS is general finite element software used in the variety of applications. To tackle all these

different applications, ABAQUS has different analysis package.
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Figure A.5: Stress-strain relation of different concrete cracking model (DIANA (2016))
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Figure A.6: The tension stiffening model and the linear ultimate strain model used in the FEM
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Table A.1: Comparison of different finite element modeling software on modeling concrete

Concrete simulation
ABAQUS ADINA ATENA DIANA

Structural elements Beam 4 4 4 4
Plate/shell 4 4 4 4

Continuum elements 2D solid 4 4 4 4
3D solid 4 4 4 4

Constitutive Compression Softening 4 4 4
Tension Stiffening 4 4 4 4
Plastic Offset 4 4

Cracking model Smeared 4 4 4 4
Discrete 4 4

Shear Strength Check 4 4 4 4
Crack Width Check 4

Table A.2: Comparison of different finite element software on modeling reinforcement

Reinforcement simulation
ABAQUS ADINA ATENA DIANA

Elements Discrete 4 4 4 4
Smeared 4 4 4

Constitutive Relations Strain Hardening 4 4 4 4
Plastic Offset 4 4 4 4

Bond Specific Element 4 4 4
Bond slip relation 4 4 4

ADINA
ADINA superior on automatic dynamic incremental nonlinear analysis and it can also proceed

nonlinear analysis of solids and structures.
ATENA
ATENA is specialized in the modeling reinforced concrete. It is capable of doing load carrying

capacity analysis, push-over analysis, crack width calculations and areas of concretes crushing.
DIANA
DIANA is the software developed by The Department of Computational Mechanics at the TNO

Building and Construction Research. It provides finite element analysis for reinforced concrete for
different applications. The analysis such as structural eigenvalue, modal response structural response
spectrum, structural nonlinearity and so on are included.

A.5. Wind load on the SUT
Niemann and Höffer (Niemann and Höffer (2009)) proposed a method of wind loading calculation for
the solar updraft towers. The wind load coefficient distribution according to Niemann and Höffer over
the circumference is changing vertically, which causes difficulty on modeling in FEM. The external
wind pressure coefficient over the circumference for these two models is shown in FigureA.7. In order
to compare the research of Eck et al. (2015) with current research, the one according to VGB Guideline
will be used.
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Figure A.7: Pressure coefficient over circumference of solar updraft tower



B
Reinforcement layout analysis

According to VGB guideline(VGB-R-610E2010 (2010)), a minimum reinforcement ratio is required for
the shell wall. The ratios are 0.3% in the meridional direction and in the lower half is 0.3% and in the
upper half 0.4% in the circumferential direction. Two reinforcement layouts are considered. One is
modeling a one layer of reinforcement grid located at the center of the shell in both directions. The
other is modeling two layers reinforcement grid in both directions with a calculated concrete cover of
40mm at both sides of the shell wall. Both two layouts have same reinforcement ratio of 0.4%, while
their bending moment capacity might be different. Compared to the one layer reinforcement grid,
two layers reinforcement grid needs twice of the elements and calculation time of the one layer rein-
frocement grid needed. A one layer reinforcement model would be a preference if these two layouts
have no significant difference in structural behavior.

B.1. Finite element modeling
B.1.1. Geometry
Two rectangular slabs are modeled with dimensions of 10mx5m and a thickness of 0.25m Reinforce-
ment will be modeled at the mid-surface of the slab for the one layer layout, and two layers reinforce-
ment will be modeled at a distance of 40mm to the upper and lower surfaces of the shell.

B.1.2. Material model
TableB.1 and TableB.2 give the nonlinear material properties of these two models.

B.1.3. Concrete cover
The nominal concrete cover is subdivided into a minimum cover and a deviation. For in-situ concrete,
the deviation would be 10mm. Calculation of minimum concrete cover should satisfy both for the
structural class and the exposure class according to EN1992-1-1 (2011). To prevent the splitting of
concrete cover, the concrete over has to be thicker than the reinforcing bar diameter. With an external
concrete that is constructed in a dry area, the exposure class would be XC3. For design working life of
100-year with strength class of C50/60, the minimum concrete cover is 30mm. The nominal concrete
cover for the solar updraft tower would be 40mm.

B.1.4. Element type, meshing and boundary conditions
The curved shell elements CQ40S is chosen for modeling the concrete slab, and the reinforcement grid
elements is chosen for modeling the reinforcement layout. The meshing size is 0.5mx0.5m in a square
shape. The two edges with a length of 5m will be constrained in translation x-,y-,z-direction and are
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Table B.1: Concrete material properties

Material type Concrete
Smeared crack model Total strain based crack model

Linear properties Young’s modulus 37000N /mm2

Poisson’s ratio 0.2
Mass density 2500N /m3/g

Crack model Crack rotation Rotation
Crack bandwidth

Tensile behavior Tensile model Linear-ultimate crack strain
Tensile strength 4.1N /mm2

Ultimate strain 0.001
Residual tensile strength 0N /m2

Reduction by lateral cracking No reduction
Poisson’s ratio reduction No reduction

Compressive behavior Compressive curve Ideal
Compressive strength 58N /mm2

Table B.2: Material properties of reinforcement

fyk 500MPa
Ep 200GPa
νc 0.3
fuk 540MPa
εu 0.05

free to rotate. FigureB.1 shows the finite element modeling with its meshing density and boundary
conditions. Only self-weight is considered in this nonlinear analysis.

B.1.5. Results and conclusions
The results give an inside comparison of the influence of different reinforcement layout on structural
behavior. The one layer reinforcement model experiences a failure at a load factor of 1.32 with ex-
cessive crack width. The two layers reinforcement model fails at a load factor of 1.39. A 5% of the
difference is observed on load bearing capacity. At the load level of 1.32D, the model for one layer
reinforcement has a maximum deflection of 0.048m, while for the one with two layers reinforcement
is 0.044m. An 8% of differences is observed. FigureB.2 gives the crack strain at bottom fiber in the
middle strip of the slab. Due to the effective depth of 125mm for one layer layout, the beam needs
the crack to propagate to the middle fiber in order to active the reinforcement. A large crack strain at
bottom fiber is observed. Once the crack is initiated, all reinforcement located at the middle surface
is activated and starts bearing the tensile force. For two layers reinforcement layout, the reinforce-
ment is activated with a smaller crack opening and then the reinforcement starts bearing the tensile
force. The level arm for two layers layouts is 206mm. However, an only half amount of reinforcement
is under tension which gives a lower the bending moment capacity compared to the bending moment
capacity due to a small level arm in the one layer reinforcement layout. These two layouts have a max-
imum difference around 12%. For the current research, one layer reinforcement layout is chosen for
the sake of simplification and reducing the number of elements and the calculation time.
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Figure B.1: 5x10m slab model with meshing and boundary conditions details

Figure B.2: Crack strain for one layer reinforcement and two layer reinforcement layout





C
Stiffening ring analysis

C.1. Structural elements for modeling the stiffening rings
Among all different types of shell element, for modeling circular stiffening ring, only curved shell el-
ement is the available element type. For beam element, DIANA offers three classes of the beam el-
ements. Given the objectives of this research is to conduct a physical nonlinear analysis, only Class
III beam element is applicable. The following explanation gives the theory assumption used in both
elements.

These two element types both base on Reissner-Mindlin kinematical assumptions. The assump-
tion is applied to the line normal to the un-deformed mid surface for curved shell and the cross sec-
tion normal to the undeformed beam axis for beam element. Reissner-Mindline assumption applied
to shell element and beam element in 3D and 2D respectively.

• For curved shell elements, the material line that orthogonal to the mid-surface of the in-deformed
shell remains straight after deformation, but it does not have to be perpendicular to the surface
at the undeformed stage. The normal stress perpendicular to the mid-surface is assumed to be
zero.

• For Class III 3D beam elements, the mean cross-section remains planer but not necessarily per-
pendicular to the deformed beam axis.

C.1.1. Variable
Though both element types apply the same Reissner-Mindlin kinematical assumption, the available
variables are different. Table C.1 gives the comparison of availability of 3D stresses and strains for
both element types. A number of variables of beam element is half of that of shell element. The stress

Figure C.1: Cauchy stress on a unit cube in their positive direction (DIANA (2016))
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Figure C.2: CQ40S-QUADRILATERAL, 8 nodes and Axis for three dimensional beam (DIANA (2016))

and strain related to the y-direction are not taken into account in beam element, which means the
stiffness in the transverse direction of the stiffening ring is not considered, so as to the transverse re-
inforcement added in the stiffening ring. Figure C.1 shows the notation of stress location and their
positive direction on a cubic block. Figure C.2 shows the CQ40S shell element and CL18B beam ele-
ment. For result output, stress and strain distribution are required. Due to the differences between
element types, it is necessary to understand the distribution role for different stress:

• In curved shell element, εxx ;εy y ;γX Y vary linearly in thickness direction. The transverse shear
strains γY Z ;γZ X are kept constant over the thickness. While the actual transverse shear strains
vary parabolically over the thickness, a shear reduction factor with the magnitude of 1.2 is ap-
plied to get the correct shear strain energy. Figure C.2 shows the eight nodes quadrilateral
curved shell element and its nodal axis and element axis.

• In Class III 3D beam element, the normal strain εxx varies linearly over cross-section area, and
shear strain is forced to be constant over the cross-section. In reality, the shear stress and strain
vary quadratically over the cross section, a shear reduction factor with a magnitude of 1.2 is
applied to get the right shear strain energy. Figure C.2 also shows the 3 point Class III 3D curved
beam element and its nodal and element axis.

C.2. Sub-research on the stiffening rings analysis
The purpose of the study is not ensure the Beam Nonlinear Model and Shell Nonlinear Model has a
accurate modeling on stiffening rings. Modelling stiffening ring in a simple loading condition, if BRM
and SRM gives a similar result, it can be conclude the modeling of ring is accurate and can be used in
a rather complex modeling. Due to the beam element does not consider the transverse stiffness, only
the longitudinal reinforcement modeled. This modeling setup is also identical to the Beam Nonlinear
Model in the main thesis research.
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Table C.1: Variable for curved shell element and Class III 3D beam element

Curved shell element Class III 3D beam element
Degree of freedom uX ,uY ,uz ,φx ,φy uX ,uY ,uz ,φX ,φY ,φZ

Strain εxx 4 4
εy y 4
εzz 4
γx y 4 4
γy z 4
γzx 4 4

Stress σxx 4 4
σy y 4
σzz = 0
σx y 4 4
σy z 4
σzx 4 4

C.2.1. Introduction
In this section, two simple were built. A simply supported beam with a cross-section built according
to the intermediate stiffening rings and 25m long. The beam is simply supported at the two ends and
under a distributed load.

• Beam Ring Model (BRM) the beam is modeled by Class III 3D beam element.

• Shell Ring Model (SRM) the beam is modeled by Curved shell element.

A nonlinear analysis was done and with increasing distributed load. A detailed calculation on how
to modeling the stiffening rings and meshing the element on the beam element will be described in
the next section. TableB.1 and TableB.2 gvies the nonlinear material properties. Their ultimate strain
for concrete tensile model is 0.001.

C.2.2. Mesh
For SRM, the beam are divided into 20 equal segment in longitudinal direction. The horizontal section
of the beam is divided into 8 parts and the vertical section of the beam is divided into 4 parts. Figure
C.3 shows the geometries of two models together with meshing are shown.

C.2.3. Reinforcement setup
In the first assumption, the reinforcement ratio of stiffening ring would be 1%. The expression for
reinforcement ratio is the following:

ρ = As

bd
(C.1)

Where
ρ is the reinforcement ratio
As is the total cross-sectional area of reinforcement
b is the width of RC beam
d is the effective depth of RC beam
There is a horizontal and a vertical section of stiffening ring. Two sections have different effective

depth, which means they have different cross-sectional area for the reinforcement per meter width.
Assume a horizontal beam with height of 800mm and 1m width. The reinforcement will located in
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Figure C.3: Drawing of top and intermediate stiffening ring by Krätzig & Partner, Germany (Lupi et al., 2015)(Niemann et al.,
2009)

Figure C.4: Displacement distribution in vertical direction for Beam Ring Model(left) and Shell Ring Model(right) at load step
71

position with concrete cover of 40mm. The effective depth would be 760mm. Assume the vertical
beam with 500m height and 1m width. The concrete beam has a cover of 40mm. The effective depth
of vertical beam would be 460. Their cross-sectional area of horizontal section and vertical section
reinforcement per meter width would be 7600mm2/m and 4600mm2/m in each direction. As input
thickness, the vertical reinforcement layer thickness is 0.0076m and the horizontal reinforcement layer
thickness is 0.0046m for reinforcement ratio equal to 1%. For reinforcement ratio equal to 2%, the
thickness will be doubled.

In the 3D Mindlin beam model, for simplification, 8 reinforcement bars will be modeled in lon-
gitudinal direction and no transverse reinforcement will be modeled. The reinforcement bar will be
evenly distributed over the width of beam. For reinforcement in horizontal section and vertical sec-
tion, the cross-sectional area of each reinforcement bar is 6650mm2 and 2933mm2 in longitudinal
direction respectively.

C.3. Results and conclusions
For Beam Ring Model, the model diverged at load steps 75, while for Shell ring model is load step 77.
A rather similar load bearing capacity is found for two model with differences of 2.6% of differences.
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Figure C.4 gives the displacement comparison at the load step 71. The maximum displacement of SRM
is 0.089, while for BRM is 0.107. Their differences is 16%. This can be explained in the following: the
beam element does not take the transverse stiffness taken into account. It only consider the stress in
bar direction. In the 3D Class III beam element, the cross-section of the beam remain planar after the
deformation, which gives a certain constraint on the response on the transverse direction. However, a
sufficient reinforcement is added in transverse direction in SRM. With addition stiffness in transverse
direction of SRM, the beam shows a stiffer behavior than BRM.

The deformed shape as well as the magnitude for BRM is identical in transverse direction and their
displacement distribution and magnitude is similar. each reinforcing bar followed the same deformed
shape. But for SRM, the displacement gives a complex distribution. A upwards displacement at the
middle of the horizontal section of the ring and a downwards displacement at the middle of the verti-
cal section of the ring are observed. Even their loading capacity are similar, their deformed shape and
displacement distribution still have a certain differences. The curve shell elements gives a much more
realistic behavior on the structure behavior.





D
Nonlinear Result

This chapter displays most of the results in nonlinear analysis models.

D.1. Displacement
The displacements in x direction for all nonlinear models were shown in chapter 7 and 8. The displace-
ment in the y direction gives a direct visualization on the extend of ovalling deformation of the upper
cone. Figure D.1 shows the displacement in y direction for models 1%NM, 2%NM, 3%NM, 2%RNM
and 1%RNM. The displacement in y direction decreases with the increase of the reinforcement ra-
tio. The maximum value is found in 1%NM with magnitude of 7.15m and 2%RNM shows a minimum
displacement with magnitude of 0.432m.

D.2. First principal strain distribution
The total strain rotational crack model gives that the crack is always rotating with the first principal
strain. It is of interest to show the first principal strain distribution over the whole tower. The large
strain shows not only the structural critical area but also the crack distribution. The maximum strain
will be shown in two parts. One is the strain distribution from 0-0.0009018, which is the strain dis-
tribution of the tower that within the maximum allowable crack strain. The second part is the crack
distribution that exceeds the maximum allowable value. Figure D.2 and D.3 show these two distribu-
tions of the first principal strain models 1%NM, 2%NM, 3%NM, 2%RNM,1%RNM respectively.

D.3. Stress-resultant in the meridional direction
The meridional stress distribution can be affected by the stiffness of the stiffening rings significantly.
A weak stiffness of upper cone leads to an ovalization deformation which causes a large tensile force
acting on the throat height in the meridional direction. Figure D.4 and Figure D.5 give the meridional
stress resultant distribution in the windward direction for individual models. The left-hand side of
Figure D.7 shows the changing of the stress resultant with increasing reinforcement ratio. The right-
hand side of Figure D.7 gives the recentered models with increasing reinforcement ratios, and they
are compared with Detailed Linear Model. In the original design model, the force distribution moves
to the compression sides with the increasing of the reinforcement ratio. Large stress fluctuations are
observed in both models near the stiffening rings. No large stress fluctuations are found in the Recen-
tered Models.

Figure D.8 and Figure D.9 show the meridional stress resultant distribution over the circumference
at the throat height of the tower. The weak structure gives a larger tensile peak and larger compres-
sive peak. The stress distribution is not uniform. The force distribution in 2%RNM is more linearly
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Figure D.1: Displacement in y direction for models 1%NM, 2%NM, 3%NM, 2%RNM,1%RNM
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Figure D.2: The maximum principal strain distribution(0-0.0009018) for models 1%NM, 2%NM, 3%NM, 2%RNM,1%RNM
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Figure D.3: The maximum pricipal strain distribution(0.0009018-max) for models 1%NM, 2%NM, 3%NM, 2%RNM,1%RNM
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Figure D.4: The meridional stress distribution at the windward direction for 1%NM, 2%NM, 3%NM

distributed. 2%RNM and 3%NM gives distributions without tensile forces. But 2%RNM gives a more
linear distribution compared to the 3%RNM. In addition, 2%RNM shows an even better stress distri-
bution compared to DLM, which gives a fewer stress fluctuations.
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Figure D.5: The meridional stress distribution at the winward direction for 2%RNM,1%RNM

Figure D.6: The comparison of meridional stress distribution at the windward direction for 1%NM, 2%NM, 3%NM(left);the
comparison of meridional stress distribution at the windward direction for 2%RNM, 2%NM, DLM(left)
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Figure D.7: The comparison of meridional stress distribution at the windward direction for 2%RNM, 1%RNM(left);the compar-
ison of meridional stress distribution at the windward direction for 1%RNM, 1%NM,(right)

Figure D.8: The comparison of meridional stress distribution at the windward direction at the thorat height over the circum-
ference for 1%RNM, 2%RNM, DLM; the comparison of meridional stress distribution at the windward direction at the thorat
height over the circumference for 2%NM, 3%NM, 1%NM
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Figure D.9: The comparison of meridional stress distribution at the windward direction at the thorat height over the circumfer-
ence for 2%NM, 3%NM, 1%NM, 1%RNM, 2%RNM, DLM



E
2% Recentered Nonlinear Model

In this chapter, 2%RNM will be further analysis with a higher horizontal wind load. Since a linear be-
havior is found when solar updraft tower under static wind action in the serviceability limit state, this
analysis is done by increasing the wind load until the load factor 2. The structural behavior is shown in
this chapter by providing the displacement, the principal stress distribution, the reinforcement yield-
ing distribution and the stress resultant distribution.

E.1. Load steps-displacement curve
The load steps-displacement curve of 2%RNM with D+2W loading conditions is compared with other
nonlinear material models (Figure E.1. As can be seen, 2%RNM kept its initial slope until the last
load step(1D+2W). No discontinuities are found in the load steps-displacement curve. A maximum
displacement (2.66m) at D+2W of 2%RNM is similar to the maximum displacement of 3%NM at D+W.

E.2. Deformations
Figure E.3 gives the displacement distribution in x-direction (left) and y-direction (right). The max-
imum displacement at the windward direction is 2.66m. The displacement in y-direction shows the
ovalization deformation of the upper cone and it has a maximum displacement around 1m.

E.3. First principal strain distribution
Figure E.3 gives the first principal crack distribution within the allowable value (0.0009018) and ex-
ceeding the allowable range. A maximum principal strain with a magnitude of 0.024 is found at the
throat height at the last load step. The large strains are located at the stiffening rings and the shell
walls near the stiffening rings.

E.4. Crack strain distribution
Figure E.4 is the cracking distribution on the inner and outer shell wall under wind load D+2W. No
kinks are observed in the upper cone, while the circular cross-section does change to an ellipsoid
shape. The crack on the shell walls at the windward side and two cross sides are observed. The largest
crack is observed at the throat height. A large horizontal crack is found at the throat height due to the
overturning effect of the large horizontal wind load. The maximum crack width is 6.188mm.
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Figure E.1: Load steps-displacement curve for 1%NM, 2%NM, 3%NM 2%RNM, 1%RNM
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Figure E.2: The deformed shape with displacement distribution in x direction (left) and y direction (right) for 2%RNM under
D+2W
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Figure E.3: The maximum principal strain within the allowable range(0.0009018)(left) The maximum principal strain that ex-
ceed the allowable rang (right) for 2%RNM at D+2W
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Figure E.4: The crack strian distribution at outer layer(left) and inner layer(right) for 2%RNM at D+2W
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Figure E.5: The crack strian distribution at outer layer(left) and inner layer(right) for for model 2%RNM at D+W, D+1.5W and
D+2W

Figure E.6: The meridional stress resultant over height for model 2%RNM at D+W, D+1.5W and D+2W
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E.5. Stress resultant in the meridional direction
Figure E.5 gives the meridional stress resultant at the throat height over the circumference. As can be
seen, at ultimate limit state with wind load factor of 1.5, a tensile force is found at the throat height,
which should be further improved in the future research.
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