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Finite Element ANSYS Analysis of the Behavior for 

6061-T6 Aluminum Alloy Tubes under Cyclic Bending 

with External Pressure 

Kuo-Long Lee1, Chen-Cheng Chung2 and Wen-Fung Pan2 

1. Department of Innovative Design and Entrepreneurship Management, Far East University, Tainan 70101, Taiwan, R.O.C  
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Abstract: In this paper, by using adequate stress-strain relationship, mesh elements, boundary conditions and loading conditions, the 
finite element ANSYS analysis on the behavior of circular tubes subjected to symmetrical cyclic bending with or without external 
pressure is discussed. The behavior includes the moment-curvature and ovalization-curvature relationships. In addition, the 
calculated ovalizations at two different sections, middle and right cross-sections, are also included. Experimental data for 6061-T6 
aluminum alloy tubes subjected to cyclic bending with or without external pressure were compared with the ANSYS analysis. It has 
been shown that the analysis of the elastoplatic moment-curvature relationship and the symmetrical, ratcheting and increasing 
ovalization-curvature relationship is in good agreement with the experimental data. 
 
Key words: Cyclic bending, external pressure, moment, curvature, ovalization, finite element ANSYS analysis. 
 

1. Introduction 

In many engineering applications, such as offshore 

pipelines, risers, platforms, land-based pipelines, and 

breeder reactor tubular components are acted upon 

both cyclic bending and external pressure. It is well 

known that the ovalization of the tube cross-section is 

observed when a circular tube is subjected to bending. 

If the loading history is cyclic bending, the ovalization 

increases in a ratcheting manner with the number of 

cycles. However, if the bending is combined with the 

external pressure, a small amount of external pressure 

will strongly influence the trend and magnitude     

of the ovalization. Therefore, the experimental and 

theoretical studies of the response of circular tubes 

under cyclic bending combined with external pressure 

are important for many industrial applications. 

Since 1980, Kyriakides and co-workers [1] have 

conducted experimental and theoretical investigations 

                                                           
Corresponding author: Wen-Fung Pan, Ph.D., professor, 

research fields: experimental stress analysis, finite element 
analysis and plasticity. E-mail: z7808034@email.ncku.edu.tw. 

on the behavior of pipes subjected to bending with or 

without internal pressure or external pressure. 

Kyriakides and Shaw [1] performed an experimental 

investigation on the response and stability of 

thin-walled tubes subjected to cyclic bending. Corona 

and Kyriakides [2] investigated the asymmetric 

collapse modes of pipes under combined bending and 

external pressure. Kyriakides and Lee [3] 

experimentally and theoretically investigated the 

buckle propagation in confined steel tubes. Limam et 

al. [4] studied the inelastic bending and collapse of 

tubes in present of the bending and internal pressure. 

Limam et al. [5] investigated the collapse of dented 

tubes under combined bending and internal pressure.  

Pan and his co-workers [6] also constructed a 

similar bending machine with a newly invented 

measurement apparatus, which was designed and set 

up by Pan et al. [6], to study various kinds of tubes 

under different cyclic bending conditions. Lee et al. [7] 

studied the influence of the Do/t (diameter/thickness) 

ratio on the response and stability of circular tubes 
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subjected to cyclic bending. Chang and Pan [8] 

discussed the buckling life estimation of circular tubes 

subjected to cyclic bending. Lee et al. [9] investigated 

the viscoplastic response and collapse of sharp-notched 

circular tubes subjected to cyclic bending. 

Corona and Kyriakides [10] experimentally 

investigated the response of 6061-T6 aluminum alloy 

tubes under cyclic bending and external pressure. In 

their study, the moment-curvature curves revealed a 

cyclic hardening for 6061-T6 aluminum alloy tube. 

The moment-curvature curve became steady after a 

few cycles. In addition, the moment-curvature 

response exhibits almost no influence by the external 

pressure. However, the ovalization-curvature behavior 

increases in a ratcheting symmetrical manner and is 

strongly influenced by the magnitude of the external 

pressure. Although Lee et al. [11] used endochronic 

theory combined with the principle of virtual work to 

properly simulate the aforementioned behavior, there 

are several flaws in their theoretical formulation. 

Firstly, the endochronic theory is too complicated and 

when it is combined with the principle of virtual work, 

the numerical method for determining the related 

parameters becomes extremely difficult. Next, their 

method treats the same response for every cross 

section for a circular tube under pure bending. 

However, based on the experimental data from 

Corona and Kyriakides [10], the moment and 

curvature are almost the same for every section, but 

the ovalization is different for each section. In 

addition, the response of the 6061-T6 aluminum alloy 

tube lacks of investigation.  

Due to the great progress in computation speed and 

great improvement in the theory describing the 

elastoplastic response in finite element method in 

recent years, the accuracy of calculation by finite 

element method has become better [4-5, 12-13]. In 

this study, by considering adequate stress-strain 

relationships, mesh elements, boundary conditions 

and loading conditions, the finite element software 

ANSYS is used to analyze the response of circular 

tubes subjected to cyclic bending with or without 

external pressure. Circular tube for 6061-T6 

aluminum alloy is considered in this study. The 

experimental data tested by Corona and Kyriakides 

[10] are used to compare with the finite element 

ANSYS analysis. It has been shown that good 

agreement between the ANSYS analysis and 

experimental results has been achieved.  

2. Finite Element ANSYS Analysis 

In this study, the finite element software package 

ANSYS is used for analyzing the behavior of circular 

tubes subjected to cyclic bending with or without 

external pressure. The behavior is the relationships 

among the moment, curvature and ovalization. The 

elastoplastic stress-strain relationships, mesh element, 

boundary condition and loading condition of the finite 

element ANSYS are discussed in the following. 

2.1 Elastoplastic Stress-Strain Relationship  

According to the uniaxial stress-strain curves for 

6061-T6 aluminum alloy tested by Corona and 

Kyriakides [10], the uniaxial stress ()-strain () 
curves are constructed in ANSYS as shown in Fig. 1. 

It can be seen that the curve is constructed by 

multilinear segments, the number on the curve 

indicates the order of the segment. In addition, the 

kinematic hardening rule is used as the hardening rule 

for cyclic loading.  

2.2 Mesh Element  

Due to the three-dimensional geometry and 

elastoplastic deformation of the tube, we use the 

SOLID 185 element for relative analysis. This 

element is a tetrahedral element built in ANSYS and 

is suitable for analyzing the plastic or large 

deformation. In particular, this element is adequate to 

analyze a shell component under bending. Due to the 

symmetry of the front and rear, right and left, only one 

fourth of the tube’s model was constructed. Fig. 2 is 

the mesh of the finite element ANSYS.  
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Fig. 1  Uniaxial stress ()-strain () curve for 6061-T6 

aluminum alloy constructed by finite element ANSYS.  
 

 
Fig. 2  Mesh constructed by ANSYS.  
 

2.3 Boundary and Loading Conditions 

Based on the coordinate system of Fig. 2, the pure 

bending is on the y-z plane. The points on the top and 

bottom of the tube are free to move in y-direction and 

z-direction. But they can not move in x-direction. Fig. 

3 shows the boundary condition of the finite element 

ANSYS. It can be seen that we use rollers on the top 

and bottom of the tube to represent the constraints.  

In this study, the pure bending is controlled by 

curvature. The magnitude of the curvature cannot be 

directly input into ANSYS. Therefore, the 

corresponding displacements of the points (1, 2, …, N) 

on the center surface (neutral surface) are considered 

as  the  input  data  shown  in  Fig. 4.  The  points  of  the 

 
Fig. 3  Boundary conditions constructed by ANSYS.  
 

 
Fig. 4  Loading conditions of the finite element ANSYS.  
 

undeformed center surface are indicated as 1, 2, …, N. 

Once the tube is subjected to pure bending, the points 

1, 2, …, N move to points 1', 2', …, N', respectively. 

For pure bending, the curvature  is:  

L




 
1               (1) 

where,  is the radius of curvature and L is the half of 

the original tube’s length. Since the loading is 

curvature-controlled, the magnitudes of ,  and L are 

known quantities. Thus, the magnitude of  can be 

determined from Eq. (1). The vertical displacement of 

point 1 is:  

θρρ'Oρ'
v

cos111      (2) 

The horizontal displacement of point 1 equals zero. 

When we consider the displacement of point 2, the 
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length 12  is a known quantity, the angle of 12 is 

determined to be:  




























 

θρO
θ
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  (3) 

The length 2O  is found to be 

 2222
cos121122 θρOO     (4) 

The length of '22  is determined as: 

222 Oρ'              (5) 

The vertical and horizontal displacements of '22  

are calculated to be: 

1212 sin2222cos2222 θ'',θ''
hv
  (6) 

For the displacement of point N, the quantities of 

1N, ON , 'NN  are determined to be: 
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ONρNN'            (7) 

The vertical and horizontal displacements of NN'  

are calculated to be: 

,cos 1N
v

θ'NNNN'  N
h

θ'NNNN' 1sin (8) 

3. Comparison and Discussion 

In this section, the behavior of 6061-T6 aluminum 

alloy circular tubes under cyclic bending with or 

without external pressure tested by Corona and 

Kyriakides [10] is compared with the finite element 

ANSYS analysis discussed in Section 2. In their 

experimental result, the magnitudes of the pressure, 

moment, and curvature are normalized by the 

following quantities [10]: 

2
2

3

2
3

1

2

o
looo

o
c D

t
t,κDσM,

D

t

ν

E
P 










  (9) 

where, E is the elastic modulus,  is the Poisson’s 

ratio, Do is the original outside diameter, t is the 

wall-thickness, and o is the yield strength. For 

6061-T6 aluminum alloy tube, the values of E, , Do, t 

and o are 68.3 GPa, 0.33, 0.03091 m, 0.00089 m and 

288 MPa, respectively [10]. 

3.1 Cyclic Bending without External Pressure 

Fig. 5a presents the experimental result of cyclic 

moment (M/Mo)-curvature (κ/κl) curve for 6061-T6 

aluminum alloy tube under curvature-controlled cyclic 

bending. The external pressure in this case is equal to 

zero. The Do/t ratio is 34.7 and the cyclic curvature 

range is from +0.67 m-1 to -0.67 m-1. It is observed 

from the experimental M/Mo-κ/κl curve that the 

6061-T6 aluminum alloy tube shows a steady loop on 

the first cycle. Fig. 5b shows the corresponding 

simulated result obtained from ANSYS analysis.    

It can be seen that there is not any cyclic hardening or 
 

 
(a) Experiment [10] 

 

 
(b) ANSYS analysis 

Fig. 5  Experimental and ANSYS analysis moment 
(M/Mo)-curvature (κ/κl) curve for 6061-T6 aluminum alloy 
tube.  

-0.8 → k/k1
0.80.4 

-1.2

P/Pc = 0

M/M0 

1.2 Buckling

1.2
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softening built in ANSYS, thus, only a loop of the 

M/Mo-κ/κl curve represents all cyclic bending 

responses. Fig. 6a depicts the corresponding 

experimental ovalization of tube cross-section 

(ΔD/Do) as a function of the applied curvature (κ/κl) 

for Fig. 5a where ΔD is the change in outside 

diameter. It can be noted that the ovalization of tube 

cross-section increases in a symmetrical ratcheting 

manner with the number of cycles. As the cyclic 

process continues, the ovalization keeps 

accumulating. Fig. 6b is the corresponding simulated 

result of ΔD/Do-κ/κl curve.  

3.2 Cyclic Bending with External Pressure 

Fig. 7a presents the experimental result of cyclic  
 

 
(a) Experiment [10] 

 
(b) ANSYS analysis 

Fig. 6  Experimental and ANSYS analysis ovalization 
(ΔD/Do)-curvature (κ/κl) curve for 6061-T6 aluminum alloy 
tube.  

moment (M/Mo)-curvature (κ/κl) curve for 6061-T6 

aluminum alloy tube under cyclic bending with a 

constant external pressure Pc of 1.47 MPa. The cyclic 

curvature range is from +0.43 m-1 to -0.43 m-1. Fig. 7b 

demonstrates the corresponding ANSYS analysis 

result. In their experimental study [10], the length of 

the tube was around 24Do. They measured the 

ovalization at the position of 11Do indicated as point 

A and 18Do indicated as point B from the right   

(Fig. 8a). They discovered that the ovalization at point 

A (shown in Fig. 8a) increases slower than that at 

point B (shown in Fig. 9a). Figs. 8b and 9b show the 

corresponding simulation result of ΔD/Do-κ/κl curve at 

point A and B, respectively.  
 

 
(a) Experiment [10] 

 
(b) ANSYS analysis 

Fig. 7  The experimental result of cyclic moment 
(M/Mo)-curvature (κ/κl) curve for 6061-T6 aluminum alloy 
tube. 
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(a) Experiment [10] 

 
(b) ANSYS analysis 

Fig. 8  Experimental and ANSYS analysis ovalization 
(ΔD/Do)-curvature (κ/κl) curve at point A for 6061-T6 
aluminum alloy tube. 

 
4. Conclusions 

In this study, the finite element ANSYS with 

adequate stress-strain relationship, mesh elements, 

boundary conditions and loading conditions was used 

to simulate the response of circular tubes subjected 

cyclic bending with or without external pressure. The 

experimental data of 6061-T6 aluminum alloy tubes 

tested by Corona and Kyriakides [10] were used for 

comparison with the ANSYS analysis. It can be seen 

that the elastoplatic cyclic loops for moment-curvature  

 
(a) Experiment [10] 

 
(b) ANSYS analysis 

Fig. 9  Experimental and ANSYS analysis ovalization 
(ΔD/Do)-curvature (κ/κl) curve at point B for 6061-T6 
aluminum alloy tube.  
 

relationship and the symmetrical, ratcheting and 

increasing ovalization-curvature relationship were 

properly simulated in Figs. 5b-8b, respectively. In 

addition, the ovalization at different position can also 

be well simulated in Fig. 9b. 

Acknowledgments 

The work presented was carried out with the 

support of the National Science Council under grant 

NSC 100-2221-E-006-081. Its support is gratefully 

acknowledged. 



Finite Element ANSYS Analysis of the Behavior for 6061-T6 Aluminum Alloy  
Tubes under Cyclic Bending with External Pressure 

 

679

References  

[1] S. Kyriakides, P.K. Shaw, Inelastic buckling of tubes 
under cyclic loads, ASME Journal Pressure Vessels and 
Technology 109 (1987) 169-178. 

[2] E. Corona, S. Kyriakides, Asymmetric collapse modes of 
pipes under combined bending and external pressure, 
Journal of Engineering Materials and Technology 126 (12) 
(2000) 1232-1239. 

[3] S. Kyriakides, L.H. Lee, Buckle propagation in confined 
steel tubes, International Journal of Mechanical Science 
47 (2005) 603-620. 

[4] A. Limam, L.H. Lee, E. Corana, S. Kyriakides, Inelastic 

wrinkling and collapse of tubes under combined bending 

and internal pressure, International Journal of Mechanical 

Sciences 52 (6) (2010) 37-47. 

[5] A. Limam, L.H. Lee, S. Kyriakides, On the collapse of 

dented tubes under combined bending and internal 

pressure, International Journal of Solids and Structures 55 

(2012) 1-12. 

[6] W.F. Pan, T.R. Wang, C.M. Hsu, A curvature-ovalization 
measurement apparatus for circular tubes under cyclic 
bending, Experimental Mechanics 38 (2) (1998) 99-102. 

[7] K.L. Lee, W.F. Pan, J.N. Kuo, The influence of the 
diameter-to-thickness ratio on the stability of circular 

tubes under cyclic bending, International Journal of 
Solids and Structures 38 (2001) 2401-2413. 

[8] K.H. Chang, W.F. Pan, Buckling life estimation of 
circular tubes under cyclic bending, International Journal 
of Solids and Structures 46 (2009) 254-270.  

[9] K.L. Lee, C.M. Hsu, W.F. Pan, Viscoplastic collapse of 
sharp-notched circular tubes under cyclic bending, Acta 
Mech. Solida Sinica 26 (6) (2013) 629- 641. 

[10] E. Corona, S. Kyriakides, An experimental investigation 
degradation and buckling of circular tubes under cyclic 
bending and external pressure, Thin-Walled Structures 12 
(1991) 229-263. 

[11] K.L. Lee, C.M. Hsu, C.Y. Hung, Endochronic simulation 
for the response of 1020 steel tube under symmetric and 
unsymmetric cyclic bending with or without     
external pressure, Steel Composite Structures 8 (2) (2008) 
99-114. 

[12] Y.P. Korkolis, S. Kyriakides, Inflation and burst of 
anisotropic aluminum tubes for hydroforming 
applications, International of Plasticity 24 (2008) 
509-543. 

[13] K.H. Chang, K.L. Lee, W.F. Pan, Buckling failure of 310 
stainless steel with different diameter-to-thickness ratios 
under cyclic bending, Steel and Composite Structures, 10 
(3) (2010) 245-260. 

 



June 2014, Volume 8, No. 6 (Serial No. 79), pp. 680-692 
Journal of Civil Engineering and Architecture, ISSN 1934-7359, USA 

Cold In-Place Recycling as a Sustainable Pavement 

Practice 

Kang-Won Wayne Lee, Max Mueller and Ajay Singh 

Department of Civil and Environmental Engineering, University of Rhode Island, Kingston 02881, USA 

 

Abstract: Pavement rehabilitation and reconstruction methods with CIR (cold in-place recycling) are alternatives that can effectively 
reduce the high stresses and waste produced by conventional pavement strategies. An attempt was made to predict the performance, 
particularly low-temperature cracking resistance characteristics of CIR mixtures. These were prepared with the mix design procedure 
developed at the URI (University of Rhode Island) for the FHWA (Federal Highway Administration) to reduce wide variations in the 
application of CIR mixtures production. This standard was applied to RAP (reclaimed asphalt pavement) to produce CIR mixtures with 
CSS-1h asphalt emulsion as the additive. By adjusting the number of gyrations of the SGC (superpave gyratory compactor) for 
compaction, the field density of 130 pcf was represented accurately. To secure a base line, HMA (hot mix asphalt) samples were 
produced according to the superpave volumetric mix design procedure. The specimens were tested using the IDT (indirect tensile) 
tester according to the procedure of AASHTO T 322 procedure at temperatures of -20, -10 and 0 oC (-4, 14, and 32 oF, respectively). The 
obtained results for the creep compliance and tensile strength were used as input data for the MEPDG (mechanistic empirical pavement 
design guide). The analysis results indicated that no thermal or low-temperature cracking is expected over the entire analysis period of 
20 years for both HMA and CIR mixtures. Thus, it appears that CIR is a sustainable rehabilitation technique which is also suitable for 
colder climates, and it is recommended to conduct further investigation of load-related distresses such as rutting and fatigue cracking. 

 
Key words: Cold in-place recycling, sustainable pavement, asphalt pavement, pavement rehabilitation and reconstruction, superpave 
gyratory compactor, indirect tensile test.  
 

1. Introduction 

Roadways are exposed to various loadings and 

stresses that reduce their serviceability like other 

infrastructures. Traffic as well as environmental 

stresses wear out pavement structures. Despite their 

consideration in the design and construction process, 

distresses can usually be expected to show in the 

pavement surfaces. The most efficient means to deal 

with these distresses and wearing appears to be to 

rehabilitate the pavement at a point where its condition 

can be improved with a reasonable amount of resources. 

This could be an adequate maintenance practice in 

order to avoid expensive reconstruction, and it needs to 

be planned throughout the expected pavement service 

period. 

                                                           
Corresponding author: Kang-Won Wayne Lee, Ph.D., 

professor, research fields: pavement and transportation 
engineering. E-mail: leew@egr.uri.edu. 

Whenever rehabilitation or reconstruction measures 

are not avoidable, procedures to rebuild parts of the 

pavement structure are necessary. Layers of the 

roadway are milled up to a determined depth, which 

can include the surface or even the base course. Past 

and current practices often pursue the procedure of 

replacing the milled materials with virgin materials [1]. 

This requires great efforts in terms of purchasing and 

transporting new material which consumes time, 

energy and money [2]. Furthermore, the old material 

becomes waste, harming the environment and 

incurring further costs tied to disposal. 

A method of reducing all these issues by 

considerable amounts is in-place recycling. This 

procedure allows the user to re-use materials that are 

already in the pavement. This process includes milling, 

screening and crushing of the broken pavement 

materials. Additives such as emulsified asphalt or fly 

ash are then incorporated [3]. This mixture is put back 

DAVID  PUBLISHING 
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in place and compacted. Finally, a protective overlay is 

placed above the recycled layer of asphalt concrete, 

which is typically HMA (hot mix asphalt) [4]. 

Therefore, multiple advantages arise from the lack of 

need for heating and for extensive transportation of the 

materials used and are as follows [5]: 

 less trucking; 

 conservation of materials, energy and time; 

 preservation of the environment; 

 cost reduction. 

These advantages pose major incentives to promote 

and support in-place recycling and allow the roadway 

rebuilding procedure to be conducted in a sustainable 

way [6]. 

In-place recycling can be performed at different 

temperature levels. Cold recycling typically uses 

materials at ambient temperatures. Examples show that 

temperatures are at around 25 oC (77 oF). The absence 

of the necessity to heat up the material considered to be 

major advantages which are listed above. Furthermore, 

pollution in the form of smoke, heat and noise is 

reduced. Thus, in-place recycling is an approach for 

green highways and streets. Less time is needed for 

cooling off, therefore allowing sooner openings for 

traffic. 

What are still needed for a wide-spread application 

of this technique are standardized regulations for 

procedures, testing, and quality control [7]. Based on a 

mix design procedure developed under the leadership 

of the URI (University of Rhode Island), the present 

study deals with the prediction of performance of 

pavements with CIR (cold in-place recycling), 

particularly, low-temperature cracking resistance 

characteristics [8]. In order to be able to fairly evaluate 

the outcomes of the predictions and obtain comparable 

results, the predictions for the pavement structures 

involving recycled materials were compared to a 

pavement structure with virgin materials, in this case 

HMA, with the same boundary conditions. Even with 

varying thicknesses of different layers in the pavement 

structure, exposure to the same environmental 

conditions ensures a fair comparison. 

Standardized regulations for procedures, testing, and 

quality control are still needed for a wide-spread 

application of this technique. Based on the URI mix 

design procedure, the present study deals with the 

prediction of performance of pavements with CIR, 

particularly, low-temperature cracking resistance 

characteristics. In order to fairly evaluate the 

predictions, the pavement structures with CIR 

materials were compared to the ones with virgin 

materials, or HMA, with the same boundary 

conditions. 

2. Current Status of Knowledge 

The literature review comprised many fields of 

pavement engineering, starting from the specimen 

preparation, i.e., basic material handling, all the way to 

software-based predictions on the basis of analyzed test 

data [9]. This chapter will focus on the used emulsion, 

theoretical background of the conducted testing and the 

prediction tool. 

2.1 Asphalt Emulsions 

In general, “emulsified asphalt is simply a 

suspension of small asphalt cement globules in water, 

which is assisted by an emulsifying agent” [3]. As 

liquid asphalt is based on oil and does not dissolve in 

water, a chemical agent is needed to disperse the liquid 

asphalt in water. It forms droplets with a diameter 

ranging from 1 μm to 10 μm [10]. 

CSS-1h emulsions are usually a good choice for CIR 

projects. The slow setting rate is suitable for this type 

of road construction. The number refers to the 

emulsion’s viscosity. In this case, the emulsion has a 

lower viscosity than a “2”. The “h” designates the use 

of harder base asphalt, which is usually the case. 

2.2 Indirect Tensile Testing 

When conducting the IDT (indirect tension) test, a 

cylindrical specimen with a diameter of 150 mm (6 in) 

and a thickness of 38-50 mm (1.5-2 in) is exposed to a 
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single load imposed perpendicularly to the longitudinal 

axis with a static support on the opposite side. Fig. 1 

shows a front view of the specimen during the test. 

It was found that the IDT test is able to represent the 

most critical location of a pavement under a wheel load. 

Roque and Buttlar [11] stated that, “the critical location 

for load-induced cracking is generally considered to be 

at the bottom of the asphalt concrete layer and 

immediately underneath the load, where the stress state 

is longitudinal and transverse tension combined with 

vertical compression. The stress state in the vicinity of 

the center of the face of an indirect tension specimen is 

very similar to this stress state, except that tension is 

induced in one rather than two axes”. 

According to Roque and Buttlar [11], the tensile 

stress along the vertical y-axis in the horizontal 

direction is constant, which also reflects the line along 

which failure can be expected once the tensile stress 

exceeds the tensile strength (Fig. 1).  

The IDT test is conducted according to the 

AASHTO T 322 procedure [12]. Its purpose is to 

determine the creep compliance D(t) as well as the 

tensile strength St at low temperatures. Creep 

compliance is defined as “the time-dependent strain 

divided by the applied stress” [12] and therefore has 

the unit of the reciprocal of stress. A constant load is to 

be applied on the specimen for a duration of 100 

(MEPDG (mechanistic empirical pavement design 

guide) input values) or 1,000 s (complete analysis). Not 

only does superpave mixture analysis specify the 

temperatures of -20, -10 and 0 oC (-4, 14 and 32 °F, 

respectively), but also the input options for MEPDG 

are at these temperatures. In order to allow the 

specimen to cool down to the test temperature and 

establish an appropriate temperature distribution 

throughout the material, the sample has to remain 

inside the climate chamber at the test temperature for 2 

 1 h prior to testing. 

During creep compliance testing, the deformations 

near the center of the specimen are recorded. The 

tensile strength test is to be performed immediately 

after the creep compliance test. Now the loading ram 

movement is required to be constant with a speed of 

12.5 mm/min until the load sustained by the specimen 

decreases. This is regarded to as failure and the 

maximum load therefore is the failure load. 

2.3 AASHTO Pavement M-E Guide 

The MEPDG, subsequently AASHTO Pavement 

M-E Guide was developed based on results of the 

LTPP (long-term pavement performance) program. 

The LTPP program started a comprehensive 

experiment about pavements in service by monitoring 

more than 2,400 asphalt and Portland cement concrete 

roadways across the United States and Canada. The 

data obtained help to develop the algorithms for the 

new performance prediction software. With the 

weather history known about the location where the 

future pavement is to be constructed, the pavement 

structure can be entered into the program. Then, the 

program output is a prediction of the serviceability of 

the roadway that can be expected under the given 

boundary conditions. MEPDG combines a variety of 

sub-programs that each treat different distresses such 

as rutting, fatigue cracking and thermal cracking.  

TC MODEL is the program which analyzes the 

stresses due to low temperatures and is able to quantify 

the thermal distresses. It should be noted at this point 
 

 
Fig. 1  IDT specimen and gauge location to determine 
creep compliance and tensile strength.  
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that “TC MODEL does not consider traffic effects” 

[13]. This program is very user-friendly, as it offers a 

convenient way to enter the data input. It simplifies the 

problem by using linear elastic fracture mechanics in a 

one-dimensional stress evaluation model. Newer 

software aims to treat this problem with nonlinear finite 

element analysis engines. This allows for better 

reliability of the predictions due to a more accurate 

mathematical representation of the problem. This 

software is still under development for the full-scale 

deployment [14]. 

3. Asphalt Pavement Materials 

The primary objective of this study was the 

evaluation of the performance of a CIR material for 

rehabilitation or reconstruction projects. A base line 

was established with HMA first. 

3.1 HMA Specimens 

HMA represents the current practice of road 

construction, and consists of mineral aggregates and 

asphalt binder. Specimens with four different binder 

contents from 5.5% to 7.0% with increments of 0.5% 

were tested, and the OBC (optimum binder content) 

was determined at the in-service air void content of 

4.0%. 

A loose (uncompacted) sample with a mass of 

approximately 1,000 g (2.2 lbs) was used to determine 

the theoretic maximum specific gravity according to 

the procedure of AASHTO T 209 [12]. Specimens with 

different binder contents were compacted with the 

SGC (superpave gyratory compactor) maximum 

number of gyrations, i.e., 175. It should be noted that 

the final compaction level is important for calculation 

purposes only, but not for testing. 175 gyrations would 

compact the specimens to a point where they would be 

denser than in the field and would not represent field 

conditions accurately, since the number of gyrations 

for design purposes would be 100 according to the 

procedure of AASHTO R 35 [12]. The obtained test 

results were only used for back-calculating purposes 

and not for performance testing. 

The compacted specimens were then tested for their 

bulk SG (specific gravity) (Gmb) and water absorption 

according to the procedure of AASHTO T 166 [12]. 

The bulk SG after every gyration can be estimated 

because the specimen’s mass is known and the gyratory 

compactor yields the height of the specimen after every 

gyration in the compaction mold of known dimensions. 

By dividing the mass by the calculated volume and the 

density of water at 4.0 oC (0.999972 g/cm3), the 

estimated bulk SG (Gsb,est) can be computed. A 

correction factor C is introduced to obtain the corrected 

bulk SG (Gsb,corr). It is determined and applied to every 

gyration according to Eqs. (1) and (2) [15]. 

 gyrationsNG

G
C

estmb

measuredmb

175,

,




  

(1) 

CGG measuredmbcorrmb  ,,      
(2) 

By dividing the corrected bulk SG by the theoretical 

maximum SG, the compaction level as a percentage of 

the maximum theoretical SG is computed. This 

calculation was done for duplicate specimens at four 

binder contents. Then, the binder content is plotted 

against the averaged air void contents. The results are 

shown in Fig. 2. 

Finally, the OBC at an air void content of 4.0% was 

determined graphically and numerically to be 5.8%. 

Therefore, the specimens for the planned indirect 

tensile testing were produced with this OBC. Also, 

compaction was accomplished with 100 designs 

instead of 175 maximum gyrations. 

3.2 CIR Mixtures 

RAP (reclaimed asphalt pavement) was acquired 

from a construction site of Rhode Island Route 3. 

Unfortunately, the material was stored uncovered for 

an unknown amount of time, and the influence of aging, 

oxidation and freezing, especially on the binder, may 

have been significant. However, since another source 

was not  available, the  RAP was  used despite concerns 
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Fig. 2  Averaged air voids over binder conetent. 

 

over different properties from fresh one. 

In this study, CSS-1h emulsion was used. According 

to the CIR mix design procedure which was developed 

by a URI research team [8], the optimum emulsion and 

water content needed to be determined. The process 

was carried out by first keeping the water content 

constant and varying the emulsion content. For the 

determination of the optimum content, the unit weight 

is the parameter to be compared to field conditions. 

Either the maximum value or, if a maximum cannot be 

determined, the best representation of field condition 

should be chosen. Before any specimen can be 

produced, the appropriate number of gyrations for 

compaction needs to be determined. The URI 

procedure states that, “The load shall be applied for the 

number of gyrations that will result in achieving 

densities similar to those found in the field.” Therefore, 

a method was used that is somewhat similar to the 

determination of the amount of air voids for HMA 

materials [8]. It is based on representing field density, 

and the value of previous URI study, i.e., 130 pcf was 

used [16]. Following steps were used in this study: 

 determine the mass of the sample (aggregate + 

water + emulsion); 

 compact with 175 gyrations (like HMA) [7]; 

 calculate estimated bulk SG after every gyration; 

 measure bulk SG after 175 gyrations 

(experiment); 

 correction factor C = (measured bulk SG after 175 

gyrations)/(estimated bulk SG after 175 gyrations); 

 multiply bulk SG after every gyration by C to 

obtain corrected bulk SG; 

 find field density; 

 divide corrected bulk SG by field density; 

 look for 100.0%. 

The test specimen for this procedure was made with 

a water content of 3.0% and an emulsion content of 

1.0%. Results showed that 116 gyrations are adequate 

for field density reproduction. 

For any set of emulsion and water contents, 9,000 g 

of RAP were used. This was because duplicate 

specimens for bulk SG determination with about 4,000 

g each were needed along with one sample for 

theoretical maximum SG determination (approx. 1,000 

g). To ensure sufficient mass, 9,000 g for the RAP was 

chosen because emulsion and water still had to be 

added, which lead to a mass of more than 9,200 g 

before curing [5]. For the determination of the OEC, 

emulsion contents varied from 0.5% (of total mix mass) 

to 2.0% with increments of 0.5%, while the water 

content stayed constant at 3.0%.  

After production, specimens were put in an oven at a 
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temperature of 60 oC (140 oF) for a period of 24 h for 

curing. This time was needed for the water to leave the 

specimen [8]. 

While the bulk SG specimens were being cured, the 

theoretical maximum SG of uncompacted specimens 

was determined. This was conducted according to the 

procedure of AASHTO T 209 [12]. After curing, bulk 

SG testing was performed, again according to the 

procedure of AASHTO T 166 [12]. Fig. 3 shows the 

unit weight with respect to emulsion content. The R2 

error is in reference to a parabolic regression curve 

computed by the spreadsheet program.  

In one aspect, the regression fits the data points very 

well which is indicated by the R2 value above 0.99 in 

both cases. However, the behavior of the curve was 

somewhat different than expected since it indicated 

that a higher unit weight was achieved using less 

emulsion. A similar behavior was observed [8] and a 

solution corresponding to the applied mix design 

procedure was applied. 

Due to the highly variable nature of RAP materials 

and their mixture with emulsion and water, the 

relationship between unit weight and emulsion content, 

as described earlier, occasionally does not hold true for 

CIR mixtures. Such a case occurred with the Kansas 

mixture. The highest unit weight was achieved at the 

lowest emulsion content of 0.5%. However, 0.5% 

emulsion does not supply enough asphalt to properly 

coat the RAP particles. Under such conditions, the 

OEC should be selected at the emulsion content    

that produces the same unit weight as found in the field. 

In this study, the same option was chosen. Due to the 

close fit of the regression curve, it could be used to 

numerically determine at which emulsion content a 

unit weight of 130 pcf was achieved. Thus, the 

optimum emulsion content was determined to be 0.7%. 

With the optimized emulsion content, the next step 

was to determine the OWC (optimum water content). 

This was very similar to the previous step with the 

exception that the emulsion content was kept constant at 

the optimum level while the water content was varied. 

Again, four sets of specimens were produced with 116 

gyrations. However, the water contents were varied 

from 2.0% to 3.5%. The results are shown in Fig. 4.  

While the behavior was expected to be less erratic, 

one maximum point could be identified easily to 

determine the optimum water content to be 3.0%.  

4. IDT (Indirect Tensile) Testing 

4.1 Specimen Preparations 

A testing machine, Instron® 5582 was available in 

the RITRC (Rhode Island Transportation Research 

Center)  laboratory  at  URI.  An  attempt  was  made  to 

 
Fig. 3  Determination of OEC at 3.0% water content. 
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Fig. 4  Determination of OWC at 0.7% emulsion content.  

 

calibrate the machine. A malfunction was found in data 

acquisition system. Suitable new parts that would work 

with the machine were identified, but unfortunately the 

delivery and complete installation of the new software 

was too late for this project to take effect. Therefore, 

another way of testing needed to be found. Fortunately, 

the UConn (University of Connecticut) provided the 

required testing system for this project. 

The superpave cylindrical samples have a height of 

about 110 mm (4.3 in), thus two IDT specimens with 

the required height could be produced. Due to the 

quality of the saw, a high level of accuracy could be 

maintained. In total, eight different specimens for 

each material were produced with thicknesses in the 

range of 41 mm to 44 mm. These met the requirement 

of the procedure of T 322, which are 38-50 mm [12]. 

It was observed that the different behavior of the 

materials could be seen even during specimen 

preparation. The fine materials of the recycled 

samples were less strongly integrated into the material 

and therefore chipping was increased during sawing. 

In order to still obtain usable specimens, care had to 

be taken to saw the specimens fast enough to 

minimize wobbling of the blade and at the same time 

slow enough not to rip out particles instead of cutting 

through them. 

At least one day was required after sawing as the 

specimens had to be dried. Subsequently, metal 

mounting buttons were glued onto the specimens. For 

testing, strain gauges were attached to them 

magnetically to detect the horizontal and vertical 

deflection of the sample in the center of the specimen. 

After gluing the buttons to the specimens, they were 

ready for testing. 

4.2 IDT Testing Content 

Testing had to be conducted at different 

temperatures. To ensure an appropriate temperature 

distribution over the entire cross-section of the 

specimens, keeping the specimens at test temperatures 

for 3  1 h before testing was mandatory. The entire 

testing procedure was conducted according to the 

procedure of AASHTO T 322 [12]. 

While the load was kept at a constant magnitude, the 

deflections were measured for both faces of the 

specimen. This is intended to reduce influences on the 

obtained measurements due to material in 

homogeneities by allowing the user to average them. 

After this testing phase, the load was removed. 

Although the specimen was not destroyed, it exhibited 

permanent deformation. However, it can still be used 

for the tensile strength test, as can be seen in the 

standard test method [12]. In this test, the loading ram 

had to maintain a constant movement of 12.5 mm/min 

(0.5 in/min), while only the imposed load needed to be 

measured. The deflections did not matter at this time. 

Since this test destroys the specimen, the strain gauges 

were removed to prevent damage that might have 

occurred due to the specimen’s collapse. 

The ram movement must be maintained until the 

load sustained by the specimen starts to decrease. This 

is regarded as failure, and the maximum load was used. 

When testing materials at different temperatures, it was 

observed that the temperature had a significant 

influence on the behavior. The lower the temperature, 

the more brittle failure occurred. While the material 

allowed some ductile deformation before completely 

falling apart at freezing point. At -20 oC (-4 oF) there 

was mainly one sudden, loud crack, and the specimen 

collapsed. 
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4.3 Data Analysis 

4.3.1 Creep Compliance, D(t) 

The horizontal and vertical deformations at the 

analyzed temperature were averaged and normalized in 

order to compare them. This was accomplished using 

Eqs. (3) and (4) [12]. 
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where, 

ΔXn,i,t—normalized horizontal deformation of 

specimen n for face i at time t (mm); 

ΔYn,i,t—normalized vertical deformation of 

specimen n for face i at time t (mm); 

ΔXi,t—measured horizontal deformation of 

specimen n for face i at time t (mm); 

ΔYi,t—measured vertical deformation of specimen n 

for face i at time t (mm); 

bn, Dn, Pn—thickness, diameter, creep load of 

specimen n; 

bavg, Davg, Pavg—average thickness, diameter, creep 

load of all replicate specimens at this temperature. 

Since all specimens have a diameter of 150.0 mm, 

Dn/Davg is 1. In the test method, ΔX and ΔY are treated 

as arrays. In this study, this is achieved by calculating 

single values in a table in the spreadsheet software. 

After executing these equations, normalized 

deformations are obtained that enable the user to 

directly compare the deflections of all three specimens 

to one another.  

If the average was determined with all six curves or 

arrays, the accuracy would decrease due to these two 

curves that deviate from the mean value significantly. 

As an approach to this problem, the trimmed mean is 

used. A percentage of all measurements is chosen to be 

“cut off” or trimmed from the top and bottom of the 

numerically ranked array before calculating the 

arithmetic mean. 

The average horizontal and vertical deformations for 

every face are needed in order to determine the ratio of 

the horizontal to vertical deformations X/Y, Poisson’s 

ratio ν, and a coefficient, Ccmpl, needed for the 

calculation of the creep compliance. The average 

deformations occur after half the total creep time and 

are obtained using Eqs. (5) and (6) from the procedure 

of AASHTO T 322 [12]. 

midtinia XX ,,,         
(5) 

where, 

ΔXa,I—average horizontal deformation for face i; 

ΔXn,i,t—normalized horizontal deformation at a time 

corresponding to half the total creep test time for face i, 

here t = 500 s. 

The vertical deformations were obtained by applying 

the same calculations to the ΔY values. Then, the 

trimmed mean of the deflections ΔXt and ΔYt needed to 

be obtained. For this, the six ΔXa,i and ΔYa,i values were 

ranked numerically and the highest and lowest values 

were disregarded. The average of the middle four 

values was determined, according to Eq. (6). 
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where, 

ΔXt—trimmed mean of horizontal deformations; 

ΔXr,j ΔXa,i—values in ascending order. 

The ratio of the horizontal to vertical deformations 

X/Y was computed according to Eq. (7). 
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Consequently, Ccmpl and ν were determined using 

Eqs. (8) and (10), respectively. 
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while Eq. (9) must be true. 
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It may be noted that Poisson’s ratio ν should always 

be between 0.05 and 0.50 [12]. The calculations were 

carried out in a spreadsheet program (Microsoft Excel 

©). They were performed for all temperatures for both 

mixtures. 

Based on the trimmed mean of the deflections 

(deflection arrays) ΔXtm,t with respect to variable time t 

following the same numerical ranking for the average 

deformations in Eq. (6), the creep compliance D(t) can 

finally be computed using Eq. (11). 
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(11) 

where, 

D(t)—creep compliance (1/TPa); 

GL—gauge length (0.038 for 150 mm specimen). 

This formula allows the computation of the creep 

compliance for any time recorded, in the present study 

every half-second. The simulation program, MEPDG, 

requires the creep compliance only at certain time 

points. For greater precision of the requested data 

points ΔXtm,t, the results were averaged over the 

surrounding 5 time points. 

In summary, Table 1 was prepared as input material 

parameters for MEPDG analysis. As expected, CIR 

mixture has a higher compliance than HMA, because 

the former has lower modulus than the latter.  

4.3.2 Tensile Strength (St) 

The creep testing is not a destructive test, however, 

permanent deformation is exhibited due to the 

viscoelastic reaction to a permanent load. The tensile 

strength test damages the specimen entirely which is 

why this test must, of course, be performed after the 

creep compliance test. AASHTO procedure T 322 

schedules the strength test immediately after the creep 

compliance test but allows an unloading phase in 

between [12]. In the present study, this was necessary 

to remove the strain gauges to prevent damage to them 

as a result of specimen collapse. 

The specimen is aligned in the same way as for the 

compliance test, but this time the loading piston is to 

move at a constant speed of 12.5 mm/min. During 

testing only the sustained load is measured until a 

decrease is detected. This may or may not come along 

with a brittle collapse of the sample, but the maximum 

load is interpreted as the failure load and is used to 

determine the tensile strength. When the failure load is 

known, Eq. (12) allows computation of the tensile 

strength [12].  

nn

nf
nt Db

P
S







,
,

2

         

(12) 

where, 

St,n—tensile strength of specimen n (GPa); 

Pf,n—failure load of specimen n. 

Although the tensile strengths were obtained for all 

temperatures, only the results at -10 oC (14 oF) are 

significant for the program. While HMA mixtures 

collapsed at an average stress of 858 psi, CIR 

specimens failed at an average stress of 97 psi, which 

means a reduction of almost 90%. However, strength of 

97 psi is strong enough as base materials.   
 

Table 1  Creep compliance of both mixtures with respect to creep time t.  

Creep time t (s) -20 oC HMA -20 oC CIR -10 oC HMA -10 oC CIR 0 oC HMA 0 oC CIR 

0 8.97389E-08 9.41206E-07 4.13707E-07 8.54305E-07 5.21493E-07 2.55396E-06 

1 9.63726E-08 9.69910E-07 4.57243E-07 9.22309E-07 6.20040E-07 2.73292E-06 

2 1.02322E-07 1.00329E-06 4.91514E-07 9.63768E-07 7.00792E-07 2.88960E-06 

5 1.18006E-07 1.07410E-06 5.55092E-07 1.04849E-06 8.78080E-07 3.13043E-06 

10 1.36596E-07 1.15122E-06 6.26694E-07 1.13398E-06 1.08040E-06 3.39047E-06 

20 1.66465E-07 1.25605E-06 7.29301E-07 1.24203E-06 1.35649E-06 3.73268E-06 

50 1.99880E-07 1.46296E-06 9.41392E-07 1.44683E-06 1.94403E-06 4.35663E-06 

100 2.45938E-07 1.70172E-06 1.19195E-06 1.67104E-06 2.56138E-06 5.00597E-06 
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5. Performance Prediction of Both Mixtures 

The final step of performance prediction would be 

using the obtained data for a fictional project to 

evaluate the performance of the CIR mixture 

comparatively. It includes the input to the model and 

program for the selected boundary conditions of the 

site. Consequently, the outputs of the program would 

include resistance to low temperatures cracking and 

would be interpreted to formulate recommendations. 

5.1 Input for TCMODEL and MEPDG 

The MEPDG software offers a user-friendly input 

framework, characterized by a checklist layout. Each 

bullet point allows the adjustment of parameters for 

general information, traffic, climate and pavement 

structure.  

For this project a “minor arterial rural highway” was 

selected: Rhode Island Route 2 leads from South 

Kingstown to North Kingstown [17]. A section of the 

road in the southern part of the State was chosen since 

from that area a report offers a variety of data for traffic 

and subgrade soil information. The study was 

conducted by a URI research team for the RIDOT 

(Rhode Island Department of Transportation). 

In terms of the traffic amounts and distributions, it 

may be noted that thermal cracking is not load-related 

and does not depend on the amount of vehicles for this 

project. However, the programs require a completed set 

of information for any project, so the traffic amount of 

1,346 AADTT (annual average daily truck traffic) was 

entered [17]. 

The climate plays a very important role for this 

distress. In MEPDG, the climate files are created based 

on the history that is known for weather stations in the 

vicinity of the project site. There are three stations in 

the State of Rhode Island: Westerly, Newport and 

Providence. Newport, RI, is located on an island, and is 

also rather far away from the planned location. In 

addition, climate data from stations in neighboring 

States were available and were used for improved 

accuracy. 

Next to the weather data, the location for which the 

data are to be interpolated needs to be entered. As 

shown, a position was chosen in the southern part of the 

State, its coordinates are N 41.52o, E 71.55o. The 

elevation is approximately 220 ft; both information 

were found using “Google Earth”. The depth of water 

table was entered as 10 ft [18]. 

Next, the pavement structure needs to be given to the 

software. The bottom layer is subgrade soil classified 

by AASHTO standards as A-1-b, i.e., that a maximum 

of 50 and 25% of the aggregate would pass the No. 40 

and No. 200 sieves, respectively [19]. The resilient 

modulus was 14,300 psi [17]. It is semi-infinite while 

the above layers are assigned finite thicknesses. The 

layer above the subgrade is granular subbase with a 

thickness of 12 in, as it is common in Rhode Island for 

a fill or embankment section. In the case of cut or 

excavation section, 18 in would be appropriate. 

The base and surface courses need to be provided in 

the prediction software. This is the point where 

MEPDG, unfortunately, limits the possibilities to enter 

a pavement that would accurately reflect the way CIR 

is supposed to be used in reality. After application of 

CIR and curing, protection is required for “the surface 

of the CIR-treated material by either a surface wearing 

course, such as a seal or HMA overlay” [20]. Therefore, 

CIR would most likely be applied in combination with 

HMA. However, the program allows entering of only 

one set of creep compliance and strength test data for 

all bituminous layers of the entire setup, which 

prevents pavement structures that comprise layers of 

both HMA and CIR. So for comparison reasons, 

basically the two bituminous layers are entered with the 

creep compliance and tensile strength results from 

HMA in one case and from CIR in the other case. As it 

is practice in Rhode Island for deep strength pavements, 

the base and surface courses have thicknesses of 5 in 

and 2 in, respectively. In addition, a third setup was 

simulated with a base course thickness of only 2 in. 
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This, of course, must never be used in reality. However, 

it is intended to reveal how a very thin course of CIR 

mixture would perform in terms of thermal cracking.  

5.2 Prediction Results and Interpretation 

After simulating all three different cases, summaries 

of distresses revealed that none of the cases are 

expected to exhibit any distresses over the entire 

analysis period of 20 years. Not even the third case, 

where the pavement is by far too thin, showed any 

distresses. As an example, the output for the distresses 

of the pavement including CIR mixtures with a base 

course thickness of 5 in is shown in Table 2. 

This is a rather unexpected result. Especially 

because of the observations about the bonding forces 

between the smaller particles of the material which 

appeared weaker than the HMA, apparently this 

property does not affect the distress of thermal cracking. 

It can be expected to affect the performance for a 

variety of load-related distresses such as longitudinal 

or alligator cracking; however, this was not within the 

scope of this project but is rather recommended to be 

analyzed in future research.    

The question of the performance cannot be answered 

entirely with the result that neither material will crack 

at the simulated weather conditions. Still, the result that 

CIR material performs very well in a climate found in 

the south of Rhode Island is more than desirable and 

supports this approach towards a more sustainable 

reconstruction practice immensely. 

How can a CIR mixture with a tensile strength of 

less than 12% of HMA’s strength perform just as well? 

Apparently, not only the tensile strength, but the 

material’s behavior before failure plays a significant 

role for cracking. This distress is not load-, but 

temperature-related. The stresses do not arise from 

imposed loads that need to be sustained, but rather  

from shrinkage. As mentioned earlier, the creep 

compliance is a measure of strain over stress. The  

creep compliances over time in Table 1 reveal for both 
 

Table 2  Simulation output.  

Pavement age 
Month 

Longitudinal 
cracking 
CIR (ft/mi) 

Longitudinal 
cracking 
HMA (ft/mi) 

Alligator 
cracking 
CIR (%) 

Alligator 
cracking 
HMA (%) 

Transverse 
cracking 
CIR (ft/mi) 

Transverse 
cracking 
HMA (ft/mi) Mo  yr 

1  0.08 August 85 0.04 0.31 0.0011 0 0 

12 1.00 July 1,600 0.39 2.38 0.0067 0 0 

24 2.00 July 3,520 1.19 4.90 0.0147 0 0 

36 3.00 July 4,740 1.88 6.95 0.0211 0 0 

48 4.00 July 5,800 2.77 9.07 0.0279 0 0 

60 5.00 July 6,490 3.75 11.00 0.0349 0 0 

72 6.00 July 7,150 4.84 13.00 0.0421 0 0 

84 7.00 July 7,670 5.98 15.00 0.0493 0 0 

96 8.00 July 8,100 7.34 17.10 0.057 0 0 

108 9.00 July 8,450 8.82 19.10 0.0649 0 0 

120 10.00 July 8,730 10.7 21.20 0.0738 0 0 

132 11.00 July 8,920 12 22.80 0.0811 0 0 

144 12.00 July 9,090 13.7 24.50 0.089 0 0 

156 13.00 July 9,220 15.3 26.10 0.0971 0 0 

168 14.00 July 9,350 17.1 27.70 0.105 0 0 

180 15.00 July 9,470 19 29.30 0.114 0 0 

192 16.00 July 9,570 21.1 30.90 0.122 0 0 

204 17.00 July 9,660 23.3 32.60 0.131 0 0 

216 18.00 July 9,740 26 34.20 0.142 0 0 

228 19.00 July 9,800 28 35.50 0.15 0 0 

240 20.00 July 9,860 30.3 36.90 0.159 0 0 
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materials that CIR exhibits a more ductile behavior, i.e., 

allows more deflection. As both mixtures are exposed 

to the same climatic situations, they both do not show 

temperature-related distresses, but behave differently. 

CIR mixtures reduce stresses by allowing higher 

deflections. HMA mixtures behave more brittle and 

deflect less, but do not fail because the tensile strength 

is higher than the actual stresses. 

In summary, these results represent a more than 

desirable result for the analyzed problem. Thermal 

cracking of this type of recycled pavement material is 

of such a low extent that it can be recommended, 

although more works in terms of performance 

regarding load-related distresses are necessary. 

6. Conclusions and Recommendations 

As a pavement rehabilitation alternative, the CIR 

mixture was evaluated. Specimens were produced 

using a rational mix-design with SGC. IDT testing was 

also performed at -20 oC, -10 oC and 0 oC, and 

compliances and tensile strengths were determined as 

input parameters for TCMODEL and MEPDG. 

Although it revealed that the tensile strength of CIR 

mixtures was reduced by up to 90%, the creep 

deflection was increased allowing the CIR mixtures to 

increase strain at a given load. The simulated results 

showed that no significant thermal cracking is expected 

to occur over the entire analysis period of 20 years. 

Thus, the results support CIR as a viable option for 

roadway rehabilitations. Through the reduced stresses 

to the environment and the people, CIR can provide a 

greener and more sustainable approach. 

While the performed simulations were limited to 

exposure to Rhode Island climate, further 

investigations should be conducted for the severe 

weather conditions in other US states. 

Further questions offer plenty of research 

possibilities regarding other types of distresses, 

variations for the additives and more. 

Concerning the sample production, two major 

improvements are recommended. One of them is the 

production of more specimens to obtain an increased 

statistical reliability. In this project, the scope was 

limited, however, for future research projects more 

data are recommended. Also, a wet saw with a bigger 

blade could be better. It should be able to cut specimens 

with a diameter of 150 mm in one motion, i.e., without 

having to turn the specimen during cutting. 

For the prediction, the used software simplifies the 

problem as it applies linear elastic fracture mechanics. 

Newer software is recommended for future use, e.g., 

“Low Temperature Cracking, TC Model” which 

contains non-linear approaches [21]. 
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1. Introduction 

The generalization of Mindlin’s model built [1] is 

under study. Unlike the “classical” models of Mindlin 

[2] and Toupin [3], its generalization takes into 

consideration not only the curvatures connected with 

the gradient of the free distortion in the volumetric 

density of potential energy but also the curvatures 

connected with the gradient of the restricted distortion, 

as well as their interaction. Another difference is 

considering the generalized model of the surface 

potential energies (the energy of adhesion interactions) 
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in the Lagrangian, the surface edges energy Us and the 

energy of specific points of the surface edges Up. 

Particularly, the Lagrangian of the generalized model 

can be presented the above Eq. (1). 

The kinematic variables of the Lagrangian are: 
(1) the continuous part of the displacement vector 

iR ; 
(2) the distortions of two types 1

ijD , 2
ijD  (restricted 

and free distortions); 
(3) the curvatures of two types 1

ijkD , 2
ijkD  (the 

gradients of the corresponding distortions). 
Between these kinematic variables, there are 

restrictions defining the kinematic model of such 

medium: 

2
,

2
,

1
,

1
kijijkjkiijkjiij DDRDRD 

  
(2) 

The tensors of moduli 
pq

ijmnC  and 
pq

ijkmnlC  define 

the mechanical properties of medium in volume and 

the tensors 
pq

ijmnA  and 
pq

ijkmnlA  define them on the 

medium surface. 

This model demonstrates some new qualitative 

results which are impossible to be obtained in the 

frames of simpler models. One of such results is 

studied in this work, and namely the opportunity to 
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explain the mechanical properties of two-dimensional 

medium and to make applied theories of bending and 

deforming in the graphene sheet plane as a 

two-dimensional medium. 

Actually, the Lagrangians of both the classical 

mechanics of continuous medium and well-known 

gradient models of Mindlin and Toupin contain the 

potential energy defined only through the volumetric 

density of the potential energy. Formally, the 

Lagrangians of these models cannot be applied to the 

two-dimensional medium. This statement follows 

from the fact that in these models the potential 

energy of the zero volume medium equals null. In 

these models, all plate theories are formulated as the 

three-dimensional body models with a small, when 

compared to others, size in the third direction. 

Nevertheless, the same substantial mistake exists in 

the plate theory of these models, i.e., the plate of 

zero volume (due to its zero thickness) will have zero 

potential energy. One cannot consider the example of 

a graphene sheet as a volumetric structure having the 

thickness of about a carbon atom diameter as correct 

[4]. Actually, let us examine such a volumetric 

structure as a graphite plate consisting of parallel 

graphene sheets. It is quite obvious that “volumetric” 

properties of such a structure are defined by 

interatomic interactions of “long graphite” links of 

the carbon atoms of the adjacent graphene sheets. 

The interpolation of the properties of a multilayer 

and even two-layer graphite plate to the properties of 

an isolated graphene sheet is unacceptable. Thereby, 

it is reasonable to try to describe the mechanical 

properties of graphene within the theory, the 

Lagrangian of which contains the surface potential 

energy as well as the volumetric one. In the work [5], 

the variant of the theory of thin films with face 

adhesive properties was examined. However, the 

bending equation degenerated into a second-degree 

equation in the extreme case which is considered 

here at a zero  volume film. It  was defined  by the fact 

that then only ideal, not gradient face adhesive 

properties were taken into consideration. The 

definition of a more general theory [1] allows now to 

turn to this problem and to formulate a 

non-degenerated case. 

2. Variational Method of Problem Statement 

In case of Lagrangian Eq. (1), if the medium 

volume equals null, the Lagrangian becomes a 

nontrivial specifically simple type: 

DDADDAAL mnijijmnmnijijmn 2[
2

1 21121111  
 

DDA mnijijmn
2222  DDA mnlijkijkmnl

1111

 

dFDDADDA mnlijkijkmnlmnlijkijkmnl ]2 22222112 
 

(3) 

If graphene is considered as an ideal 

two-dimensional periodical structure, then we should 

put aside all terms containing the free distortion tensor 
2
ijD  from Eq. (3) due to the fact that this tensor 

determines the defectness of the medium under study. 

The Lagrangian becomes as follows: 

dFDDADDAAL mnlijkijkmnlmnijijmn ][
2

1 11111111   (4) 

Besides as graphene is a two-dimensional structure, 

the surface density of potential energy should not 

depend on normal derivatives of displacements. In 

connection with this fact, we should demand that the 

tensors of adhesive moduli have the following 

properties: 

0

0
11111111
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nAnAnAnA
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(5) 

Here, jn  is a unit normal vector of the graphene 

sheet plane. To simplify the task, let us accept the idea 

that the mechanical properties are isotropic in the 

graphene sheet plane. The result of Eqs. (4) and (5) is 

the next structure of adhesive tensors, simpler in 

comparison with Eq. (1): 

*******11 )(
jnmi

F

jminjnim

F

mnij

F

ijmn
nnA   (6) 

 



Mechanical Properties of Graphene within the Framework of Gradient Theory of Adhesion 

 

695

11

ijkmnl
A  

( ************11

1 jlkimnnklmijjklimnnlkmij
A  

 
************

jlnimknkjmiljknimlnljmik
 

 
)************

jmlkinmkjnilmljnikmnklij
 

 
)( *******11

2 knjlkljnnljkim
A  

 
)( ******11

3 knjlkljnnljkmi
nnA         (7)

 
Here, )(*

jiijij nn   is a “flat” tensor of 
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)({
2

1
,,,,

*
,, njjnnmjmjn

F
nmji

F
F rrrrrrU  

)(4 ,,,,,,
*11

1 injjmijnjimimnjijimn rrrrrrA  
 

)( ******
,,

11
2 knjlkljnnljknlijki rrA  

 

,,
*

njjn
F RR

 

)}( ******
,,

11
3 knjlkljnnljknljk RRA  

   
(8) 

Here, the displacement vector iii RnrR   is 

presented as an expansion into a deflection R  and a 

projection on the plane of sheet ir . In this case, as 

opposed to the classical plate’s theory, the graphene 

sheet bending problem is always separated from the 

deforming problem in its plane. Let us examine these 

two problems separately. 

3. The Mechanical Properties of Graphene 
While Deforming in Its Plane 

In accordance with the definition of the potential 

energy Eq. (8) expressing of a graphene sheet while 

deforming in its plane, the deflections equal null. 

Then the Lagrangian becomes as follows: 
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We can define the force factors using the Green’s 

formulae: 
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The variation equation in the force factors is: 
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Here, we use curvilinear orthogonal coordinates 

with unit vectors is  and iv , connected with the 

graphene sheet contour, 
F

iP is 2D external loads, 

tangent to the sheet plane. 
s

iP  is contour external 

loads in the sheet plane.  

The variation equation in displacements is:    
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Let us introduce the following denominations:    

a derivative along the contour: ;, ikki rsr   normal 

contour derivative: ., ikki rvr   Then the variation 

equation in displacements for the rectangular contour 

becomes Eq. (13). 

Here, 
*

,
2 (...)(...) ijij  is the Laplace flat operator.  
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Thereby, the graphene sheet deformation model is 

equivalent to the flat problem definition of Toupin 

gradient model but with other physical properties 

defined by other (adhesive) moduli tensors. The 

tensors of adhesive moduli have physical dimension 

which coincides with the dimension of the 

corresponding stiffness of classical and gradient 

theory plates. 

4. The Mechanical Properties of Graphene 
While Bending 

In accordance with the definition of the    

potential energy expressing of a graphene       

sheet Eq. (8) while deforming the sheet         

from its plane, the Lagrangian becomes as     

follows: 
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We can define the force factors using the Green’s formulae: 
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The variation equation in the force factors is: 
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The natural boundary conditions can be compared 

with the boundary value problems definition in the 

classical plate theory. Just as in the classical plate 

theory, a demand for the torsion moment 
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continuity )( kjjk vsM
 

appears while crossing the 

contour specific point (an integrated item of the 

variation equation). The possible work of the bending 

moment on the turning angle 
)()( , iikjjk vRvvM  also produces the classical pair of 

boundary conditions: either one should specify the 

turning angle or the bending moment should equal 

null. Here we cannot but mention the fact that in the 

frames of the graphene sheet bending theory, there is 

no possibility to specify the bending moment on the 

contour that will not equal null. Another pair of the 

natural boundary conditions is connected with the 

possible work of the shear force at various deflections 
RvMsvsMvQP jkjkiikjjkjj

F )])[(( ,,  . In this 

case, just as in the classical plate theory, it is not 

possible to formulate the boundary condition for 
Saint-Venant’s shear force jjvQ , so we have to 

introduce the definition of Kirchhoff’s shear force. 

Simultaneously, as opposed to the classical plate 

theory, it is modified not only by the torsion moment 

contour derivative iikjjk svsM ,])[(  but also by two 

additional items. The first item is the torsion moment 

contour derivative nmjnjm ssvM , , and the second item 

is the bending moment normal derivative 

nmjnjm vvvM , . Being summed up, they give the “flat” 

divergence jkjk vM , . 

The variation equation in the deflection is: 

]3[ 2211

3

2   RdFPRARL FF 

 [)3({ 11

3
  RPRRRA Fs  

 
}]53 11

3

11

3
 dsRRARA 

 02 11

3
 RRA         

  

(17) 

Just as in the theory of thin films with an ideal face 

adhesion stated in Ref. [5], the resolving equation of 

the graphene sheet bending theory contains not only 

the biharmonic operator but also the harmonic one, 

i.e., the differential operator of this equation has the 

same structure as in the Timoshenko’s theory. The 

operators’ factors 11
3, AF  are adhesive moduli 

which in the physical dimension coincide with the 

Timoshenko plate theory stiffness Gh  and 

)1(12/ 23 vEh  . 

5. Conclusions 

The applied theories of a graphene sheet bending 

and deforming it in its plane formulated in this work 

offer possibilities to study the mechanical properties 

of 2D media, to set and solve test problems the 

solutions of which can be tested experimentally. In 

particular, the bending problem makes it possible to 

reduce the graphene mechanical properties to two 

non-classical modules F  and ;11
3A  and 

correspondingly the plane deforming problem 

reduces them to four: F , F , 11
1A  and 11

2A . We 

should pay our attention to the fact that the model 

formulated in this work can be generalized as any 

other theories. 

Firstly, in this work the graphene theory bases on 

the hypothesis that there are no adhesion interactions 

between distortions jiR ,  and curvatures nlmR ,  

which is equivalent to the fact that the moduli of the 

fifth rank tensor 11
ijmnlA  equal null. We can insist with 

certainty that taking into account such interaction 

( 2/,,
11

nlmjiijmnl RRA ) in adhesion potential energy in 

the general case for the problems of bending and 

deforming in plane will lead to the coherence 

regeneration of the equilibrium equations’ system. 

Secondly, the generalization should engage the 

formulating of the potential energy of the surface 

edges as well. In applied graphene theory, this will 

also lead to the re-formulating and coherence of the 

boundary conditions. 

Thirdly, the qualitative difference of mechanical 

properties of 3D and 2D media, stated in this work, 

demands the answer to the question: “Are such 

nanostructures as graphene, nanotubes and fullerenes 

truly two-dimensional structures or shall we simulate 

them as ‘edge’ systems?” As we stated in Ref. [1], the 

edges’ mechanical properties differ from the surface 

properties in the way the surface properties differ 

from the properties of 3D media.  
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Abstract: This article aims to assess the spatial distribution of the IST (internal surface temperatures) in the ceiling and DBT (dry bulb 
temperatures) of a LGR (light green roof) in a test cell. Cover systems known as green roofs have the potential to retain rainwater and 
help reduce runoff. However, the characteristic considered in this work is the insulation capacity of this kind of coverage. To evaluate 
the spatial distribution of temperatures in an environment with light green roof, we proposed a new method for acquisition of series of 
climatological data and temperatures according to spatial and temporal approaches of dynamic climatology. Climatological data were 
provided by an automatic weather station and temperatures were collected in a test cell with light green roof. The spatial distribution of 
surface temperatures and internal air temperature (DBT), are based on the concepts of a climatic episode and experimental typical day 
from the study of the dynamic climatology. The results led to the conclusion that the light green roof has a balanced spatial distribution 
of the IST and of the internal air temperature (DBT), i.e., without substantial variations over the day. The new methodology also 
showed the importance of specifying the location of the sensors and automatic weather station in experimental studies on the thermal 
behaviour of buildings. 

 
Key words: LGR, thermal behaviour, IST, DBT, dynamic climatology, climatic episode, experimental typical day. 
 

1. Introduction 

This work aims mainly the analysis of the spatial 

distribution of roof internal surface temperatures and 

the indoor air temperature gradient (dry bulb), in a test 

cell with light green roof. Test cells are built spaces, 

which have an appropriate scale so as to maintain the 

linearity of the temperature data collected close to a 

real situation. This linearity in measurements would 

not happen if you used models instead of test cells [1]. 

The methodology for collecting data in this work, 

amongst the understanding of atmospheric processes, 

will be an important contribution in experimental 

studies on behaviour, performance and thermal 

comfort in building, since they used different 

methodological procedures for collecting such data 

[2-4]. Thus, it will enable the standardization of 

methodological procedures for collecting temperature 

data, ensuring greater reliability of results, and to 
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facilitate the exchange of information between 

researchers. 

The use of green roofs in cities is increasing, as this 

roofing system can effectively contribute to possible 

solutions for various environmental problems arising 

from construction and urban development, such as 

flooding during the spring and summer in south eastern 

Brazil, resulting from the tendency of concentration of 

rain in a few days [5]. Green roofs have the potential to 

retain rain water on the roof surface, reducing the 

surface runoff effect through the absorption of the 

precipitation, to distribute the flow for a longer period 

of time [6]. The slowing of the rainwater flow helps 

reduce the impact of heavy rains, affecting urban areas 

with higher portion of impermeable soils [7], besides 

contributing to the reduction of pollution from urban 

storm water by means of filtering and absorbing 

pollutants [8].  

Added to aspects of sustainable construction, the 

application of green roofs intends to optimize the 

energy efficiency of buildings by reducing artificial 
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thermal conditioning and meet the requirements of 

comfort while minimizing the values of the indoor air 

temperature and internal surface temperature in the 

roof system. These two aspects also contribute to the 

reduction of health problems and increased 

productivity through the promotion of appropriate 

working conditions, especially in buildings that seek to 

reduce their operating costs [5]. Since the temperature 

range on green roof surface is lower, with low thermal 

oscillations compared to conventional roofs, the 

thermal stress on this surface is significantly reduced, 

which improves the durability of the roof [5, 9]. Other 

factors can be added to this issue, such as reducing the 

heat island effect, because the green roof contributes to 

evapotranspiration and increased humidity in the 

surrounding air [10, 11].  

In this work, the study of spatial distribution of 

temperature in a building with green roof was 

developed from the concept of representative climatic 

episode, according to dynamic climate approach. The 

possibility of adopting this climate approach offers, in 

a short time, contributions to the understanding of 

climatic conditions and potential impacts on the 

already built environment, with respect to energy 

conservation and behaviour and thermal performance 

of buildings [1, 5]. 

Climatic conditions considered balanced are very 

rare, however, it is possible to design comfortable 

spaces with low maintenance costs reducing the 

artificial thermal conditioning. 

There are different climatic conditions that interfere 

on a building. The building interior has an internal air 

temperature obtained passively, which is a result of the 

incidence of solar radiation, temperature, wind speed 

and air humidity [12]. 

According to Olgyay [13], the process for creating 

suitable spaces for human life can be divided into four 

steps: (1) analysis of local climatic conditions; (2) 

evaluation of the influence of climate based on human 

sensory perception; (3) search for appropriate 

technological solutions for construction, consistent 

with the local climate; (4) architectural application 

from the previous three phases.  

Olgyay [14] analysis exemplified the different 

conditions that affect the built environment. He talks 

about a climatic interpretation to make a suitable 

project to the environment or region where it will be 

located, using architectural principles such as spacing, 

orientation, solar control, environment, wind effects, 

performance and thermal behaviour of materials, 

among others. Variations in temperature, solar 

radiation and the speed and air humidity are 

conditioned by the dominant air mass that is acting at 

the project site, i.e., in mesoclimatic scale. However, 

other conditions must be taken into account, such as 

factors modifying the initial conditions of 

climate—topography, relief, altitude, latitude, 

longitude and continentality, vegetation, among others, 

and the scale of time approach (years, months, days) 

and space (macroclimate, mesoclimatic and 

microclimate). 

Therefore, the application of dynamic climatology is 

more appropriate because it recognizes the zonal and 

regional climates, correlating them to general 

atmosphere circulation, based on meteorological data 

taken at the surface and obtained automatically and in 

real time, and enable the validation of energy 

efficiency simulation software. 

1.1 LGR (Light Green Roof) 

LGR is made up of grass, substrate with vegetal soil, 

a draining blanket and a waterproofing layer. This set 

should be placed on a slab. Although the construction 

of this type of coverage is simple, the drainage and 

sealing systems must be chosen and executed with 

rigorous quality. The LGR is designed to have a proper 

weight equivalent to the weight of a conventional roof 

system with wooden frame and ceramic tiles [5]. In this 

research, the LGR was constructed from the reform of a 

test cell at the experimental plot. In place of the old 

roof, it was concreted a preformed slab with 

dimensions 3.26 m × 3.76 m (12.25 m2 area), slope  
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23% and ledge 0.40 m for the green roof support. 

The LGR waterproofing was made with 

polyurethane resin derived from castor oil (Ricinus 

communis), developed by the Group of Analytical 

Chemistry and Technology of Polymers, Chemistry 

Institute of São Carlos-USP, and marketed by 

Cequil-Central Ind. Des. Polímeros Ltda. Company 

located in the city of Araraquara, São Paulo, Brazil. 

The use of this resin as waterproofing layer has great 

relevance because it is a biodegradable and nontoxic 

product, i.e., does not harm the environment or human 

health, and is originated from a renewable source, 

contributing to sustainable construction [1]. 

The MacDrain 2L geocomposite used to drain the 

substrate (partnership with Maccaferri do Brasil Ltda) 

is lightweight and flexible: the core is formed by a 

three-dimensional blanket composed by filaments of 

polypropylene , thickness 10-18 mm, and geotextile 

filters on both sides, non-woven polyester base. 

As vegetable component was used Batatais grass 

(Paspalum notatum), also known as common and 

pasture grass, as it is resistant to the sunlight action and 

trampling. 

1.2 Climatic Analysis of the Data Series 

Accelerated urban growth requires a methodology 

for analyzing the climate regime that is responsive and 

accurate, since the type of weather imposes its action to 

building through the work of air masses. The climate 

regime is characterized by changes in weather elements 

over time. These climatic fluctuations impose the 

necessity to defining the organizational strategies of 

built space as well as the materials and buildings 

elements. It is necessary to define the concept of 

climate regime, since the weather elements trigger 

thermal exchanges occurring between the inner and 

outer environment of the buildings, which can be 

respectively called climate of inside and outside. This 

means that, in fact, the climate regime can be 

represented by types of weather, i.e., the succession of 

linked atmospheric states that occur on a particular 

place. 

In this work, the climatic regime from Itirapina-SP, 

according to types of weather, was analyzed from the 

concepts of representative episode of climate and 

experimental typical day, which has two basic 

situations: (1) the beginning of the process, expressed 

by foreshadowing and advancement of an air mass 

(polar atlantic cyclone ) and the other situation; (2) the 

final step of the process, shown by cold air mass 

domain and the transition conditions for a tropical air 

mass, according to Monteiro’s definition [15]. These 

two situations, respectively called Pre-Frontal and 

Post-Frontal, will be used to define and analyze the 

thermal behaviour of LGR in this proposed experiment. 

In these situations, it occurs the higher excitations of 

the elements and climatic factors on buildings. So, in 

this paper, we considered a summer episode, 

describing the isolation feature of LGR against heat 

which is prerequisite for evaluating the thermal 

behaviour of buildings. 

2. Development 

In this work, the data series of IST (internal surface 

temperatures) of roof and the DBT (dry bulb 

temperature) were collected in a test cell with LGR, 

and the data of the main climatic variables related to 

the external environment (solar radiation, outside air 

temperature, relative humidity, wind speed and 

direction, atmospheric pressure and rainfall) were 

collected using an automatic weather station. 

2.1 Test Cell and Automatic Station: Location and 

Characterization 

The study was conducted at the experimental plot of 

the CCEAMA (Climatological Station, Engineering 

Science Center Applied to Environment), USP 

(University of São Paulo), located on the banks of the 

Lobo dam in Itirapina city, São Paulo, Brazil, between 

the geographical coordinates 22o01'22''/22o10'13'' 

south and 43º57'38"/47o53'57'' west, at altitude of 733 

m above sea level. 
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The test cell or experimental unit was designed to 

ensure equivalence to a real situation in data 

acquisition. The internal dimensions are 2.0 m × 2.50 

m and ceiling height up to 2.82 m, slope of 23%, with a 

default door of 2.10 m × 0.60 m at east side and a 

window of 1.0 m × 0.70 m with north orientation. The 

doors and windows are made of Tetra Pak package ® 

(Fig. 1).  

The IST and DBT values from test cell were 

collected through thermocouples type T 

copper-constantan (alloy of copper and nickel), 2 × 24 

AWG, with measurements at intervals of 30 min, 

recorded and stored by a CR10X datalogger. The 

accuracy of thermocouples is large, i.e., temperatures 

can be measured with an error of ± 0.1 to 0.2 oC since 

the thermocouples are in perfect condition of use and 

application [16]. All equipments and sensors in the 

automatic weather station, as well as 12V rechargeable 

battery, solar panel and CR10X datalogger, are from 

Campbell Scientific Inc. Company, responsible for the 

collection and storage of external climate data. 

2.2 Installation of Temperature Sensors  

The sensors responsible for collecting data from  

IST in the LGR ceiling were installed as shown in    

Fig. 2. 

With this distribution of sensors in the ceiling 

surface, we intended spatial measurement to check if 

there is a significant difference between the 

temperature values of sensors. The sensors farthest 

from the middle point were positioned 10 cm from each 

wall. In the diagonal and perpendicular lines, there is a 

sensor equidistant from the middle point and its 

respective sensor close to the wall. In total, there are 17 

points of IST sensors in the test cell (Fig. 2). 

To assess the indoor air temperature (DBT), 

thermocouples were installed in the middle of the cell, 

varying the heights (0.10, 0.60, 1.10, 1.70 and 2.10 m, 

all of them from the finished floor). Other two sensors 

were included in this evaluation: IST 14 in the ceiling 

and IST 32 on the floor (Figs. 2 and 3). These heights 

were chosen to verify the vertical gradient of indoor air 

temperature (Fig. 3). The difference between values of 

indoor air temperature has fundamental importance to 

the stress heat feeling in indoor environments, 

according to INNOVA’s publication [17]. In total, 

there are five sensors for data acquisition of DBT with 

PVC shelters and insulated with foil blanket.  

The measurements in the test cell were performed 

with doors and windows closed to only check the 

temperatures values, i.e., without the influence of 

passive ventilation in the data collected. 
 

 
(a)                                      (b) 

Fig. 1  (a) Floor plan; (b) LGR test cell.  
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Fig. 2  Internal coverage plan-IST sensors.  
 

 
Fig. 3  Schematic section—DBT and IST sensors.  

3. Results and Discussions 

The data collected show the fluctuations of the 

meteorological time between Julian days 58 to 83 (Feb. 

26 to Mar. 24, 2013), corresponding to the summer 

period in the southern hemisphere. 

For the episode definition, we evaluated the data of 

the main climatic variables to identify the pre and post 

frontal steps of the cold front passage on São Paulo 

state (Fig. 4), with subsequent confirmation by the 

GOES (Geostationary Operational Environmental 

Satellite) satellite images (Figs. 5 and 6), during the 

transition between summer and autumn seasons, on 

Feb. 26 to Mar. 24, 2013, as the presence of a cold front 

in São Paulo State was observed [18]. Due to the 

excessive size of satellite images files, we chose to 

present only four images, which are displayed 

sequentially, aiming a better view and understanding of 

the cold air mass movement on São Paulo State, 

showing the pre-frontal (Fig. 5) and post-frontal   

(Fig. 6). 

Analyzing the charts concerning the behaviour of 

climate variables in the episode, we selected the Julian 

day 63 (Mar. 4, 2013), as representative day of summer, 

because it showed the maximum radiation on the 

registered period (779 W/m²), higher temperature and 

the absence of cloudiness and precipitation. 

Fig. 7 and Table 1 show the daily variation 

(maximum and minimum) of DBT and IST on the 

central axis of the test cell for Mar. 4, 2013.  

According to the analysis of these data, the sensor on 

the floor had lower temperature range (4.57 oC), 

followed by the sensor IST 14 (5.81 oC), located in the 

ceiling. 

However, the sensors DBT 01, 02, 03, 04 and 05 

showed no temperature range very different between 

them, about 8.50 oC. There was also no significant 

thermal delay recorded among them, about 30 min 

maximum DBT between sensor 01 and 02, and about 

30 min maximum DBT between sensor 03 and 04. 

However, all minimum temperatures were recorded at 

7:00 a.m.. This means that the vertical DBT gradient 

can be considered homogeneous, since the difference 

between the maximum and minimum temperatures 

between the sensors is less than 0.2 oC, i.e., it is within 

the natural error measuring, with no significant thermal 

delays. 

The biggest difference is in the comparison between 

maximum and minimum of DBT temperatures and 

external air temperature. Among maximum 

temperature of DBT 04 (height considered standard  

for human  activities) and  outside air  temperature,  the 
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Fig. 4  Rhythmic analysis of the period from Feb. 26 to Mar. 24, 2013 with some climatic variables, indicating the stages of 
Polar Atlantic mass on the region.  
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(a)                                             (b) 

Fig. 5  Pre-frontal stage: (a) harbinger; (b) advance.  
 

 
(a)                                             (b) 

Fig. 6  Post-frontal stage: (a) domain, (b) tropicalization.  
 

difference is 2.11 oC with thermal lag of 01:30 hour. 

But between the minimum temperatures, the difference 

is even greater, about 3 oC, with thermal lag of 01:30 

hours, too.  

In the case of data collected from sensors IST, 

installed in the ceiling, it was necessary to separate 

them into two charts (Fig. 8) and Tables 2 and 3, to 

facilitate analysis of the recorded temperatures. 

The sensors IST 09, 17 and 13 had minor 

temperature variations, about 6 oC, compared to 

sensors scattered around the ceiling, except IST 14 

sensor, which is the central point and also presented 

temperature range similar to these three sensors. This 

may be due to their position, since the sensors 09, 13 

and 17 in addition to being located more internally are 

on the south side of the roof, and are possibly suffering 

influence of this position, which in the southern 

hemisphere receives less sunlight intensity. 

Nevertheless, the sensors IST 06, 12, 20, also   

located on southern position, showed higher temperature 
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Fig. 7  DBT temperatures chart—Mar. 4, 2013.  

ranges, more directly influenced by the south, east and 

west walls, which were already installed farther from 

the middle point. 

The IST sensors 06, 07, 08, 16 and 22 had higher 

temperature range, around 7 oC, compared to the other 

sensors, because they are located more externally and 

possibly they were influenced by walls on north and 

west, which have the highest incidences of light sun at 

the southern hemisphere.    

Other factors could have influenced the 

temperatures collected as the roof slope and drainage 

capacity, but can not be considered because these 

issues were not controlled in this research. The 

sensors on the highest point of roof had higher 

temperatures  than  sensors  on lowest  positions,  i.e.,  
 

Table 1  Maximum and minimum temperatures (at their time) in Celsius dregrees.  

Outside air  
temperature 

IST 32 
(Floor) 

DBT 01 
(h = 0.1 m) 

DBT 02 
(h = 0.6 m) 

DBT 03 
(h = 1.10 m) 

DBT 04 
(h = 1.70 m) 

DBT 05 
(h = 2.10 m) 

IST 14 
(h = 2.54 m/Roof) 

31.87 
(4:00 p.m.) 

26.18 
(6:30 p.m.) 

28.91 
(4:30 p.m.) 

29.47 
(5:00 p.m.) 

29.73 
(5:00 p.m.) 

29.76 
(5:30 p.m.) 

29.77 
(5:30 p.m.) 

28.67 
(5:30 p.m.) 

17.94 
(6:30 a.m.) 

21.61 
(7:00 a.m.) 

20.57 
(7:00 a.m.) 

20.77 
(7:00 a.m.) 

20.76 
(7:00 a.m.) 

20.94 
(7:00 a.m.) 

21.18 
(7:00 a.m.) 

22.86 
(7:30 a.m.) 

 

 
(a)                                               (b) 

Fig. 8  IST temperatures chart: (a) Internal sensors; (b) Sensors closer to the walls—Mar. 4, 2013.  
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Table 2  Maximum and minimum temperatures/internal sensors (at their time) in Celsius degrees.  

Outside air 
temperature 

IST 09 IST 10 IST 11 IST 13 IST 14 IST 15 IST 17 IST 18 IST 19 

31.87 
(4:00 p.m.) 

28.91 
(6:00 p.m.) 

29.01 
(5:30 p.m.) 

29.38 
(5:00 p.m.) 

28.64 
(6:00 p.m.)

28.67 
(5:30 p.m.)

28.91 
(5:00 p.m.)

28.41 
(6:00 p.m.) 

28.79 
(5:00 p.m.) 

29.01 
(5:00 p.m.)

17.94 
(6:30 a.m.) 

22.90 
(7:00 a.m.) 

22.71 
(7:00 a.m.) 

22.64 
(7:00 a.m.) 

22.77 
(7:30 a.m.)

22.86 
(7:30 a.m.)

22.81 
(7:30 a.m.)

22.44 
(6:30 a.m.) 

22.22 
(6:30 a.m.) 

22.35 
(6:30 a.m.)

 

Table 3  Maximum and minimum temperatures/sensors closer to the walls (at their time) in Celsius degrees.  

Outside air 
temperature 

IST 06 IST 07 IST 08 IST 12 IST 14 IST 16 IST 20 IST 21 IST 22 

31.87 
(4:00 p.m.) 

29.89 
(5:30 p.m.) 

29.60 
(5:30 p.m.) 

29.87 
(5:00 p.m.) 

29.12 
(5:30 p.m.)

28.67 
(5:30 p.m.)

29.73 
(5:00 p.m.)

28.93 
(5:30 p.m.) 

28.46 
(5:30 p.m.) 

29.51 
(5:00 p.m.)

17.94 
(6:30 a.m.) 

22.31 
(6:30 a.m.) 

22.67 
(7:30 a.m.) 

22.70 
(7:00 a.m.) 

22.57 
(7:00 a.m.)

22.86 
(7:30 a.m.)

22.80 
(7:30 a.m.)

22.72 
(7:00 a.m.) 

22.90 
(7:30 a.m.) 

22.54 
(7:00 a.m.)

 

points closer to drainage ducts of light green roof. But 

the most important issue is that all the IST temperatures, 

in any position, values remained lower than the outside 

air temperature. 

4. Conclusions 

After analyzing all the data and satellite images, 

taking into account the representative day of summer, 

we conclude that the LGR has temperature gradients 

DBT and IST practically homogeneous. In addition, all 

indoor temperatures remained below the outside air 

temperature and had low temperature range. This 

thermal behaviour is due to the layers composing the 

LGR, since the vegetal component (grass) created a 

shading to the substrate, and this in turn is the most 

important element in a green roof, since by its thermal 

inertia, the inside temperatures on test cell were lower 

than the temperature outside. 

The innovation of this research was to create the 

methodological procedures for collecting internal 

temperatures data and evaluating the results according 

to spatial and temporal approaches of dynamic 

climatology to know the influence of weather 

fluctuations (climatic episodes) on the internal 

temperature values, in this case a test cell with Light 

green roof. 

The methodology of data gathering showed that it is 

important to know the location of sensors to understand 

the spatial distribution of temperature gradients inside 

building. Other elements should be included in the 

analyzes, as data from walls, to further study the 

thermal behaviour of buildings, using this research 

methodology. 
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Abstract: There are many structural lateral systems used in tall buildings: rigid frames, braced frames, shear walls, tubular structures 
and core structures. The outrigger and belt truss systems are efficient structures for drift control and base moment reduction in tall 
buildings where the core alone is not rigid enough to resist lateral loads. Perimeter columns are mobilized for increasing the effective 
width of the structure, and they developed tension in the windward columns and compression in the leeward columns. Optimum 
locations for the outriggers have been studied because of the influence on the top displacement and base moment in the core. It was 
analyzed the optimal position for two to seven outriggers and belt trusses, aiming to achieve minimum bending moment and minimum 
drift. 
 
Key words: Outrigger system, optimum location, genetic algorithm. 
 

1. Introduction 

The history of tall buildings can be traced back to 

19th century, in the United States of America, where 

most of them where built. Nowadays the trend of 

building high-rise structures can be associated with 

countries like China, United Arab Emirates, Malaysia 

or Singapore. As high-rise buildings are stretching 

towards the sky, problems with top deflection and base 

moment in the core can govern the choice and design of 

the structural system. Outrigger and belt truss 

structures represent a very efficient structural system 

because of the outriggers that reduce the top deflection 

and the moment at the core base. This is confirmed by 

the numerous core supported tall buildings that 

incorporate outriggers.  

Approximate methods were proposed by several 

authors: Taranath [1] studied the optimum location of a 

single outrigger and two outriggers respectively, by 
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replacing the outriggers, considered to be infinitely 

rigid, with a restraining spring; Smith and Coull [2] 

chose a compatibility method where the rotation of the 

core at outrigger level is equal to the outrigger rotation. 

The structure was considered to have uniform core, 

columns and outriggers throughout the height. The 

optimum location was found by maximizing the top 

deflection reduction and a non-dimensional 

characteristic parameter ω was introduced in order to 

study the performance of this type of structures; Wu 

and Li [3] studied the performance of structures with 

multiple outriggers subjected to horizontal loads, 

uniformly or triangularly distributed. The influence of 

outrigger positions and stiffness of core, columns and 

outriggers on the fundamental vibration period of the 

structure was also analysed; Hoenderkamp and Bakker 

[4] proposed a graphical preliminary analysis method 

for structures with braced frames core and outriggers. 

Compared to the method proposed by Smith and 

Coull [2], which includes the bending stiffness of the 

core and outriggers and the axial rigidity of the 

columns, Hoenderkamp and Bakker’s method [4] has 

the advantage of comprising two more values of 
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stiffness: racking shear stiffness of the braced frame 

and outriggers. Lee and Kim [5] conceptualized the 

outrigger-braced structure as a cantilever beam with 

rotational springs and took into consideration the 

shear rigidity of the core and outrigger. A two 

dimensional frame model was also developed by him, 

where each member of the structural system (core, 

outriggers and columns) were modeled as beam 

elements with shear rigidity considered.  

A problem with outriggers having too much stiffness 

is mentioned by Wu and Li [3], who draw attention on 

the issue of weak floors near this outrigger levels. The 

reduction of base moment is maximized while keeping 

the top drift under a required limit. Wu and Li [3] solve 

this problem of optimum design with constraints, with 

the help of a computer program developed in Matlab. 

This paper presents an optimum design problem 

similar to the one reported above, but solved using 

genetic algorithm.  

2. Review of Analytical Approach 

Smith and Coull [2] started their analysis by 

considering a two-outrigger structure, for which they 

wrote the two compatibility equations, written for each 

outrigger floor: the rotation of the core, at outrigger 

level, is equal to the outrigger rotation. The simplified 

form of the two equations is given as follows [2]: 

 
  

6    (1) 

x  

6    (2) 

where, Sh and Sv are: 
1 1      (3) 

12     (4) 

and M1 and M2 are the restraining moments introduced 

by the outrigger action; EIt, EI0 and EIc are the bending 

stiffness of the core, the effective bending stiffness of 

outriggers and axial stiffness of columns; H is the 

height of the core; x1 and x2 are the distances from the 

top to the outrigger levels; w is the uniform horizontal 

loading as shown in Fig. 1. 

The characteristic non-dimensional parameter ω, 

which is a function of core-column stiffness ratio and 

core-outrigger stiffness ratio, is given by the following 

expression [2]: 

⁄              (5) 

Eqs. (1) and (2) can be expressed in the matrix form, 

as well as the expression for the restraining moments 

introduced by the outriggers [3]: 

1 1
1 1

                                    6⁄
1
1

            (6) 

         
1
1

·
1 1

1 1
  (7) 

For a structure with n outriggers, Eq. (7) can be 

generalized in the following form [3]:  

. .           (8) 

The top drift and base core moment in a multi-level 

outrigger structure are also expressed in a matrix form 

[3]: 

∆ ∆      (9) 

        (10) 

where, ξ1 = x1/H, ξ2 = x2/H, ..., ξn = xn/H and  

1 1 … 1
1 1 … 1

…
1

…
1

…
…

…
1

(11) 

 1  1  …  1                (12) 

1  1  …  1              (13) 

1 1 …  1                               (14) 

3. Constrained Optimization Problem 

As mentioned by Wu and Li [3, 6], outrigger floors 

represent irregularities in the stiffness distribution of a 

tall building, and they cause the formation of weak 

storeys near the outrigger levels under wind or  

earthquake  action.  Zhang  et al.  [7]  studied  a  50  storeys 
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Table 2  Outrigger locations, core base moment and top drift for the example structure in all four cases.  

Case (ω) Outrigger positions ξ = (ξ1ξ2... ξn) Base moment in core (kNm) Top drift (m) 

Two outriggers (0.1377) (0.5141, 0.8300) 1.0085e + 005 0.5 

Three outriggers (0.1377) (0.5410, 0.7410, 0.9410) 9.0754e + 004 0.4878 

Four outriggers (0.1377) x = (0.3272, 0.5272, 0.7272, 0.9272) 8.7995e + 004 0.3710 

Five outriggers (0.1377) x = (0.1398, 0.3398, 0.5398, 0.7398, 0.9398) 8.7760e + 004 0.3427 
 

Table 3  Base moment and top drift in the structure for the four cases analyzed.  

Four outriggers  Five outriggers Six outriggers Seven outriggers 

ω = 0.05 ω = 0.122  ω = 0.05 ω = 0.122 ω = 0.05 ω = 0.122 ω = 0.185  ω = 0.05 ω = 0.122 ω = 0.185
Base moment 
(kNm) 

87,398 122,450  86,798 108,730 86,750 108,590 117,250  86,753 103,550 115,830 

Top drift (m) 0.6 0.6  0.569 0.6 0.503 0.57 0.6  0.483 0.54 0.597 

 

    

Fig. 4  Optimum location of four and five outriggers with different rigidities. 
 

    

Fig. 5  Optimum distribution of six and seven outriggers with different rigidities.  
 

4.2 Case Study No. 2 

A similar building but with a height of 240 m and 60 

floors will be analyzed by considering three different 

outrigger stiffness. This is achieved by varying the 

value of ω in those three cases. Only the outrigger 

rigidities are changed, while the bending stiffness and 

the column axial rigidity are taken as constants. The 

distance between two adjacent outrigger levels was 
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reduced to eight floors. Results are presented in Figs. 4 

and 5, regarding the distribution of outriggers 

throughout the height of the building (ξi) for the cases 

when the building has four, five, six and seven outriggers, 

respectively. Table 3 shows the results conserving the 

efficiency for each case: base moment and top drift. 

Results are analyzed in conclusion part of the article.   

5. Conclusions 

The following conclusions can be made from the 

above analyses: 

• For the first example building, the reduction 

efficiency for core base moment is almost the same for 

five and four outriggers, from another point of view, 

the top drift is lower in the five outriggers braced 

building case; 

• For the second example building, in all four cases 

(4-7 outriggers), the more rigid the outriggers, the 

higher the optimum location, for the case of seven 

outriggers the location of outriggers is dictated by the 

limit of eight floors between two adjacent outriggers. 

For the same building, if outriggers are made more 

rigid (ω = 0.05), there is no significant reduction of 

core base moment for more than four outriggers, but 

the top drift is reduced by almost 20%. In the case of ω 

= 0.122 (outriggers are more flexible), the reduction of 

core base moment is more significant from four 

outriggers to seven outriggers integrated in the building 

and reduction of top drift is 10%. This could be a good 

alternative to stiffer outrigger levels, which have the 

downside of forming weak floors near them. At the 

same time, in order to reduce the value of the structural 

parameter ω from 0.122 to 0.05 without changing the 

properties of the core and exterior columns, the rigidity 

of the outrigger has to be increased 10 times, in this 

case.  

This is not necessary the best option to be 

considered due to the same irregularity in stiffness 

distribution along the height. 
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Abstract: The developed modern control systems and buildings management resource systems would be effective if they are based on 
previously established optimal conditions during the building design. This is one of the key issues for a responsible architecture. The 
focus of this paper is on sustainable design methods and techniques for saving resources and their management throughout the building 
lifecycle. The main subject of the present article is the characteristics of these methods and their fundamental role in sustainable 
resource management during the building operation. The results which are based on conducted case studies of European and 
international practice in the construction of sustainable buildings are implemented here. Key features of a comprehensive approach for 
design and construction are outlined via comparative analysis, as well as various systems for the evaluation of sustainability for already 
constructed buildings. The mostly used criteria and indicators for sustainability are systematized, including those related to resource 
consumption. By analyzing a specific example, the role of sustainable design methods is justified as an important prerequisite for 
effective management of building resources in the process building maintenance. According to the conducted studies, during the 
longest life cycle period of a building, by implementation of control systems and resource management of building, the costs are 
successfully optimized. Specific directions that prove the effectiveness of such systems are systematized in the paper. Innovative 
approaches, complex methods and measures for design and management of buildings resources are presented as results of this study. 
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1. Introduction 

In various fields of human activities, the concept of 

tangible and intangible resources is popular but 

traditionally five types of basic resources are used to 

work (concept 5M) [1]: 

 man; 

 money; 

 materials and raw materials; 

 machine and appliances; 

 information and technologies. 

In addition to the five elements, “time” as special 

resource is also added. 

A more detailed outline of resource types can be 

applied in the realization of a construction product, 

such as building, since their importance is of current 

interest for the architectural-building sector, as shown 

in Fig. 1. The scope of resources, object of specific 

analysis in this article, is in relationship with the topic 
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of sustainable and responsible architecture, in the 

context of principles and criteria for sustainable 

development of human communities and environment 

where they carry out their basic functions. As it is 

known, this topic includes interrelated and multiplied 

in time current questions on energy crises, climate 

changes, ecological pollution, reduction of 

life-supporting systems and resources on our planet, 

etc.. 

As the concepts for sustainable architecture and 

building developed, the scope of indicators for research, 

design and complete construction of habitat is 

increasingly expanding in a single aim—to maintain a 

balance between economic, social and ecological 

objectives. The focus of sustainable methods and 

approaches is primarily on the concern for 

non-renewable resources on the planet, for which 

reduction contributes particularly the building sector. 

According to conducted studies, 45% of population 

live in urban areas, on national level the building sector 

consumes about 40% of power, 40% of natural resources 
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Fig. 1  Types of resources.  
 

(primary products and materials) and produces 25% of 

the waste materials (in the process of building and 

demolition). Statistics of the International Energy 

Agency show that only buildings consume about 30% 

of the final energy and are responsible for more than  

40% of the greenhouse gas emissions worldwide [2]. 

All this is focusing the attention of professionals 

from various scientific fields related with building 

design, to create specialized products and design 

methods that can solve in complex the processes of 

effective resource management. Their work is focused 

on achieving the following goals: 

 minimize the negative impact on environment and 

health of inhabitants; 

 achieve energy efficiency and low operating 

costs; 

 high quality of technical implementation; 

 security and comfort. 

2. Sustainable Design as a Prerequisite for 
the Effective Management of Building 
Resources: Design Measures 

To design in a way that is in the context of the 

sustainability principles means to correlate produced 

and consumed resources from the urban ecosystem. 

This implies to recognize the interactions between 

natural and human resources and afterwards to create a 

holistic process between the project and the 

environment qualities for which it is 

intended—through management of energy resources, 

water, air and waste disposal [3]. 

The main prerequisite of achieving these sustainable 

features is the implementation of new complex 

approach for design and construction, with reference to 

the life cycle of the building. In the optimum state, the 

sustainability principles are embedded at design stage 

by an integrated design team because the opportunities 

for influence at an earlier stage are significantly larger 

than at the stage of completed project or finished 

building construction. In this way, the integral design 

saves huge costs and ensures long-term efficiency. 

Studies have shown that the design of a sustainable 

building is a more complex process that starts with the 

design assignment and includes integration of 

sustainability criteria as well as during the design 

process as during every stage of construction works. 

The completed building is under observation  for 

several months after its finishing and afterwards it is 

legislated by a quality certificate consisting again of an 

integrated system of criteria and indicators. These 

certificates play a multiple influence on the complete 

investment process according to the actual practice in 

various European countries. 

The EU (European Union) supports and encourages 

consistently the sustainable construction by new 

common standards and directives for the member 

countries. In the international practice there are already 

several standards established, which are created 

moreover with the purpose to fulfill the basic principles 

in sustainable building construction. The world council 

of sustainable construction has recognized systems for 

evaluations of building sustainability: Green 

Star—Australia, LEED Canada™, German 

Sustainable Building Certification—Germany, IGBC 

Rating System & LEED IndiaTM Green Building 

Rating Systems—India, CASBEE (Comprehensive 

Assessment System for Building Environmental 

Efficiency)—Japan, Green Star NZ—New Zeаland, 

Green Star SA—RSA, BREEAM—UK, LEED Green 

Building Rating System™—USA [2]. According to 

the local building, cultural and social practices the 
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evaluation systems provide a certificate for building 

sustainability. In LEED, BREEAM, DGNB and the 

other systems, the biggest load is concentrated on 

energy efficiency because it is the most substantial cost 

during exploitation in residential just as much as in 

industrial and public buildings. A building rated the 

most for concerning the diminished heat lost through 

the building cover, the optimization of heating and 

ventilation system, for passive sun benefit and energy 

efficiency of domestic appliances, fulfills the 

requirements for being awarded a certificate, which is 

presented in three degrees: silver, gold and platinum. If 

it is added to the reduced energy costs active methods 

for obtaining the rest of necessary energy by renewable 

energy resources, the building gains maximum 

opportunities to cover individually its energy demands 

that tend to be a requirement for the future new 

construction [2]. 

Studies have shown that the most widely spread 

systems are the British BREEAM, the American LEED 

and the Australian Green Star, as well the international 

project—Green Building Challenge, that includes 

initiators from 14 countries. Other pоpular systems 

with local importance are the French HQE, the German 

DGNB and the Japanese CASBEE, that go outside 

national boundaries and are implemented at the 

corresponding region [2]. 

Worldwide the last 20 years are a period of big 

development in creating and establishing systems of 

criteria for sustainable design and construction, among 

which an important place takes the indicators related 

with the consumption of resources. There are three 

basic directions of development—research-educational, 

design and those that are initiated from private, 

non-government organizations that create, organize 

and issue certificates in this field. The purpose of their 

activity is as to encourage best practices as to create 

enough comprehensive methods for monitoring and 

evaluation. 

Criteria and indicators of building design are 

focused upon several major categories: location, 

energy and CO2 emissions, water, materials, waste, 

vegetation, pollution (by hazards), a healthy 

environment and health, effective management of 

building/home and adjacent land, ecology. The next 

step concerning each of categories is supposed to 

create a model developed in three phases: identifying 

features, their evaluation and development of an action 

program—i.e., programming of all actions with a 

specific strategy and measures of the project [3]. For 

example, the basic aims concerning water are generally 

related with: 

 protection of surface water and mountain springs; 

 collection and reuse of rainwater; 

 maintaining an adequate level of water quality 

within the area and buildings; 

 reducing the amount of treated water. 

The specific design measures for reducing water 

consumption are multidirectional and include both 

levels—the interior and exterior space of building. As 

an example, systems are implemented to collect rain 

water that is reused for WC and irrigation, valves are 

mounted to reduce water pressure in taps, etc.. To 

maintain the water balance of the terrain before 

construction works is also part of the project 

sustainable measures. Otherwise, the groundwater 

level will change and disrupt ecosystems, and 

subsequently it will lead to difficulties in supply of 

clean drinking water. The measures in this regard are: 

design of minimum area with waterproof elements 

(paths, trails), planting local species, green roofs that 

collect rainwater in order to prevent lost to sewage 

drains. The overall interior equipment with devices for 

saving water continues to implement the complex 

measures and includes use of air batteries, energy 

efficient appliances, dishwashers, washing machines, 

etc.. An important stage of measures is specifically 

designed programmes to support the systems of all 

building installations. For this purpose, information 

brochures are developed containing instructions for 

maintenance of the various facilities during building 

exploitation. An essential part of the developed 
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measures are the educational campaigns as well—in 

order to accelerate and enrich the culture of the 

inhabitants in terms of saving resources. 

This general approach is applied to other categories 

and issues that are object of complex measures in the 

project for building resource-saving—for heating and 

ventilation, lighting, location, etc.. A complete 

coverage of the problems is achieved by designing on a 

method for assessing the life cycle of building, which 

the expenditure of resources is optimized concerning 

the full life cycle of building [3]. It follows the 

operation of all systems and components of the 

preliminary design studies, by the preparation of 

project documentation in all design and construction 

stages—through production of the materials, 

preparation for installation, transport, supply, 

construction execution, the period of building 

exploitation until its demolition when it is assessed 

again the suitability of materials for reuse or recycling. 

As an answer to the common European directives for 

sustainable design and building construction, member 

states are expected to develop and implement their own 

measures for saving energy, use of renewable energy 

sources, reducing CO2 emissions, reducing water costs 

and improving water quality water, etc.. Thus, 

according to the European Directive on the energy 

building performance by the end of 2018, all public 

sector buildings of built area of over 250 m2 must have 

a near-zero carbon emission. After 2020, this 

requirement will apply to all new buildings at all, 

which means that it is necessary to urgently promote 

the methods for reducing dangerous emissions, and to 

train professionals in the implementation of new 

methods and approaches.  

With the new European directives, a number of 

mandatory conditions are expected to be implemented 

in the sector for new construction:  

 mandatory installation of photovoltaic panels; 

 mandatory installation of solar thermal panels as 

to cover 50% of the needs for sanitary hot water; 

 obligations for external sunscreen louvers for new 

buildings . 

According to European directives, soon our 

buildings must meet certain regulatory requirements in 

the field of sustainable architecture and construction 

methods and approaches, like the leading practice in 

many EU countries. In countries like Denmark, 

Sweden, Netherlands, Germany and other, residential 

complexes and buildings have been built already, as 

well as buildings in the public sector, which comply 

with the technologies and criteria for sustainable 

construction and natural compliance and the results of 

their monitoring are encouraging [3, 4]. 

3. BMS (Building Management System)  

A well-designed building, according to the 

principles of energy efficiency and responsible 

architecture, enables the management systems 

deployed in recent years in high-tech buildings to work 

effectively. BMS [5] is a system for monitoring and 

control, managed by main (central) computer which 

has a direct and complex impact on the cost of building 

resources. It is composed of intelligent end 

devices—programmable controllers, which include 

permanent memory, operating (RAM (Random Access 

Memory)) memory and microprocessor calculation of 

every transaction executed by the controller as well as 

I/O (input/output) components. Thus, the system 

provides information to the technical and managerial 

personnel and ability to influence all technical systems 

in the building by operator stations. BMS provides 

opportunity for: 

 individual or multiple remote management and 

monitoring of air conditioning in premisеs that include: 

observation of current temperature, set temperature, 

start/stop convectors, heaters; 

 remote control and monitoring of central air 

conditioning, covering emergency situations and the 

overall condition of equipment (pumps, refrigeration 

machines, centers and monitoring of temperatures 

collectors); 

 monitoring of air quality (CO2, CO, humidity) and 
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management of ventilation on given levels; 

 monitoring and management of other 

technological facilities (drainage pumps, pressure 

boosting pumps, etc.);  

 lighting control—on schedule, on a preliminary 

conditions (lighting, on management sensors, on a 

program, etc.);  

 monitoring and control of various 

subsystems—irrigation systems, blinds, 

advertisements, etc.; 

 management and monitoring of electrical 

consumers, as well as instant energy user costs 

(electricity, water and fuel);  

 monitoring and management of emergency 

generators, depending on the load and the condition of 

the main supply. 

Additionally, it is monitored and information is 

received about the security and fire alarm systems as 

well as the access systems.  

As a result of the BMS implementation, customers 

are availed the following opportunities: 

 optimal allocation of resources (service workers, 

personnel staff, etc.); check system status at any time, 

complete overview of information at one place, which 

results in faster response and crisis management;  

 management costs—water, electricity, fuel;  

 constant monitoring of the various systems by a 

corresponding specialized staff;  

 disclosure of current operational maintenance 

works.  

In housing construction, there are also new 

technologies applied and their implementations are 

popular under the name “smart houses”. A centralized 

management of systems is provided for heating, 

lighting, security systems, blinds and curtains, audio 

and video equipment, automation and synchronization 

is used between the domestic appliances and 

everything that is controlled electronically. All the 

house functions can be managed from a distance by the 

option allowing remote control. After leaving the 

house, all systems go to sleep mode, and thus drop 

consumption down to a minimum. In some European 

countries, this type of building houses is used by 

subsidies from the state because they are energy 

efficient and economical in terms of the overall cost of 

basic resources [6]. 

4. Conclusions 

The topic of non-renewable resources, global 

environmental problems and causal relations with 

construction process and the whole construction sector 

is the focus of sustainable architecture and construction 

and their methods [7]. 

Studies of international practice show that the stress 

is on application and development of integrated 

approaches that aim comprehensive coverage and 

research of environmental, economic and social 

aspects of design and construction process [8]. In this 

course, the issues of saving resources are addressed in a 

wider context which includes analyzing impacts of 

buildings on the environment throughout their life 

cycle—planning, design, construction, operation and 

maintenance and deconstruction. This is achieved by 

integrated design teams. Application of specialized 

software for building analysis that addresses 

professional needs of different participants in the 

building design optimizes the design ideas in order to 

make optimal final decisions. The applied design and 

construction measures quality is proved by certificates 

for sustainability based on various certification 

systems for sustainability assessment. 

The development and validation of systems for 

sustainability assessment in design and construction is 

a process that is constantly evolving and accredited 

worldwide. According to the conducted research, each 

state includes in its legal regulations specific 

requirements and conditions for sustainable 

development and applies buildings’ certification as 

evidence that they meet the required criteria. 

Certification assessment systems are coordinated with 

the local building, cultural and social practices. 

Buildings constructed according to the principles 



Design and Management of Building’s Resources 

 

721

and criteria of sustainability provide a better 

opportunity for implementation of BMS which has a 

straight impact on building resources cost. Research 

results on constructed high-tech buildings equipped 

with such systems demonstrate clearly the benefits of 

their implementation [4, 5]. The BMS is important for 

reducing the building resources’ cost during its longest 

period of existence—the time of its operation. 

The buildings have a long life—the usual time of 

operation exceeds the human lifetime. The choice of 

construction solution today will determine the life 

quality of its residents far ahead in time. Applying the 

principles of sustainable design must be consistent with 

the requirement for durability, easy and low cost of 

building maintenance. Quality system solutions ensure 

a longer warranty period and life as well as easier 

maintenance. Not addressing some issues at building 

design stage often results in much higher costs in order 

to correct them later. The selection of materials and 

systems is necessary to be considered not only in terms 

of price but also in regard of their exploitation time. 

The combination of design measures and quality 

systems for resource management affects significantly 

the financial results—reduction of operating costs of 

30%-35% is achieved, while at the same time 

conducting control of appliances and equipment 

facilities to be in optimal regimes in order to preserve 

their resources. Finally, this helps to achieve the 

long-term goals of sustainability in the construction of 

living environment—to improve quality of life without 

increasing consumption of natural resources over the 

limit above which the environment cannot recover 

them, as not compromising the ability of future 

generations to meet their own needs. 
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Abstract: Normization, i.e., the system of norms is a structure that defines the group of elements containing the norm values for the 
requirements of a certain resource. Resources comprise of materials, machines and labor. All the requirements of the measure units of 
the resources are given statically and with the discrete data. Thus, every slight change in the expense list item reference causes a 
change in norm and our norm is not flexible and features a discrepancy with the real life situations. In order to achieve a higher level 
of preciseness and to speed up the technological processes of planning and norming the engines of a company that lead to the 
regulation of the system, the discrete elements of the working (time-related) norms should be replaced by the dynamic ones. This is 
made possible through setting up norms models that in turn can be presented by formulae in the vectoral system. The use and 
implementation of the new technologies in terms of production, computer science and cybernetics provides for upgrading the norm 
requirements. New working tasks in turn require a new norm standardization, which can be applied to the hydrodemolition of 
concrete constructions by means of water robots that use high pressure water jets.  
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1. Introduction 

By means of the model standardization and the 

dynamic defining of the organizational needs [1, 2], the 

static project of organizing construction works is 

turned into a dynamic one. Dynamics is in turn defined 

by mathematical and statistical methods applied to 

particular models of various construction operations. 

In order for the company to increase profit, i.e., for the 

water robot economic indices to increase, the technical 

efficiency of a particular robot was observed in the 

field, namely in the course of actual works performed 

at refurbishment of a bridge on a section of the Zagreb 

detour motorway section. 

The function inverse to efficiency is the norm 

function. For the defining of any work, the respective 

discrete norm is defined with the accompanying 

working, material and machinery resources.  

Thus, the infinity and the lack of quality of being 
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defined cannot be seen for all the differences in the 

variables that the norm relates to in practice and 

especially not for the variables concerning working 

(time) resources.  

Depending on the dimension given by the 

documentation and the particular situation in the field, 

the averaged constant of the discrete norm does not 

match the requirements implied by a more productive 

way of performing operations and this is especially so 

for new technologies that are ahead of the norm 

technologies. The most considerable mismatches in 

that sense are featured by the time working resource 

that is usually just averaged approximate and mostly 

obsolete efficiency. If the technology of demolition [3] 

by means of robots producing a high-pressure water jet 

is closely observed and if the respective literature is 

consulted, the efficiency of the robots (developed from 

a Swedish innovation—Fig. 1) turns to amount an 

average of 0.35-1.5 m3/h, depending on the type of the 

robot and the hardness of concrete.  

As the machine is operated by two engineers,     

the overall norm amounts from 1.3 m3/h to 6 m3/h. The  
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Fig. 1  Conjet robot (at operation).  
 

discrete norm of 3 m3/h is usually used for the 

theoretical calculations [4]. 

The hydrodemolition technology is rarely mentioned 

in our magazines [5]. 

2. Method—Vector Norm 

The analysis and systematization of the old norms 

bring to light the variables of construction, technology 

and organization needed for defining the vector norm 

hypothesis (Eq. (1)).  

Vector norm = 

))),((( 0,,, rkfkokdN kikdkork ik


     
(1) 

There are tables for the envelope technology 

example showing the functions of resources (r) (i.e., 

the technology of performance), the construction being 

processed (k) and the dimensions of the construction 

(kdi) influencing not only the time resource but the 

material component of the norm as well. By means of 

the use of these variables and defining the basic 

construction type (kok), all the discrete tabular 

presentations of the envelope systems can be boiled 

down to a graphic vector image (Fig. 2). If the 

construction as mentioned above is excluded, on the 

grounds that it is the easiest to define and most 

frequently defined, the basic construction is defined 

and furtherly used for defining other constructions via 

respective coefficients. So as to define the equation for 

the time span for the basic construction from numerous 

discrete values at given resources, the Gaussian 

minimum mean square method is the most appropriate 

one in Eqs. (2) and (3). It gives the approximation of 

the parameters, i.e., the model standardization norm for 

the basic envelope system in Eq. (4) for either linear or 

non-linear equation systems (Fig. 2) [6, 7].  
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Materials, equipment and transport are in function of 

the constructive and geometric features of a certain 

construction endeavor and the above mentioned 

technology [8, 9]. Thus, the materials being spent, by 

means of relating the constructional equations to the 

resource efficiency, are boiled down to the dimensions 

of the drawings. The results of the relating are the 

monograms of the bearing capacities of constructions 

and serve at the same time as the norm for resources 

used for a certain construction [10]. The tendency of 

making procedures shorter and performing the resource 

overview quicker resulted in the vector description of 

norms, i.e., the VMSN (vector model standardization 

norm) in Eq. (5) for the purpose of constructing the 

wall envelope system in Eq. (6) (Fig. 3): 
 

 
Fig. 2  Functional norms dependency on resources.  
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Fig. 3  VMNS (vectoral norms) for the envelopes of vertical 
constructions as performed by various construction 
companies. 
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Thus, the equation from the hypothesis (1) proved 

correct. 

3. Results—Vector Norm of Robotic 
Hydrodemolition 

The classical approach to the defining of the 

practical efficiency of a machine via defining the 

practical efficiency of a robot could be said to be 

inappropriate and complicated as the defining of all 

forces and resistances will imply performing of some 

additional research. Therefore, based on the monitoring 

of a typical construction site, namely the restoration of 

a bridge over the Sava River on the Zagreb bypass 

section of the motorway at Ivanja Reka, the data were 

used for a statistics analysis of the standards of 

operating for Conject robots. The various monitored 

variables of operating for Conject robots 361, 362 and 

364 are shown in Table 1 [11, 12]. 

When the given database is sorted in accordance 

with the given variables, it turns out that the efficiency 

depends on the depth of hydrodemolition that in turn 

depends on the sort of concrete. Working in shifts does 

not play part in the efficiency and the width of the 

processed area is as well considered as the depth. The 

density of the efficiency frequency is plausibly shown 

by means of the Erlang distribution that stemmed from  

Table 1  Data obtained from on-site monitoring of Conject 
robots operation.  

Pump Robot
Machinist 
(2) 

Operation m3 h norm hrs

333 361 Kljajić poz 5/7 6.7 11 0.61 

364 364 Damjan poz 5/7 2.9 3 0.96 

403 302 Miličević poz 5/7 5 5 1 

333 361 Ozimec poz 5/7 6.3 12 0.53 

364 364 Palijan poz 5/7 6.6 11 0.6 

403 302 Kovačić poz 5/7 5.3 9 0.59 

353 361 Kljajić poz 5/7 1.2 4 0.29 
 

the binomial limited distribution, i.e., from the Poisson 

distribution. The mathematical expectation or 

arithmetic mean, or technically speaking, the weight 

point of the Erlang distribution will suffice to 

determine the average robot efficiency. The 

mathematical expectation of the continuous Erlang 

curve is larger than the discrete distribution as the 

constant line fills the blank spaces of the discrete 

distribution in Eq. (7) [13]. 
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The expectation of the Erlang distribution is already 

known, i.e. Eq. (8): 
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where, the k and  parameters are the discrete values of 

a sample for whose values the Erlang function is 

approximately the same as the distribution obtained 

from the monitoring of a certain robot.  

By means of the use of the MathCad software and by 

means of assigning certain values to the parameters, the 

curve is observed and assessed in terms of its fitting/not 

fitting into our selective distribution pattern. When the 

graph approximately fits, the parameters are taken as 

finite ones and they in turn instantly define the 

mathematical efficiency expectation for (i.e., the 

discrete average efficiency of) a robot. The influence of 

the parameters on the curve flow is as follows: the k 

parameter shifts the curve to the right side with a peak 

increase, whereas the increase or decrease of the  

parameter makes the curve narrower or wider, 

respectively. For the purpose of monitoring the 
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frequency, the frequency coefficient kf is deployed and 

its increase makes the curve peak higher in Eq. (9). 

kfe
k

x
y x
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x
 

!

)(

          
(9) 

The kf coefficient does not influence the expectancy 

but it influences the ordinate as shown in Fig. 4. 

A graphic presentation of the Erlang distributions for 

the above is mentioned bridge over a month time span 

(Table 2, Figs. 4 and 5). 

If the Erlang distributions are tested by χ2 for α = 

0.05 and 2 freedom degrees, the curves tested are valid 

for a random sample as the discrepancy between the 

empiric distribution and the Erlang distribution are not 

significant.  

A tabular presentation of the efficiency expectancies 

for the robots is monitored (Table 2). 

The substitutes for graphs themselves are the 

equations of the basic and other graphs, i.e., of 

hydrodemolition of decks, beams or vertical 

constructions. Thus, the basic deck hydrodemolition 

graph is Eq. (10): 

rkkckdkork UokokdUo
k ,,,, 

     
(10) 

where, kd is the coefficient of the construction c 

dimension for a type of concrete and of the basic 

coefficient that is the function of the construction and 

the efficiency equation that is in the function of 

resources and the construction. As to the basic 

efficiency, the coefficients are of measure unit quality 

and thus, the equation gets the form of the function of 

the basic efficiency in Eq. (11). 

8.01.0,,,,  rUoUo rkkdkork k    
(11)

 

The construction efficiency equations are identical 

to the basic efficiency, granted that the coefficients are 

different whereas the basic efficiency function remains 

the same. If multiplied one by another, the result gives 

the efficiency values expressed in cubic meters per 

hour (m3/h) in Eq. (12). 

rkkckdkork UokokdU
k ,,,, 

      (12)
 

The arithmetic mean of a series of sequential 

observations gives the average resource efficiency that 

in turn becomes a variable of the vector efficiency. 
 

 
(a)                                 (b) 

Fig. 4  The influence of kf on the Erlang distribution (a) with and (b) without kf.  
 

 
(a)                                  (b) 

Fig. 5  The Erlang distribution for a 361 robot for (a) d > 20 cm and (b) d ≤ 20 cm. 
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Table 2  The expectancy (efficiency) for robots in the course of November. 

Robot E(x) (Efficiency (x)) 
For robots 

X (Arithmetic mean of (x)) 
2  ( 

Hi test
 22

  )
d  20 cm d > 20 cm 

2
 = 5.99 

361 0.7 0.8 0.48 0.54 5.75 

364 0.6 0.65 0.45 0.56 2.84 

362 0.5 0.52 0.44 0.4 5.96 
 

As to the observations related to the depth, they are 

dependant of the concrete type. It can be seen that for  

d > 20 the efficiency is of approximately constant value 

with beams made of the stabile concrete type C 40/50, 

whereas with thinner decks, where the concrete has 

deteriorated, there is a dispersion of efficiency at the 

same rate as the rate of the concrete hardness 

dispersion. This leads to the definition of the functional 

dependency of the dimension coefficient (concrete 

hardness C) that is presented by the given linear 

function in Eq. (14) for the zero-abscise for C 40/50 

and with respective given coefficients kc (Fig. 6). 

rkkcrkdkorkrkdkork UokokdnUnN
ki ,,,,,,, //1   (13) 

7.015.0  xkc           (14) 

The relation between the two occurences of the 

given concrete hardness in the 5/7 deck in dependency 

with the 361 robot efficiency gives the curve in Eq. 

(15): 

nxxk c )01.013.035.0( 2     (15) 

By means of the correlation theory of the given 

regression curves in Eqs. (14) and (15), there is the 

proof of the dependency of the coefficient on the 

concrete hardness in line with the given curves with the 

linearity of n and the correlation coefficient of 0.52 that 

is widely used in practice. 

As the proof for the mentioned equation, the real life 

data on the bridge deck hardness [14] can be used. The 

percent of the share of C in the deck should correspond 

to the percentage of the area, i.e., it is to correspond on 

accordance with the given expectation of the efficiency 

frequency (Fig. 5).  

This in turn provides for establishing the average 

coefficient of the deck concrete hardness dimension 

that amounts 0.85 for C 30/40 in accordance with the 

design (Fig. 7), it, however, amounts approximately 

1.07 for the real life data as calculated by means of the 

Eq. (16).  

 
c

ccc kFk %
100
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The obtained data provides for an optimal 

hydrodemolition planning process in the construction 

industry. The procedure as well reversely explains the 
 

 
Fig. 6  The vectoral efficiency of hydrodemolition by 
Conjet robots.  

 

 
Fig. 7  The values of the coefficient kc.  
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Fig. 8  Vectoral norm of robotic hydrodemolition.  
 

Table 3  The real average efficiency of a robot at Zaprešić.  

Robot Frequency X 

361 4 0.69 

362 26 0.72 

364 36 0.8 
 

estimated efficiency as dependent of C that amounts 

0.75 whereas there has been the value of 0.8 m3/h with 

robot 361 in practice and in accordance with the Erlang 

distribution.  

This method was tested in another research 

concerning the flyover above the railroad line at 

Zaprešić (a suburb of the Croatian capital Zagreb). By 

means of the reverse method of measuring the deck 

hardness by a sclerometer, a series of interesting data 

was obtained through which the efficiency of resources 

(i.e., robots) can be predicted. The data processing 

resulted in the Erlang distribution ranging from C29 to 

C41 with the substitute coefficients k = 6, λ = 1 and kf = 

75. As for the given parameters, the expected concrete 

deck hardness is C36, whereas, for the given hardness, 

the robot efficiency is estimated at 0.68 m3/h via the 

given vectoral presentation of efficiency(Fig. 8). It is 

interesting that the processing of all data from the daily 

reports on the robot hydrodemolition efficiency 

resulted in Table 3, where the interval ranges of the 

robot efficiency amounts from 0.6 m3/h to 1.08 m3/h. 

The efficiency was higher where hydrodemolition was 

deployed on smaller depths.  

4. Conclusions 

The discovery and modeling of functional 

dependencies concerning certain type of work provide 

for a constant process of modernization and 

standardization of norms. A further input of data into 

the construction site database and the processing of 

these data lead to optimal results, although the on-site 

instant processing is already optimal nowadays. In the 

same manner in which a function can be modeled for 

the time component of the working resource, other 

possible resource requirement can be modeled as a 

function of designers’ equations or engineering or 

other scientific achievements regarding equations 

relating to the material or engineering or transport 

requirements of the resource. While creating a relation 

with the structural programing, which is a significant 

support to the given modeling process, the classical 

static norming is transformed into a dynamic one. By 

means of this programing (DSP (dynamic structural 

programing)), an organization dealing with 

construction can make a giant leap in terms of the 

technologic development and reduce the respective 

gaps at the same time [15-17]. 
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Abstract: Timber bridges can provide an economical alternative to concrete and steel structures, particularly in rural areas where 
vehicle traffic is light to moderate. The wooden components of bridges have historically been preserved with either an oil type or 
waterborne preservative system to protect the wood from decay in order to maintain required performance standards for an extended 
period of time. The focus of this paper is to describe some of the key preservatives, research and case studies that support use of 
preserved wood, and some important steps to follow for the appropriate and safe use of preserved wood when the planned application 
will be in or over aquatic and wetland environments. A wealth of scientific information has been collected and analyzed that clearly 
suggests the use of preserved wood does not present a significant adverse effect on aquatic and wetland environments. This conclusion 
is based on two decades of empirical research and case study evaluating the environmental fate and effects of preserved wood, level of 
migration of contaminates into aquatic and marine environments, and the preserved wood environment. This is particularly true when 
risks are properly assessed on a project site, the appropriate preservative is selected and the wood is preserved to the Western Wood 
Preservers Institute’s BMPs (best management practices), along with properly installing and maintaining the preserved material. To 
assist with the assessment process, peer-reviewed risk assessment models for 11 commonly used preservatives have been developed 
that provide for streamlined data entry by users and allow for evaluation of a structure above and below water. A companion 
preliminary screening level assessment tool is also available. When these measures are properly utilized engineers, biologists and other 
responsible officials can be confident that the service life of the preserved wood components will more than likely meet the required 
performance standards in an environmentally safe manner for up to 50 or more years on a majority of timber bridge projects.   
 
Key words: Waterborne wood preservative, oil-type wood preservative, environmental risk assessment, best management practices. 
 

1. Introduction 

Why should you use preservative wood? Based on 

the fact wood degrades via non-living or living agents, 

or both at the same time, when wood is left unprotected 

from these agents there will be a significantly shorter 

life expectancy. This will continue to be a significant 

concern when using wood and for this very concern, 

preserved wood plays a key role in protecting wood 

from degradation while significantly extending the life 

expectancy. As a case study, the findings of 30 timber 

bridges that were inspected in the Pacific west ranging 

in age from 31 to 78 years were found to still be 

meeting or exceeding the required performance 
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standards. Based on their individual conditions, these 

bridges were expected to satisfactorily perform for an 

additional 25-50 years.  

These inspections were part of a US Federal 

Highway Administration and US Department of 

Agriculture, Forest Service  Forest Products 

Laboratory national timber bridge survey project 

conducted between 2011 and 2013 [1]. In another 

cooperative study between the US Federal Highway 

Administration, the USDA Forest Products Laboratory 

and Aquatic Environmental Sciences, the 

environmental risks associated with timber bridges 

preserved with creosote, pentachlorophenol and 

chromated copper arsenate under worst-case conditions 

were evaluated. The study findings determined that no 

adverse biological effects were observed in either the 

invertebrate community or in laboratory bioassays at 
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any of the bridges evaluated.  

Researchers concluded the study results suggested 

that there would be minimal environmental risks 

associated with the level of preservatives lost from 

timber bridges. Researchers further concluded that 

many environmental risks could be minimized or 

eliminated by utilizing best management practices for 

construction and maintenance [2].    

Knowing the environmental benefits of using 

preserved wood compared to alternative materials is 

also an important factor to consider when determining 

the type of material to use on a structure. This 

determination was made in a series of quantitative 

evaluations conducted by the Treated Wood Council 

on the environmental impacts associated with the 

national production, use and disposition of various 

preserved wood products compared to alternative 

materials.  

As an example, a LCA (life cycle assessment) on 

ACQ (alkali copper quat)-treated lumber found that 

seven out of eight key environmental impact indicators 

required less total energy and less fossil fuel, had lower 

overall environmental impacts, and when reused for 

energy recovery in permitted facilities with appropriate 

emission controls, there would be further reduction of 

greenhouse gas levels in the atmosphere. The 

evaluation was conducted using LCA methodologies 

and followed ISO 14044 standards, as well as being 

peer-reviewed. A link to the summary of the 

ACQ-treated lumber LCA can be found in Ref. [3].  

The use of wood preservatives is highly regulated by 

the US EPA (Environmental Protection Agency) under 

the FIFRA (Federal Insecticide, Fungicide and 

Rodenticide Act). All wood preservatives are required 

to undergo a rigorous registration and re-registration 

process. The EPA considers wood preservative systems 

as antimicrobial pesticides and requires that the 

pesticides must be supported with thorough scientific 

review and analysis, as well as show they can be used 

without causing undue adverse effects to human health 

or the environment. Under federal law a preserved 

wood product is not considered to be a pesticide and 

therefore not regulated by FIFRA. 

Due to increased concern by the scientific 

community and the general public over the general use 

of all chemicals beginning in the latter part of the 20th 

century, the wood preserving industry began reviewing 

what scientific literature existed on the environmental 

performance of preserved wood in aquatic and marine 

environments. This review found that very little 

research had been conducted on the subject, leading the 

wood preserving industry to work independently and in 

cooperation with federal and state agencies in 

conducting numerous research projects and case 

studies. This resulted in over 60 research papers and 

reports written on the subject.  

Even though research continues, the results of past 

research represent the most authoritative on what is 

known today about the environmental effects of using 

preservative wood. This information gives proponents 

a unique ability to conservatively predict the level of 

potential risks on a project site basis and help support 

decisions to use, or not use, preservative wood, or to 

identify circumstances where mitigating measures may 

be necessary to further minimize or eliminate potential 

environmental risks.   

2. Five Steps to Appropriate Use of 
Preservative Wood 

Because most types of timber bridges—such as 

pedestrian, auto or railway—cross some form of water 

body or drainage, they pose varying degrees of 

environmental risk or required protection when 

constructed or maintained. For this reason, it is 

important to have guidance in understanding the 

science behind wood preservative systems and how to 

select and manage the use of preserved wood to ensure 

the desired performance while minimizing the potential 

risk for any adverse environmental impacts. The 

process begins at project conception and follows all the 

steps through installation and maintenance.  

The following five basic steps are recommended 



Wood Preservative Solutions for Creative and Sustainable Bridge Design and Construction 

  

731

when planning use of preserved wood in aquatic and 

wetland environments (fresh and salt water):  

(1) selecting the proper preservative;  

(2) environmental considerations and evaluations; 

(3) specifying best management practices; 

(4) requiring quality assurance and certification; 

(5) following basic handling, installation and 

maintenance guidelines.    

2.1 Selecting the Proper Preservative 

To make sure the appropriate preserved wood 

product is selected, it is important to fully understand 

how to identify and specify the appropriate wood 

preservative system based on the desired species and 

existing environment on a project site. Some good 

resources available that provide helpful information are 

the wood preservation section in the USDA Forest 

Products Laboratory’s Wood Handbook, Chapter 15: 

Wood Preservation—General Technical Report 

(FPL-GTR-190-2010) found in Ref. [4]; WWPI 

(Western Wood Preservers Institute) Guidance 

Documents found in Ref. [5];  WWPI Treated Wood 

Guide Smartphone Application (iOS and Android) 

found in Ref. [6]; and the AWPA (American Wood 

Protection Association) Book of Standards—Use 

Category System Standard U1, Sections 3-5 found in 

Ref. [7].  

While the AWPA Book of Standards identifies 27 

different wood preservative systems, only seven are 

commonly used to preserve material designated for use 

in aquatic and wetland environments either in and/or 

over fresh and salt water. There are a few other 

preservative systems available, but they will not be 

addressed in this paper as they are not commonly used 

in the western region of the United States. In addition, 

there are other proprietary formulations available that 

are often selected for aesthetic purposes, but are also 

not discussed.  

The seven commonly available preservatives for use 

in aquatic and wetland environments can be broken 

down into two general categories—waterborne and 

oil-type preservative systems. 

2.1.1 Waterborne Preservative Systems 

Waterborne systems are considered inorganic 

preservatives and are characterized by the fact that 

water is the primary carrier of the preservative 

chemical. In these systems the chemicals are 

precipitated into the wood substrate and become 

attached to the wood cells, minimizing migration once 

the chemical is stabilized or fixed to the wood cells. In 

general, all waterborne preservatives perform basically 

the same way. They also leave a dry and paintable 

surface. The primary environmental concern with these 

preservatives is the potential environmental effect the 

loss of copper will have on the specific project 

environment when placed into service. For this reason 

it is critical to conduct a screening level assessment for 

each project site.  

The three main waterborne systems or groups used 

in aquatic and wetland environments are:  

 CCA (chromated copper arsenate)—Since 2004, 

CCA only has been available for use in preserving 

commercial and/or industrial type wood products. 

While CCA preserved wood products are readily 

produced throughout the US, use of these products near, 

in or over bodies of water are largely discouraged or 

prohibited in many western states by permitting 

agencies, even though it has been demonstrated that the 

environmental risks are minimal. This is primarily a 

result of perceived concerns about the toxicity of 

arsenic in this preservative.  

In addition, because coastal Douglas fir is usually 

the preferred wood species for many commercial and 

industrial applications, CCA is not recommend for 

treating this species and other hard to treat species. The 

opposite is true for many other parts of the US, like in 

the southeastern states, where the preferred species 

Southern Yellow Pine is easier to treat and where CCA 

preserved products are considered environmentally 

friendly. Also, CCA is the only preservative system 

that has testing technology (chromotropic acid test) 

that can determine whether fixation of the preservative 
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has been achieved in the wood cells;  

 ACZA (ammoniacal copper zinc 

chromate)—Under the trade name Chemonite®, 

ACZA is an ideal preservative to use for hard to treat 

species like coastal Douglas fir. Because of this quality 

and its environmental record, ACZA is normally the 

preservative of choice to treat coastal Douglas fir and 

other western species for uses such as piling, bulkhead 

and bracing that will be immersed or come into contact 

with fresh or salt water. In some local areas of the West, 

use of ACZA products is restricted because of the 

perceived environmental risk associated with 

short-term migration of the preservative from the wood. 

These restrictions may include additional mitigating 

measures, such as wrapping or coating, to help stop or 

minimize the loss of preservative from the product. 

ACZA is also commonly used in a variety of above 

water applications; 

 ACQ (alkaline copper quat) and CA (copper 

azole)—These preservatives are widely used 

throughout the US in a variety of residential, 

commercial and certain agricultural applications and 

are often thought of as “general use” preservatives. 

Both ACQ and CA preserved wood products perform 

basically the same with some minor product 

application differences. They are both commonly used 

to preserve lumber and timbers for above and in fresh 

water or subject to some brackish or saltwater splash. 

The exception is that ACQ preserved round and sawn 

wood piling also can be used for land and in freshwater 

applications. As with ACZA, there is an environmental 

concern by some permitting agencies over the 

perceived environmental effects the loss of copper 

from these preservatives may have on the specific 

project environments. However, with some exceptions, 

products preserved with ACQ and CA are generally 

viewed favorably for general use in or above 

freshwater or near saltwater applications.    

2.1.2 Oil-Type Preservative Systems 

Oil-type preservatives are organic preservatives 

characterized by the fact that they are 100% active 

(Creosote) or dissolved in an oil-based solvent. These 

mixtures fill or coat the wood cell walls during 

treatment.  

The three primary oil-type systems used in aquatic 

and wetland environments are: 

 Creosote—This is a coal tar-based wood 

preservative and when used as a preservative it only 

can be manufactured by the distillation of tar obtained 

from coal. It typically has some odor and is not 

paintable. Primary use is the treatment of industrial 

products such as railway ties, utility poles and 

crossarms, piling and timbers for bridges and other 

transportation structures. Creosote preserved wood can 

be used in a variety of applications requiring in-ground 

contact, or in and/or over fresh and salt water.  

Creosote has a long history of being a very effective 

preservative and it is not uncommon to find marine 

piling and bridge structures today ranging in age from 

50 to 90 years old still in good serviceable condition. 

Acceptance and use of creosote preserved material 

varies by region. For example, in Alaska and the 

southeastern states it is widely used for preserving a 

variety wood products, such as marine piling, dock 

structures, bulkheads, utility poles and bridges.  

Creosote is extensively used to treat railway ties 

used by our nation’s railroads, which represents 

approximately 95% of the creosote use today. In most 

of the western states, other than the railways, use is 

typically restricted to replacement of existing 

structures for maintenance purposes. In the states of 

New York and New Jersey all aquatic uses of 

Creosote-treated wood are prohibited. Creosote is not 

recommended for use in residential, industrial or 

commercial interiors (except for laminated beams or 

building components that are in ground contact) and 

where there may be frequent or prolonged contact with 

bare skin; 

 PCP (pentachlorophenol)—This preservative in a 

solid state is dissolved in petroleum oil either in diesel 

or fuel oil grades and light hydrocarbon solvents. PCP 

is diluted to approximately 5% to 10% in oil in order 
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to be used in a preservative solution. Use of PCP is 

popular for preserving wood utility poles and 

crossarms, as well as solid wood and laminated timbers 

used in construction of buildings and bridges. 

PCP-preserved material in aquatic applications are 

restricted to above water structures in saltwater and in 

or above freshwater. Like creosote, PCP is not 

recommended for use in residential, industrial or 

commercial interiors except for laminated beams or 

building components that are in ground contact and 

where there may be exposure to frequent or prolonged 

contact with bare skin. PCP in light hydrocarbon 

solvents leaves a more natural appearance and may be 

specified where stain finish is desired; 

 CuN (copper napthenate)—This preservative is 

different than the other copper-based preservatives in 

that the copper is reacted with naphthenic acid, a 

hydrocarbon by-product of crude oil processing. The 

CuN concentrate is diluted with fuel oil at treating 

plants to make the preservative solution. Unlike other 

oil-type preservatives, CuN is not a restricted pesticide. 

When CuN is applied, it is initially a light green color 

that diminishes over time due to weathering and often 

has an odor. There are odor neutralizers available that 

can be applied should odor be an issue.  

After thorough drying CuN preserved wood can be 

painted or stained, but a stain-blocking primer or 

second topcoat is recommended for finishing to 

minimize the CuN treatment’s discoloration of the 

finish. CuN is used to preserve a variety of products for 

industrial projects such as foot and auto bridges, as well 

as fence rails and posts, guardrail posts, railroad ties, 

utility poles, piling and outdoor recreational structures. 

Other than being restricted from use in brackish or salt 

water applications, CuN can be used to preserve a 

variety of wood materials for use near saltwater or in 

and above ground for freshwater applications.  

In addition to the above referenced informational 

resources, many other factors will come into play when 

selecting the appropriate preservative system. 

Managers will likely weigh the economics, type of 

project, availability of wood species, aesthetics, 

environmental concerns and the permitting or approval 

process itself. These decisions will be influenced in 

part or whole by the permitting authority, existing laws, 

personal preference, organizational policy, 

professional knowledge and environmental conditions.  

2.2 Environmental Considerations and Evaluation 

In designing a project, the characteristics of various 

preserved wood products should be taken into 

consideration in relation to the purpose of the project 

and the environmental conditions at the project site. 

Products used in a heavy industrial applications, like a 

bridge used for motor vehicles, will be different from 

those used in a public structure such as a foot bridge or 

boardwalk. Similarly, the use of a moderate amount of 

preserved wood in a fast flowing river or stream is 

likely to pose a minimal risk; whereas, the use of large 

amounts of preserved wood in somewhat stagnant 

water may pose greater risks. 

Nearly any material used in aquatic environments 

will introduce some degree of chemical and have an 

environmental effect if present in large enough 

concentrations. When specifically using the previously 

described wood preservatives, a certain amount of 

preservative will migrate from all these products, but 

typically for only a short period of time and entering 

the water column or sediment adjacent to the project 

area. For this reason, it is important to be able to 

evaluate the level of potential risk on a site specific 

basis to properly manage the risks. There are project 

situations where the use of preserved wood may be of 

significant environmental concern such as previously 

contaminated waters or very slow moving waters with 

no natural flushing. However, based on scientific 

studies and field results, 95% of projects constructed 

today in some type of aquatic environment should not 

be significantly impacted from use of preserved wood 

when the risks are identified and managed.    

To help biologists and project proponents of 

preservative wood, peer-reviewed risk assessment 
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models are recognized by NOAA-Fisheries as being 

useful in evaluating the potential environmental effects. 

These assessment models are readily available to assist 

in determining the potential risks associated with a 

proposed project. A detailed discussion of the models 

and supporting information preservative wood can be 

used safely in aquatic environments when the risks are 

evaluated can be found in NOAA-Fisheries 2009 guide 

for treated wood, Use of Treated Wood Products in 

Aquatic Environments: Guidelines to West Coast 

NOAA Fisheries Staff for Endangered Species Act and 

Essential Fish Habitat Consultations in the Alaska, 

Northwest and Southwest Regions [8]. 

In addition to the risk assessment models, a 

companion Level One Screening Assessment tool 

based on the science used to develop the more robust 

risk assessment models also has been created to further 

assist in making evaluations of the environmental risks. 

This simplified assessment tool utilizing tables and 

some basic project site conditions was designed to 

easily make preliminary predictions on whether a more 

extensive risk assessment should be undertaken, or 

support a conclusion that there would be no significant 

environmental effect from using preserved wood on a 

project.    

The risk assessment models are based on research of 

preservative loss rates from properly preserved wood 

and, when coupled with site-specific project 

environmental data such as water current speeds and 

background levels of metals and organics in the 

sediment, it allows users to predict the environmental 

response to any project design when preservative wood 

is used in and/or over an aquatic environment, 

including the use of multiple wood preservatives. For 

those interested in a detailed discussion on the science 

and model assumptions used, they can be found in a 

book published by the Forest Products Society titled 

Managing Treated Wood in Aquatic Environments [9].  

Preserved wood has a long history of safe use in 

aquatic environments, with no published report 

describing any significant loss of biological integrity 

associated with its proper use when, again, the risks  

are first evaluated and the proper preservative is 

selected. 

2.3 Specifying the Best Management Practices 

Another key element available for managing risk 

whenever preservative wood products are planned for 

an aquatic environment is the specification of the 

WWPI (Western Wood Preservers Institute’s) BMPs 

(Best Management Practices) for Use of Preservative 

Wood in Aquatic and Wetland Environments [10]. 

The BMPs are additional wood preserving 

guidelines for all individual or groups of preservative 

systems used to preserve wood designated for use in 

aquatic or wetland environments. The established 

guidelines are intended to further minimize the amount 

of potential chemical migration or movement from 

preserved wood material during the wood preserving 

process.  

Specification of the BMPs gives specifiers another 

valuable environmental protection tool to use to assure 

preserved material used on a project site has been 

preserved with the minimal level of preservative 

needed for protection that meets AWPA standards 

while reducing the amount potentially available for 

migration or movement in to the environment.  

Along with the additional processing requirements, 

BMPs are separate from and in addition to the AWPA 

standards. There is a shared responsibility between the 

specifier and treater to assure the level of preservative 

system application selected will meet the goal of 

minimizing the migration of the preservative into the 

environment. 

2.4 Providing Quality Assurance and Certification 

One of the benefits of specifying wood material be 

preserved according to the BMPs is that third-party 

independent inspection procedures and certification are 

in place to assure the material meets AWPA standards 

and the BMP guidelines. 

To assure products meet the AWPA standards, it is 
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important that the presence of a quality checkmark be 

present on all structural product labels or in a letter of 

certification should labeling not be present. The 

presence of the CheckMark logo (as shown in Fig. 1) is 

a quick and simple way of identifying whether the 

product material purchased has been inspected by an 

approved ALSC (American Lumber Standard 

Committee) third-party inspection agency authorized 

to assure compliance with AWPA standards. 

Additionally, to assure material has been preserved 

in accordance with the BMP guidelines, certification 

should also be verified by an authorized ALSC 

third-party inspection agency by letter of certification 

or the presence of the WWPI BMP certification mark 

(as shown in Fig. 2) on the product or unit. Details on 

the quality assurance inspection procedures and 

requirements are incorporated as a separate chapter in 

the BMP document.  

It is strongly recommended for the specifying 

agency and/or contractor and the selected supplier to 

review the project specifications and material 

requirements to assure the proper material will be 

produced to the desired standard and specification for 

the project, along with an understanding of the required 

quality assurance and certification. It is also advised, if 

practicable or customary for the wood preserving 

company, to be directly contacted to discuss the required 
 

 
Fig. 1  Check mark symbol and identification of applicable 
accredited ALSC (American Lumber Standards Committee) 
treated wood inspection agency in box right of check mark. 
 

 
Fig. 2  BMP certification mark.  

specifications, including the environmental concerns 

for the project. Past experience has shown when a 

preservative product has not met the expectations of the 

purchaser, it has typically been the result of a 

breakdown in communications.  

2.5 Appropriate Handling, Installation and 

Maintenance 

One of the most critical times in the life of a project 

using preserved wood, in terms of environmental 

impacts, is during and immediately following 

construction. While use of a US EPA registered 

preservative treated to AWPA standards, along with 

specification of the BMPs will help assure minimal 

environmental impacts, there are several other actions 

that can be taken to further ensure the project is 

constructed and maintained in an environmentally safe 

manner during installation or maintenance of the 

structure.  

Some suggested additional actions are as follows: 

 To the degree possible, framing, sawing, cutting 

and drilling should be specified to be done prior to 

preserving the wood; 

 Products should be inspected when they arrive on 

project site; 

 Use containment measures when working over 

water to catch and collect cuttings, shavings and 

sawdust where necessary. Where practical, conduct 

additional fabrication work away from water and 

provide for collection of waste; 

 All field cuts and drill holes created on project site 

should be field treated. Available treatments include 

Copper Napthenate, Outlast Q8 and Hollow Heart CB;  

 Removal of old preserved wood structures for 

maintenance purposes or demolition can either be 

recycled for reuse, if suitable, or per federal and most 

state laws can be disposed as non hazardous or exempt 

hazardous waste in approved landfills; 

 Routine inspection and timely maintenance is 

critical to extending the service life of a preserved 

wood structure.  

 

Check here for the 
mark of an ALSC 

accredited 
inspection agency
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For further perspectives on using preserved wood in 

aquatic or wetland environments, read Guide for 

Minimizing the Effect of Preservative-Treated Wood 

on Sensitive Environments published by the USDA 

Forest Products Laboratory [11].  

3. Conclusions 

For over a century, the preserved wood has played 

an essential role in the economic prosperity and quality 

of life in North America. The use of preservative wood 

has been the preferred, time-proven, cost effective 

material of choice, used for the rail ties that carry our 

trains; the poles that carry communications and power; 

the bridges that cross our rivers and valleys carrying 

vehicles and foot traffic; the industrial and commercial 

structures serving businesses and communities; and the 

scenic and recreational structures enjoyed by millions 

of visitors.  

Since the awakening of environmental awareness, 

including use of chemicals, by society in the second 

half of the 20th century, there have been numerous 

environmental laws adopted and the implementation of 

regulatory policies, in some cases unwritten polices, 

that restricted the use of some construction practices 

and material use in aquatic environments. As a result, 

this awakening also brought about greater scrutiny over 

the use of preserved wood products in aquatic and 

wetland environments.  

Because of this emerging concern, the wood 

preserving industry undertook action to better 

understand the environmental effects of wood 

preservative systems on aquatic and wetland 

environments to improve how to determine the proper 

applications and assure they could be environmentally 

safe to use. For the past two decades, there has been 

progress in conducting research and studies in 

partnership with various governmental agencies, 

universities and the wood preserving industry to better 

understand the environmental performance and 

potential effects of using preserved wood in aquatic 

and wetland environments.  

All the information presented in this paper 

represents the collective result of  the  research, case 

studies and technical analysis conducted to date on the 

environmental performance of preserved wood in 

aquatic and wetland environments. The scientific data 

collected also represent the most authoritative and 

comprehensive science available, which was critical in 

developing needed risk assessment models that 

conservatively predict environmental effects, as well as 

companion screening level assessment tools.  The 

scientific data and economic analysis clearly support 

the use of preserved wood material as a cost-effective 

and environmentally safe solution for use on most 

bridge projects.   

While there are no federal laws prohibiting use of 

preservative wood and only a few states with limited 

restrictions, there is a general bias against the use of 

any type of preservative wood material among some 

regulatory agencies and individual biologists 

responsible for enforcing the provisions of the 

Magnuson-Stevens Act—Essential Fish Habitat and 

the Endangered Species Act due to perceived 

detrimental environmental effects. However, the vast 

majority of empirical science is contrary to this 

viewpoint and clearly supports the use of preserved 

wood in most situations.  

What is critical to know is that when the appropriate 

preservative system is selected, the potential 

environmental effects evaluated on a site specific basis 

and the WWPI BMPs are specified, the potential risks 

will be minimal and manageable for the 

environmentally safe use of preserved wood products 

in the majority of projects where use of preserved wood 

is desired.  For this reason the goal is to make all the 

scientific studies and assessment tools readily available 

to public and private engineers, biologists and 

managers to help gain a better understanding of the 

underlying science and the importance of assessing the 

potential environmental effects on a project site.  

Research on the environmental performance of 

preserved wood is ongoing to further validate the risk 
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assessment models, improve best management 

practices and implement training programs to educate 

biologist, engineers and decision makers on use of 

available screening level assessment tools in order to 

broaden the knowledge and use of these tools so 

manager can make informed decisions.     
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Abstract: The theory of constraints thinking process, created by Israeli physicist Eliyahu M. Goldratt, has emerged as a tool for 
achieving competitive advantage. Many researches also focused on the application of lean thinking developed by Toyota and proposed 
by Ohno. This philosophy has been proven to be effective in several production processes. This paper aims to propose a method of 
problem solving through the integration of theory of constraints thinking process and the principles of lean production. As a tool for 
problem identification, the method defends the use of current reality tree and, to solve problems, the lean thinking tools, proposed by 
Picchi. The developed method was implemented in a contractor. The research methodology was research-action. Among the results, 
there was a realistic diagnosis about the core problems in company. According to this, the core problem of the contractor is “the lack of 
commitment of manpower” that results in the main problem “the financial loss”. The principle of perfection was verbalized as a 
proposal to solve the problems and the tools to be implemented for solving problems were “commitment of senior management to 
employees” and “simplicity in communication”. 
 
Key words: Commitment, people, culture, change, agreement, theory. 
 

1. Introduction 

The supply chain has two major flows: materials 

flow and information flow. In these flows, several 

factors contribute to the success or failure of companies 

that are inserted in or companies that are present in this 

chain. 

For Bowersox et al. [1], the information flow is 

responsible for integrating the operation of the three 

major areas of the supply chain: customers, company 

and suppliers. 

According to Christopher [2], information system is 

the mechanism by which the complex flows of 

materials, parts, subsets and finished products can be 

coordinated to get a service at a low cost. 

Bowersox et al. [1] say that the primary objective of 
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managing the flow of information is to reconcile these 

differences in order to improve the performance of the 

chain. 

Another point to be considered is the growth of 

demands in the construction area, which presses 

companies to identify and eliminate problems that 

prevent them from achieving their goals. This growth 

should continue in the coming years due to the 2014 

World Cup and 2016 Olympics, and also because of the 

amount of financial support that wait for projects. 

After three quarters of the year, the government still 

failed to accelerate the pace of investments planned for 

2012. The total applied until September represented 

only 34% of the 90.2 million reais authorized by 

congress. The amount invested in the first nine months 

of this year (30.8 billion reais) is higher than the same 

period of previous year (28.8 billion reais), but this 

number is below the expenditure of 2010 (34.9 billion 
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reais) in constant values [3]. 

When considering these prospects, companies 

increasingly need to analyze their flows and identify 

possible faults in the whole system to remain 

competitive and continue to make money. 

According to Goldratt [4], the goal of every business 

is to make money, but for companies to succeed in 

achieving the established indicators and consequently 

achieve the goal, some management tools can be 

applied such as the Ishikawa diagram, PDCA (Plan, Do, 

Check and Act) methods, among others. Gupta and 

Boyd [5] claim that, along the years, the TOC (theory 

of constraints) has established itself as a good theory in 

the field of management. Klein and Drebuine [6], 

however, consider that the TOC has evolved into a 

philosophy that goes beyond the factory floor. 

This paper proposes to use a new technique proposed 

by Goldratt [7] along with the principles of lean 

thinking. 

This proposal aims innovation and reduction in the 

tools of the process of thinking by the constraints 

thinking process proposed by Goldratt [7] from five to 

two, including the use of lean production tool proposed 

by Picchi [8]. Allied to this simplifying advantage, the 

proposal is also innovative because it seeks to combine 

two techniques: one of key problem detection at the 

organization with other solution proposals of lean 

thinking, applied to the complex civil construction 

management field.  

2. Theory of the Restrictions Thinking 
Process 

In the 1980s, a new vision revolutionized the basics 

of business management: TOC, proposed by Goldratt 

and Cox [9]. 

According to Choe and Herman [10], the TOC 

evolved from a technique of scaling operations to a 

management philosophy focused on continuous 

improvement processes. In its early stage of 

development, the TOC main focus was the context of 

the production. 

In the TOC, all efforts are focused on finding the 

constraint or bottleneck in production. Accordingly, we 

seek to analyze how to act so that the whole system 

works on the neck pace and increase the efficiency of 

the bottleneck. And, if the efficiency increases in a way 

that the process ceases to be the bottleneck, it is 

necessary to return to the beginning of the analysis 

process. 

One of the Goldratt’ statements [7] is that the whole 

system is governed by restrictions, which by definition 

are any obstacles that prevent the system from reaching 

its target, or rather the possible result can be called 

global optimum. 

The impression is that the variables or system 

problems are many, but these problems are not 

independent [7]. According to the author, there is a 

strong connection of cause and effect between them. 

The systems are therefore governed by these 

restrictions, however, due to the complexity of these 

systems, few problems will be able to influence 

globally, and only one or two problems can be the root 

cause of all other identified problems [7]. It is obvious 

that working in just one or two problems is less 

laborious and more efficient than acting on several. 

According to Cox and Michael [11], the TOC seeks 

to answer three fundamental questions following: 

“What to change?”, “To what to change?” and “How to 

cause the change?”. The tools to answer these 

questions are described in Table 1.    
 

Table 1  Five tools of the thinking process [11].  

Central question Tool  

What to change? CRT 

To what to change? EC (evaporating clouds) and FRT (future reality tree)  

How to cause the change? PRT (prerequisite tree) and TT (transition tree)  
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3. The CRT (Current Reality Tree)) (What to 
Change?) 

The first stage of TOC thinking process is to answer 

“what to change” and, through verbalization, to build a 

effect-cause-effect relationship as a tree, called the 

CRT. 

For Lacerda and Rodrigues [12], the connection of 

UEs (undesirable effects) should be built by arrows, as 

shown in Fig. 1. 

After performed the UEs binding stage, we noticed 

that there are some UE which are not caused by any 

other UE. This UE is different from the others because 

of the impact that causes in the whole system and     

it is called root or central problem, as illustrated in 

Table 2. 

4. Lean Production Principles 

The principles of lean production have been studied 

and applied in several kinds of companies. These 

principles are readings taken from the lean 

manufacturing philosophy, created by Ohno in the 

mid-20th century. The system also became known as 

the TPS (Toyota production system) because it has 

been applied in Toyota industry [13]. 

Picchi [8] conducted a survey on the lean thinking, 

where he analyzed concepts and thoughts of authors 

such as Womack et al. [14], Spear and Bowen [15] and 

Fujimoto [16]. From this work, Picchi [8] codified, in a 

tabular form (Table 3), the principles and examples of 

tools related to lean thinking. 

5. The Proposed Methodology (Which Lean 
Tool to Use?)  

The proposal is to integrate theory of constraints 

thinking process with the principles of lean production, 

using as a problem identification tool the current reality 

tree and to solve problem the lean thinking tools 

proposed by Picchi [8]. According to Table 4, the 

question to be verbalized after the application is: 

“Which lean tool to use?”.    

The proposal is, for each main problem found, a lean 

tool should be chosen to make the change and thus  

use all the effectiveness of lean to transform the  

reality.    
 

 
Fig. 1  CRT (current reality tree) [17].  
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Table 2  Consistency of current reality tree [12].  

Illustration Consistency Description 

 

Existence of entity 
Validate the actual existence of the entity (effect or cause), checking if 
the cause and/or effect actually exist. 

 

Existence of causality
Consist the presence of the causal link between the effect and the cause, 
using the statement IFTHEN. It should be checked if there is a direct 
connection between the effect observed and the cause stated. 

 

Tautology 

Avoid being redundant in the cause effect relation.  
Tautology is actually a repetition of the effect; this is the cause and effect 
and effect and cause. This type of situation should be avoided, because in 
this way, the cause does not produce effect. 

 

Existence of predicted 
effect (estimated)  

This can be done by using other end to establish that the cause does not 
produce the effects observed or, to demonstrate that the cause produces 
an effect that supports the original cause-effect relation. 

 

Sufficiency or 
insufficiency of cause

This consistency shows that for the existence of the undesirable effects, 
it is necessary the combination of two causes. This demonstrates that 
there is another cause to explain the observed effect. It is read as follows: 
IF cause and cause THEN. 

 

Additional cause 

This type of relation demonstrates that any of the causes may result in the 
occurrence of the undesirable effect. It may be more or less intense 
depending on the combination of the causes. The table is read as follows: 
IF cause OR cause THEN. 

 

Clarification or clarity
Clearly understand the cause-effect relation or the very existence of the 
entity. If that is the case, formulate a further explanation of the cause 
effect relation, of the relation or of the entity. 

 

Table 3  Vision of the connections [8].  

Principle Tools examples  

Value 
Planned variety of products  

Simultaneous engineering  

Value stream  Value stream maping, supplier partnerships 

Flow 
Work cells, small batches, TPM (total productive maintenance) 
Quality at the source; Poka-yoke (mistake proofing devices) 
Operator balance chart, visual management  

Pull 
Take time (production rhythm), Kanban, production leveling  

Rapid set-up, flexible equipment; Multi-functionality of operators  

Perfection  
Self-managing teams; 5 whys, 5S program (seiri, seiton, seiso, seiketsu and shitsuke) 
Company management commitment to employees, training everyone in the company and the suppliers in lean 
principles and tools, simplicity in communication 

 

 

Effect 

Cause 

Effect 

Cause Cause 

Effect 

Cause Cause 

Effect 

Cause 

Effect 

Effect 

Cause 

Effect 

Cause 

? 

Effect 

Cause 
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Table 4  Central questions versus used tools. 

Core questions Tool  

What to change? CRT 

Which lean tool to use? Lean tools proposed by Picchi [8] 
 

6. Methodology  

The methodology is classified as research-action. 

This choice is based on the goal of research-action: to 

promote the dissemination of knowledge, to promote 

the cycle of investigation/action and to integrate 

theory and practice. 

According to Thiollente [18], this method fills the 

need for introduction to participatory methods in 

organizational environment, which enables a close 

cooperation relationship between researchers and 

members of the organization, required characteristics 

to this research. 

Another determining factor in favor of this 

methodology is that the research-action and the 

reasoning process of the theory of constraints have as 

similarity the search for investigation and solution of 

complex problems through the integration of various 

individual views, and to generate innovating solutions. 

Thus, it supports Senge [19], who states that 

research-action leads the group to the exploration of 

complex issues in which the interaction between 

different visions elevates the understanding and 

generates original solutions. 

The initial contact with the owner of the 

construction company was conducted via telephone 

and the first meeting has as purpose to clarify the 

technique and the principles of lean production. Two 

more meetings were scheduled for completion 

technique. The researchers conducted an interview at 

the end of the process in order to get the opinion about 

the proposed technique. 

7. Application of the Model: Case Study 
Contractor  

The company studied is located in Anápolisand, 

which was founded three years ago. Currently, it has a 

set of eight buildings, ranging from 80 m2 to 180 m2. 

The model was applied and in the first step it was 

asked “what to change?”and five UEs were raised by 

the contractor, as illustrated in Fig. 2. 

After the identification of UEs, the verbalization has 

begun to find the core problem and the logical tree was 

built according to Fig. 3. 

The first branch of the logical tree, connected by 

arrows, is constituted by these verbalized UEs: if there 

is a delay in the payment release by the government 

bank (UE1), then there is a need for a higher cash flow 

(UE2), if there is a need for a higher cash flow (UE2), 

then a larger amount of stopped money is needed 

(UE3), if a larger amount of stopped money is needed 

(UE3), then there is financial loss (UE4). 

The second branch was verbalized: if there is delay 

or error in delivery of materials by some suppliers 

(UE5), then there is the need for anticipated purchase 

(UE6), if there is the need for anticipated purchase 

(UE6), then there is the need for maintaining higher 

inventory (UE7), if there is the need for maintaining 

higher inventory (UE7), then a larger amount of 

stopped money is needed (UE3), if there is a larger 

amount of stopped money is needed (UE3), then there 

is financial loss (UE4).    
 

 
Fig. 2  Verbalization of five UEs in the contractor.  
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Fig. 3  CRT in the contractor.  

 

Continuing in the second branch, it was verbalized: 

if there is delay or error in delivery of materials by 

some suppliers (UE5), then there is a delay in the 

schedule (UE13), if there is a delay in the schedule 

(UE13), then there is the payment of fine for delay 

(UE14), if there is a payment of fine for delay (UE14), 

then there is financial loss (UE4), or if there is delay or 

error in delivery of materials by some suppliers (UE5), 

then there is a delay in the schedule (UE13), if there is a 

delay in the schedule (UE13), then there is unsatisfied 

customers (UE15), if there is unsatisfied customer 

(UE15), then there is low customer loyalty (UE16), if 

there is low customer loyalty (UE16), then there is 

financial loss (UE4). 

The third branch verbalized was: if there is a lack of 

manpower commitment (UE8), then there is lengthy 

absenteeism (UE9), if there is lengthy absenteeism 

(UE9), then there is the need for urgent hiring 

manpower (UE10), if there is the need for urgent hiring 

manpower(UE10), then there is labor payment more 

than the market value (UE11), if there is labor payment 

more than the market value (UE11), then there is 

financial loss (UE4). Also in the third branch, it was 

verbalized: if there is lengthy absenteeism (UE9), then 

there is a process shutdown in the construction (UE12), 

if there is a process shutdown in the construction 

(UE12), then there is a delay in the schedule (UE13), if 

there is a delay in the schedule (UE13), then there is a 

payment of fine for delay (UE14), if there is a payment 

of fine for delay (UE14), then there is financial loss 

(UE4). Continuing in the third branch, it was 

verbalized: if there is a delay in the schedule (UE13), 

then there is unsatisfied customers (UE15), if there is 

unsatisfied customer (UE15), then there is low 
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customer loyalty (UE16), if there is low customer 

loyalty (UE16), then there is financial loss (UE4). 

Finally in the third branch it was verbalized: if there is a 

lack of manpower commitment (UE8), then there is 

error or delay in delivery of materials by some 

suppliers (UE5), if there is delay or error in delivery of 

materials by some suppliers (UE5), then there is need 

for anticipated purchase (UE6), if there is need for 

anticipated purchase (UE6), then there is the need for 

maintaining higher inventory (UE7), if there is the need 

for maintaining higher inventory (UE7), then a larger 

amount of stopped money is needed (UE3), if a larger 

volume of stopped money is needed (UE3), then there 

is financial loss (UE4). 

The last branch verbalized was: if there is constant 

change in the financing forms of the government bank 

(UE17) and if there is lack of standardization in the 

inspection made by engineers of city hall (UE18), then 

there is rework in the documentation assembly (UE19), 

if there is rework in the documentation assembly 

(UE19) then there is a delay in the schedule (UE13). 

From this moment, again we have two branches of 

verbalization: if there is a delay in the schedule (UE13), 

then there is a payment of fine for delay (UE14), if 

there is a payment of fine for delay (UE14), then there 

is financial loss (UE4). The other branch was: if there 

is a delay in the schedule (UE13), then there is 

unsatisfied customers (UE15), if there is unsatisfied 

customers (UE15), there is low customer loyalty 

(UE16), if there is low customer loyalty (UE16), then 

there is financial loss (UE4). 

After finishing the construction of the CRT, it was 

questioned which would be the main UE and the 

consensus was the UE8 “Lack of manpower 

commitment”.  

After finding the core problem, it was verbalized the 

second question of the proposed model: Which lean 

tool to use? 

In Table 3, through verbalization, the consensus was 

reached that the lean principle more appropriate was 

the principle of perfection, and the tool to be applied 

was simplicity in communication. According to this 

tool, the company must make clear to the employees 

the impacts the delay in the construction schedule can 

bring to the company, such as loss of new business and 

consequently the risk of losing jobs. And the company 

must communicate the suggested process 

improvements to employees who work at the 

government bank and at the city hall, and also inform 

them about the consequences of the delay in the 

construction. 

After the application of the technique, a meeting was 

organized with the company’s owner, who verbalized 

that: “In the beginning, it was difficult to understand 

the technique, but now I realized its effectiveness in 

solving problems”. 

8. Conclusions 

The researchers found that, for the application of the 

proposed method, initially a review and understanding 

of the subject is required to enable the harmonization of 

concepts and procedures. 

The application of the proposed method has low cost 

deployment, but it requires time availability of 

participants for reflection about causes and effects of 

the analyzed problems. 

The method can achieve the proposed goal, which 

was to develop a method of solving business problems. 

According to this method, the current reality tree 

identifies the main problem and its consequences. And 

the lean thinking tools are actions, aligned with the 

discovered problem.  

The authors applied the first step of the proposed 

methodology, the verbalization of the CRT with the 

question, “What to change?”. In the contractor, the 

core problem was “lack of manpower commitment” 

and the main impact was “financial loss”. 

The second step, proposed by the method, was 

applied to the question “Which lean tool to use?”. The 

tool chosen by the contractor was “simplicity in 

communication”. The tools are classified by Picchi [8] 

on the principle of perfection. 
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The tool was a consensus reached by the participants. 

The owner said that there is a high turn over because 

many employee do not understand clearly what are the 

salary and benefits paid by the company. Many 

workers leave the corporation for a little raise offered 

by other firm, wasting the chance of having a better 

position in the company. 

Other tools are classified by Picchi [8], on the same 

principle they were verbalized but were not consensus 

as the best solution: self-managing teams, 5 whys, 5S 

program, company management commitment to 

employees, training everyone in the company and the 

suppliers in lean principles and tools. 

The researchers were also able to validate the 

method through meetings and to get the approval of the 

technique by the involved ones as a viable mechanism 

for identifying problems and solutions. 
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Abstract: The paper examines the role of shared spaces in divided cities in promoting future sustainable communities and spaces 
described as inclusive to all. It addresses the current challenges that prevent such inclusiveness and suggests future trends of its 
development to be of benefit to the wider city community. It explains how spaces in divided cities are carved up into perceived 
ownerships and territorialized areas, which increases tension on the shared space between territories; the control of which can often lead 
to inter-community disputes. The paper reports that common shared space in-between conflicting communities takes on increased 
importance since the nature of the conflict places emphasis on communities’ confidence, politically and socially, while also 
highlighting the necessity for confidence in inclusion and feeling secure in the public domain. In order to achieve better sustainable 
environments in the future, it is suggested that further strategies and policies to promote the environmental planning aspects of shared 
spaces impulses further focus on aspects of activities integration and conflict resolution that apparently raises the significance of the 
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1. Introduction 

The structure of the contemporary city resonates in 

forms and systems of communications within a 

spectrum of spaces, physical, social and virtual, as 

spaces of appearance that ascribes individuals to shared 

interest and debates of society [1]. Whether these 

spaces are materialistic production of capitalist 

ideologies or as instruments of coercion and violence 

on issues of inequality in ethno-national conflict, they 

stand as vital platforms of engagement where members 

and communities of that structure negotiate the merit of 

their membership within society [2]. According to 

Henri Lefebvre, it is through the negotiation with space, 

individuals carve their right to the city and therefore 

such structures constitute its urban condition. Through 

spatial reforms, restructuring territories and place 

regenerations, planners and politicians attempt to 

confront the status-quo in cities whose structure is 
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chiefly contested amidst the ethno-national divide [3]. 

For the divided city to escape its wounded fate and 

overcome its problems, the image and identity of its 

spaces need to be redefined into liberal and modern 

forums of the “new” to contrasts with the “old” that 

sometimes is superficial [4]. However superficial this 

may be, cities with divisions tend to invest heavily, 

according to Lee [5], in efforts to “normalize” or 

“neutralize” their problems of social truncation and 

political polarization that fail to fade away.  

Officials and planners used the term “shared space” 

as an attractive coin that contrasts with the “ethnic 

norms” and promotes alternative venues of integration 

with different social and spatial outcomes [6]. Shared 

spaces, by definition, ascribe space to certain social 

prerequisites and modes of interactions in a quest to 

help heal inherited wounds of sectarianism [7]. As 

anticipated forums of socio-political engagement, they 

are designed to recognize memories and histories of a 

forgettable past, with realization of responsibility 

towards a shared and imagined future within the urban 

context. Nevertheless, the city shared spaces have been 

DAVID  PUBLISHING 
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victims to the human struggle; class, race, gender, and 

religious disunions which created divisions of varying 

severity. Some strategies have their own woeful 

long-term consequences of transforming divisions 

from ethno-political to socio-economic. To neutralize 

national/ethnic identities, planners introduced themed 

quarters of cultural, economic or touristic nature, 

which, whilst used by different groups, contributed to 

the neo-liberal socially exclusive agendas, raising 

multiple questions on the notion of “shareness” in the 

first place [6]. 

The conception of sharing in northern Ireland is 

based on the logic of struggle over rights and territorial 

claims, trying to refute it using its extreme opposite; 

spatial embodiment of neutrality in the use of public 

space [8]. Sharing space, however, does not necessary 

entail unified and neutral culture. But its positive 

engagement necessitates opportunities for 

self-expression, negotiations and contestation of 

identities in non-violent ways [9]. The introduction of 

cultural or themed quarters, business districts in 

post-conflict cities, whilst alienating sectarian 

divisions in these zones, reproduced a neo-liberal 

ideology of gated castles that even though not fenced 

off, remain largely inaccessible to ordinary citizens due 

to associated affordability and involved cost of being 

there. Such capital-driven restructuring is thought to 

attract new investment in the property economy to 

challenge spatial sectarian inefficiencies and hence 

ethnic structures become less relevant [3]. It could, 

hence, be argued that these areas have accumulated an 

alien identity that is largely irrelevant to the everyday 

lives of the ordinary citizens. They, in most cases, are 

limited to certain occasions or seasonal visits, such as 

cultural nights and family holidays. According to 

Murtagh [3], urban areas have been characterized by 

re-segregation, during comprehensive efforts and 

processes of desegregation, whereby new socially 

segmented spaces simply overlie stubborn patterns of 

racial segregation. 

This paper aims to examine how the notion of shared 

space in Belfast was redefined in designing public 

services buildings located on the borderline in interface 

zones, in areas where strategies of shared space in 

northern Ireland have been deliberately delayed. The 

discrete evidence is that, whilst projects of themed 

identity flourished in northern Ireland, the number and 

areas of peace lines and separation barriers intensified 

in residential areas following the Good Friday 

Agreement in 1998. It could be hypothesised that ideas 

of “shared spaces” were utilized either for actual 

conciliation or to facilitate political agendas for 

neoliberal urban transformation of the city. However, 

policies and strategies of “shareness” were largely 

questionable and did not contribute much to change of 

attitude in areas that affect the lives of the ordinary 

citizens. This paper therefore highlights how “designed 

space” in borderline areas were sites of a coerced 

agency of conciliation, between the front lines of 

everyday interaction and those of an elitist nature. The 

argument is that notions of “shareness” need to be 

embodied in these projects as a means of persuasive 

choice for everyday needs rather than superimposed in 

top-down strategies that take for granted its imagined 

socio-spatial success. The paper embarks on a 

theoretically-grounded discourse on the effective use 

of shared space in divided cities, then brings this 

discourse to the realities of everyday contentious life in 

the border areas in Belfast. 

2. Shareness and Division in the Public Space 

Urban theorists argue that modern cities are 

accustomed to division in one way or another. 

Grounded in fragmentation, polarization and division, 

the notion of division is experienced and clearly 

visible in urban structural complexity as a 

precondition of being a city. It is part of their 

challenge and what shapes their identity and condition 

for being modern and for being urban [10]. For cities 

with the “divided” prefix, such as in Jerusalem, 

Nicosia, Tripoli, Belfast and Beirut, the outcomes are 

exacerbated through physical and social polarization 
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that is evident in everyday social exchange between 

different population groups: inhousing, education, 

workplace, and cultural and social practices [7]. It 

cognitively occurs simultaneously at every level of 

interaction and spatial expressions with the very use 

of the term “the other side” allowing communities to 

live “parallel lives that often do not seem to touch at 

any point” [11]. In such insular forms, myths about 

the “other side” prosper, provoking imaginable fear 

and reducing the desire for intercommunity 

engagement, as shown in Fig. 1. 

Myths are products of popular culture that 

cognitively communicate coherent social positions, 

norms or even fears. When attached to buildings and/or 

structures, they become powerful tools of collective 

memory of the group [12]. In post-conflict cities, 

buildings and spaces fulfill a substantial role in the 

cognitive landscape of the urban experience. The peace 

lines and gates between communities are the most 

powerful tools of division, by the very fact of their 

existence. Nevertheless, they could also hold positive 

connotations of reminding rivals about forgetting old 

times, whether for good or bad, leaving behind only 

their physical manifestations: buildings and spaces. 

However, they remain reminiscences of bad events that 

cannot magically embody memories by virtue of their 

existence, without continuous and sustainable 

performance of acts, rituals and normative social 

behavior [13].   

But why, in conflict cities, is the notion of shareness 

seen as a difficult resolve, despite being the norm in the 

public structure of the urban landscape. For urban 

living to be based on shared services and resources, the 

notion of division is a consequence of events, incidents 

or experiences that asserts inequality, on ethnic, 

religious, political, social, economic or racial grounds. 

It causes an “increasing inequality of neighborhood 

resources and services, the escalating price of decent 

housing, the ever widening income gap between rich 

and poor, and the dismantling of the legislated safety 

net leaving families homeless” [14]. Constructed on 

the basis of fear of the “privileged other” and sense of 

vulnerability and insecurity in an unfair system, the 

agency of the locality asserts its grip on the powerful 

social institution of communities. In fact, the state’s 

failure to fulfill its moral obligations towards 

vulnerable individuals opens up opportunities for other 

societal forces to move in and fill this power void.  

Hence, calls for a plural society, in which each 

individual has equal rights to the city and its spaces, 

without the mediating agency of groups, pose a serious 

threat to social structures that have filled large void in 

solidarity and social support, which was not possible 

during the conflict years. The structure of division has 

hence been ingrained in the very existence of each 

community, seen by many as a matter of survival rather 

than choice. But, as a recognized city, urban landscape 

must respond to the needs of diverse groups, of 

majority/minority interests and practices. So, why 

should the practice of division be more prevalent than 

the notion of shareness in a city, despite the short 

history of the former compared to the latter? To answer 

this question, let us explore the epistemological 

connotations of both terms within the construction of 

contemporary society in order hopefully to clarify 

some the contingent consequences of the condition of 

conflict.  

One reading of the city is that it is a hub of 

infrastructures on which urban living is layered into 

buildings, spaces and domains of socio-political and 

economic interaction. The credibility of a space stems 

from its accessibility and openness to the needs of 

different groups. City spaces are hierarchical and 

structured out of political importance, from the formal, 

city council, government, or parliament spaces that 

celebrate and confirm democracy, to the most private 

spaces of the residential quarters, where the state 

withdraws and mutual integration within locality 

thrives. While the former relies on collective 

confidence in elected institutions, the latter works on 

mutual interests of fellow residents that develop 

through everyday interaction. 
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practice of living in the present “it is about the desire 

for remembering or the fact of forgetting” [12]. One 

form is the very existence of the separation as a wall, 

fence, or a barrier building. The sense of being divided 

translates into the meaning of being protected.  

Part of such prejudice towards the other is where 

young generations are uprooted and educated in the 

same physical setting that witnessed horrible past and 

previous experience of violence. Collective memory in 

this condition develops a mind-set of layered events 

that correspond to a specific place, time and people, 

asocial performance [21]. Knowledge of the past 

shapes the guidelines by which present activities and 

living conditions are measured and appropriated, and 

such social performance in events like parades are best 

seen to keep this memory alive [12]. While every 

generation has a distinctive sense of the past, people 

view their space-story history through the proximity of 

everyday remembrance of the lost ones, which gives 

prominence to the negativity of the conflict over the 

“shareness” of the society’s coexistence in the present 

and future.  

4. Spatial Strategies of Shareness in the 
Public Space 

Alongside the social implications of insular 

community activity, financial implications of division 

in northern Ireland were vastly high seen in the cost of 

segregation of communities services and facilities, 

which was estimated to amount to £1.5 billion per 

annum during 2004-2005 [22]. From a typological 

point of view, spaces of divided city are generally 

territorialized, neutral, shared, or cosmopolitan and 

corporate spaces. In fact, the condition of Belfast as a 

post-conflict city is theoretically debatable, as this 

would confirm an end to the conflict condition, which 

is yet to be practically accepted.  

A rejuvenated vision of public space in northern 

Ireland seems to escape this state of conflict, 

recognizing the precondition of diversity as a 

democratic space that is not neutral but open, 

non-hostile, “a place where different forms of cultural 

heritage can be expressed in an environment that is safe, 

welcoming, good quality and accessible for all 

members of society” [23]. That space is free from 

territorial and sectarian claims, a space that is impartial, 

free from barriers and accommodates differences, but 

not hostility [24]. McKeown et al. [25] categorize three 

types of shared space in the divided context in northern 

Ireland: the first is “naturally shared environments”, 

everyday melting pots; the second is “policy driven 

shared environments”, where spaces are created as 

deliberate shared spaces such as integrated schools; 

and thirdly, “field interventions”, which are generally 

short term projects, for example, cross community 

programmes. This classification could be equally 

applied to other cities with simple terms as “public 

space”, “planned space” and “regenerated areas”. Yet, 

it seems that the terms “shared” and “intervention” are 

forcefully superimposed to deliver on the political 

image of “post-conflict reality”. 

As a new capitalist city, neo-liberal philosophy of 

economic-led resolution to conflict attempts to 

transform the city into a capitalist centre, where foreign 

investment is injected into signature projects and 

thriving job markets would be the only outcome [26]. 

The Titanic Quarter and Lagan Side Developments to 

the north east of the city emerged as successful 

examples of a new cultural of business quarters on the 

basis of a smart economy and smart jobs resulting in 

similar exclusive spaces of high profile users. This has 

limited the impact on the socio-economic conditions of 

adjacent communities and neighbourhoods, whose 

residents lack high-end qualifications required for 

these jobs, leaving them feeling left out. It also 

represents a mismatch between the needs of spatial 

economy of engagement and the exclusive nature of the 

created spaces to which the unskilled, unqualified 

classes have no access, turning new spaces intimidating 

to those affected by the troubles [2]. In contrast, these 

public spaces of neo-liberal settlements introduced an 

alternative space for the others; a workforce of 
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strangers who are alien to the conflict as well as alien to 

the communities themselves. The Capitalist city, in this 

instance, created spaces that are far more removed 

from people and society than they do with the conflict 

itself, as shown in Fig. 2. 

Similar to the business quarters, cultural quarters, 

that were developed to capitalize on the traditional, 

cultural or even political assets of the city, remained 

branding strategies for tourism, rather than catalyst 

projects for engagement with the city’s public spaces as 

central to the notion of being shared [3]. Thriving on 

seasonal occasions and cultural nights, where free 

admission is granted, those quarters witness limited if 

any meaningful spatial practices throughout the year. 

The Cathedral Quarter, for example, is largely 

disconnected from surrounding communities by a 

series of giant civic buildings housing specific 

businesses (St. Anne’s Square development), city 

centre shopping centres and high street outlets, or by 

the University of Ulster campus, all of which cease to 

operate after 6 p.m.. Such settings deprive the series of 

interlocking lanes and alleyway spaces from being 

viable and active spatial routes of social engagement, 

necessary to the area’s security, safety and sociability. 

To a large extent, this limited vision of branding, 

neo-liberal capitalism, and physically led regeneration 

projects overlooks substantial prerequisites for these 

spaces to thrive as living organisms [5]. The social 

logic of the generated spaces, in Henri Lefebvre’s 

terms, is missing, with neither the layered activities nor 

possibilities of engagement that would allow these 

public spaces to act as mediating veins of continuous 

socio-spatial pulses among active residential districts.   

Spatial practices enabled by those open, modern 

spaces of the new zones, remained largely different 

from those inherent in the city’s built fabric and urban 

culture. City spaces require certain knowledge of the 

local culturally accepted norms of behavior. There is a 

social code of accepted norms about how one should 

behave in public spaces, such as streets, squares and 

parks, and “defying this code is to make a tiny, stinging 

cut in the social contract” [26]. Stevenson [27] expands 

on this understanding and relates it to expression of 

personal identity and action, stating that the expression 

of an individual’s identity, social behavior and actions 

is influenced by the context of the space they inhabit, 

that is, an individual will modify their behavior and 

actions to what they deem appropriate for their 

surrounding context.  

Between individual liberty and the collective social 

contract, public spaces could be measured against their 

capacity for being shared or exclusive. For example, an 

insular residential neighborhood would enforce a code 

of conduct for local streets. Hence, the understanding 

of such context in relation to individual expressions of 

identity can contribute to conflict resolution, as 

“different understandings of space can not only 

facilitate different ways of expressing and regulating 

identity, but also potentially facilitate coexistence 

between opposing groups” [27].  
 

 
Fig. 2  The Titanic Quarter large-scale waterfront 
regeneration project in north east Belfast.  
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Gaffikin et al. [28] argues that public spaces provide 

activity space for mixing and learning about other 

traditions through chance encounters which can “help 

break barriers”, and potentially contribute to 

“reconciliation and integration”, through creating room 

for “unexpected or surprise encounters, and illustrate 

both the potential and challenges of having a less 

segregated city” [29]. 

5. Investigating the Intangible Condition of 
the Interface Area in Everyday Practice 

Northern Ireland has officially been on ceasefire 

since 1994, and despite experiencing considerable 

political development, residential segregation remains 

as a significant and costly problem, especially in the 

vicinity of interface areas. “The impact on 

relationships, labour markets, the inefficient use of 

services and facilities, significant urban blight and 

poverty are all characteristics of divided areas” [30]. 

To understand the significance of public spaces and 

services, one just needs to refer to the 2001 census for 

Belfast, which shows that 70% of the population live 

within an area that is highly polarized, defined as a 

place that is at least 81% Catholic or Protestant, while a 

small percentage, 10.7% of Catholics and 7.0% of 

Protestants, live in mixed communities. Such 

polarization is higher in working class areas and areas 

of social housing with scarcity of access to shared 

public services and resources [31]. With 91% of social 

housing estates under control of the NIHE (Northern 

Ireland Housing Executive) and polarized by religion 

and community background, NIHE estates in Belfast 

display more substantial segregation, driven by the 

urban context, than elsewhere in northern Ireland.  

A key difficulty with territorial ownership in such a 

divided urban landscape is that new land cannot be 

created, therefore land cannot be “won” unless there is 

a perceived “loss” to the other side. This cognitive 

tension places emphasis on the shared space between 

territories, the control of which can often lead to 

inter-community disputes, that as a consequence 

generates further future socio-spatial exclusion [32]. 

This exclusion provides a framework for further fear, 

segregation and social representation, which can be 

visible in everyday interaction in the public space and 

through the spatial expression of residential 

segregation. Separation and insular community 

behavior can have a circular damaging effect, as myths 

can prosper about the “other side”, which in turn can 

increase fear and reduce the desire for future 

integration, as shown in Fig. 3. 

In contrast to the negative effects of population 

separation, everyday mixing and encounters in social 

spaces contribute to an individual’s understanding of 

diversity. The lack of interaction between population 

groups in common spaces contributes to a “mutual lack 

of information” about those we live with [33]. 

Continual negotiation of diversity occurs, chiefly, 

through the local “micro-politics” of everyday 

interaction between individuals and groups. While 

acknowledging “habitual contact in itself is no 

guarantor of cultural exchange”, mixing individuals in 

shared environments with shared activities trains them 

to overcome fear of the stranger and “disrupts easy 

labelling of the stranger as enemy and initiates new 

attachments” [9].   

Anticipated change, hence, is tested through the 

social dynamics and everyday practices in mixed 

neighborhoods, workplaces, schools, leisure sites,  

and public spaces. This micro-politics of the everyday 
 

 
Fig. 3  Peace walls in Belfast illustrating notes of division 
“There is more in common than what divides us”.  
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offers a valuable form of contact with the opportunity 

for informal exchanges or marginal encounters with 

others in an undemanding casual manner, which can 

create positive experiences and may lead to other high 

intensity interactions: “these modest ‘see and hear 

contacts’ must be considered in relation to other forms 

of contact and as part of the whole range of social 

activities, from simple and noncommittal contacts to 

complex and emotionally involved connections” [34]. 

Daily interaction and presence within crowds builds 

“studied trust” and shared perspectives in urban 

multiplicity. This increased trust and integration can 

build a sense of shared society, and “feeling safe and 

secure in a space is a vital precursor to fostering trust 

and encouraging new uses” [35]. 

In the divided context, it is argued that the provision 

of space for mixing and chance encounters can support 

reconciliation and integration, and the positive actions 

of this mixing can create room for unexpected or 

surprise encounters, and illustrate both the potential 

and challenges of having a less segregated city. Key 

factors impacting on inclusivity are discussed 

separately/individually in the terms of “territorial 

ownership”: between the physical and physiological, 

spatial economy and urban regeneration, discursive 

condition of the inaccessible city and The 

micro-politics of the everyday contact. 

5.1 Territorial Ownership: Between the Physical and 

Physiological 

Entrenched in the history of Belfast since its 

foundation, residential segregation has rendered the 

city a land of territories. People are born, educated, 

medically treated and buried in the same locations as 

their communities’ ancestors, a culture of reproduction 

of division. Limited accessibility to border areas 

reduces mobility freedom and produces patterns of 

spatial intimidation through community surveillance.  

Territorialisation is a practice, rather than an imposed 

pattern, that generates a set of barriers which are either 

physical, in terms of walls and barriers, visually 

represented through flags and emblems, or 

physiological in terms of use of space or mental 

mapping. 

The erection of physical barriers has been used as a 

technique to stop or reduce tensions between the parties, 

as seen in cities such as Nicosia, Mostar, Beirut and 

Belfast. From manual handling of temporary materials 

to permanent walls of up to 14 m in height, these 

barriers emerged as substantial signifiers of the spatial 

experience in Belfast and a remarkable landmark in the 

urban landscape. The most prominent of these “peace 

lines” is located in west Belfast, dividing the nationalist 

Falls area from the unionist Shankall area. It is 800 m 

long and a notable 10.8 m in height and was built in 

1969 as an “act of desperation” by a community which 

was exposed to extreme situations [36]. At that time, 

these partitions immediately reduced the threat of 

violence and by so doing, justified the paranoia and 

fear of the “other side”, leading to communities 

developing behind the walls with a stereotyped fear of 

the “unknown other”, with “toxic” effects on social 

coexistence that have multiplied ever since. This form 

of physical separation is typically a hindrance and 

chronic obstacle to normalization between 

communities [37]. With a reported 99 physical barriers 

across the city, one third of which have been 

constructed since the ceasefire, it is evident how 

diverse and interweaved the city’s communities are, 

and how entrenched in everyday practice of many 

inhabitants, the notion of division is.  

Visual markers such as flags, murals, painting of 

kerbstones and lampposts are further territorial 

indicators that are used as means of expression of 

cultural identity and a statement that communities have 

a “right” to such expression. In fact, “everyday spatial 

behaviour of people in northern Irish towns and cities is 

dictated by the demarcation of public space through 

flags, murals and kerbstone painting”. The failure of 

the US-led political process in December 2013 to agree 

a deal on flying the Union flag over City Hall, 

following almost daily protests since December 2012, 
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is a testimony on the continuing significance of flags as 

a symbol of community identity [38].  

Physiological barriers are maps of fear that 

destabilize the popular perception of space of 

individuals, who develop “coping strategies” to help 

them avoid perceived danger. In doing so, people 

create physiological barriers and mental maps of 

spaces to determine safe routes to use, mainly through 

personal experience and/or knowledge from their 

community group, and these guide decisions on the use 

of space. These are passed down through generations 

which in turn reproduce similar spatial patterns and 

navigation strategies in their everyday practice while 

contributing to the conditions of conflict and 

perpetuating the cycle. It is this insularity which 

contributes to the lack of positive inter-community 

relationships, which in turn can be an obstacle to shared 

space [39].  

5.2 Spatial Economy and Urban Regeneration  

There is a credible argument that processes of 

privatization and commercialization have 

compromised access to public space and increase in 

stratified societies. Murtagh [3] argues that the new 

wave of urban regeneration appealed to Belfast in the 

form of new workplaces and dwellings that would 

allow a break from existing ownership structures as 

they were seemingly free from sectarian claims; they 

were classed as “neutral” or “corporate” space, 

opposed to carrying traditional “Protestant” or 

“Catholic” territory classification. Adopting new 

imagery through low risk, glitzy and speculator sites 

was key to new place marketing as a bid to attract new 

investors and tourists to the city. However, some argue 

that such new city centre regeneration projects are 

alienating and members of working class communities 

are excluded from these developed areas. Within the 

city, the Titanic Quarter, which is a recent high profile 

regeneration project, is cited as a poor example of the 

creation of open shared space in the city as the 

increased privatization and commercialization has led 

to a compromised public realm that can limit inclusion 

to members of the Belfast community through social 

inequality and economic divides. In a counter argument, 

however, Iveson [40] stresses that there is no such loss 

to public life; the publicness that we are supposed to 

have lost is in fact a “phantom”, never actually realized 

in history but haunting the frameworks for 

understanding the present. 

Kelly [41] criticizes the neo-liberal economic 

approach to this form of development and highlights 

the irony that despite the significant amount of public 

money invested in the creation of the Titanic museum, 

because of the price of entrance tickets most families 

from working class areas are excluded from visiting it. 

Being remotely located on the city’s peripheries, the 

Titanic Quarter needs to offer a series of destinations 

for public use and enjoyment that would encourage 

families and young people to make the necessary long 

journey. In contrast, being restricted to a museum with 

entry fees and neighboring commercial facilities and 

shopping centres, there are arguably no spaces for 

average working class families to engage with. 

Generated public spaces, therefore, remain isolated 

from the spatial everyday systems of the city of the 

working class, denoting these gentrification projects as 

isolated and another exclusive territory. 

From other viewpoint, this was just a normalisation 

of Belfast as a modern city, whose public spaces are 

reliant on private investments of corporations and their 

requirements in a spatial form of capitalism. Murtagh 

[3], for example, states that “in reality, Belfast has 

caught up with the neo-liberalization of the urban space 

familiar in other late capitalist cities but in more 

selective and potential unstable ways”. There is no 

more obvious sign of such forms than the series of bank 

buildings surrounding Belfast City Hall, with overly 

protective and inaccessible ground floor facades as a 

measure of security for invested capital. While justified 

on security grounds, such a spatial experience leaves 

the space intimidating and somehow un-engaging. In 

fact, public space in Belfast city centre serves three 



Narratives of Spatial Division: The Role of Social Memory in Shaping Urban Space in Belfast 

 

755

mutual aspects: (1) facilitating processes of capital 

exchange based on commercial and financial 

communications, through well-designed spatial 

systems; (2) minimizing security risks to 

establishments; (3) avoiding direct links between the 

two communities and the city centre spaces. The 

labyrinth of streets and access routes around Castle 

Court shopping centre has been carefully designed to 

avoid such direct outdoor paths between its front and 

rear facades. 

Similarly, Writers Square, a supposedly well located 

and designed public space opposite to the historic St. 

Anne’s Church, appears to be quite intimidating. 

Although the surrounding buildings, such as those 

located on William Street and Church Street, attempt to 

display a relationship with the public square, they fail 

to do so. Many of the businesses formally occupying 

ground-floor units have been closed down and/or 

relocated, replacing lively public space edges with a 

defensive border, consisting of graffiti-stained shutters. 

Further to this, also lining one edge of the public square 

is the Police Ombudsman building, a large-scale office 

building. Again, the ground-floor facade is blocked off 

to prevent any possible engagement with pedestrian 

passers-by. This space fell victim to its location on 

such edges of conflict, a border area per se. 

5.3 Discursive Condition of the Inaccessible City 

The accessible and connected city is unsurprisingly 

to remain as the main strategic objective of the new 

Masterplan for Belfast (2012-2015), with focus on 

“enhancing accessibility and connectivity 

internationally, regionally and locally” [42]. While the 

relationships between segregation, physical and social 

inequalities are intertwined; urban segregation can be 

considered the spatial manifestation of social 

polarization of the population. Groups living in 

segregated communities experience limitations on 

access to most of their local publicly funded services. 

Shirlow and Murtagh [30] found that 78% of Belfast’s 

population did not use their nearest public facilities 

because they were located on the “wrong side” of the 

community boundary, with over 75% of individuals 

failing to use their local health centre for the same 

reason. In the Ardoyne and Upper Ardoyne interface 

area, 82% choose not to use the nearest leisure centre, 

instead opting to travel to a leisure centre in another 

part of the city to be with their own ethno-national 

group.     

While segregation permeates throughout many of 

the city’s sectors and zones, with more concentration in 

the northern and eastern sections, it is also divided 

around “the commuter belt”, where much of the 

economic development is in a series of corridors, such 

as Titanic & Harbour, City Centre, and University. The 

heavy reliance on car transport and clusters of 

inwardly-focused residential enclaves has led to road 

network-led voids in the built fabric that generate 

unfriendly environments for pedestrians and cyclists.  

With over half of the households in deprived inner city 

areas having cars, improvements to pedestrian 

networks need to be made to open up opportunities to 

create a better-connected city. But, such connectivity is 

still impeded by social exclusion, pragmatic problems 

connected to class stratification, with mothers from 

socially deprived segregated communities being 

excluded due to absence of economic resources and 

problems in transporting young children to the area. 

Group and individual mobility levels impact on their 

ability to access, use and hence interact in shared 

spaces. Gaffikin and Morrissey [43] note that in a 

number of communities in contact with the city’s inner 

belt there is an “acute relationship between deprivation, 

residential segregation and violence”. This has been 

heightened by the development of the “win speed city”, 

that evolved with the economic boom, which witnessed 

groups with skills and education excelling and those 

without these resources remaining tied to their estates 

[44]. In the absence of qualifications and skills, people 

become vulnerable to external engagement with others 

and withdraw more into their locality. This eventually 

results in a situation whereby “the insularity of 
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segregated communities obstructs the creation of 

shared physical, psychological and organizational 

space”.  

Policies on the spatial condition of the shared space 

in Belfast remain fragmented due to the various 

departments that deal with such multi-dimensional 

issues and clear unified definition of shared space is 

lacking. Relationships between community groups and 

government agencies are made more difficult by the 

lack of coherent unified policies, “with the 

consequence that some policies tend to reinforce 

separatist lifestyles and segregated spaces” [45].  

These problems and poor communication lead to a lack 

of incentive for community groups to work with public 

bodies. 

In order to realize positive change, governmental 

initiatives need to be focused on a clear strategy that 

provides an increased number of shared spaces, which 

goes beyond the narrow connectivity belt and more 

towards improving accessibility. This would encourage 

inter-community tolerance and could thus be a catalyst 

for change. But, who is the actual owner of the space 

and de-facto decision maker, the community or the 

state, or the public society at large? The ownership of 

space is, hence, a key feature in ethnic-national conflict, 

therefore planning of this space may play a role in 

helping the city heal, “since space is so central to the 

overall conflict, and planning is the main instrument 

for social shaping of space, planning is unavoidably 

central to the conflict’s resolution” [28]. This can help 

break down barriers, and potentially contribute to 

integration. In order for this interaction to occur, 

planning policy needs to account for the issue of 

segregation in zoning policy, land use decisions and 

transport structures, and in doing so recognize the ways 

in which individuals’ spatial and interaction patterns 

are affected by ethno-national divides.  

Physical urban developments can be used to benefit 

social cohesion, as development projects could bring 

together different conflicting groups through the 

process of discussion and negotiation over a project 

acting as a means of mediation between the groups. 

The research group “Planning for Spatial 

Reconciliation” in 2012 insists on the need for 

integrated community collaboration in the planning 

process as means to improve urban design, as 

addressing the needs of the community could 

potentially be an aid to community relations. A positive 

step towards more community involvement is the 

introduction of a “duty of community planning” by 

local councils, due to come into force in 2015. This will 

require councils to consult the local community 

regarding decisions concerning delivering local public 

services, allowing them the opportunity to engage with 

projects that will impact on their everyday lives. While 

this is hailed as a constructive move, and welcomed by 

the Institute of Royal Town Planners Northern Ireland, 

they have expressed concern about the lack of detail in 

the associated Planning Bill regarding the relationship 

between community and the new planning process, 

highlighting that an interactive relationship is key to 

success and needs to fully considered in order to avoid 

any further community fragmentation in governance of 

its delivery.   

5.4 The Micropolitics of the Everyday Contact 

Typically overlooked by politicians and strategic 

planners alike, everyday environments are significant 

in improving knowledge about the other group, playing 

down mutual prejudices, and aid integration and 

community cohesion. It is in these everyday exchanges 

in public spaces, buildings and services where 

demonized people could be seen as natural and 

peaceful human beings. The most frequent everyday 

inter-community communications take place in public 

services and the city’s shopping and economic base, 

and in the proximity of everyday homes and domestic 

environments. Admittedly, it is established in research 

that no clear line can be drawn dividing public and 

private spheres [46]. Hence, three different types of 

shared space accommodate individual and group 

interactions; first, the traditional or commonly 
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understood sites of shared urban space, that is the 

square, the piazza, the park, which represent collective 

belonging, where the public have equal spatial 

ownership rights. The second is representative of social 

exchange, which occurs on sites existing in the public 

arena, regardless of their ownership pattern (public or 

private), yet still allows for social encounters with 

others (social exchange, discussion and debate). The 

café and theatre represent those arenas where common 

performances take place in a physical space, while 

media and the internet are non-physical forms.  

Informal encounters in everyday life describe the 

third type of shared space, as a de-facto space of 

shareness, such as the street or on modes of public 

transport. Gehl’s thesis [33] states that such daily 

interactions in these de-facto spaces of shareness rely 

on the multiple possibilities to experience the others 

functioning in various situations, through seeing and 

hearing them. While such informality is considered a 

low intensity form of contact, these interactions remain 

factual in their accord to the individual cognition of the 

other in an undemanding casual manner, as an equal 

human being, which creates positive encounters, which 

possibly lead to higher intensity interactions. These 

spaces are, in fact, more complex than they first appear: 

“these modest, see and hear contacts, must be 

considered in relation to other forms of contact and as 

part of the whole range of social activities, from simple 

and noncommittal contacts to complex and emotionally 

involved connections” [47]. 

In a way, everyday exchange of “seeing and hearing 

others” in social spaces contributes to individuals’ 

understanding of diversity; it breaks down the harsh 

encounters and fears gained at the physical barriers of 

the interface zones, albeit in other more everyday 

encounters. The continual negotiation of diversity in 

everyday interactions, in that sense, could compromise 

local “micro-politics” of everyday encounters between 

individual and groups in a quest to overcoming 

differences: Habitual contact is no “guarantor of 

cultural exchange”; however, getting individuals to 

make contact in shared environments with shared 

activities helps in overcoming fear of the other and 

develops new attachments. In line with Amin’s theory, 

Lofland acknowledges that “incidental interactions 

among strangers actually do draw upon and constitute 

shared meanings, common values and cooperation for 

collective purposes. People accomplish this by learning, 

negotiating and reproducing overarching principles for 

stranger interaction and basic, albeit unspoken, modes 

of civility” [48]. After all, public space is a place where 

individuals become aware of others, hence preventing 

harm caused by “judgements of difference”. The 

process of daily interactions and presence within 

crowds builds “studied trust” and urban multiplicity 

that develop a sense of feeling safe and secure that 

foster trust and encourage development of new uses of 

further possibilities of exchange [49]. Placing people in 

living settings where engagement with strangers is a 

natural process, hence, disrupts easy labelling of the 

stranger as an enemy and initiates new attachments. 

Venues of change and intervention, hence, could take 

place simply through specific design strategies for 

everyday exchange practices and dynamics for 

buildings such as workplaces, schools, health centres, 

leisure sites, public education and nurseries.  

6. Conclusions 

This paper sought to examine the notion and practice 

of shareness in the public and border spaces in Belfast.  

Hence, it is seen as legitimate for spatial policy makers 

to strive for a utopian image of inclusive socio-spatial 

cohesion and integration, whose achievement would 

bring divisions and contentious issues in the urban 

landscape to a sort of compromise. It is inevitable, 

however, that an intelligible strategy about instill the 

perception of coexistence as an everyday reality with 

equal rights to the city and its spaces in a win-win 

situation and without mediation on behalf of a 

community, an ideology or an ethnicity. Two structural 

problems emerge here and require further interrogation. 

First, spatial conciliation in Belfast has to challenge the 
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authority of current society structure, mind-set and way 

of living as centred on the agency of the group 

(regardless of who these groups are, or what made them 

a group in the first place). For conciliation to happen, 

the cognitive trust in the group as agent of the public 

space is to be contested. Planners desire for educating 

people to be individualistic and self-centred citizens 

seems again to repeat top-down authoritative strategies 

in engineering an image that lacks practicality or 

achievable targets. For example, the agency of the 

groups as mediators could be agents of co-existence 

with role to play mediating objective realities of the 

modern city. Meanwhile, capitalist strategies to 

develop and create new and modern spaces were 

successful only in restructuring divisions on social 

basis, leaving working class communities into further 

poverty and limited opportunities.  

The landscape of the city seems to offer a second 

structural problem, caused by the built environment 

being constructed intrinsically out of memory and 

layers of history represented in buildings, streets and 

spaces. As public spaces emerge between divided 

landscapes of residential enclaves, they define their 

respective boundaries in return. The perception of these 

spaces is, hence, fundamentally territorial, resulting in 

a non-visual, non-physical fortification of spatial rights 

and ownership of what is supposed to be shared as a 

defensive strategy. These are more evident in 

integrative parks in interface areas, which, against 

initial design intentions, were subsequently divided 

into territories attached to adjacent insular 

communities and, we argue, chiefly out of a defensive 

mentality, to avoid further encroachment of the other 

closer to home. While interface border areas are 

overloaded with negative experiences and perceptions 

as territorialized fabric, new spaces offer new 

possibilities for experimentation with spatial 

relationships of integration. Isolating divisions within 

its current territories and expanding into new land with 

glimpses of the pluralist space is emerging as an 

attractive strategy that is yet to be socially integrative 

as well as being physically designed. A sequence of 

new spaces and images of pluralist-Belfast has been 

mapped into a series of spaces, services and 

developments and circulated in the media as a 

promising shared city. The developments expand from 

city centre eastwards, connecting the harbour, Titanic 

quarter, City Airport, with the area to the east of the 

river being prominent in that sense.  

While agency of community/group leadership and 

local support needs to be taken seriously through 

leadership roles in the new vision of a pluralist space, it 

must be noted that agency is created from individual 

actors with defined roles and responsibilities in the 

local socio-spatial sphere. These include community 

leaders, local politicians, public servants and other 

involved actors. Such structural change, from the 

antagonistic contestation to individual-centric interest 

in the public space, is a possible reality when sustained 

neutral socio-economic settings in the public space, 

with new opportunities and possible engagement, 

actually exist. It is problematic, however, whether this 

can happen within continuous border areas of interface 

zones. Spatial systems extending beyond the old 

boundaries and infrastructure, agents and agencies of 

the old structure, could be agents of change to promote 

progressive non-defensive engagement in a 

non-territorialized public space. Considering the 

shortcomings of the neo-liberal strategies, as 

mentioned above, providing social benefits to unskilled 

working class groups would help new generations be at 

ease in moving out of territories of division and to have 

a role to play in the new territories of shareness. 
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Abstract: During the 1960s, many changes reshaped the economy, the society and the arts. The Cold War, the Space Race, the 
construction of a new middle class in most western societies led by the postwar economic prosperity with unprecedented urban 
growth followed by severe environmental problems fostered the design of spectacular urban utopian cities and mega-architectures. 
In those years, Japan was the source of highly influential bold and visionary urban and architectural ideas which relied on advanced 
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1. Introduction 

1The decade of the 1960s was a stage where many 

innovations and changes occurred: The Cold War and 

the Space Race, the seeds of the social revolt of the 

students and the postwar economic prosperity with 

unprecedented urban growth, the so-called Green 

Revolution, and the demographic explosion followed 

by a severe urban and environmental crisis. All these 

socio-cultural factors and the opportunities and 

threads related to the rapid change of the time 

promoted the design of spectacular new utopian cities 

and mega-architecture conceived as urban prototypes 

for a new era. The limits of design principles and urban 

methodologies developed by the Modern Movement 

since the 1920s and accepted all over the world after 

the end of WW II resulted in the epochal failures of 

urban renewal projects developed from the 1950s both 

in European and American cities, as stressed by many 
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publications of the time and reported especially by 

1961’s Jane Jacobs’ famous essay “The Death and Life 

of Great American Cities”. The Modern Movement 

identified the ideal city with the functional city, and 

argued that good urban planning could have generated 

“good” architecture by means of the instrument of 

zoning, the crisis of this theoretical approach in the 

postwar years urged architects to withdraw from 

rationalist design methodology and to pursue the 

resolution of this impasse in search for formal 

invention, promoting, as pointed out by Italian critic 

Argan [1] “the technological boom of contemporary 

architecture”. This condition worked as a catalyst for 

architectural proposals whose nature was in opposition 

to the rationalist program of scattered architectures in 

the city, and, in opposition to this approach, promoted 

the design of huge structures of super-human size and 

with a complex internal organization like that of a 

small city. One of the most radical and popular 

architectural and urban design trend during the early 

1960s was therefore the development of the so-called 
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“mega-structures” which originated a number of urban 

utopias and architectural prototypes based essentially 

on the blind trust in the power of modern technology. 

Such megastructures were considered as a key factor in 

the creation of an effective urban model which 

connected and integrated, in relation to the creative 

process for its design and development, both 

architectural and urban design considerations. 

Certainly, these technologically advanced 

mega-structures were regarded by designers as a kind 

of “panacea” to the evil of the chaotic city growth 

during the decade, and considered as the solution to the 

fundamental problem of the lack of legibility of the 

post-war industrial city and an effective instrument in 

designing an innovative urban landscape more 

responsive to the needs of a modern industrial, 

mass-oriented and consumerist society. The success of 

these urban prototypes was due to the importance of the 

social and technological revolution which occurred in 

those years and which promoted an extensive 

expansion of large urban infrastructures (motorways, 

factories, piers) and futuristic proposals in architecture. 

They also emphasized the role of mass transportation 

and the need for innovative urban and new engineered 

structures. These urban prototypes were presented as a 

solution suitable to overcome the limits in the 

conventional city planning approach due to the 

excessive fragmentation of urban land, giving the 

illusion of being able to control and plan the growth of 

the city and respond to its future needs thanks to the 

expansibility and changeability inherent their very 

nature of gigantic frames. 

In Japan, the bold and visionary urban and 

architectural projects of the Metabolist Movement, a 

group of architects, designers and planners who were 

inspired by the advanced technology of the time and 

the idea of the city as an impermanent entity which 

transforms itself according to an organic process, 

mirrored the rapid economic growth and general 

transformation of postwar culture and society. Their 

manifesto was titled Metabolism 1960. Proposals for a 

New Urbanism was presented at the World Design 

Conference held in 1960 in Tokyo, a city that 

experienced for three times in few decades the total 

destruction caused by natural (Great Kanto Quake in 

1923) and human actions (American bombing in 

1944-1945 and then the spread of pollution in 

1950s-1960s). From here sprang a new generation of 

poetic but pragmatic thinkers who wanted to reshape 

the urban environment of Japan and the cities of the 

world. 

2. The Metabolist Group and Kenzo Tange 

In their very essence, Metabolism’s architectural and 

urban projects were sensitive to the changeability of 

space and functions of the Japanese context of the time, 

in opposition to the sense of immobility of fixed forms 

and functions of conventional modernist design. These 

projects were severely critical of the principles of the 

Athens’s Charterto control the design of the modern 

city, and they put a fundamental emphasis on the issues 

of the artificial land, the basic infrastructures (such as 

circulation and transport) and mass housing solutions. 

With few exceptions, the Metabolists (a group 

composed of architects Kiyonori Kikutake, Kisho 

Kurokawa, Masato Otaka, Fumihiko Maki, and critic 

and designers Noboru Kawazoe, Ekuan Kenji and 

Awazu Kyoshi) expanded the principles and the 

methodology of architectural design and composition 

into urban design. Their view of the city was a 

complex structure of interconnected systems of mass 

produced urban elements assembled in as organic 

shapes. Indeed the main feature of metabolist design 

approach to city places was the rejection of the 

traditional form of public urban spaces (squares, streets, 

neighborhoods) in favor of a totally artificial urban 

environment set into the natural landscape, as seen in 

Kurokawa’s “Helix City” and Kikutake’s several 

marine cities projects. 

In their attempt to express the vitality, the optimism 

and the creative spirit of the modern Japanese postwar 

society driven by a rapid economic growth, the 
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megastructures as urban structures suitable for the 

needs of Japanese society of the time, an interest for a 

new kind of buildings conceived as a fusion of 

architecture and urban environment that the many 

architects in Japan, especially the members of 

Metabolism, shared with the British group Archigram 

[5]. It cannot be denied however that many social, 

economic and cultural factors promoted the spread of 

megastructural ideas all around Japan during the 1950s 

and the 1960s. The new political and cultural direction 

embraced by Japan after the war was fundamental for 

the Japanese architectural context. Bognar [6] noted 

that: “After an age of expressive and sculptural 

formalism, designers in general became increasingly 

preoccupied with the elaboration of systematic design 

methodology and often futuristic industrial 

construction. Large-scale, utopian urban schemes 

became models for an architecture that was regarded as 

a testing ground for the latest technologies. 

Megastructures, interchangeability, and capsule 

architectures went from mere catchwords, to build 

realities, proving again that in Japan, more than 

elsewhere, new ideas are experimented with and 

developed on the construction site rather than on the 

pages of magazines and books or in school of 

architecture”. The processes of postwar reconstruction 

and economic growth gave a strong stimulus for the 

development of large construction companies, which 

found many occasions for their further expansion 

thanks to the phenomenon of urbanism which enlarged 

the suburbs of all the main Japanese metropolises and 

created extended and dense urban fabrics. The need for 

new urban facilities and services promoted public 

competitions sponsored by the government which gave 

several chances for the diffusion of design concepts 

developed both by the researches of construction 

companies and by private professionals, fostering the 

growth of a more competitive housing and construction 

industry. 

The high land prices in the big Japanese 

metropolises and the diffuse housing shortage were 

effective factors that fostered architects and urban 

planners to embrace the megastructural principles 

because it allowed concentrating a high amount of 

people and functions into fairly small areas. 

3. The Crisis of Modernism and the Debate 
over the Megastructures in the 1960s 

By the late 1950s, the failure of the design 

methodology developed by the masters of Modern 

Movement during the 1930s led towards the 

experimentation with new architectural theories (such 

as the “Structuralism”, “Regionalism” and “Theories 

of Systems”) and prototypes, which rejected the 

rationalist approach and the main prescriptions of the 

International Style [7]. The reasons which prompted 

strong criticism of the theories promoted by the 

masters of the International Style before the Second 

World War was clearly summarized by the 

architectural historian Spiro Kostof: “The validity of 

those untested international (modernist) solutions for 

the basic issue of living in cities looked questionable, 

both to the profession and those outside. Fresh 

observation by social planners, especially in the realm 

of public housing, showed conclusively (…) that users 

were unhappy with what the architects had deemed 

exemplary and imposed from above. Internally, the 

younger followers of the modernist line pushed for 

reforms. They challenged the universalist posture of 

the masters, their pretense of omniscience. (…) Total 

design had proved unpalatable. The call now was for 

variety, flexibility, the semblance at least of 

spontaneity” [8]. 

Whereas the Modern Movement identified the ideal 

city with the model of city planned according to a 

rational and functional design process, driven by the 

fundamental instrument of the zoning, the crisis of this 

theoretical approach seen in the evident failure of 

several projects for urban renewal and slum clearance 

in the postwar years prompted the architects to search 

for alternative form of planning and design; the 

economic boom and the unprecedented development of 
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technology in those years pushed architects and 

planners to conceive proposals whose nature was in 

opposition to the typical Rationalist program of 

creating simple geometries and dissolving the 

architecture into a larger urban matrix, and instead 

fostered the design of huge structures and spaces with 

an urban-like complex internal organization. 

As consequence among the most radical and popular 

architectural trend during the early 1960s was the 

development of the so-called “mega-structures”, a kind 

of gigantic architectural prototypes built thanks to 

modern technology from different fields and seen as 

innovative urban modes which combined and 

integrated together architecture and city planning, 

creating a new urban landscape which heralded a 

potential and effective solution to the problem of 

exploding metropolis of the time. 

In his “Urban Structures for the Future”, a book 

published in 1970 as anthology aimed to collect many 

examples and models of the megastructural projects 

developed in the previous decade, Dahinden [9] 

described the “urban crisis” of the 1960s as the 

consequence of many factors basically related to the 

lack of flexibility of urban schemes of the 

contemporary cities which failed to cope with the 

dynamic society of the period composed by a 

population of “urban nomads”. He pointed out that the 

problem caused by the concentration of population into 

the big metropolitan cities was the consequence of the 

urban sprawls promoted by the dynamics of change in 

the modern society and economy, and he suggested that 

it could have been possible to control this tendency by 

means of the use of “megastructures” and creating a 

compact, “dense” city which could gather into an 

organic frame the different social groups and activities, 

integrating together the urban structure and public and 

private activities of society; and also as noted by other 

scholars, distressed the importance of the social and 

technological revolution of the period which promoted 

futuristic proposals in architecture emphasizing the 

role of the mass transportation and innovative urban 

structures such as the megastructures, which were 

represented as solution suitable to overcome the limits 

in the city planning due to the excessive fragmentation 

of urban land, and capable of controlling the growth of 

the city and respond to its future needs thanks to their 

expansibility and changeability. 

Although the projects spread all over the world 

showed a somewhat evident utopian character in the 

exasperation of the futuristic forms, indeed they were 

sensitive to the nature of the deep changes occurred 

into the realms of society, economy and cultural values 

of the time, as well in the diffusion of new theories and 

researches into new scientific disciplines. From early 

20th century especially town planning reached a 

further level of complexity as new disciplines such as 

sociology, geography, economics influenced directly 

or indirectly its methodology of research requiring new 

competences and survey instruments.  

Describing the development of town planning 

theories in Europe between the 18th and 20th centuries, 

the architectural historian Benedetto Gravagnuolo 

noted as after the first blow of urban reform promoted 

by “Utopians” such as Etienne Louis Boulle, Claude 

Nicolas Ledoux and others British social reformers, 

there were three main tendencies which influenced the 

urban schemes of European cities at the beginning of 

the last century: the “Garden City Movement”, 

influenced by Ebenezer Howard’s theories of urban 

decentralization of the existing cities and referred to 

the Picturesque aesthetics; the tendency which 

proposed the continuity with the traditional way of 

(European) urban growth without denying the value of 

the urban preexistence (such as in the projects of 

Hendrik Petrus Berlage in Amsterdam and Otto 

Wagner in Vienna); and at last the theories of the 

Modern Movement during the 1920s-1930s, which 

proposed the urban reformation of the cities by means 

of the policy of “tabula rasa” by rejecting completely 

their historical tradition and exalting the aesthetics of 

machine’s world and the technological revolution, as 

stated in the early theories of Eugene Henard, Tony 
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Garnier, the Italian Futurists and carried out by Le 

Corbusier, Walter Gropius and other modernists [10]. 

In spite of the inevitable differences due to the 

different cultural and contextual background, the deep 

connection that tied the theories of the masters of 

Modern Movement, the radical spirit of reform behind 

their ideas and the strong impact of their revolutionary 

projects on the solution to the problems of the 

traditional city and her relation with the modern age of 

“machine and technology”, to the fundamental goals of 

the megastructural movement and its vision of a new 

form of urbanism proposed from the early years of 

1950s until the end of the following decade. Indeed, 

many aspects behind the logic which supported the 

megastructures as dominant architectural trend and 

design during the 1960s in pursuing a real solution to 

the problem of modern city, as well as a way for the 

architects to overcome the “impasse” of the Rationalist 

ideology in the 1950s, are directly related to the 

cultural matrix of that modern design tendency starting 

with the origin of late 1920s CIAM (International 

Congress of Modern Architecture) theories and debates 

over the “minimum living”, the “rational urban block” 

and the “functional city”, whose revolutionary ideas 

revolved mainly around the key figure of Le Corbusier. 

In his seminal work, “Megastructures: Urban Future 

of the Recent Past”, Banham [11] indicated indeed Le 

Corbusier as the initiator of the megastructure trend in 

architecture. The project which set up this new 

tendency was the famous “Plan Obus for Algeri”, 

which Le Corbusier designed in 1931, and it was the 

source from which sprung many other designs for 

complex urban projects in the following years, 

reaching the acme during the 1960s. In the project for 

Algeri, Banhan [11] introduced as early general 

definition of the megastructure that of being a big 

structure composed by a huge primary frame 

containing many secondary interchangeable elements. 

The interesting point was that the drawing for the 

Plan Obus denoted a total indifference for the 

architectural style of the objects inserted inside the 

frame of the primary structure (the dwellings), so that 

this project described clearly the essence of the 

megastructure as a dimensionally relevant “bookcase” 

containing an infinite quantity of secondary elements 

whose importance and relevance was insignificant 

compared to the main frame. The “macroform” of the 

main frame grew to spread over the territory of the city 

as far as the limit of her urban area and further, 

covering entire regions. Although Le Corbusier was 

among the first who influenced the development of the 

megastructures, the Japanese architect Maki [12], at 

that time member of the Japanese architectural 

movement “Metabolism”, had the merit to formulate 

the first official definition for the word 

“megastructure”. In his essay “Notes on Collective 

Forms” written in 1964, Maki [12] alleged that: “The 

megastructure is a large frame in which all the function 

of a city or a part of the city are housed. It has been 

made possible by present-day technology. In a sense, it 

is a human-made feature of the landscape. It is like the 

great hill on which Italian towns were built. Inherent in 

the megastructure concept, along with a certain static 

nature, is the suggestion that many and diverse function 

may be beneficially concentrated in one place. A large 

frame implies some utility in combination and 

concentration of functions”. 

Other scholars and architects tried to detect the 

characteristics of the megastructures, such as Ralph 

Wilcoxon, who specified in 1968 that this typology 

was dimensionally a big and large building, built by 

assembling modular units, had infinitive possibilities 

of growth, and was a long-lasting structural frame 

which could allocate minor elements (such as houses, 

small buildings and so on) which lasted less than the 

main frame and could be plugged in after being 

prefabricated elsewhere. Apart from the images of 

utopian schemes that proliferated in many projects, 

filled with imagines and forms often taken from the 

world of the fiction, it is possible to detect three simple 

solutions which became the main typological 

references for the designers and planners: the 
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“tower-building”, which can reach an unlimited height, 

the scheme of “artificial land” with a frame arisen from 

the ground by means of huge pillars which often 

contains the services, and the model of “linear city” as 

promoted by Le Corbusier for Algeri Plan and the 

“Unite”, both capable of infinitive extension along 

their centre of gravity axis. Among those solutions, 

the former had a long tradition linked to the 

suggestions of American skyscrapers (which had as 

forerunners Luis Sullivan and the Chicago School in 

US, and Mies in Europe) and influenced many 

contemporary works such as those of Archigram and 

Metabolists groups; the second solution was 

presented in some proposals of Jona Friedman and the 

Japanese architect ArataIsozaki, both creating blocks 

of urban fabrics literally floating on the natural 

ground occupied by the preexistent city; the latter was 

the one which presented more similarity to the 

prototype developed by Le Corbusier (and may be 

more chances to be put into reality) and had to exert a 

profound influence on other architects, as showed in 

the case of the projects of the Paul Rudolph for the 

Lower Manhattan’s Highway (1970). In this project, 

Rudolph drew a structure with a section shaped like an 

“A”, dilating the space of the “street-corridors” of the 

Le original Le Corbusier project and transforming the 

inner corridors into a large communal central area, 

which was also reminiscent of previous famous 

projects such as Gropius’s “Terrassenhauser-Project 

Wonhberg” (1928) and Tange’s project for a residence 

settlement in the Boston Bay (1959).  

4. Main Typologies of Megastructures and 
Their Failure as Urban Prototypes 

By the early 1970s, it was the Swiss architect 

Dahinden [13] who attempted a more detailed 

classification of the various architectonic features and 

concepts used for the development of the 

megastructures. In his research on new models for the 

city of the future, he detected seven types of urban 

structures which followed different design and spatial 

principle. The classification of his “urban structures for 

the future” is listed the: Cellular Agglomerates, 

Clip-on/Plug-in structures, Bridge Structures, 

Containers, Marine Structures, Diagonal in the Space 

Structures and Biostructures. 

The “Cellular Agglomerates” were composite 

structures consisting of integrated modular units which 

accepted additional units creating a macro-structures or 

spatial structure, whose final form depended on the 

position of the cells added. An example of this kind of 

megastructures was Safdie’s “Habitat” [14], a project 

for residential units built in occasion of Expo 1967 in 

Montreal, and Alfred Neumann and ZviHecker 

Apartments block in Ramat Gad, Israel (1960). 

“Plug-in Structures” was by far the most popular 

typology of megastructures during the 1960s, which 

divided the structure of the building in a primary 

system and a secondary system, allowing easily 

changes and regeneration of the structural elements, 

and was promoted the “philosophy” of capsules which, 

according to general opinion of designers, were the 

ideal device to allow the maximum of individuality and 

privacy in a alienating society based on mass 

consumption. Typical examples of those structures 

were Archigram’s “Plug-in City” (1964) (Fig. 2), 

Isozaki’s Clusters in the Air (1961), Wolfgang 

Doring’s “Stapelhaus” (1964), and the famous 

“Nagakin Tower” designed by Kisho Kurokawa 

(1972). The “Bridge Structures”, built on vertical 

shafts which supported the entire spatial frame, derived 

from some modernist prototypes such as the Le 

Corbusier’s “Unite’ d’Habitation” and El Lissitzky’s 

“Wolkenbugel”. The modern versions of these early 

models were for example Isozaki’s “City in the Air” 

(1960) and Jona Friedman’s “Spatial City” (1960), 

who based his research on his “General Theory of 

Mobility”. In the last one the main frame of the 

building presented a structural spatial grid suspended 

on huge pillars above the preexisting city. Inside this 

spatial grid, the secondary elements were easily in 

filled and moved like boxes. As examples of the 
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of the structural and functional correlation between 

nature and architecture” while “…(trying) to use our 

knowledge of the biological processes of origination, 

growth, cyclical change, decline and death in order to 

free architecture from its static role” [13]. This model 

of megastructure combined nature and human habitat, 

and had as its best representative the Italian architect 

Paolo Soleri, who developed his design theory based 

on the philosophical concept of “Arcology”, a 

neologism which blended together the words 

“architecture” and “ecology”, and intended to develop 

a kind of architecture which aimed to save the natural 

resources and start a new stage in the evolution of 

human society, creating a different kind of urban 

environment by means of a process of miniaturization 

and compactness of the modern cities as showed in his 

project of “Babelnoah” (1964). 

The megastructures were indeed architectures too 

huge, complex to use, and caused great difficulty in the 

phase of management due to the high costs of 

maintenance. As noted by Kostof [8]: “Not only they 

were such project beyond the means of the world 

economy, they were also in the end, for all their 

pictures queness and seeming a formality, as 

oppressively programmed, as coercive, as the 

functionalist city they were determined to improve”. In 

particular, a big failure was the idea to substitute the 

traditional structure of the neighborhood, typical of the 

old city, by means of the concentration of large amount 

of people and integrated services in big complexes of 

tall and compact buildings connected with each other 

and with the working places by means of motorways, 

which promoted the separation of the various functions 

of the city into specific areas, creating a big problem 

for the general mobility of the city, with crowded 

places and traffic congestion in some part of the city 

during the rush hours and total desert in residential 

areas during working hours. This urban approach 

sprang directly from the rigid vision of the 

Functionalistic City, which by many was simply 

conceived as an inhuman container of separated 

functions which gathered the similar activities in the 

same place and connected each area with mass and 

high-speed transportation networks. This questionable 

approach became more and more evident during the 

1960s, and a growing interest in the preservation of the 

old historical city and the need for a greater integration 

of urban functions and more efficient organization of 

the different social activities caught the attention of the 

more sensitive architects. The process of reform and 

rejection of the Rationalist approach as well as the 

Megastructural trend was reflected in the success and 

the influence of three important writings, an essay 

presented in 1965 and two books published in 1966: 

Alexander Christopher’s “A City is not a Tree” (1965), 

Robert Venturi’s “Complexity and Contradiction in 

Architecture”, and Aldo Rossi’s 

“L’architettura.della.citta’” (The Architecture of the 

City). In his influential work, Christopher Alexander 

argued that the main urban pattern distinctive of the 

modernist urban plans was a “Tree”, a structure which 

had a trunk, branches and leaves, capable of linear 

development and completely planned in its entirety by 

a single designer (such in the case of the plans by Le 

Corbusier and Tange). Such a structure lacks of 

flexibility, complexity and composite structure which 

can only be accomplished by a design process which 

involves other and diverse elements of design, which 

can generate a “semi-lattice” structure. Alexander 

defines the historical cities as “natural” cities, and he 

compares their structure to the “semi-lattice”, which 

had been developed in time through multiple social, 

economic and historical factors, giving them their 

complexity and identity as urban settlements. 

On the other hand, in his essay Rossi [15] praised the 

importance of the historical urban settlements and 

monuments as fundamental elements of the collective 

memories of the people, and led a further attack against 

the simplistic urban and architectural theories of 

International Style, as intended by the new generation of 

architects and witnessed by the mediocre realizations 

during the postwar reconstruction. He suggested that the 
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form of the city was not a direct consequence of the 

urban functions of its urban elements, but on the 

contrary its form was strongly connected with the shape 

of the urban elements present inside its territory; the 

form of some urban elements was more important of 

functions which took place inside those forms, and 

among the urban elements which survived throughout 

the history of the city, the most important of all, those 

which are able to shape the city and its further 

development, were indeed the monuments. 

The failure of the “dinosaurs of the Modern 

Movement”, as Banham labeled the megastructures, 

apart any consideration on the reevaluation of the 

heritage of the historical city, indeed was linked to 

several other critical factors which were not taken, at 

least at the beginning, in serious consideration. In 

particular, it was the evident inhuman scale of their 

buildings and structures; the poor, superficial, and 

often unrealistic design theories based on a simplistic 

analysis of the contemporary mass-consumption 

society;  the unacceptable condition of mono-cultural 

environment created by the megastructure as a city or a 

part of city designed by a single architect, and also the 

excessive confidence in the technological devises as 

infallible “deus ex machina” for effective solutions to 

the chaos of the modern city and its visual disorder. In 

this sense, it was perfectly understandable the 

comment given by Quaroni [16] about the general 

meaning of the whole movement and its failure, when 

he alleged that: “The need for new criteria for formal 

organization, new (architectural) languages, new 

possibilities for using the city has pushed many 

designers to overcome the limits of a false 

“continuity”. From here (began) a production without 

precedent of adventurous projects, all of them full of 

indications, but in which it is difficult to distinguish 

what is acceptable from what is not, the true conceptual 

and intellectual breakthrough from the superficiality of 

a nonsense without value. In opposition to the 

superficiality of Maymont, Friedman, Jonas, Jellicoe 

there is the intent of criticism declared in the works of 

Archigram and other similar groups, which however 

must be understood for its true meaning, within its 

limits of valuable “divertissement”, as indication of a 

“compositional method” which is valid and possible 

beyond the static reduction to the elementary forms 

presents in the design approach of the last fifty years”. 

5. Conclusions 

Reyner Banham assumed that the megastructural 

trend reached its peak in 1964 and had a further exploit 

at the Montreal Expo in 1967. Afterwards it began a 

period of progressive crisis for the whole ideology of 

this architectural trend, especially for its blind faith in 

the power of technology and supremacy of industry, 

and a general shift from a planning approach based on a 

comprehensive scientific view of the urban problems 

towards a prominent emphasis on the socio-economic 

development and the specialist and sectorial planning 

of the city. The progressive decadence of the idea of 

the megastructures was due to several external factors 

which prompted the economic crisis at the beginning of 

the 1970s (heralded by the 1973 Oil Shock and the 

consequent slowdown of the world economy), the 

growing spread of mortal diseases caused by industrial 

pollution, the uncontrolled exploitation of the natural 

environment, which attacked the myth of the “fair” and 

“clean” technology and industry, and to their 

“unsustainability”, to use a word what stresses the 

present cultural and economic trend, inherent in most 

of those proposals; but ultimately it was also the failure 

of the simplistic urban, technological, economic and 

social vision behind the design approach on which the 

megastructures and its urban utopias relied and was 

typical of the historical period which saw the origin of 

this urban model. 

The general criticism for the lack of human scale and 

the simultaneous revival of the importance of the 

history and the urban and social traditions of the people, 

which characterized the late 1960s, boasted a  

re-evaluation of the urban heritage and the preservation 

of the tradition (both as culture and space) and 
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collective memory of the city and its society, and 

prompted a more cautious approach to the planning and 

design of the cities, causing a rethinking of the necessity 

and opportunity of the radical transformation of the 

urban environment pursued at all costs, together with the  

radical re-planning of space, economy and society, 

which the megastructural dream proposed. The end of 

economic expansion of the 1960s shifted the perceptions 

of the problems. New research reports and books like 

Rachel Carlson’s “The Silent Spring” (1962) and The 

Club of Rome’s “Limits to Growth” (1972), which 

condemned the effects of the extensive use of industrial 

pesticide in the natural environment and the 

unsustainable exploitation of the natural resources, and 

E.F. Shumacher’s “Small is Beautiful” (1973), which 

championed a more “human” economic system 

alternative to the industrialist-capitalist model, outlined 

directly or indirectly the mistakes and ingenuity behind 

most of this sort of techno-social urban planning. 

Eventually these and other works stressed the growing 

gap between the aspiration towards a continuous urban 

and economic growth, on which the megastructures 

were based, and what was to become known as 

necessary sustainable growth at the end of 20th century.  
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1. Introduction 

Shopping centres are one of the most vivid 

evidence of economical freedom [1, 2]. Until the 

transformation trade and real estate in Poland was 

greatly limited. The abrupt political change allowed 

developers to realise contemporary retail schemes, 

which were eagerly accepted by customers. But 

always such changes arise tensions among the market 

players, including the owners of existing, traditional 

shops [3]. Not only the market, but also the space of 

Polish cities needed to adjust and absorb this new 

phenomenon. In such cases, regulations for planning 

new development are needed [4]. Often it is difficult 

to find balance between sometimes contradictory 

needs all actors—creating just but also firm rules for 

development. 

As this phenomena is quite recent in Poland, there 

has not been much research done so far. Most of the 

architectural publications concern mainly description 
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of the new projects, while there are none that 

thoroughly discuss the planning issues concerning 

retail development in the country. While most of the 

data available are statistical, allowing only for 

quantitative comparison. 

This article describes the development of shopping 

centres in Poland with basic characteristics of its 

history, form and types. It analyses the relation 

between traditional and contemporary retail in terms 

of changes in the quantity and use of shop units. The 

changes in Polish laws concerning spatial planning 

and shopping centres are discussed. It is given that the 

development of shopping centres in Poland occurred 

in the last two decades it is a very good example for 

other countries that need such reform. 

In the following section, the development of retail 

in Poland will be described, referring to the history of 

retail in post-socialist Poland as a background and 

defining the shopping centre generations. Later on, the 

next section describes the assessment of changes in 

retail structure that resulted from absorbing new 

formats. In the last section, planning laws concerning 

DAVID  PUBLISHING 

D 



Absorbing the Rapid Growth of Shopping Centres in Poland after the Political Change 

 

773

retailing structure are described. These serve as 

important framework for development. 

2. Development of Retail in Poland 

2.1 History of Retail in Post-Socialist Poland 

Starting with the transformation in 1989, Poland 

has gone through very thorough changes. Retail has 

also changed and developed very rapidly [5]. Before 

that time, in socialised economy, retailing had been 

centrally planned, with 95% of retailing and entire 

wholesale in national hands [6]. Liberation of the 

market has dramatically changed the situation for 

selling goods. Abolishment of the monopoly allowed 

for freedom in pricing. Private owners immediately 

saw the opportunities to start new enterprises. Polish 

streets were literally swarmed with the most simple 

forms of retailing—stalls, booths and stands, that 

sometimes were very temporary and improvised, such 

as camp-beds [7]. 

In 1990, public sector had a share of 64% in total 

sales, whereas in 2002 it was reduced to only 2% [8]. 

The freedom of market has not only increased private 

ownership, but also invited foreign investors to 

expand in Poland. Apart from bringing their money, 

they also introduced their know-how and expertise in 

retail development. However, the gap between 

retailing in Poland and its western counterparts was 

estimated for 20-25 years [6]. The country was 

lacking modern shopping infrastructure and the rules 

for interaction on the market had to be developed. 

Nevertheless, new shopping opportunities, even 

though they were very simple, seemed innovative and 

fresh to the customer.  

Since the transformation, retailing in Poland has 

gone through four major development stages [6]: 

 1990-1995—First years brought initial 

disintegration of the market, with the increase of 

number of shops. Hypermarkets, supermarkets and 

discount shops had a 5% share in the market. 

Manufacturers were selling through their preferred 

wholesalers; 

 1996-2000—In this period retailing become 

more consolidated. Mass distribution improved, as 

well as the share of contemporary forms of shopping 

grew greater, thus lessening the importance of 

traditional shops. Manufacturers were selling through 

their wholesalers and also directly to retailers; 

 2001-2005—As more hypermarkets, 

supermarkets and discount shops were built the role of 

traditional retailing had lowered. Vertical integration 

became a visible trend in the network. Wholesalers 

were losing their importance, as there were less single 

retailers and the manufacturers were selling directly to 

the chain retailers. The market become more 

simplified—limiting the major actors to 

manufacturers, retailers and consumers. In this period, 

major retailers began to negotiate and even impose the 

prices on producers;  

 2005-2008—The market finally became mature 

in terms of modern retail space. Additional formats 

were introduced, such as convenience stores and 

discount shops based on the franchise model. In this 

period, specialisation was more visible, with 

entrepreneurs seeking new opportunities in satisfying 

more particular needs of the customers, e.g., eco food. 

The visible growth of modern retail space area has 

begun in mid-1990s. Fig. 1 shows the supply of new 

retail space and the total area, based on Cushman and 

Wakefield data. The supply initially boosted, 

noticeably increasing year by year to nearly one 

million square metres in each of years 1999 and 2001. 

After that period, the market slowed down for two 

years, to gain speed once again after 2003. The 

following years have brought steady growth, which 

was hampered by economical crisis. Its results were 

visible in 2010, with a delay typical for real estate 

projects—when less new shopping centre space was 

opened. Nevertheless, there has not been a major 

crash, and the situation remained steady in 2011 with 

the supply of around 700,000 m2 of new retail space. 

Currently developers have restarted some of the 

projects that were postponed due to the market situation. 
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Fig. 1  Growth of modern retail space area in Poland (Cushman and Wakefield data).  
 

At the moment around 800,000 m2 of new space is 

being constructed, and it is estimated that a similar 

amount will be opened in 2013 [9]. 

The analysis of shopping centre development in 

Poland brings two other observations [10, 11]. First of 

all, hypermarkets are becoming less popular retail 

format among new developments. Their share in total 

floor space built dropped from 17%-29% in years 

1998-2000 to 5%-7% in 2005-2007, giving room to 

shopping centres and retail warehouses. It was a result 

of gradually filling of the market and dividing it 

among largest players. Moreover, new shopping 

formats were introduced, that were more attractive to 

customers. Secondly, smaller cities are becoming 

more significant in developer activity. Between 1998 

and 2008, the percent of GLA (gross leasable area) 

built outside the seven largest agglomerations in 

Poland has grown from approximately 20% to nearly 

50%. 

In 2011, 53% of total floor space was built in city 

centres, extensions of existing schemes amounted for 

20% of new space. Thirty-one percent of the supply 

was located in cities smaller than 100,000 inhabitants. 

It is estimated that this share will grow to 45% in 2012. 

Small and medium centres are most popular among all 

new projects—72% of shopping centres planned to be 

opened this year do not exceed 40,000 m2 [12]. 

According to Cushman and Wakefield [9, 13], at 

the end of 2011 there was around 11 million m2 of 

total GLA in Poland. There is still room for new 

investment. The average GLA per 1,000 inhabitants in 

27 European Union Countries is around 240 m2. In 

Poland, this factor is still below 200 m2, which gives 

us 22nd place among all European countries. But the 

size of Polish centres in pipeline places us on the 6th 

position, with Russia noticeably leading with 

impressive 3 million m2 to be built. 

2.2 Generations of Shopping Centres 

The above analysis concentrates on the quantitative 

growth of shopping centres, whereas in terms of 

analysing the build form of cities—other factors are 

important as well. In case of shopping centres, a term 

generation is often used to describe their complexity, 

architectural form, location and functional diversity 

[14, 15]. In case of Polish shopping centres these 

generations may be defined as follows [16, 17]. 

The first generation is the most simple and 

archetypical. The shopping centre consists mainly of 

the hypermarket with its area up to 70% of the total, 

which is aided by some smaller shops formed as a 

strip gallery. These are located mainly outside city 

centres, on the suburbs, where car access is easy and 

land values are relatively low. Architecture is not very 
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complicated. Mostly, they have one story space 

enclosed in a uniform cladding, with the design 

typical for the unique retail group, which mostly is the 

owner of the centre, and surrounded by a vast car park. 

Polish examples this generation are, among others, 

Auchan in Gdańsk and Tesco Połczyńska in Warsaw. 

The second generation is similar in concept to the 

previous, although the form is more complex and 

programme larger and more complex. As they are 

located on more urbanised land, they usually have two 

retail stories and most often a multilevel parking. The 

hypermarket has less share in total area, around 

30%-40%, as the number of smaller shops grows and 

larger retailers are introduced as key tenants. Some of 

those buildings are still owned by the retail chain, as 

for example Carrefour in Gdańsk-Morena. 

The third generation is built in dense urban areas 

and the main difference with the preceding one is the 

addition of entertainment and leisure uses. It means 

not only larger food courts with, but most of all other 

tenants such as sports centres and gyms, cinema 

multiplexes, bowling arenas, etc.. Leisure is an 

important factor attracting customers allowing them to 

relax and spend their free time not only on shopping. 

Their architecture reflects the need to fit in the urban 

context and is more complex. Some of these buildings 

are recognised for their high quality—for example 

Galeria Bałtycka in Gdańsk has received the ICSC 

European Shopping Center Award in the category of 

“New Developments: Large” in 2009. 

Fourth is the most contemporary shopping centre 

generation in Poland. Apart from leisure uses typical 

for the third generation, in this group other functions 

are added—e.g., offices, hotels and conference centres. 

Scarcely these are typical projects. Most of them 

incorporate existing buildings and urban tissue, often 

with regards to redevelopment of brown field areas. 

As a result, these are flagship projects for their 

developers, with recognisable and high quality 

architecture and urban design, often covering 

extensive areas. Such is an example of Manufaktura in 

Łódź, which is a redevelopment of post-industrial site, 

including Andel’s Hotel and cultural complex 

consisting of museums and theatre. 

So far, the last generation, fifth, has not yet been 

built in Poland, but already has been successfully 

realised abroad. In this case, the centre is supported by 

dwellings—flats, apartments, condominiums, 

dormitories, etc. and often organised in a more open 

form (without fully enclosed walkways). These are 

mixed use compositions, rather than pure shopping 

centres, where the retail function seems to be a 

complimentary addition to the whole project. It is 

difficult to reconcile all these uses in one structure, so 

they are spread on several of buildings. What is 

important feature of such developments is that they 

serve as “a city within a city”, allowing its inhabitants 

to realise their needs within the project area. 

Nevertheless, it should be noted that the catchment 

area of the shopping centre itself exceeds the 

development area, therefore such shopping centre still 

needs neighbouring citizens as customers. Such 

centres were planned in projects such as Young City 

(which at the moment postponed) and Garnizon in 

Gdańsk. An open scheme, but without the housing 

component, will be built at Hay Market and Crawfish 

Market in Gdańsk. 

The above division into generations is very general 

and sometimes the boundaries are not clear. It should 

be stressed that while the first examples of generations 

were built in chorological order, nowadays the 

primary generations are still being built, although not 

so extensively. Moreover, it is possible for an existing 

centre to advance in the list, mostly by realising 

additional programme and refurbishing the existing 

scheme. 

3. Changes in Retailing 
Structure—Absorbing New Formats 

The development of shopping centres relates not 

only to those objects, their form and popularity, but 

also to their interaction with other retail outlets, 
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especially those that are called “traditional” shops. 

The impact of shopping centres on traditional 

retailing has been a hotly debated issue ever since the 

first new formats were built, not only in Poland 

[9]—whether and how their development should be 

controlled, planned or even in some cases banned. The 

main concern was that contemporary retailing is a 

threat to conventional shops that will eventually go 

bankrupt due to strong competition and lack of 

customers. Other arguments against shopping centres 

concerned the impact on transportation system. Some 

traditionalists were speaking about the growing 

significance of foreign investment in Poland, with 

respect to its independence. Others were discussing 

the social aspect of changing customer behaviour and 

consumerism [18, 19]. 

In Poland, there is not much clear evidence 

gathered on the impact of shopping centres on 

traditional retail. Analyses of retail structure are rarely 

published. Central Statistical Office (GUS—Główny 

Urząd Statystyczny) is collecting various data, but it is 

not detailed enough in terms of spatial location for an 

accurate examination. Some data were gathered in the 

paper [11]. Two Polish cities, Gdynia and Łódź, were 

analysed among others.  

The analysis aggregated the number of units and 

calculated their share, in division on basic types of 

operation: mixed, grocery, FMCG (fast-moving 

consumer goods) other than groceries, clothing, 

interior design, culture and sport, gastronomy, leisure 

and all other. Therefore, these data include also 

service units that are tenants in shopping centres and 

high streets. The results of this analysis are shown in 

Table 1 and Fig. 2. 

In order to give a point of reference situation in 

Poland was analysed. Based on data provided by 

Central Statistical Office, the total number of nearly 

530,000 units in 1998 has dropped significantly by 

8% in 2005 to 485,000. This was mainly a result of 

decrease in number of mixed and grocery shops by 

18% and 19%, respectively, although their share in the 

total has remained at a similar level—in both cases 

33% in 1998 and 33% in 2005. There was a 

significant growth by 16% in the FMCG non-grocery 
 

Table 1  Number and share of units in retailing structure [11, 20-22]. 

 

Poland Gdynia Łódź 

Country 
total 

Country 
total 

Galeria 
Bałtycka 
shopping 
centre 

City 
centre 

City 
centre

City 
centre + 
shopping 
centres 

Shopping 
centres 

Piotrkowska 
Street 

Piotrkowska 
Street 

Piotrkowska 
Street + 
shopping 
centres 

Shopping 
centres

Year 1998 2005 2008 1998 2008 2008 2008 2003 2007 2007 2007 

Mixed 
174,701 
33% 

143,662 
30% 

- - - - - - - - - 

Grocery 
177,321 
33% 

143,474 
30% 

8 
4% 

227 
9% 

184 
8% 

190 
8% 

6 
3% 

42 
3% 

65 
4% 

79 
4% 

14 
3% 

FMCG other 
7,078 
1% 

8,211 
2% 

9 
5% 

93 
4% 

63 
3% 

73 
3% 

10 
6% 

15 
1% 

15 
1% 

31 
2% 

16 
4% 

Clothing 
48,324 
9% 

52,456 
11% 

102 
53% 

472 
19% 

379 
16% 

434 
17% 

55 
31% 

171 
14% 

142 
9% 

356 
18% 

214 
49% 

Interior 
design 

14,900 
3% 

15,167 
3% 

13 
7% 

132 
5% 

121 
5% 

134 
5% 

13 
7% 

72 
6% 

51 
3% 

77 
4% 

26 
6% 

Culture and 
sport 

16,217 
3% 

8,342 
2% 

28 
14% 

137 
6% 

102 
4% 

122 
5% 

20 
11% 

125 
10% 

103 
7% 

155 
8% 

52 
12% 

Gastronomy 
70,318 
13% 

91,150 
19% 

16 
8% 

88 
4% 

137 
6% 

158 
6% 

21 
12% 

104 
8% 

125 
8% 

197 
10% 

72 
16% 

Leisure - - 
3 
2% 

79 
3% 

105 
4% 

112 
4% 

7 
4% 

85 
7% 

106 
7% 

117 
6% 

11 
3% 

Other 
20,728 
4% 

23,030 
5% 

15 
8% 

1,200 
49% 

1,255
53% 

1,303 
52% 

48 
27% 

639 
51% 

926 
60% 

960 
49% 

34 
8% 

Total 
529,587 
100% 

485,492 
100% 

194 
100% 

2,428 
100% 

2,346
100%

2,526 
100% 

180 
100% 

1,253 
100% 

1,533 
100% 

1,972 
100% 

439 
100% 
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shops number, as well as 9% increase in clothing 

shops, with change of their share in total from 9% to 

11%. The above was a result of market consolidation 

as well as emerging new retailing formats. For 

comparison, an exemplary shopping centre Galeria 

Bałtycka in Gdańsk was analysed. Fifty-three percent 

of its 194 tenants in 2008 were selling clothing, while 

there were only eight grocery shops and nine other 

FMCG outlets. 

Retail structure in Gdynia was studied in 1998 by 

Tarkowski [20] and again in 2008 by the author [11]. 

All units in the downtown area were catalogued. In 

this 10-year span, four shopping centres were built 

with total floor space of 39,000 m2, which is not a 

large number compared to other cities. In this term, 

the influence of shopping centres in this case is less 

visible. Between 1998 and 2008, the number of units 

outside shopping centres has dropped only by 3%, 

while the total including shopping centres grew by 5% 

to 2,526 units. The changes in the number of 

traditional units were in FMCG non-grocery (-32%), 

clothing (-20%), grocery (-19%) sectors with growth 

in gastronomy (56%) and leisure (33%) sectors. When 

analysing the share of the above, no major changes 

were observed. The share of clothing shops dropped 

from 19% to 16%, while the percent other units grew 

from 49% to 53%. The above changes reflect the 

tendencies for Poland at that time. Świętojańska Street, 

which is the high street in Gdynia, remained a 

shopping destination for customers, although some 

specialisation of the units is visible. In the coming 

years, this process may be intensify, as one of the 

shopping centres is currently being extended by 

additional 50,000 m2.  

A clearly visible impact of modern shopping on 

traditional retail, Piotrkowska Street, has been 

identified in Łódź. According to the data collected by 

the local authorities [21, 22] between 2003 and 2007, 

there has been a major change in the profile of the 

high  street.  Although  the total  number of  units grew 
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Fig. 2  Share of units in retailing structure [10, 20-22].  
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from 1,253 in 2003 to 1,533 in 2007, the share of 

clothing shops dropped by 5% points (from 14% to 

9%), giving room to growing number of other units 

(change in share from 51% to 60%). Piotrkowska 

became more “a banking street” with more additional 

other service units that are less popular by customers. 

This was a result of building large shopping centres 

(in 2002 and 2006), with additional floor space equal 

to 39% of the commercial floor space along 

Piotrkowska Street. This added 439 new shops to the 

whole system (22% of the total). Nowadays customers 

prefer to spend time in the two high quality shopping 

centres—Galeria Łódzka and Manufaktura, rather 

than the city’s public space, although some actions are 

being taken in order to revive the high street. 

4. Planning Laws Concerning Retail 

It is not possible to analyse the changes in spatial 

development concerning new retail formats without 

proper understanding of the planning regulations and 

background behind this process. 

4.1 General Planning Laws in Poland 

Planning law in Poland underwent major changes in 

1994 and then in 2003, to better reflect the needs of 

new market. The government is divided into four tiers: 

national, voivodship (województwo), county (powiat) 

and local—communal (gmina), with planning 

competences on all levels, except counties. Central 

government is responsible for the National Spatial 

Arrangement Policy (koncepcja przestrzennego 

zagospodarowania kraju) and national regulation, 

ordinance and acts of law. Voivodships prepare 

Voivodship Spatial Management Plans (plan 

zagospodarowania przestrzennego województwa) and 

other studies. Counties do not draft plans, but are in 

charge of issuing building permissions and building 

inspections. The detailed planning for development is 

actually done at local level by communes [23]. 

Communes are required to draft a Communal Study 

of Conditions and Directions of the Spatial Plan 

(studium uwarunkowań i kierunków 

zagospodarowania przestrzennego gminy), which has 

the cover the area of the whole commune. Its scope 

sets the leading land use and basic parameters; 

development corridors; protection of farming and 

forest areas; other areas of protection and building 

prohibition; compulsory planning areas and guidelines 

for other matters. It sets regulations for the spatial 

development of the commune, but is not legally 

binding for the development. 

The document that is actually regulating new 

development is Local Area Development Plan 

(miejscowy plan zagospodarowania przestrzennego). 

It is also drafted by the commune and is a local law 

for issuing building permissions. It sets the specific 

land uses with exact building parameters; rules for 

environmental, natural and cultural protection; 

infrastructure and accessibility; and other regulations. 

It covers a part of the commune region, most often the 

area planned for development or neighbourhoods. It is 

subject to an administrative procedure, public 

hearings and agreements with other parties. Usually 

plots are not required to have such local plan, unless it 

is stated so in the communal study. Each enacted plan 

has to be coherent with the regulations of communal 

study, which is the only possibility of spatial 

implementation of the latter.  

In case when there is no Local Area Development 

Plan, a simplified planning tool has been introduced in 

order to allow for uncomplicated development. These 

are planning decisions called Conditions of 

Development and Spatial Management (decyzja o 

warunkach zabudowy i zagospodarowania terenu). 

They are administrative documents, which are issued 

based on the examination of existing buildings in the 

surroundings and conformity of the proposal with 

other regulations. The general principle is to allow 

development that is consistent with the existing uses 

and matches the general built form parameters of the 

neighbourhood. This planning decision is initiated 

only with the investor’s proposal and then sets rules 
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for issuing building permission accordingly. 

4.2 Retail Planning 

In the current planning framework special rules for 

retail development have also been set. First of all, 

there is no definition of a shopping centre in the 

Polish law. Nevertheless, retail objects are treated 

differently from other buildings when their total sales 

area exceeds 2,000 m2. Sales area is defined in 

planning law as the direct trading area, not including 

the additional space for storage, offices, services, etc.. 

Therefore, it is not equivalent to the most common 

shopping centre attribute—GLA. 

Locations for shopping centres with the sales area 

over 2,000 m2 are required to be set in the Communal 

Study of Conditions and Directions of the Spatial Plan. 

Subsequently, they should be also designated in Local 

Area Development Plans, which have to comply with 

the communal study. In this case, all such 

development is meant to be designed upon a valid 

local plan. The existing law does not require any 

additional studies to be prepared, such as impact 

assessment on existing retail and local economy. Of 

course, the commune may prepare any additional 

analysis voluntary, but that does not happen often. 

Nevertheless, both procedures, for the study and local 

plan, are subject to public hearings and agreements 

with other authorities. 

Apart from the environmental impact assessment of 

the above planning projects, both the study and the 

local plan, additional environmental impact 

assessment procedure might be needed for some 

shopping centres. It is required by environmental laws, 

after determining if the planned centre would have a 

potential environmental impact. This course of action 

is carried out for centres of total usable floor area 

above 5,000 m2 in environmentally sensitive zones, 

and 20,000 m2 outside these regions. It should be 

noted that this area is a different parameter than GLA 

and sales area and that the environmental procedure is 

a separate part of the investment process. 

The previous planning law from 1994 was to some 

extent different from the above. There was a 

requirement to formulate an assessment of the impact 

of the planned retail scheme on labour market, 

communication and transport infrastructure, existing 

retail system as well as the needs and interests of 

consumers. The above borderline sales area of 

shopping centres was differentiated according to the 

size of the commune. In settlements smaller than 

20,000 inhabitants, it was lowered from 2,000 m2 to 

only 1,000 m2. After the reform in 2003, this 

requirement was abolished as an unnecessary obstacle 

to new development. 

Most usually, the communal studies do not include 

detailed locations of shopping centres or a complex 

strategy for retail development. Therefore, often they 

are amended to match the needs of a certain project, 

which means undergoing the whole planning 

procedures for these documents. These actions of 

local government are not distinctive only for the 

retail schemes. In times of the most rapid growth in 

the property market, other developments were 

planned in such a way, to match the demand for new 

investment. 

Theoretically, it is possible to issue a planning 

decision for a shopping centre, given that there is no 

local plan and that there is an existing retail scheme in 

the surrounding area. Therefore, it is scarcely used for 

planning new development, but rather for extensions 

or refurbishment of the existing centres. What is 

noteworthy is that in such situation the procedure is 

much quicker than in case the of a local plan—a few 

months rather than at least a year. It is without public 

hearings (with the right to comment limited only to 

the adjacent neighbours) and without the basic impact 

assessment. Moreover, the agreements with other 

authorities are limited by law to only a very few of 

them. On one hand, it simplifies the planning process 

a lot, but on the other does not give the power to the 

local government to refuse a planning decision, unless 

it would be against the law. 
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4.3 Retail Law of 2007 

In 2007, the Polish government has passed an 

additional law that individually concerned retail 

schemes [10]. This law was meant to “protect the 

public benefit and impose sustainable development” 

allocating more power to the government in terms of 

shopping structure growth and protecting the existing 

retail structure. It introduced a definition of large scale 

retail scheme (WOH—wielkopowierzchniowy obiekt 

handlowy), meaning any scheme with sales area 

exceeding 400 m2. Although this was an initiative 

meant to satisfy the public opinion, it met with 

substantial opposition and critique from the real estate 

market, eventually leading to abolishing this law a 

year later. 

The WOH law has amended the 2003 planning law 

by lowering the limit for special planning procedure 

from 2,000 m2 to 400 m2 of sales area. Therefore, this 

created the need to adjust existing communal studies 

to include smaller retail projects than before those 

between 400 m2 and 2,000 m2, which were not 

required to be previously included. Any local plan for 

such scheme drafted after the WOH law would be in 

contradiction to the communal study and could not be 

passed as local law. 

Another requirement for shopping centre 

development was introduced. Each construction of 

new large scale retail scheme required additional 

permission issued by the mayor. It had to be consulted 

with the town council and consistent with the 

communal study. In case of schemes larger than 2,000 

m2, it also had to be non conflicting the voivodship 

plan and received a positive consultation of 

viovodship parliament. This created problems that 

voivodship plans were rather not extensive in detailed 

retail development and that the parliament was not 

previously involved in planning at a local level. 

Moreover, this could lead to a situation, when the 

mayor with local government would pass a local plan 

allowing for a shopping centre and then perhaps have 

obligations to the same investment as part of the 

WOH law procedure.  

The most important component of the permission 

process set by WOH law concerned the impact 

analysis of new development. It had to examine its 

possible influences on infrastructure, local road 

system, local labour market, existing urban relations, 

existing retail system, including other WOH schemes, 

and impact on natural environment. This should have 

been performed by local authorities. Detailed 

governmental requirements for such analysis were to 

follow this law, but eventually never did. Another 

questionable factor was that it was allowed to attach 

such analysis by the developer to their planning 

application, which casted doubts on its independency 

and objectivity. 

But there should be a positive element of this law 

outlined as well. All the schemes were required to 

issue detailed information about their projects both 

planned as well as existing. Previously such 

information was not required. Owing to such 

regulations local government was allowed to gather 

data, that could be used for future planning purposes 

and monitoring changes in the retail system. 

In 2008, the Constitutional Tribunal has ruled that 

the WOH law was transgressing the Polish 

Constitution and this law was abolished, mainly due 

to unfair limitations in economical freedom. In the 

meantime developers put on hold most of their new 

project, waiting for this resolution, because the WOH 

law was supposed to be unconstitutional from the very 

beginning. Nevertheless, the law seems to have been 

good in principles, trying to give more power to the 

local government in influencing the retail system and 

providing them tools for analysis and planning future 

development. 

But there were also other downsides of the WOH 

law. First of all, it was introduced too late, when the 

core retail system was already built and the most 

influences on the existing situation already had 

happened. Secondly, the threshold was set too low, 

meaning that buildings not meant to be analysed and 
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not potentially harmful were included. Such were for 

example medium furniture departments, groups of 

small shops being a part of housing that assembled 

together exceeded 400 m2. Finally the law was 

prepared too hastily and the rules were not clear 

enough to provide a just, but also firm retail planning 

tool. 

5. Conclusions 

The case of shopping centre development in Poland 

is a very good example of its evolution, planning and 

absorption of new investment in a nutshell. At the 

beginning of 1990s, there was no modern shopping, 

but nowadays Poland is building the most current 

formats and the market is gradually becoming 

saturated up with retail space. The gap between Polish 

shopping centres and their western counterparts has 

quickly been filled. Nevertheless, such abrupt changes 

create tensions and problems in planning and 

managing their growth. 

The analysis of Polish case proves that it is difficult 

to quickly react to fast changes and adjust law 

framework and planning models accordingly. At the 

beginning, after the transformation, new investment 

was so eagerly welcomed that not always a proper 

analysis of possible impact was made. And that 

includes all new development, not only retail. 

Shopping centres bring both threats (impact on 

existing retail, transportation, urban form, public 

space, emptying city centres) as well as new 

opportunities, especially to the customers (variety in 

shopping offer, better prices resulting from 

competition, urban regeneration). It is difficult to set a 

clear borderline for governmental interference with 

the free market, especially in a country with socialist 

history. But obviously spatial planning and 

development of urban structures should be controlled.  

In Polish law, there are certain rules set for 

shopping centre location, although they are not subject 

to thorough analysis and studies of retail structure. 

They are quite relaxed compared to other countries, 

therefore, some developments were not wisely and 

well planned, lacking impact assessment. Some 

changes in space cannot be reversed. The WOH law 

was introduced too late, after the most growth had 

already occurred. It also had several flaws that 

brought to its final abolishment. Such laws should 

give transparent rules for decision making. Retail 

structure should be planned as a whole, beginning at a 

regional level and with detailed regulations at local 

level. There is a need for compulsory, comprehensive 

regional retail studies covering more than one 

commune, especially in metropolitan agglomerations. 

The thresholds for special planning rules should be set 

accordingly to the size of the city or whole 

conurbation, because there is a need to lower these 

limits in smaller towns. 

In the current, uncertain times developers are not 

eager to take risks, but still are investing and building 

new shopping centres in Poland. As the market will 

improve new tendencies are to emerge. They include 

building open and mixed use schemes with substantial 

amount retail floor space. Nowadays, smaller centres 

and shops, such as discount stores, are also being built, 

while virtual shopping and internet purchases are also 

more popular. Expansion and refurbishment of 

existing structures is inevitable, as the market 

competition is getting stronger. Eventually, if too 

much retail space is built, it may even lead to 

a situation when some centres will have to close and 

become dead malls, like in America. 

Well planned downtown shopping centres can help 

to strengthen city centres and make them attractive to 

customers again, thus contributing to the principles of 

smart growth and sustainability. With new funds, they 

bring new quality and fresh ideas that should not be 

hindered. These are opportunities for authorities to 

build on this potential and direct it towards a better 

built form of our cities. 
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Abstract: The amount of muddy soil generated from various kinds of construction sites is always problematic. It is very difficult to 
treat muddy soil because of its low strength and high water content. But, the reuse of muddy soil is necessary to reduce the total amount 
of industrial wastes. Surplus concrete is also in a similar situation. Coarse and fine aggregates are removed from surplus concrete as an 
intermediate treatment, however, concrete sludge still remains. The authors propose a reuse method that involves the muddy soil being 
mixed with concrete sludge as an improvement material. The possibility of the utilization of concrete sludge was investigated through 
laboratory experiments. As a result, it was found that the unconfined compressive strength of the improved soil mixed with concrete 
sludge increased as the curing proceeded. 
 
Key words: Reuse, concrete sludge, muddy soil, improvement material, curing process. 
 

1. Introduction 

Huge amounts of muddy soil have produced from 

various kinds of construction sites in recent years. 

According to the Ministry of the Environment [1], the 

percentage of sludge to the total amount of industrial 

wastes accounted for about 44.5% (about 173,630,000 

tons) in 2009 as shown in Fig. 1. Most of these soils are 

difficult to reuse as a construction material because of 

low strength and high water content. Surplus concrete 

is also in a similar situation. Surplus concrete or 

concrete returned from construction sites are also 

problematic. The Ministry of Land, Infrastructure, 

Transport and Tourism [2] have investigated fresh 

concrete factories and construction companies as to 

whether surplus concrete was generated or not at their 

sites, as shown in Fig. 2. Fig. 2 shows that the 

reduction and reuse of surplus concrete are important 

issues. Coarse and fine aggregates are removed from 

surplus concrete as an intermediate treatment, however, 

a large amount of concrete sludge still remains. 
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The authors investigated a reuse method of the 

concrete sludge and discussed using it as a soil 

improvement material through laboratory experiments. 

Fresh concrete was dewatered by air drying and 

crushed into small grains. The crushed concrete sludge 

was mixed with muddy soil which had high water 

content and low strength. The unconfined compressive 

strength of muddy soil improved by mixing with 

concrete sludge was investigated. The target strength of 

the unconfined compressive strength was set to 200 

kN/m2 (qc = 800 kN/m2) as the second grade of the 

construction material according to the reuse guidelines 

of the construction surplus and muddy soils [3]. 

Combinations of the mixing rate, the grain size and the 

curing time were investigated to achieve the target 

strength. The possibility of the utilization of concrete 

sludge was evaluated through laboratory experiment 

results. 

2. Experimental Procedures 

2.1 Materials 

The grain size distribution curves of materials used 

in this study are shown in Fig. 3. A soft muddy soil was  
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Table 1  Soil properties of test soil.  

Properties Value 

Water content (%) 26.3 

Density of soil grain (g/cm3) 2.62 

Liquid limit (%) 28.2 

Plastic limit (%) 16.2 

Unconfined compressive strength (kN/m2) Unmeasurable
 

 
Fig. 4  SEM image of the test soil. 

 

2.1.3 Blast Furnace Slag 

In the previous studies, it was elucidated that the 

hardening effect was not observed when GCS was used 

as a soil improvement material by mixing it with the 

muddy soil alone [4, 5]. Therefore, in order to propose 

the possibility of utilization of concrete sludge as soil 

improvement materials when combined with other 

improvement materials, the authors used the BFS to 

assist the stabilization of the muddy soil. The BFS is a 

byproduct which is produced by water fracturing 

through the quick cooling process of the fused steel 

slag from a blast furnace. It has sharp-edged, 

amorphous and uniformly sized grains under 5 mm in 

diameter and has also the high hardening activity 

(potential hydraulic property) due to much CaO and 

SO3 which are not stable because they solidify without 

crystallization. BFS is widely used in construction 

works as construction material and soil improvement 

additives [6, 7]. In this study, BFS is mixed with the 

test soil in a moist mass ratio of 5% or 10%. 

2.2 Sample Preparation 

Sample preparation procedures for the unconfined 

compression tests were as follows: 

(1) Initial water content of the test soil was adjusted 

and set into 28%; 

(2) The mass of the test soil, GCS and BFS were 

weighed and mixed at the predetermined rates as 

shown in Table 2; 

(3) Cylindrical test specimens were made without 

compaction according to JGS0821 [8]. Each specimen 

was 5 cm in diameter and 10 cm in height. 

Specimens were wrapped in polythene film and 

cured for 14, 28, and 90 days at a temperature of 20 oC. 

A series of unconfined compression tests were carried 

out immediately after the molding and curing. After 

unconfined compression tests, a SEM observation and 

an X-ray diffraction analysis were carried out. 
 

Table 2  Sample preparation conditions.  

Mixing rate 
of BFS (%)

Mixing rate of 
GCS (%) 

Maximum grain 
size (mm) 

Hydration 
time (h) 

0 

0 - - 

5 

1 
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3. Results and Discussion 

3.1 Strength and Curing Period 

Fig. 5 shows the relationship between the 

unconfined compressive strength and the mixing rate 

of GCS. The maximum grain size of GCS is 1 mm and 

the hydration time is 8 h. 

The unconfined compressive strength of specimens 

which cured for 0 day, meaning without curing, began 

to increase immediately after being mixed with GCS. 

This may be due to the grain size improvement and 

drops of water content by mixing GCS because of the 

lack of hardening time. In all test cases of 14 days and 

90 days, unconfined compressive strength increased as 

the mixing rate of GCS increased due to the hardening 

effect of GCS. And, this tendency is clear with respect 

to the increase in the mixing rate of BFS. Therefore, it 

was suggested that the hardening effect of BFS was 

larger than that of GCS. 

3.2 Strength and Maximum Grain Size 

Fig. 6 shows the relationship between the 

unconfined compressive strength and the maximum 

grain size. The mixing rate of BFS was 10% and the 

hydration time was 8 h. 

The unconfined compressive strength of improved 

soil that was mixed with the maximum grain size of 

1mm of GCS was larger than that with a maximum 

grain size of 5 mm. This tendency becomes more 

obvious with increases of curing days and the mixing 

rate of GCS. In the case, in which the improved soil 

was mixed with GCS 10% and BFS 10% and cured for 

90 days, the unconfined compressive strength mixed 

with 1 mm maximum grain size of GCS was double of 

the 5 mm one. So, it is shown that making a smaller 

maximum grain size is effective for the hardening 

activity. The specific surface of 1 mm of GCS was 

larger than that of 5 mm, and the hardening effect of 1 

mm was effective. 

3.3 Strength and Curing Time 

Fig. 7 shows the relationship between the 

unconfined compressive strength and the curing time. 

The maximum grain size is 1 mm. 

In the case in which BFS was mixed alone with test 

soil, unconfined compressive strength increased a little 

 
Fig. 5  The unconfined compressive strength and the mixing rate of GCS (maximum grain size: 1 mm, hydration time: 8 h).  
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Fig. 6  The unconfined compressive strength and the maximum grain size (mixing rate of BFS: 10%, hydration time: 8 h). 

 

 
Fig. 7  The unconfined compressive strength and the curing time (maximum grain size: 1 mm). 

 

after 90 days of curing time. This is derived from the 

fact that the potential hydraulic property was not shown 

well because there was no alkali stimulation in the 

improved soil. The unconfined compressive strength 

increased between 0 day and 14 days of the curing time 

in the case in which 10% GCS was mixed alone. This 

is because the strength increased at the early stage of 

hardening. However, after 14 days of curing time, the 

strength did not change so much. The unconfined 

compressive strength mixed with both GCS and BFS 
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rapidly increased from 0 day, and also increased after 

14 days of curing time. The long-term increase in 

unconfined compressive strength was due to the 

hydraulic property of BFS which was larger than the 

hardening effect of cement sludge. From these 

tendencies, it was explained that the hydration ability 

of cement sludge terminated within 14 days and blast 

furnace slag needed long-term curing to show its 

potential hydraulic property. 

A 200 kN/m2 target strength was attained after a 

14-day curing of improved soil that was mixed with the 

GCS and BFS together.  

3.4 Hardening Reaction Products 

3.4.1 X-ray Diffraction Analysis 

X-ray diffraction analysis was used to analyze the 

hardening reaction products for the improved soil 

mixed  with BFS 10%  and GCS 10%  (maximum grain 
 

 
Fig. 8  SEM images of GCS in the improved soil (hydration 
time: 8 h, curing: 1 day).  

 

 
Fig. 9  SEM images of improved soil mixed with GCS and 
BFS (hydration time: 8 h, curing: 1 day).  

size: 1 mm, hydration time: 8 h) which was the most 

effective mixing ratio between BFS and GCS. 

However, hardening reactants like ettringite were not 

observed in this result [5]. 

3.4.2 Scanning Electron Microscope Observation 

Figs. 8 and 9 show the results of scanning electron 

microscope observations. 

Fig. 8 shows an electron microscope image of the 

improved soil that was mixed with GCS with a 

hydration time of 8 h. Calcium reactants can be seen on 

the surface of the soil particle. And, thin needle-formed 

ettringite reactants can be seen in the voids between 

soil particles. 

Fig. 9 shows an electron microscope image of the 

improved soil that was mixed with both BFS and GCS 

with a hydration time of 8 h. Many thick needle-formed 

ettringite reactants can be seen. The length of reactants 

was from several micro meters to 20 μm. They were 

remarkably observable in comparison with Fig. 8. 

4. Conclusions 

The authors have proposed a reuse method of the 

surplus concrete sludge as a soil improvement material. 

Unconfined compressive strength and hardening 

mechanisms of test soil mixed with GCS and BFS were 

investigated. The main conclusions are as follows: 

(1) The improved soil had higher strength as the 

maximum grain size of GCS became smaller, the 

hydration time was shorter, and the mixing rate was 

larger; 

(2) In early-term curing, grain size improvement and 

drops of water content by mixing GCS contributed to 

the strength development. In long-term curing, the 

hydration ability of GCS and potential hydraulic 

property of BFS contributed to the strength 

development; 

(3) In the case of curing for 14 days and using GCS 

which has a maximum grain size of 1 mm and the 

hydration time of 8 h, the target strength was attained 

by mixing in 5% GCS and 5% BFS together; 

(4) Hardening reactants can be seen in the improved 

5 m 

10 m 
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soil that was mixed with both BFS and GCS through 

the scanning electron microscope observations. 
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Abstract: Iraq is facing water shortage problem despite the presence of the Tigris and Euphrates Rivers. In this research, long rainfall 
trends up to the year 2099 were studied in Sulaimani city northeast Iraq to give an idea about future prospects. The medium high (A2) 
and medium low B2 scenarios have been used for purpose of this study as they are more likely than others scenarios, that beside the fact 
that no climate modeling canter has performed GCM (global climate model) simulations for more than a few emissions scenarios 
(HadCM3 has only these two scenarios) otherwise pattern scaling can be used for generating different scenarios which entail a huge 
uncertainty. The results indicate that the average annual rainfall shows a significant downward trend for both A2 and B2 scenarios. In 
addition, winter projects increase/decrease in the daily rainfall statistics of wet days, the spring season show very slight drop and no 
change for both scenarios. However, both summer and autumn shows a significant reduction in maximum rainfall value especially in 
2080s while the other statistics remain nearly the same. The extremes events are to decrease slightly in 2080s with highest decrease 
associated with A2 scenario. This is due to the fact that rainfall under scenario A2 is more significant than under scenario B2. The 
return period of a certain rainfall will increase in the future when a present storm of 20 year could occur once every 43 year in the 2080s. 
An increase in the frequency of extreme rainfall depends on several factors such as the return period, season of the year, the period 
considered as well as the emission scenario used. 
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1. Introduction 

The MENA (Middle East and North Africa) region 

is considered as an arid to semi-arid region where 

annual rainfall is about 166 mm [1]. Water resources in 

this region are scarce and the region is threatened by 

desertification. Population growth, industries and using 

high natural resources are main factors that effect on 

water resources. Salem [2] stated that 90% of the 

available water resources will be consumed in 2025. 

UN (United Nation) considers nations having less 

than 1,500, 1,000 and 500 (m3/s) per capita per year as 

under water stress, under water scarcity severe water 

stress, respectively. The average annual available water 
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per capita in MENA region was 977 (m3/s) in 2001 and 

it will decrease to 460 (m3/s) in 2023 [3, 4]. For this 

reason, the scarcity of water resources in the MENA 

region, and particularly in the Middle East, represents 

an extremely important factor in the stability of the 

region and an integral element in its economic 

development and prosperity [5, 6]. 

The water shortage situation will be more severe in 

future [7, 8]. Climate change is one of the main 

factors for future water shortages expected in the 

region [9]. At the end of the century, the mean 

temperatures in the MENA region are projected to 

increase by 3 oC to 5 oC while the precipitation will 

decrease by about 20% [10]. According to IPCC 

(Intergovernmental Panel on Climate Change) [11], 

run-off will be reduced by 20% to 30% in most of 
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MENA by 2050 and water supply might be reduced by 

10% or greater by 2050 [12]. 

Iraq was considered rich in its water resources due to 

the presence of the Tigris and Euphrates Rivers. A 

major decrease in the flow of the rivers was 

experienced when Syria and Turkey started to build 

dams on the upper parts of these rivers [13]. Tigris and 

Euphrates discharges will continue to decrease with 

time and they will be completely dry up by 2040 [14]. 

In addition, future rainfall forecast showed that it is 

decreasing in Iraq’s neighboring “Jordan” [15-17]. 

In this research, rainfall records dated back to 

1980-2001 for Sulaimani city were studied and used in 

this research. These data were used in two different 

models to evaluate long-term rainfall amounts 

expected in northeast Iraq due to two scenarios of 

climate change.  

2. Study Area 

Iraq occupies a total area of 437,072 km2. Land 

forms 432,162 km2 while water forms 4,910 km 2 of the 

total area. Iraq is bordered by Turkey from the north, 

Iran from the east, Syria and Jordan from the west, and 

Saudi Arabia and Kuwait from the south (Fig. 1). The 

total population in Iraq in 2014 is about 30,000,000. 

Iraq is composed of 18 Governorates (Fig. 1). 

Topographically, Iraq is divided into four regions  

(Fig. 2). The mountain region occupies 5% of the total 

area of Iraq, restricted at the north and north eastern 

part of the country. This region is part of 

Taurus-Zagrus mountain range. Plateau and Hills 

Regions is the second region and it represents 15% of 

the total area of Iraq. This region is bordered by the 

mountainous region at the north and the Mesopotamian 

plain from the south. The Mesopotamian plain is the 

third region and it is restricted between the main two 

Rivers, Tigris and Euphrates. It occupies 20% of the 

total area of Iraq. This plain extends from north at 

Samara, on the Tigris, to Hit, on the Euphrates, toward 

the Persian Gulf in the south. The remainder area of 

Iraq which forms 60% of the total area is referred to as 

the Jazera and Western Plateau. 

Sulaimaniyah Governorate is located northeast Iraq 

on the border with Iran within the mountain region  

(Fig. 2). The area of the governorates reaches 17,023 

km2 which forms 9.3% of the total area of Iraq. The 

population of the governorate reaches 1,878,800, and 

in the capital city of the governorate reaches 725,000. 

The area is characterized by its mountains. The 

maximum elevation reaches maximum altitude of 

3,500 m above sea (m.a.s.l) level in the northeast while 

it drops to 400 m.a.s.l in the southern part.    
 

 
Fig. 1  Physiography of Iraq.  
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Fig. 2  Map of Iraq with enlarge view of the 10 districts of Sulaimani (Sulaimaniyah) Governorate.  

 

The weather in the summer is rather warm, with 

temperatures ranging from 15 oC to 40 oC and 

sometimes up to 45 oC. Sulaimani city is usually windy 

during winter and there are spills of snow falling 

sometimes. This season extends from December till 

February. However, the temperature in the winter 

season is about 7.6 oC. The average relative humidity 

for summer and winter are 25.5% and 65.6%, 

respectively, while the evaporation reached 329.5 mm 

in summer and 53 mm in winter where the average 

wind speed in winter 1.2 ms-1 and little bit more in 

summer 1.8 ms-1. Sunshine duration for winter is half 

its values for summer where it reaches 5.1 h and 10.6 h 

(hours) in winter and summer, respectively. Average 

monthly rainfall in winter reaches 110.1 mm. Rainfall 

season starts in October at Sulaimani with light rainfall 

storms and it intensifies during November and 

continues till May. 

3. Data Collection  

The daily atmospheric variables were derived from 

the NCEP (National Centre for Environmental 

Prediction) (NCEP/NCAR) reanalysis data set [18] for 

a period of January 1980 to December 2001. The data 

have a horizontal resolution of 2.5o latitude by 2.5o 

longitude. The daily rainfall data were obtained from 

Iraqi Meteorological Office and available for the 

period January 1980 to December 2001. The met office 

in UK provides GCM (global climate model) data for a 

number of surface and atmospheric variables for the 

HadCM3 (third version Global Climate Model) which 

has a horizontal resolution of roughly 2.5o latitude by 

3.75o longitude and a vertical resolution of 29 levels. 

These data have been used in the present study and 

comprise of present-day and future simulations forced 

by two emission scenarios, namely A2 and B2. The 

medium high (A2) and medium low B2 scenarios have 

been used for purpose of this study as they are more 

likely than others scenarios. In addition, no climate 

modeling center has performed GCM simulations for 

more than a few emissions scenarios (HadCM3 has 

only these two scenarios) otherwise pattern scaling can 

be used for generating different scenarios which entail 

a huge uncertainty. The GCM data are re-gridded to a 

common 2.5o using inverse square interpolation 

technique [19]. The utility of this interpolation 

algorithm was examined in previous down-scaling 

studies [20, 21]. 

4. Overview on Methodology 

GCMs (general circulation models) solve the 

principal physics equations of the dynamics of the 

atmosphere and of the oceans together with their 

interactions on a 3D grid over the globe. GCMs allow 
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to simulate climate variables and to study the 

mechanisms of the present, past and future climate of 

the Earth. However due to the coarse scale of the GCM 

in order of hundred kilometers, downscaling approach 

is generally used to obtain local scale feature. 

Overview of downscaling approaches has been 

provided in Refs. [22, 23]. 

In line with the scope of this study that simple 

approaches across a wide range of application are 

preferable. The present study used SD (statistical 

downscaling) method that is considered as one of the 

most cost-effective methods in local-impact 

assessments of climate scenarios and weather forecast. 

The SD is cheap to run and universally applicable, this 

is why the current study has been applied it to the case 

study of Iraq. 

4.1 Optimization of Predictors 

Determination of appropriate predictors for the input 

layer is very important to build the downscaling of 

rainfall model. This process tends not only to drop out 

those variables that have less influence on the output to 

avoid over fitting but also to overcome the shortage of 

historical record used for calibration processes. As 

addressed in the previous section, the study area is 

dominated by the orographic rainfall, therefore, among 

the range of variables provided by the NCEP/NCAR 

data, only few variables which are driving factors for 

the orographic rainfall evolution were selected in the 

calibration processes. So, predictors screening was 

conducted to finalize a good set of predictors based on 

“stepwise regression” or known as forward regression. 

It yields the most powerful and parsimonious model as 

has been shown by previous studies [24, 25]. 

4.2 Developing Downscaling Rainfall Model 

ANN (artificial neural network) is simply 

understood as a nonlinear statistical data modeling tool 

that presents complex relationships between predictors 

(input layer) and predictants (output layer) through a 

synapse system hidden layers connecting predictors 

with predictants, or the so called required outputs. As a 

result, ANN has demonstrated its wide range of 

application to solve complicated problems in many 

fields, for instance, engineering and environment [26]. 

For the current application of ANN as downscaling 

technique, ANN aims at directly translating large-scale 

data into local-scale values by performing nonlinear 

regressions. The large scale observed NCEP climatic 

variable and local scale observed rainfall were used to 

build this relationship. Then large scale predictors from 

GCM were fed into the ANN model to generate local 

scale future projection. In SD approach, it is assumed 

that this relation is constant with changing climate [25]. 

Each set of selected predictor variables in the previous 

section were used to calibrate and validate the 

corresponding dynamic neural networks downscaling 

method for four seasons—winter (JFD), spring (MAM), 

summer (JJA) and autumn (SON). Fig. 3 shows the 

structure of ANN used in building rainfall downscale 

model with k neurons for the hidden layer 1 and J 

neurons for hidden layer 2 and w weights of the link 

that connected all ANN layers. 

Since GCMs do not always perform well at 

simulating the climate of a particular region, this means 

that there may be large differences between observed 

and GCM-simulated conditions (i.e., GCM bias or 

error). This could potentially violate the statistical 

assumptions associated with SD and give poor results if 

the predictor data were not normalized [27]. The 

normalization process ensures that the distributions of 

observed and GCM-derived predictors are in closer 

agreement than those of the raw observed and raw 

GCM data. So, all the inputs of the ANN model have 

been normalized as shown in Fig. 3. 

All of the ANN models developed herein contain a 

mapping ANN architecture and are based on 

supervised learning. In the developed network, the 

learning method used is a feed forward back 

propagation, and the sigmoid and linear functions   

are the transfer function used in the hidden and   

output layer respectively which are commonly used, e.g.,  
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Table 1  Selected climate variable (predictors).  

Predictors 

JFD MAM JJA SON 

sig Zero-order 
Partial 
correlation

sig Zero-order 
Partial 
correlation

sig Zero-order
Partial 
correlation

 
 

sig Zero-order
Partial 
correlation 

Zonal velocity - - - - - - 0.025 0.05 -0.036  - - - 

Lagged zonal velocity (500) - - - - - - - - -  0.027 0.040 0.067 

Meridional velocity - - - - - - - - -  0.001 -0.013 0.098 

Lagged meridional velocity 0.001 0.039 0.116 - - - - - -  - - - 

Lagged meridional velocity (500) - - - - - - 0.002 0.073 0.050  - - - 

Meridional velocity (850)    0.001 -0.056 -0.052 - - -  - - - 

Airflow strength (850) - - - 0.004 0.029 0.046 - - -  - - - 

Laggedair flow strength (500) - - - - - - 0.003 0.068 0.049  0.004 0.032 -0.010 

Relative humidity 0.000 -0.069 -0.124 - - - - - -  - - - 

Lagged relative humidity - - - 0.000 0.116 0.064 - - -  0.006 0.154 0.084 

Relative humidity (500) - - - 0.001 0.044 0.053 - - -     

Lagged relative humidity (500) - - -    - - -  0.085 0.099 0.052 

Relative humidity (850) - - - 0.000 0.051 -0.070 - - -  - - - 

Lagged relative humidity (850) 0.002 0.063 0.108 - - - - - -  - - - 

Wind direction - - - - - - - - -  0.004 -0.098 -0.088 

Wind direction (850) - - - - - - - - -  0.001 -0.086 -0.101 

Lagged wind direction 0.0004 -0.094 -0.102 - - - - - -  - - - 

divergence 0.011 0.010 0.090 - - - - - -  - - - 

Geopotential height (500) - - - 0.012 -0.082 0.041 - - -  - - - 

Lagged vorticity (850) - - - 0.045 0.025 0.033 - - -  - - - 

Temperature - - - - - - - - -  0.047 -0.136 -0.060 

Lagged temperature - - - 0.000 -0.126 -0.058 - - -  - - - 
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at 500 and vorticity at 850 was captured in spring only. 

Table 1 shows ranges of significant correlation 

between 0.013-0.136 and 0.01-0.124 for zero and 

partial correlation respectively with significant level of 

less than 5% which results in number of selected 

predictors ranged between 3-8 predictors across the 

four seasons. 

5.2 Rainfall Model Feature and Efficiency 

To adequately assess the ability of the ANN 

technique employed to capture the underlying 

relationships between the large-scale atmospheric 

predictors and rainfall, the data were split into three 

periods, one for calibration & validation and that 

applied during the training process and another set for 

independent verification purposes after the training 

terminate. The validation period is normally applied for 

ANN during the training to monitor the training error in 

order to avoid the over fitting. The calibration and 

validation periods for the four seasonal models were 

selected randomly within the period 1980-2001. 

Different percentages have been tested to investigate 

the suitable ratio which results in 80% of the data were 

selected for calibration, 5% for validation and 15% for 

verification. When calibrating the ANN, outliers were 

found to have a large impact on the resulting models 

and were excluded from subsequent analysis. 

Structures of the neural networks used in building 

the models are shown in Fig. 4. It can be deduced from 

the network structures in Fig. 4 that the ANN 

modelling approach employs a larger number of 

neurons in the hidden layers for all seasons. This larger 

number of neurons in the hidden layers generally 

contributes to the accuracy of the model and was 

selected based on the size of the input layer and ability 

of the model to perform well in term of ANN 

performance function (RMSE).  

Table 2 shows results of the model produced from 

ANN against the observed data for each season in 

respect of mean, standard deviation and skewness. 

Generally, all the fitted seasonal models perform well, 

as they reproduce the mean exactly. Nevertheless, 

looking at the model results in terms of standard 

deviation and skewness, there is some 

over/underestimation respectively across the whole 

seasons. This can be attributed to the fact that study 

area has the high rainfall variability and skewness 

(intense rainfall) due to the location in the mountainous 

area.  

Figs. 5 and 6 show the comparison between monthly  
 

 
Fig. 4  Structure of ANN for (a) winter, (b) spring, (c) summer and (d) autumn models which were trained with back 
propagation alogrith using sigmoid and linear functions in the hidden and output layer.  
 

Table 2  Statistics of model-computed versus observed daily rainfall for years 1980-2001.  

Parameter 
Mean Standard deviation Skewness 

Observed  Simulated Observed  Simulated  Observed  Simulated 

JFD 4.01 4.19 9.71 7.82  4.69 6.77 

MAM 2.56 2.54 7.33 5.45  5.37 6.83 

JJA 0.01 0.01 0.16 0.14  37.57 38.71 

SON 0.87 0.89 4.75 4.05  9.53 12.39 
 

(a) (b)

(c) (d)
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Fig. 5  Average monthly rainfall of the observed and simulated rainfall during calibration and verification periods 
(1980-2001). 
 

 
Fig. 6  Average monthly numbers of wet days of the observed and simulated rainfall during calibration and verification 
periods (1980-2001).  
 

rainfall for both the observed and modelled series for 

the calibration and verification periods (1980-2001) 

which demonstrate a good degree of correspondence. 

The visual plot in Fig. 6 shows the monthly average 

wet days for the observed and modelled rainfall for 

calibration and verification periods. The plot shows 

that the model is slightly over and under estimate the 

rainfall for some months by up to 2 days which 

demonstrated that ANN is a good choice for 

downscaling future rainfall. This would entail the 

assumption that model parameters are assumed time 

invariant and would not change in future. So both 

monthly pattern (wet days and rainfall) would appear to 

have been adequately captured by the model, an 

important requirement when assessing climate impacts 

on such systems as the hydrological system. 

Furthermore, quantile-quantile plots [35] of the four 

seasons were used to assess the model performance by 

comparing the simulated rainfall against the observed 

one after arranged in ascending order (Fig. 7). As seen 

in Fig. 7, model bias was found for most storm events 

for the four seasons. The model output-driven rainfall 

prediction was a bit lower than the actual observation. 

A reason for this discrepancy might be explained by the 

converse behavior of altitudinal dependence of 

precipitation between actual observation and that 

obtained from model outputs. 

Ability of the seasonal models in reproducing the 

current climate was also evaluated using correlation 

coefficient (R), Nash coefficient (Nash) [36], RMSE 

(root mean squared error) [37] and Bias [38] as in Figs. 

8 and 9. The autumn and summer months appear to 

produce the best results as represented with high    

the correlation and Nash coefficient of 0.88 & 0.89 and 
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   (a)                                        (b) 

 
 

      (c)                                        (d) 
Fig. 7  Quantile-quantile plot for observed and simulated daily rainfall for (a) winter, (b) spring, (c) summer and (d) autumn 
during calibration and verification periods (1980-2001).  
 

 
Fig. 8  ANN model efficiency in terms of R and Nash during calibration and verification periods (1980-2001). 
 

 
Fig. 9  RMSE and Bias for calibration and verification periods (1980-2001) for the four seasons.  
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0.77% & 0.79, respectively. As results the Bias and 

RMSE were quite low in order of 3% and 2% as a 

maximum. However, all results are comparable 

between seasons and the correlation between day to 

day variability does not go below 0.60 with 

corresponding efficiency of 0.42, Bias 4.6% and RMSE 

7.5% as a minimum and that was associated with the 

winter season. 

Extreme rainfall is considered one of the most 

important parameters used in the design of many 

hydrological systems. So the ability of the ANN model 

to reproduce extreme values of rainfall has also been 

assessed in this study using a combined approach of 

annual maximum and GEV (generalised extreme value) 

distribution [39]. Fig. 10 shows an example of the CDF 

(cumulative distribution function) for the observed and 

simulated extremes (daily) rainfall at Iraq in the winter, 

spring, summer and autumn seasons. It can be observed 

in Figs. 10a-10d that the cumulative distribution 

function produced by the ANN model closely matches 

or exceeds the corresponding observed one for extreme 

rainfall at daily scale at all seasons. The conclusion that 

can be made from cumulative distribution function plots 

is that the ANN model is reasonable in representing 

extreme rainfall observations and their probability. 

5.3 Scenarios of Future Rainfall Projection up to 21st 

Century  

Once the downscaling models have been calibrated 

and validated, the next step is to use these models to 

downscale the control scenario and future scenario 

simulated by the GCM (HadCM3). Synthetic daily 

rainfall time series were produced for HadCM3 A2 for 

a period of 139 years (1961-2099). The outcome was 

divided by three  periods of time, which are 2020s 

(2010-2039), 2050s (2040-2069) and 2080s 

(2070-2099). Climate change was assessed by 

comparing these three future time slices with baseline 

period of 1961-1990 as recommended by the 

Intergovernmental Pannel of Climate Change.   

 
 

     (a)                                          (b) 

 
 

      (c)                                           (d) 
Fig. 10  CDFs of model-computed versus observed daily extremes rainfall for (a) JFD, (b) MAM, (c) JJA and (d) SON for 
years 1980-2001.  
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Trend study for observed rainfall data is widely used 

as a base reference or a caveat of climate change 

studies [40]. Also, it can provide a quick visual check 

for the presence of unreasonable values (outliers). 

However, the usefulness of trend study is always being 

questioned as the these trends depend on the accuracy 

of the observed data. Possible trends in the data are 

investigated to offer an historical context before further 

climate change assessments in this work.  

Using a simple linear trend approach [41], the 

gradient and its variance of the resulting regression of 

the hydrological series with respect to time is used to 

check the possible trends in the rainfall series. Based on 

the Wald statistics, the significance of trend gradients 

is tested based on a normally distributed assumption 

(significant level is 5%). Hannaford and Marsh [41] 

used a similar linear regression approach to look at 

runoff trends in UK. Fig. 11 shows series plots and 

their trend lines for the average annual rainfall for 

which show a significant downward trend for both A2 

and B2 scenarios for the period 1961-2099 with acute 

trend for A2 scenario and that indicate climate change 

did take place since the observed period data. 

Fig. 12 presents average monthly rainfall simulated 

by HadCM3 GCM for A2 and B2 scenarios of 

greenhouse emission for the three future periods 

compared with the baseline period. Both plots 

consistently project some reduction in the monthly 

rainfall for the 2020s, 2050s and 2080s; however, 

2080s experience largest drop especially during April 

(0.51%) and July (77%) months of A2 and during May 

(49%) and July (79%) of B2. Generally, the projected 

rainfall in future varies significantly/slightly amongst 

the three future periods and the emission scenario 

considered as A2 experience more significant 

reduction than scenario B2. 

Other comparative plots of future periods against the 

baseline period are the daily rainfall box plots of the four 

seasons of A2 and B2 scenarios which were presented 

in Fig. 13. The daily rainfall box plots are  different 

across all seasons for the entire statistics while mix 

projections were found within the future periods. While 

the winter projects some increase/decrease in the daily 

rainfall statistics of wet days (maximum, 3rd quantile, 
 

 
 

      (a) 

 
 

    (b) 

Fig. 11  Average annual rainfall for (a) A2 scenario and (b) B2 scenario compared with control period.  
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(a) 

 
 

(b)  
Fig. 12  Average monthly rainfall for (a) A2 and (b) B2 scenarios relative to baseline period.  
 

 
(a) 

 
(b) 

Fig. 13  The daily rainfall box plots across the four seasons for different future periods of (a) A2 and (b) B2 scenarios 
compared with baseline period. 

0

20

40

60

80

100

120

140

160

0 1 2 3 4 5 6 7 8 9 10 11 12

R
ai
n
fa
ll 
(m

m
)

Basline 2020s 2050s 2080s

0

20

40

60

80

100

120

140

160

0 1 2 3 4 5 6 7 8 9 10 11 12

R
ai
n
fa
ll 
(m

m
)

Basline 2020s 2050s 2080s

0

5

10

15

20

25

30

35

40

45

R
ai
n
fa
ll 
(m

m
)

JFD MAM JJA SON

0

5

10

15

20

25

30

35

40

45

R
ai
n
fa
ll 
(m

m
)

JFD MAM JJA SON 

Month

Month



Climate Change and Future Long-Term Trends of Rainfall at North-East of Iraq 

 

802

 

mean, 1st quantile and minimum), the spring season 

show between very slight drop and no change for both 

scenarios. However, both summer and autumn show a 

significant reduction in maximum rainfall value 

especially in 2080s while the other statistics remain 

nearly the same. In term of mean daily rainfall, a drop 

up to 8%, 6% and 24% for winter, spring and autumn 

respectively can be detected for A2 scenario by 2080s, 

while B2 projects a maximum drop of up to 6%, 10%, 

48% and 18% for winter, spring, summer and autumn. 

Moreover, analysis for the obtained quantiles 

simulated by GEV revealed changes in the intensity 

and frequency (return period) of the extreme rainfall in 

the future periods of the 2020s, 2050s and 2080s for 

scenario A2 and B2 compared to the extreme rainfall 

derived from the observed baseline period 1961-1990 

as in Fig. 14. The extremes events are projected to 

decrease slightly in 2080s with highest decrease 

associated with A2 scenario. This is because the 

rainfall under scenario A2 is more significant than 

under scenario B2 (the IPPC assumption is that CO2 

concentration is higher in A2 than B2). So that causes 

the temperature to be very high with increase in 

emission scenario leading to more water vapor and in 

turn more rainfall. 

The 2020s and 2050s showed no considerable 

change across the different return periods for A2 and 

B2 especially with the higher return period while the 

lower periods show some increase and decrease. The 

results obtained from the extreme analysis of rainfall in 

the future periods under climate change clearly 

demonstrate that in general future extreme rainfalls are 

projected to be less frequent especially in 2080s while a 

very small drop is detected (up to 2%) due to location 

of the study area in mountain region. The return  

period of a certain rainfall will increase in the future as 
 

 
(a) 

 
(b) 

Fig. 14  Future daily rainfall extremes for different return period of (a) A2 and (b) B2 scenarios compared with baseline 
period.  
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demonstrated by the dashed line for quantile-return 

period plot displayed in Fig. 14 when a present storm 

of 20 year could occur once every 43 year in the 2080s. 

The results in Fig. 14 also show that an increase in the 

frequency of extreme rainfall varies between the future 

periods and the emission scenarios considered. 

6. Conclusions 

Iraq is facing water shortage problems. In this 

research, rainfall records were investigated in the 

northeast part of Iraq to analyze the expected future 

rainfall trends. Rainfall records of Sulaimani city were 

used in two scenarios—A2 and B2. The results indicate 

that the average annual rainfall shows a significant 

downward trend for both A2 and B2 scenarios for the 

period 1961-2099 with acute trend for A2 scenario and 

that indicate climate change did take place since the 

observed period data. Average monthly rainfall 

simulated by HadCM3 GCM for A2 and B2 scenarios 

of greenhouse emission for the three future periods 

compared with the baseline period show some 

reduction in the monthly rainfall for the 2020s, 2050s 

and 2080s; however, 2080s experience largest drop 

especially during April and July months of A2 (51% 

and 77%) and during May and July of B2 (49% and 

79%) . 

Generally, the projected rainfall in future varies 

significantly/slightly amongst the three future periods 

and the emission scenario considered as A2 experience 

more significant reduction than scenario B2. 

Moreover, analysis for the obtained quantiles 

simulated by GEV revealed changes in the intensity 

and frequency (return period) of the extreme rainfall in 

the future periods for scenario A2 and B2 compared to 

the extreme rainfall derived from the observed baseline 

period. The extremes events are to decrease slightly in 

2080s with highest decrease associated with A2 

scenario. This is because the rainfall under scenario A2 

is more significant than under scenario B2. The 2020s 

and 2050s showed no considerable change across the 

different return periods for A2 and B2 especially with 

the higher return period while the lower periods show 

some increase and decrease. 
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