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ABSTRACT 
Drying shrinkage of concrete is often estimated using a phenomenological approach where it is 
assumed that shrinkage is proportional to the change in internal humidity. In this study, a 
mechanistic approach was used which instead aims to mathematically describe the physical 
processes of drying shrinkage. Simulations of two laboratory tests were made and compared to 
results from two models based on the phenomenological approach. The results show that the 
developed model can describe drying shrinkage of concrete equally well as the 
phenomenological models but without the need to specify the final drying shrinkage strain. 
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1. INTRODUCTION
Drying shrinkage of concrete is often estimated by code-based relations such as those given in
the Eurocode 2 [1]; or by the use of another phenomenological approach where it is assumed
that drying shrinkage is proportional to the change in internal humidity. In the aforementioned
methods, the real physical processes of drying shrinkage are not considered. These physical
processes need to be accounted for explicitly in a real prediction of drying shrinkage. To this
end, a multiphase poromechanical model is used herein in which a mechanistic approach to
drying shrinkage is adopted. 

2 MEHCANISTIC APPROACH TO MODEL DRYING SHRINKAGE 
Due to the porous structure of concrete, a capillary pressure arises in the pore network as the 
material starts to dry. This pressure is in fact composed of several components, whose 
magnitude depends on the actual saturation level in the material. This has been widely discussed 
in the literature; see for example [2, 3]. The increasing capillary pressure during drying causes a 
decreasing pressure in the fluids (water and air) occupying the porous network, which in turn 
acts on the solid skeleton causing the shrinkage. The deformations of the solid phase can be 
described by the use of the effective stress principle [4]. In addition to the instantaneous 
deformation from the actual drying, it is also important to account for creep deformations of the 
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solid phase since the fluid pressures becomes rather high, [5]. The effect of creep deformations 
are of course more pronounced when studying early age concrete.   

3 MATHEMATICAL MODEL 
To describe drying shrinkage of concrete according to the mechanistic approach, the concrete 
material is modelled as a deforming multiphase porous medium. The multiphase system is 
assumed to consist of the three phases: solid (s), liquid (w) and gas (g) where the gas phase is 
composed of the two species vapour (W) and dry air (D). The system of equations described 
below is implemented with the finite element method and solved using Comsol Multiphysics 
[6].  

3.1 Governing equations 
The governing equations used in this study are derived based on the Thermodynamically 
Constrained Averaging Theory (TCAT), [7]. In total, there are ten governing equations in the 
mathematical model: three momentum balances in Eq. (1), four mass balances in Eq. (2) and 
three energy balances in Eq. (3). 

∇ ⋅ (𝜀𝜀𝛼𝛼𝐭𝐭𝛼𝛼) = 0 (1) 

𝜕𝜕(𝜀𝜀𝛼𝛼𝜌𝜌𝛼𝛼𝜔𝜔𝑖𝑖𝛼𝛼)
𝜕𝜕𝜕𝜕

+ ∇ ∙ �𝜀𝜀𝛼𝛼𝜌𝜌𝛼𝛼𝜔𝜔𝑖𝑖𝛼𝛼𝐯𝐯𝛼𝛼� + ∇ ∙ �𝜀𝜀𝛼𝛼𝜌𝜌𝛼𝛼𝜔𝜔𝑖𝑖𝛼𝛼𝐮𝐮𝑖𝑖𝛼𝛼� + ∑𝑀𝑀𝑖𝑖𝛼𝛼→𝑖𝑖𝑖𝑖 = 0 (2) 

𝜀𝜀𝛼𝛼𝜌𝜌𝛼𝛼𝐶𝐶𝑝𝑝𝛼𝛼
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

+ 𝜀𝜀𝛼𝛼𝜌𝜌𝛼𝛼𝐶𝐶𝑝𝑝𝛼𝛼𝐯𝐯𝛼𝛼 ∙ ∇𝑇𝑇 − ∇ ∙ (𝜀𝜀𝛼𝛼𝜆𝜆𝛼𝛼𝛻𝛻𝑇𝑇) = ∑𝑀𝑀𝑖𝑖→𝛼𝛼 (3) 

In Eqs. (1-3), 𝛼𝛼 is the phase (s,w,g), 𝑖𝑖 the species (W, D), 𝜀𝜀 the volume fraction, 𝜌𝜌 the intrinsic 
density, 𝐭𝐭 the stress tensor, 𝜔𝜔 the mass fraction, 𝐯𝐯 the velocity, 𝐮𝐮 the diffusive velocity, 𝑀𝑀 a 
source term, 𝐶𝐶𝑝𝑝 the specific heat capacity, 𝑇𝑇 the temperature and 𝜆𝜆 the thermal conductivity. It 
should be noted that the governing equations (1) and (3) are summed over all three phases, 
resulting in one balance equation for momentum and energy, respectively. Concerning the mass 
balances, the liquid phase (w) and vapour species (Wg) are summed into one balance equation. 
In summary, this results in five governing equations. Capillary pressure, gas pressure, 
deformations and temperature are chosen as dependent variables in the system of equations.  

3.2 Boundary conditions 
The governing equations must be complemented with appropriate boundary conditions. 
Concerning the mechanical part, i.e. Eq. (1), prescribed displacements are used while moisture 
and temperature fluxes of convective type are used for Eqs. (2-3).  

3.3 Constitutive relations 
In order to close the system of governing equations, they must be complemented with a number 
of constitutive relations, defined similarly to [5]. The mechanical behaviour of the solid skeleton 
is modelled using a linear elastic material model. However, a creep model based on the 
Microprestress-Solidification theory is also used on a similar form as in [8]. The mechanical 
constitutive relation is defined as 

𝐭𝐭 = 𝔻𝔻: (𝐞𝐞 − 𝐞𝐞𝜕𝜕ℎ − 𝐞𝐞𝑐𝑐𝑐𝑐) − 𝑏𝑏𝑝𝑝𝑠𝑠𝐈𝐈 (4) 

In Eq. (4), 𝔻𝔻 is the elastic stiffness tensor, 𝐞𝐞 the elastic strain tensor, 𝐞𝐞𝜕𝜕ℎ the thermal strain 
tensor, 𝑏𝑏 Biot’s coefficient, 𝑝𝑝𝑠𝑠 the pressure on the solid skeleton exerted by the fluids, 𝐈𝐈 a unit 
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tensor and 𝐞𝐞𝑐𝑐𝑐𝑐 the creep strain tensor due to the pressure on the solid skeleton from the fluid 
phases and is calculated with the implemented creep model. Creep strains are here calculated 
using the effective stress, hence the pressure 𝑝𝑝𝑠𝑠 also enters the creep model causing additional 
deformations [2]. 

4 COMPARISON OF SHRINKAGE MODELLING 
The mechanistic approach to model drying shrinkage of concrete adopted here is compared to 
laboratory results by Bryant and Vadhanavikkit [9], as well as with results from two different 
phenomenological approaches applied to the same laboratory test. The first model is the drying 
shrinkage model given in the Eurocode 2 [1], but with the final drying shrinkage strain set equal 
to the final strain observed in the tests. The second is a model by Gasch [8] which used a 
diffusion type mass transfer model under the phenomenological assumption that the shrinkage 
strains are proportional to changes in internal humidity. It is, therefore, necessary to know the 
final shrinkage strain in beforehand. In addition, the model also included a damage model and 
the same creep model as implemented here, but only considered the total stress to cause creep 
deformations. Since the same creep model was used, the same input parameters are also used in 
the simulations with the mechanistic approach. 

4.1 Laboratory test 
The laboratory tests by Bryant and Vadhanavikkit [9] included a large program of testing but 
only two of the performed tests are considered in this comparison. These two tests were 
performed on prismatic concrete specimens with a dimension of 4L×L×L with L=100 mm and 
L=150 mm. The specimens were subjected to the ambient air on two sides, which had a relative 
humidity of 60 % and a temperature of 20 oC. The water cement ratio of the concrete was 0.47, 
with an elastic modulus of 28.1 GPa and a compressive strength of 50.1 MPa at an age of 28 
days. The drying of the specimens started after 8 days of moisture curing. 

4.2 Comparison of results 
The results from the simulations are shown in Fig. 1 together with the results from the 
laboratory tests and the two discussed phenomenological models.    

Figure 1 – Comparison of shrinkage strains. Left: L=100 mm. Right: L=150 mm. 

As can be seen, all models capture the shape of the shrinkage strains over time. However, it can 
also be observed that the predicted strain from the Eurocode 2 model develops too slowly, i.e. 
the predicted drying time of the specimen is underestimated. The other two models comply with 
the laboratory test results. One thing that should be emphasized is that the final drying shrinkage 
strain must be specified in the phenomenological model used in [8], since it assumes that the 
shrinkage strains are proportional to the change in internal humidity. The mechanistic model, on 
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the other hand, does not require the final drying shrinkage strain as an input. The strains are 
instead calculated based on the physical processes described by the model. By studying the 
results in Fig. 1, it is evident that the model can capture the drying behaviour of concrete. Even 
though the model describes the physical processes related to shrinkage, it still relies on some 
assumptions and simplifications in its constitutive relations. These include some parameters that 
are hard to determine directly in laboratory tests and must be calibrated. This is something that 
is common to all type of models and it is important that the calibrated parameters are within 
reasonable ranges. Still, mechanistic models aims to describe the physical processes and 
Pesavento et al. [5] therefore argue that they are more accurate when extrapolating calibrated 
models to other applications and scales compared to phenomenological models. It should also be 
mentioned that a concrete degradation model ought to be implemented for drying simulations of 
larger specimens. This is due to that larger moisture gradients can be expected at the surface, 
resulting in micro cracks which soften the material and reduces the observed shrinkage. 

6 CONCLUSIONS 
Concrete was modelled as a deforming multiphase porous medium where drying shrinkage was 
included using a mechanistic approach. Simulations of two laboratory tests were made and 
compared to results from two other models where the drying shrinkage was described by a 
phenomenological approach. The results show that it is possible to simulate drying shrinkage of 
concrete by mathematically describing the physical processes of drying shrinkage instead of 
relying on the assumption that shrinkage is proportional to the change in internal humidity. This 
also means that it is not necessary to specify the final drying shrinkage strain in the model. 
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ABSTRACT 
Concrete is widely used for bridge construction. Defining fibre elements in the finite element 
simulation process can give detailed properties of reinforced concrete elements and lead to 
improving the accuracy of the results. In this study, the behavior of concrete piers is discussed 
by using nonlinear static analysis under the effect of constant load pattern with definition of 
fibre plastic hinges. Defining nonlinear materials and plastic hinges results in more accuracy in 
stiffness distribution. Consequently, the shear capacity of the concrete piers is reduced by 
uneven stiffness distribution.  

Keywords: Structural Design, Reinforcement, Modelling, Bridge, Fibre Hinge, Pushover 
Analysis 

1. INTRODUCTION
Different factors such as versatility, aesthetic appearance and economic issues have led to more
commonly use of concrete bridges compared to other types of materials. The possibility of
building concrete bridges in long-spans or building in different forms such as single pier at each
support make the bridges cost-effective and scenic [1,2].
Bridges are usually used as flyovers or natural cut crosses and they play a vital role in
communication and everyday life. As one of the main elements of road transport, studying the
seismic behavior of these structures under the effect of earthquake is essential. When an
earthquake occurs, bridges play a unique role in linking roads and highways to send aid.
Concerning bridges with reinforced concrete piers, the shear capacity of the piers is one of the
crusial factors in structural design, especially under seismic loads. Therefore, proper
understanding of the behaviour of these elements is of great importance. In order to achieve
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appropriate accuracy, fibre plastic hinges can be defined in cross-sectional area. Using this 
definition, the relation between the biaxial moment and axial force, and distribution of non-
linear behavior of the section is evaluated by particular stress-strain relationship in every fibre 
element. In this study the seismic behavior of reinforced concrete bridge piers are studied by 
defining fibre section features under nonlinear static analysis method [2,3]. 

2. INVESTIGATED BRIDGES
Nine reinforced concrete bridges are considered for the parametric study. This set includes both
short and long bridges with 180 m and 280 m length, with pier height ratios of 1, 1.5, 2, 2.5 and
3, corresponding to a height of 7.5, 11.25, 15, 18.75 and 22.5 meters, respectively. The spans in
short bridges are 40, 50, 50 and 40 meters and the spans in long bridges are 40, 50, 50, 50, 50
and 40 meters, respectively. These bridges are designed by Alvarez [4,5], at European School
for Advanced Studies in Reduction of Seismic Risk by using displacement-based design
method.

2.1 Bridge specifications 
Material properties and some characteristics of the bridges are introduced in tables 1 and 2. 

Table 1– Materials properties.       Table 2– Some characteristics of considered bridges. 
Steel rebar 

fy Mpa 455 Yield stress 
EsMpa 200000 Modulus of 

elasticity 
dbl mm 43 Diameter of 

longitudinal 
rebar 

Concrete 
fc

'Mpa 40 Compressive 
strength 

EcMpa 30000 Modulus of 
elasticity 

Wc KN/m3 25 Unit Weight 

Bridges group All bridges 
Type Regula/ irregular 
pier diameter (m) 2 
Number of 
longitudinal rebar 

74 

The percent of 
longitudinal rebar 

3.42% 

2.2 Bridge deck 
The design process of the deck is based on 
avoiding non-linear behavior, so the 
response will be elastic. The deck 
dimensions are based on positioning two 
crossing lanes. A cross-section of the 
bridge is shown in Figure 1. The moment of 
inertia of the deck is Im = 45m4 and the 
torsional moment of inertia has been 
neglected [5]. 

Figure 1– Cross section of the bridge [5]. 
2.3 Abutments 
The equivalent linear springs are commonly used to show the deck constraints by abutment. In 
this study the spring stiffness is KA = 75000 kN/m [5]. 
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2.4 Fibre plastic hinges 
By using finite fibre elements, it is possible to define reinforced concrete material properties 
more detailed and increase the accuracy of the results. By defining fibre hinge, it is possible to 
calculate the moment-curvature relationship in bending directions for different levels of axial 
loads during the nonlinear static analysis. The sriffness reduction due to concrete cracking, 
yielding in rebar and strain hardening can be applied to the fibre model. 
Sufficient number of fibre elements should be considered to achieve adequate accuracy in the 
cross-sectional area. It is recommended that the section properties of the hinge such as area and 
moment of inertia would be within 5% of the gross section properties [6,7]. Some specifications 
of the fibre elements are presented in Fig. 2. Priestley-Park equation was used to calculate the 
length of plastic hinge, which is a popular model for reinforced concrete piers [8]: 

      dfLL yp 022.008.0 += (1) 
Where Lp is effective length of the plastic hinge, L is the pier height, fy is yield stress of the 
reinforcement and d is diameter of the reinforcement. 

Table 3– Fibre section properties 

       Figure 2 – Fibre hinge [9] 

3. ANALYSIS METHOD
Nonlinear static analysis method under the effect of constant load pattern in transverse direction
is used in this study. Pushover analysis obtains the response of the structure under lateral load
pattern with monotonical increase.
The main product of this process is the diagram of base shear changes against the displacement
of the control point, which is called structural capacity curve. Each point on the curve indicates
a special type of structural damage. The entire process of cracking, plastic hinge formation and
failure of structural components can be observed in the process [2].

4. RESULTS
The results are shown for two groups of short and long bridges in Fig. 3. The short bridge group
with regular stiffness distribution have higher shear capacity compared to bridges with
irrigularity. This indicates the higher strength of regular structures under applied loads. The

Main 
Section 

Fiber 

2 Pier diameter (m) 
300 number of fibre elements 

1.4417 1.4895 Area (square meter) 
0.2033 0.2441 Moment of inertia 33 

(m4) 
0.2033 0.2441 Moment of inertia 22 

(m4) 
0.04 Difference in area 

(percent) 
0.02 Difference in moment of 

inertia 33(Percent) 
0.02 Difference in moment of 

inertia 22(Percent) 
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capacity is reduced by increase in irregularity of stiffness distribution where the bridge 133 
gives the highest irregularity and the lowest shear capacity. Furtheremore as illustrated in 
pushover analysis curves on the right side of Fig 3, the shear capacities of the reinforced 
concrete piers in long bridges are also reduced when the irregularity of stiffness distribution is 
increased. The bridge with caption 1،1.5،2،2.5،3 had the lowet shear capacity in this group. 

Figure 3 – Pushover analysis in transverse direction for short bridges (Left) and long bridges 
(Right), the curve numbers indicate the pier height ratios of the bridges as described in part 2. 

Since there is a direct relationship between stiffness distribution and shear capacity, defining 
non-linear materials and fibre plastic hinges for the cross sections of reinforces concrete piers of 
bridges gives more accurate results.  
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ABSTRACT 
A recently developed numerical methodology is demonstrated for the analyses of concrete 
structures subjected to extreme loading and large deformations. This methodology combines a 
discrete particle formulation with non-linear finite element modelling to improve analyses of i.e. 
penetration phenomena. The penetration of a projectile into a concrete target is studied by the 
use of this numerical methodology. Experimental results for impacts of both reinforced and 
unreinforced concrete targets are used for comparisons with the simulation results, and the 
simulations show reasonable results for these two simulation cases. 

Key words: Computational mechanics, Modelling, Protective structures, Reinforcement 

1 INTRODUCTION 
Analyses of structures subjected to extreme loading, e.g. air-blast loadings, other explosive 
effects and projectile penetration also apply to e.g. civilian shelters and command centres for the 
rescue services. Furthermore, similar analyses may also be necessary for other buildings and 
infrastructure projects, with respect to the hazard of transportation of dangerous material, and 
also for risk assessment of specific buildings. The later incl. both accidental explosions, e.g. gas 
explosions, and terrorism threats. An appropriate design of a building or protective structure 
should reduce the consequences due to explosions, as well as from e.g. earthquakes and 
impacting projectiles, vehicles and airplanes. The design of a structure subjected to extreme 
loading needs to consider both local and structural load effects. The impact of projectiles or 
fragments, or detonations of high explosives near the structure causes mainly a concentrated 
local damage to the structure with crushing and failure, which is more difficult to predict than 
the global response of the structure. The aim for the research is to establish improved analyses 
methodology for protective structures subjected to extreme loading conditions. The use of 
improved analyses may be one tool necessary for the development of better optimized protective 
structures and new design solutions in the future. An improved numerical methodology for 
analyses of concrete structures subjected to extreme loading is under development in 
cooperation with IMPETUS Afea AS, Norway (www.impetus-afea.com). This paper focuses on 
this improved methodology for analyses of the local effects of projectile penetration, without 
further analyses of the structural effects. According to the general definition a projectile may be 
any type of flying object impacting the structure. However, this initial study primary concerns 
the design of protective structures impacted by penetrating warheads. 
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2 BENCHMARK PENETRATION EXPERIMENTS 
A series of model scale tests were earlier performed at FOI [1], these tests were financed by the 
Swedish Armed Forces. The tests were performed since in many cases published penetration 
experiments were lacking essential data necessary for an accurate finite element (FE) analysis, 
e.g. material specifications, material properties and impact conditions. The test series was
therefore designed to identify possibilities and limitations regarding later FE analyses of
penetration in protective structures. The concrete targets were either unreinforced cylindrical
concrete targets, with diameters 1.2 and 1.5 m, or reinforced concrete targets with a 1.2×1.2 m
cross section. Normal strength concrete with a compressive mean strength of approximate
50 MPa was used for the main part of tests [1]. The reinforcement was ∅14 mm B500BT steel,
with c/c 60 mm and placed in five layers in two directions. Furthermore, interconnecting rebars
with c/c 180 mm were also used between the layers. Two of the test cases are here used to
demonstrate the newly developed numerical methodology for penetration modelling. These were
reinforced and unreinforced concrete targets with 0.60 m thickness, with impact velocities
424 m/s and 425 m/s, respectively. The targets are shown in Fig. 1.

Figure 1 – Post-test photos of front and back faces of target from tests no. 2004-6 (upper row) 
and no. 2004-20 (lower row) [1,2]. The left figures show the front face of the targets. 

Practical considerations limited the diameter of the used projectile to 50 mm, and the projectile 
mass to approximate 4.50 kg, in comparison an air bomb normally weights between 120 and 
1000 kg. The steel projectiles were filled with an inert material, density approximate 
1.6×10³ kg/m³ to obtain the desired projectile weight. The experiments were performed with 
varying nose shape, impact velocities and impact angles. The main part of the tests was 
performed with the projectile nose design shown in Fig. 2, and this projectile design was also 
used for the test cases simulated here. 
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Figure 2 – Model projectile with 50 mm diameter, 450 mm length and 400 mm ogive radius 
[1,2]. Definition of the nose section radius is shown to the right. 

3 PENETRATION MODELLING METHODOLOGY 
The use of finite element models for the analyses of non-linear behaviour of structures requires a 
good knowledge of both the material’s behaviour and a suitable numerical approach for the 
specified problem. Both of these are challenging areas within the field of penetration mechanics. 
Earlier FE analysis studies of penetration in concrete are e.g. [2-7]. A combined particle-element 
method was earlier developed for the EPIC (Elastic Plastic Impact Computations) code [8]. 
However, the original integration points for the elements are here converted to massless stress 
points, and the mass retained at the original nodes for the elements. The methodology used here 
instead uses a packing of particles of any desired size to be used at the original location of the 
deformed elements. 

3.1 Model set up 
The tests analysed here were earlier analysed with a different numerical methodology [2], and 
several limitations of the used numerical methodology were then identified. Therefore, the 
IMPETUS Afea solver release version 1868 (www.impetus-afea.com), with the newly 
developed methodology for non-linear finite element analyses of concrete structures subjected to 
extreme loading, e.g. projectile penetration, is used here. Heavily deformed solid elements that 
occur during a penetration analyses are removed, and the elements are replaced with discrete 
particles during the simulation. Initially the HJC (Holmquist-Johnson-Cook) material model [3] 
with a compressive strength set to 50 MPa is used for the concrete in the modelling, and the JC 
(Johnson-Cook) material model [9] for the steel casing of the projectile. In this case material 
properties for tool steel S-7 are assumed, with yield strength equal to 1539 MPa. A 
representative average strength for the rebars is assumed to be 550 MPa, with truss elements that 
are fully coupled to the concrete used for the reinforcement. Two of the earlier analysed 
penetration tests were chosen to demonstrate this new modelling concept. Approximate 40 mm 
of the nose of the projectile is modelled with an elastic material model, this is to avoid localized 
failure near the penetrators front end. 

3.2 FE analyses results 
These initial FE simulations with nominal input data resulted in an exit velocity of 132 m/s for 
the unreinforced target, and a penetration depth of 0.58 m for the reinforced target. The 
corresponding exit velocity for the unreinforced test was 139 m/s, and the experimentally 
determined penetration depth for the reinforced target was 0.53 m. The two models are shown in 
Fig. 3. The heavily distorted elements that occurred during the simulations are here replaced by 
approximate 400,000 discrete particles, with 2 mm diameter, in both models. 

4 DISCUSSION AND FUTURE RESEARCH 
These preliminary FE analyses show promising results for the new modelling approach, with a 
fair agreement with the experimental results. This new modelling approach, with the use of a 
particle formulation, can avoid problems related heavily distorted elements that may influence 
the simulation results. However, the interaction between particles and solid elements needs to be 
further improved, with the current implementation causing unphysical energy errors due to local 
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instabilities for the particles. Furthermore, an advanced concrete model, with e.g. better tensile 
failure conditions, should be evaluated when this numerical methodology is established. 

Figure 3 – Calculated damage of the unreinforced target to the left is shown 4 ms after impact, 
with the reinforced target to the right shown at final stage. 
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ABSTRACT 
In dam safety assessments, it must be shown that concrete dams are safe against sliding and 
overturning failure modes. This is typically performed with analytical calculations based on 
force equilibrium of a rigid body. In more complex cases, these analyses are time-consuming 
and have to be based on assumptions regarding the dam’s behaviour or simplifications. By using 
non-linear finite element analyses (FEA), more detailed and realistic analyses can be performed 
where it is possible to include cracks, degradation, material strength, dam-rock interaction etc. A 
method to perform these analyses is presented, based on the same safety concept as for the 
classical methods.  

Key words: Modelling, Structural Design, Structural behaviour 

1. STABILITY ASSESSMENTS
For safety assessment of Swedish concrete dams, the Swedish power companies guidelines for
dam safety, (RIDAS [1]), requires that dams are verified against overturning and sliding for all
reasonable loads and load combinations. For overturning, the safety factor for the structure is
defined as the ratio between stabilizing moments and de-stabilizing moments.

𝑠𝑠𝑓𝑓𝑓𝑓 =  
𝑀𝑀𝑠𝑠

𝑀𝑀𝑑𝑑
(1) 

where 𝑠𝑠𝑓𝑓𝑓𝑓 is the safety factor for overturning, 𝑀𝑀𝑠𝑠 is the sum of stabilizing moments and 𝑀𝑀𝑑𝑑 is 
the sum of de-stabilizing moments. The moments are usally calculated with the dam toe as the 
axis of rotation, but other assumptions occur where the axis is moved due to considerations 
regarding the strength of the structure and the foundation. For sliding, the safety factor is 
defined as the ratio between the maximum friction force in the interface between concrete and 
rock and the acting forces parallel to the sliding surface (i.e. often horizontal forces). 
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𝑠𝑠𝑓𝑓𝑠𝑠 =  
𝜇𝜇𝑖𝑖𝑖𝑖𝑖𝑖 ∑𝑉𝑉
∑𝐻𝐻

(2) 

where, 𝜇𝜇𝑖𝑖𝑖𝑖𝑖𝑖 is the coefficient of friction in the interface, ∑𝐻𝐻 is the sum of all horizontal forces 
(i.e. parallel to the sliding plane) and ∑𝑉𝑉 are the sum of all vertical forces. A more common 
way of expressing the safety for sliding is to refer to the required friction angle 𝜇𝜇, defined as 

𝜇𝜇 =  
∑𝐻𝐻
∑𝑉𝑉

 (3) 

The factor of safety should typically exceed 1.35 and 1.50 for sliding and overturning 
respectively for normal loads according to RIDAS. Based on the safety factor for sliding, a 
maximum allowed friction coefficient could alternatively be formulated as 1

1.35
≈ 0.75, which is 

used in practice in traditional stability analyses. 

The traditional stability analyses are typically performed with hand calculation methods, based 
on force equilibrium of a rigid body. The analytical calculations require that force resultant and 
lever arm are calculated for all loads including self-weight. For simple dam geometries, this 
work is quite straightforward and trivial. However, many concrete dams consist of variable and 
non-trivial geometries. This is particularly true for spillways where stability calculations often 
are time-consuming with many potential error sources. In many cases this approach may be 
sufficient to assess the safety of the dam. However, the analytic hand calculation method is 
insufficient when non-linear effects must be considered. This is for example the case when the 
structure no longer can be considered to act monolithic (i.e. due to cracks that may result in 
internal failure modes, a strengthened structure) or when more complex dam-foundation 
interaction than an idealized Mohr-Coulomb friction is considered. 

3. NUMERICAL FAILURE ANALYSES
There are two basic methods for simulating the failure of a structure, strength reduction and
overload. In the strength reduction method, normal loads are applied on the structure and
thereafter are the material strength reduced until failure occurs. This method is common in
geotechnical applications where the external load is a small part of the total load. In the overload
method, normal loads are applied on the structure and these loads are thereafter increased until a
failure occurs. This technique is generally applied in construction applications such as failure
load estimations of bridges, buildings, nuclear power plants, etc.

3.1 Progressive failure analyses of concrete dams 
For concrete dams, the strength reduction method can be implemented on the friction coefficient 
in the dam-rock interface. In the first simulation step, the actual friction coefficient based on the 
friction angle is used and all design loads are applied. Thereafter the friction coefficient is 
continuously reduced until a failure occurs. This approach predefines a failure in the concrete-
rock interface.  

To simulate other failure modes, the overload technique is implemented on concrete dams by 
increasing the water pressure until a failure occurs. The increased water pressure is obtained 
either based on increased density of water or increasing the water level, see Figure 1. In the 
increasing overflow method, the position of the resultant force will change for the water 
pressure compared to the method with increased density. Thereby, these methods will give 
different outcome in safety factors [2]. 

300



Figure 1 – Illustration of the method of increased pressure numerical progressive failure 
analyses, from [2].  

3.2 Overturning and sliding in progressive failure analyses 
The failure modes used in the analytical stability calculations are based on the assumption that 
the dam acts as a rigid body. The dam is, however, a deformable structure and the failure mode 
obtained in FE analyses is usually a combination of overturning and sliding. In FE analyses, the 
common failure progression starts as the upstream toe of the dam is lifted of the ground due to 
the overturning forces. This reduces the contact area between the dam and the foundation which 
implies that the total shear force must be mobilized over all smaller areas, resulting in too high 
shear forces compared to the normal forces and thereby causing a sliding failure. This combined 
failure mode results in a lower factor of safety compared to the traditional sliding failure. As 
RIDAS requires that the dam is verified against overturning and sliding, some modification can 
be applied on the rock-concrete interface to induce the requested failure mode [3]. When an 
overturning failure is wanted, the friction coefficient can be increased several magnitudes. This 
prevents any sliding displacements and as a consequence, the obtained failure mode is 
overturning. To obtain a sliding failure, a restrain that prohibits separation between the dam and 
rock is applied.  

4. RESULTS
The difference in obtained safety factor was studied by [4] for the approaches; increased density
and increased water level methods. The two methods was compared for both an induced sliding
failure and an induced overturning failure. Furthermore, comparison was made between
increasing all densities and only increases the density on the destabilizing loads. The results are
shown in Table 2. The results showed that for simulating a sliding failure both method gave
reasonable results if only the destabilizing loads were increased. In case of an inclined upstream
surface, only the horizontal component of the water pressure should be increased. However for
simulations of an overturning failure, it was found that the increased density approach with only
destabilizing loads has to be used as the other methods overestimates the safety factor. Since the
real failure may be a combination of these two failure modes, this method should be used for all
failure simulations.

Using the increasing density method where only destabilizing loads are increased, the safety 
factor has been calculated for several cases as seen in Table 3. The results shows that for the 
studied dams the combined failure mode have lower safety factor than the individual failure 
modes.  
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Table 2 – Obtained safety factor based on different calculation methods [3] 
Failure mode 

Type of analysis Sliding Overturning 
Analytical 1.35 1.97 
Increasing density (only destabilizing loads) 1.33 1.94 
Increasing density 1.86 >8
Increasing overflow (only destabilizing loads) 1.33 3.84
Increasing overflow 1.86 3.84

Table 3 – Obtained safety factors in different case studies. 
Sliding Overturning 

Analytical Simulation Analytical Simulation “Real” 
Fu and Hafliðason [3] 1.35 1.33 1.97 1.94 
Hellgren et al. [4] 1.37 1.32 1.93 1.83 1.20 
Malm et al. [5] 1.03 1.17 1.44 1.42 1.00 

5. CONCLUSIONS
The traditional analytical stability calculation can be replaced with non-linear FEA, where
similar results are obtained for simple cases. For this, the increased density method for all
destabilizing should be used. As clearly showed, the numerical analyses gives lower safety
factors than the traditional design method, which shows that the traditional methods are not
conservative. In addition, a combined failure mode may have lower factor of safety than the
individual failure modes. In non-linear FEA analyses, additional failure modes to the traditional
rigid body modes can be assessed and displacements and stresses in the dam can be studied for
different loading conditions. Material failure, existing cracks or other defects may lead to
internal failure modes that are important to consider in safety assessment, this is easily done in
non-linear FEA. The numerical method also allows for a more detailed study of the dam-
foundation interaction, where the effect of eventual weakness zones in the rock, partial cohesion
loss, asperities and dilatation in the rock surface, shear planes in rock fractures and/or rock bolts
can be included. For example, in non-linear FEA the uneven load distribution between rock
bolts at different locations is automatically considered, which leads to a better estimation of the
real effect of this bolts.
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ABSTRACT 
In this paper, the nonlinear behaviour of a reinforced concrete (RC) bridge pier wall was 
evaluated by nonlinear finite element analyses (NLFEA) method. The NLFEA results were 
compared to the simulated seismic test results conducted on full-scale RC columns. Sensitivity 
of some of the design variables and their effects on the seismic behaviour of RC bridge pier wall 
has been investigated using response surface method (RSM). RSM prediction is based on results 
of finite element analysis. The variables include longitudinal rebar diameter (𝑑𝑑), concrete 
compressive strength (𝑓𝑓𝑐𝑐) and yield strength of rebars (𝑓𝑓𝑦𝑦).  

Key words: Concrete column, Finite element, Modelling, Sensitivity analysis, Bridge pier wall, 
RSM. 

1. INTRODUCTION
Pier walls behaviour is important in evaluating the overall bridge performance under seismic
load. Nonlinear finite element analysis (NLFEA) method provides an important option for
studying the response and residual life of reinforced concrete (RC) pier walls. In the past years,
significant efforts have been devoted in this field [1, 2]. Nonlinear behaviour of RC structures
might be influenced by changing in material properties and geometry of the structure [3]. In this
paper, effect of different parameters on nonlinear behaviour of RC bridge pier wall is quantified.
The focus is on the influence on the shear capacity. The effect of three parameters is
investigated using the response surface method (RSM) and non-linear finite element analysis.
The parameters considered are longitudinal rebar diameter (𝑑𝑑), concrete compressive strength
(𝑓𝑓𝑐𝑐) and yield strength of rebars (𝑓𝑓𝑦𝑦).

2. FINITE ELEMENT MODELLING
Full 3D NLFEA were carried out using the finite element software ABAQUS. The pier wall for
numerical simulations was selected from experimental tests by Bae et al. [4]. In this test, axial
load was applied to a full scale RC concrete column when the column was subjected to
gradually increasing lateral displacement cycles, simultaneously, see Figure 1.
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Figure 1 – a) Geometry of test specimen, b) applied lateral load [4] and c) simulated FE 
column. 

For the concrete behaviour a smeared rotating crack model with tension softening and a 
modified Hognestad’s model in compression were used [5]. For the constitutive behaviour of the 
rebars a standard elastic-plastic model was used. Introduced concrete and rebar properties can be 
found on the selected experimental column [4]. 

2.1 Comparison FE analysis results with experimental data 
The NLFEA and experimental results were compared to examine the validity FE model. The test 
was conducted under cyclic lateral displacement loading. Figure 2 shows that load-displacement 
hysteresis curve of NLFEA are in an acceptable agreement with experimental lateral load-
displacement (hysteresis) curve. 

Figure 2 – Lateral load response of test specimens (black line) versus NLEFA (blue line), where 
horizontal axis is lateral displacement and vertical axis is load.  

3 RESPONSE SURFACE METHOD (RSM) 
The Response Surface Method (RSM) is a collection of statistical and mathematical techniques 
useful in reliability analysis. In this paper RSM is used to approximate and interpret the 
relationship between the maximum base shear of the simulated pier wall, termed as response 
and the rebar diameter (𝑑𝑑), concrete compressive strength (𝑓𝑓𝑐𝑐) and yield strength of rebars (𝑓𝑓𝑦𝑦), 
termed as variables. The approximation of this relationship is termed “response surface”.  

3.1 Design of response surface 
In this study the performance function is approximated with a second-order polynomial 
function, which for 𝑘𝑘 random variables is expressed as: 

𝑌𝑌 = 𝛽𝛽0 + ∑ 𝛽𝛽𝑖𝑖𝑋𝑋𝑖𝑖𝑘𝑘
𝑖𝑖=1 + ∑ 𝛽𝛽𝑖𝑖𝑖𝑖𝑋𝑋𝑖𝑖2𝑘𝑘

𝑖𝑖=1 + ∑∑ 𝛽𝛽𝑖𝑖𝑖𝑖𝑋𝑋𝑖𝑖𝑘𝑘
𝑖𝑖<1 𝑋𝑋𝑖𝑖 (1) 
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where, 𝑌𝑌 is the predicted response, 𝑋𝑋𝑖𝑖 is the coded level of a design variable 𝑖𝑖, 𝑘𝑘 is the total 
number of variables present in the problem, coefficient 𝛽𝛽0 is a constant and 𝛽𝛽𝑖𝑖, 𝛽𝛽𝑖𝑖𝑖𝑖 and 𝛽𝛽𝑖𝑖𝑖𝑖 are 
the regression coefficients for the linear, quadratic and interaction effects, respectively. 

3.2 Variables and levels 
In order to study the combined effects of these variables, FE analyses and RSM method were 
conducted with different combinations of variables. Table 1 lists the variables, and the design of 
the considered levels. According to central composite design (CCD), with three control factors, 
a total of 15 numerical experiments was performed.  

Table 1 – Uncoded values of independent variables used for the experimental design. 

No. Variable Unit Notation 

Levels 
Axial Factorial Axial 

(-α) Low 
(-1) 

Centre 
(0) 

High 
(1) (+α)

1 Rebar diameter mm 𝑑𝑑 20 24 28 32 36 

2 Concrete compressive
strength  MPa 𝑓𝑓𝑐𝑐 25 30 35 40 45 

3 Tensile rebar yield
strength MPa 𝑓𝑓𝑦𝑦 400 450 500 550 600 

4 MAXIMUM BASE SHEAR AFTER RSM RESULTS 
Obtained RSM regression formula using coded variables is presented in Equation 2. For all 15 
numerical experiments, the predicted results of the maximum base shear using Equation 2 
(RSM) agree with the FE analyses results with reasonable accuracy. 

Max base shear (kN) = 
172.8 + 20.28 fc - 0.121 fy - 19.77 d - 0.2008 fc

2 - 0.000314 fy
2 + 0.3963 d2 - 0.00385 fc × 

fy + 0.0450 fc × d + 0.03980 fy× d   (2) 

Each response surface function is really a three-dimensional predictive model. However, for 
illustration purposes, the plot is presented in a two-dimension, see Figure 3. Figure 3a illustrates 
the interaction effect of 𝑓𝑓𝑦𝑦 and 𝑓𝑓𝑐𝑐 on shear strength when rebar diameter is a hold value. The 
variable parameters in Figure 3b are 𝑑𝑑 and 𝑓𝑓𝑐𝑐 and in Figure 3c are 𝑑𝑑 and 𝑓𝑓𝑦𝑦. The values for the 
rebar diameter, rebar yield strength and concrete compressive strength are fixed at their 
respective central point values (see centre point in Table 2). 

       a)    b)             c) 
Figure 3 – Contour plot of the maximum base shear versus a) fy and fc. , b) d and fc, and c) d 
and fy. The hold values are d=28 mm, fy=500 (MPa) and fc=35(MPa). 
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According to the RSM results, increasing the fy and fc with fix rebar diameter leads to increase in 
shear strength of pier wall. By increasing fy from 400 to 600 MPa and fc from 25 to 35 MPa, with 
the rebar diameter of 20 mm, the shear strength increases up to 30%. This percentage becomes 
greater by increasing the rebar size.  Interaction effect of rebar diameter and concrete 
compressive strength has significant effect on the shear strength. However, it was shown that the 
percentage of increasing shear strength has not been influenced by changing of fy.  

Increasing both rebar diameter and rebar tensile strength leads to increase of the shear strength. 
According to RSM Regression model, this increase percentage will be intensified by increasing 
the fixed value of fc from 25 to 35 MPa. After 35 MPa, changing fc does not effect on the shear 
strength. This results is in good agreement with FE analysis where it was shown that maximum 
base shear of pier wall is almost identical for values of fc from 35 to 45 MPa, see Figure 4. 

Figure 4 – Maximum base shear versus different concrete compressive strength, fc (MPa). 
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ABSTRACT 
Cracking and spalling was detected on the surface of concrete walls after relatively short period 
after the concrete tank has been taken into use. The studied construction was made of precast 
concrete panels. Field observations on degradation and temperatures of the structure in use were 
made. According to laboratory tests, concrete used for precast panels and concrete joints fulfils 
the requirements set in construction plans. Reinforcement in the structure is enough for static 
loads. FEM analysis showed that 60 °C temperature difference over the exterior wall was 
responsible to detected cracking. 

Key words: Cracking, Temperature difference, Modelling, Renovation, Repair, Structural 
Design 

1. INTRODUCTION
Studied construction is concrete tank made of precast concrete panels. Whole structure consist
of six chambers and 800m3 water reservoir tank in the middle of the structure. Total length of
the concrete tank is 54.4 m and breadth 11 m. One chamber takes 200m3 water and same amount
of logs. In the incubation process, the water in the tank heats up to 65 degrees and the process
takes approximately 15 hours. After six months using of the structure, cracking detected on
concrete panels and casted joints, see figure 1. Additionally, cracking and spalling of casted
joints detected inside of the chambers.
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Figure 1 – Left: Outside cracking can be detected both in precast concrete panels and in casted 
joints. Right: Cracking and spalling in casted joint inside of the chamber. Photo area is app. 2.2 
x 3.3 m2.  

Object of the study was to find out reasons for cracking and degradation of the concrete 
structure.  

2 FIELD OBSERVATIONS AND LABORATORY TESTS 
Visual observation on extent of degradation was carried out on Sept. 29th 2016. Incubation was 
in progress in four chambers, while two were empty. The cracking of concrete was detected in 
all chambers outside wall from bottom to top surface of water. No cracking was detected on the 
upper 2 metres of the wall. Cracking and spalling in casted joints inside of the chambers, see 
figure 1, was detected in all joints. 

According to construction plans, concrete grade in the walls is C40/50. Concrete grade was 
tested from two samples drilled from precast concrete panels and two from casted joints. 
Compression strength was 61.6 MPa and 64.8 MPa in panels and 56.0 MPa and 67.4 MPa in 
joints. Compression strength results of concrete quality control cubes in precast concrete panel 
factory gives values between 55.2 MPa and 64.5 MPa. Total amount of test cubes made during 
the period these concrete panels were casted, was 12. This gives average compression strength 
59.2 MPa. 

Temperature of concrete wall was studied with an infrared camera on Oct. 10th 2016. Outside 
temperature on that day was between 0 and +1°C. During incubation process, temperature 
outside of concrete wall was approximately +35°C, while water temperature inside of the 
chamber was +55°C. Temperature was not even entire wall area; upper corners were 
approximately 20 degrees colder than the area where water was behind. 

3 COMPUTATIONAL ANALYSIS 
The structural behaviour of the concrete structure was studied with finite element method 
(FEM). One chamber was modelled and analysed with static loads and restrain action.  
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3.1 Static loads 
Concrete structure performs well for own weight and internal water pressure causing the biggest 
stress to corners and middle of top slab, see figure 2. The strains are modest and reinforcement 
is enough for these. 

Figure 2 – Stress state caused by static loads. 

3.2 Restraint action 
Tensions caused by temperature difference with outdoor and indoor surfaces were studied with 
60°C. Based on calculations, tensile stress in concrete is in highest 22.3 MPa (horizontal) or 
25.8 MPa (vertical), see figure 3. Therefore, characteristic value of concrete tensile strength will 
be exceeded 5 to 10 times. 

Figure 3 – Stress state caused by 60 °C temperature difference. 
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Horizontal restraint action is causing cracking of concrete joints in the corners and vertical 
restraint action is causing horizontal cracking to precast concrete panels and concrete joints.  

3.3 Temperature modelling 
Temperature distribution in exterior wall was modelled with Wufi Pro 5.3 software based on 
made infrared camera studies. Water temperature in the pool is +60°C during 15 hours. After 
that, water will be drained and the pool will be three hours empty. 

The temperature stays 3-7 degrees higher than outdoor air, so the temperature is relatively stable 
on outer surface. According to calculations, the temperature stays between 0 and +5°C even the 
outdoor temperature goes to -20°C. Again, the concrete pool must be 60 hours empty to achieve 
outdoor air temperature (0°C).  

4 CONCLUSIONS 
Concrete used for precast panels and concrete joints fulfils the requirements set in construction 
plans. Reinforcement in the structure is enough for static loads. 

The original calculations have been made with 10°C temperature difference over exterior wall. 
According to temperature measurements, this is definitely too little. It is closer to temperature 
difference in the partition wall between two chambers. Analysing the structure with 60°C 
temperature difference matches perfectly with detected cracking of the concrete structure. 
Temperature difference over the outside wall could be even more than 60°C during wintertime, 
but this 60 degree is the everyday situation when the incubation pool has been empty for long 
period ant will be taken in action again. 
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ABSTRACT 
In the planned Swedish nuclear fuel repository, plugs are designed to close the deposition 
tunnels. The outer part of these plugs consists of a concrete dome made with a self-compacting-
concrete mix, designed to have low pH in order to reduce the effect on the bentonite clay buffer. 
A full-scale test have been performed to evaluate the performance of the plug, to test the 
installation and to verify underlying design assumptions. In this paper, the behaviour of the 
concrete dome was evaluated based on measurements, from casting the concrete until it was 
subjected to 4.0 MPa in hydrostatic water pressure.  

Key words: Nuclear, Full-scale testing, Shrinkage, Repository, Plug 

1. THE DOME PLUG FULL-SCALE TEST
The final repository for spent nuclear fuel from the Swedish nuclear power plants is planned to
be located in Forsmark, embedded in crystalline rock approximately 470 m below the ground.
The long-term safety principles are based on isolation and containment of radioactive waste
through a stable geological environment and the use of a multi-barrier system consisting of
engineered barriers (canister, buffer, backfill, and closure) and the host rock. A plug will be used
to close the deposition tunnels, where the spent fuel is deposited. These plugs are not considered
as a safety barrier, but have temporary function to support the performance of other safety
barriers. These plugs consists of several material layers/sections, each with its own specific
purpose. This paper focus on the external part of the plug, which is a concrete dome, intended to
carry the loads from the water and bentonite swelling pressure from the deposition tunnel and to
be sufficiently leak tight in order for the bentonite to homogenize and thereby becoming a
watertight seal.
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A full-scale test of the plug concept was built in 2013 in the Äspö Hard Rock laboratory at a 
depth of 450 m below ground. The concrete dome was cast with a specific developed mix, 
intended to be self-compacting-concrete and to result in a pH value below 11, see [2]. The 
reason for the requirement on low-pH is since it otherwise may affect the swelling properties of 
the bentonite clay.  

The concrete dome is a massive, unreinforced, concrete structure with a maximum thickness of 
about 3.5 m near the abutments and 1.7 m in the centre. The total height of the dome is about 8.8 
m. Due to its massive thickness, cooling is important to prevent early age cracking. The
intention was that the concrete dome should release from the rock due to autogenous shrinkage
and cooling. Thereby, the risk for internal cracking in the concrete dome would reduce. A
detailed cooling approach was performed in three steps: (a) to reduce hydration heat, (b) force
the concrete to release from the rock, and (c) to increase the gap between concrete and rock
before contact grouting. The cooling was performed with copper pipes embedded in the
concrete. The gap between concrete and rock was grouted with cement grout in order to make
the concrete dome as leak tight as possible but also to cause thermal pre-stress of the concrete
dome.

Figure 1 – Left: Illustration of the plug system and its components. Right: Photo of the dome. 

About two years after casting the concrete, pressurization of the plug was conducted. Water was 
pumped into the filter section and the pressure was continuously increased until a hydrostatic 
pressure of 4.0 MPa, i.e. a hydraulic head of 400 m, was reached.  

2 INSTRUMENTATION OF THE CONCRETE DOME  
The concrete dome plug was instrumented with several sensors; most of them were embedded in 
concrete, to monitor its behaviour. The following types of sensors were used [3]: 

• 5 Pressure sensors (Wika S11) – pressure on the formwork
• 6 Joint meters (TML type KJA-A) – relative displacement between concrete and rock
• 3 LVDT (HBM type WA) – displacement of the concrete dome
• 14 Strain gauges (TML type KM-AT) – strain and temperature in the concrete dome
• 10 Strain gauges (TML type KM-A) – strain in the concrete dome
• 4 Strain gauges (Geokon 4200) – strain and temperature in the concrete dome
• 2 Temperature sensors (PT 100) – ambient air temperature
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In Figure 2, a photo of installed strain gauges and cooling pipes are shown in addition to a 
sketch illustrating the placement of sensors.  

Figure 2 – Installed sensors. Left: strain gauges in the centre. Right: placement of sensors. 

3 ESTIMATION OF THE THERMAL PRE-STRESS 
During the cooling conducted prior to contact grouting, the temperature was reduced from about 
14 – 16 °C to 3 – 8 °C within the concrete dome. If the concrete dome would release from the 
rock, then this temperature difference results in a gap of several millimetres between the 
concrete and the rock in at least the upper parts of the dome. The level of pre-stress was 
estimated with Hook’s law, where the difference in measured strain before cooling and before 
grouting was multiplied with the estimated elastic modulus at the time of grouting. To evaluate 
the extent of obtained pre-stress, this value is compared to the maximum thermal pre-stress. It is 
based on the difference in temperature for each sensor between maximum temperature during 
hydration and minimum temperature during cooling prior to contact grouting 

Only one of the strain gauges shows an obtained pre-stress that is equal the theoretical 
maximum, as seen in Figure 3. This sensor (denoted ST12) is located in the centre of the dome, 
about 400 mm from the downstream surface and measures in the vertical direction. The two 
sensors close to this, (ST10 and ST11) also shows high utilization of pre-stress, about 80% of 
the maximum theoretical value. In common for the five sensors, that shows highest pre-stress 
compared to the theoretical is that they are all mounted on the downstream side of the dome. 
Most of the strain gauges show a relatively low pre-stress compared to the theoretical maximum 
and the average utilization is about 53% (ST23 and ST25 excluded, which failed prior to 
grouting). Thereby, based on the calculated effect of thermal pre-stress it can be concluded that 
the dome plug had partially released from the rock and it is likely that the downstream side of 
the slot released to a greater extent than the upstream side before grouting. 

Another way to analyse if the dome released from the rock is to study the installed joint meters, 
which measures the relative displacement between the rock and concrete. These were mounted 
on the downstream side of the slot, in the top and at the left and right sides. All joint meters 
shows small displacements (< 0.1 mm) and an increase during the cooling prior to contact 
grouting. None of the joint meters thereby shows any direct indication that the dome released in 
these regions. After contact grouting, the gap was slightly increasing according to all sensors, 
most likely due to shrinkage. During the pressurization, when the water pressure was about 3.5 
MPa a significant change for the two sensors in the top of the dome (JM03 & JM04) occurred, 
as seen in Figure 3. This is likely caused by the dome releasing on the upstream side of the slot 
and thereby all loads are carried by to the downstream side of the slot in this region. A water 
pressure sensor had been installed on the rock in this region. This sensor showed that water 
pressure increased in a similar manner before the sensor failed. Thereby, the concrete has most 

Joint meters between
concrete and rock

LVDT
Strain gauges
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likely released in this region during the increase of water pressure, as illustrated in Figure 4. In 
addition, a small leakage between concrete and rock was observed in this region, as seen in 
Figure 4. However, the total leakage in collected in the weir (see Figure 1) was at this point only 
108 ml/min and about 6 months later, it had reduced to 43 ml/min, according to [1].  

Figure 3 – Left: ratio of achieved and max theoretical pre-stress. Right: measured relative 
displacement between concrete and rock.  

Figure 4 – Left: Probable water pressure in upstream side of the slot. Right: small leakage on 
the downstream side. 

4 CONCLUSIONS 
The full-scale test showed that it was possible to build a plug according to the specifications. In 
addition it was showed that it was possible to build a concrete dome that could both carry its 
loads and also be sufficiently leak tight in order to allow for the bentonite seal to homogenize. 
Despite the elaborate cooling sequence, it was difficult to make the concrete release from the 
rock. The evaluation of the measured results shows that partial release is most likely to have 
occurred. Even though the dome did not release completely, it did not have any visible cracks or 
leakages through the concrete, except for a small area in the top between concrete and rock (see 
Figure 4). 
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ABSTRACT 
The present paper contains a brief overview of work performed within the Ph.D. thesis "Crack 
assessment of concrete structures: experimental investigation of decisive parameters" (2010 – 
2016). The main objective of the Ph.D. thesis was to assess early age strain development, stress 
development and cracking sensitivity of various fly ash concretes by using laboratory 
experiments and analytical approaches. 

Key words: Early age concrete, Cracking, Modelling, Shrinkage, Testing. 

1. INTRODUCTION AND OBJECTIVE
The present paper constitutes a brief overview of work performed within the PhD thesis "Crack
assessment of concrete structures, experimental investigation of decisive parameters" [1],
submitted and accepted at the Norwegian University of Science and Technology (NTNU) in
2016.

Concrete in the hardening phase is subjected to volume changes caused by thermal dilation and 
autogenous deformation. If these volume changes are restrained they may lead to stress 
development, where the amount of stress generated in a given time interval is dependent on the 
degree of restraint and the viscoelastic properties of the concrete. If the generated stress exceeds 
the tensile strength, cracking may occur, which may further lead to functionality-, durability, 
and esthetical problems. The volume changes of concrete and the associated cracking risk can be 
predicted by the use of calculation methods to assess the early age structural behaviour of 
concrete. On the basis of such calculations and corresponding laboratory experiments, proper 
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choice of concrete type, mineral additives and execution methods on-site can be taken to 
minimize or avoid cracking. The main objective of the currently described Ph.D. work was to 
assess the strain- and stress development and crack risk of the concrete by using laboratory 
experiments and analytical approaches. 

2. INVESTIGATED CONCRETES AND EXPERIMENTAL TEST PROGRAM

Investigated concretes 
Five concretes with a varying amount of fly ash, 0%, 17%, 25%, 33% and 45%, were 
investigated (the fly ash content is given as percentage of the total amount of “cement + fly 
ash”). The fly ash content was increased by replacing cement with fly ash 1:1 by weight, while 
keeping the water-to-binder ratio and the cement paste volume constant, 0.4 and 292 l/m3, 
respectively. All concretes contained 5% silica fume (by weight of cement + FA). 

Mechanical testing 
An extensive experimental test program was performed on the above listed concretes as a part of 
the described PhD-work. The performed tests include heat development, compressive strength, 
tensile strength, E-modulus in tension and compression, creep in tension and in compression, 
autogenous deformation development and restrained stress development. The obtained test 
results were used to establish parameters for property development models to be used as input 
for restrained stress calculations. 

The Temperature-Stress Testing Machine (TSTM) 
The currently performed experimental test program also included numerous tests in the 
Temperature-Stress Testing Machine (TSTM), which was reconstructed and verified as a part of 
the described Ph.D. work [2]. The reconstruction provided a more advanced management of the 
experiments and more extensive output from each test. By applying a representative degree of 
restraint and temperature history, the TSTM is now able to directly simulate the stress 
development of a given section of a concrete structure. In addition, the TSTM can be used as the 
answer for early age stress calculations, thus allowing for an evaluation and/or calibration of 1) 
the chosen calculation approaches and 2) the appurtenant material parameters determined from 
the previously described experimental test series. The TSTM has shown to provide reliable 
results and very good reproducibility. 

3. BASIS FOR RESTRAINED STRESS CALCULATIONS
The majority of the performed stress calculations and corresponding TSTM tests were carried
out under semi-adiabatic conditions, i.e. the concrete specimens were subjected to a realistic
temperature history during testing. These temperature histories were found based on semi-
adiabatic calorimeter test results, and they represent the hatched area on the wall structure
illustrated in Fig. 1 (left).

The property developments for compressive strength, tensile strength and E-modulus were 
modelled by Eq. 1, based on the obtained experimental test results.  Eq. 1 is a modified version 
[3] of CEB-FIP MC 1990 [4].
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where X(te) is the mechanical property as a function of maturity te. X(28) is the property at 28 days, s and n 
are curve-fitting parameters, and t0 is the start time for stress development  
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Three different calculation approaches were used to simulate the uniaxial stress development in 
the TSTM: 1) a specially designed 1D calculation program run in Excel, 2) the special-purpose 
program CrackTeSt COIN and 3) the multi-purpose FE program DIANA. For all calculation 
approaches, the time-dependent stress response of concrete was modelled based on the theory of 
linear viscoelasticity for ageing materials. The calculated stress developments were further 
compared to the corresponding stress development measured in the TSTM, and such forming a 
basis for evaluation of the calculation approaches as well as the determined model parameters. 

The tested concretes were further compared and evaluated by their crack index, Ci. The crack 
index was defined as the time-dependent ratio of the self-induced tensile stress of the concrete 
σ(t) to its average tensile strength ft(t) as expressed by Eq. 2. 

)(
)()(i tf

ttC
t

σ
= (2) 

4. TEST RESULTS AND CORRESPONDING CALCULATIONS
Good agreement was found between early age stress developments calculated with Excel,
CrackTeSt COIN and DIANA. The calculations also gave good agreement with the
corresponding stress development measured in the TSTM, Fig. 1 (right).

Figure 1 – Calculation example, massive concrete wall (left), Measured and calculated stress 
development in the TSTM (right) 

Fig. 2 shows measured stress development (left) and determined crack index (right), for three of 
the tested concretes: ANL 17% FA, ANL 24% FA and ANL 33% FA. For the tested concretes, the 
tensile stresses generated under restrained conditions were found to be decreasing with 
increasing fly ash content. Also when seen in combination with the correspondingly reduced 
tensile strength, the cracking sensitivity (the crack risk) of the concrete was found to be 
systematically decreasing with increasing fly ash content for the given structural case. 
Consequently, by using laboratory experiments and analytical approaches, the cracking 
sensitivity of a concrete could be assessed and reduced with the use of mineral additives, which 
in the current study was exemplified by fly ash content. 

It was also found that both mechanical properties and autogenous deformation were affected by 
realistic temperature curing conditions in a way that could not be correctly adjusted for by using 
the maturity principle. Using 20 °C isothermal values for autogenous deformation under realistic 
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conditions would underestimate the volume change and thus also the corresponding tensile 
stress generation. 

Figure 3 – Measured and calculated stress development in the TSTM (left) and corresponding 
crack index (right) 
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ABSTRACT 
Thermal cracking may occur during the early hardening process of concrete as a result of the 
exothermic reactions between water and cement. An approach for thermal crack risk estimation 
and prevention was introduced in the Swedish design guidelines BRO 94. This paper studies and 
validates the current safety levels existing concrete structures. Three slab-frame structures were 
analysed and the preliminary crack risk estimations were compared to the actual cracking and 
post-estimations were carried out, using actual parameters. This paper shows that all the studied 
walls with a strain ratio over 70% were affected by thermal cracks. 

Key words: Cracking, Structural Design, Sustainability, Testing. 

1. INTRODUCTION

1.1 General 
Thermal cracking may occur during the early hardening process of concrete [1]. The hydration 
process involves exothermic reactions between water and cement, increasing the core 
temperature of the structure and thereby inducing thermal expansion of the concrete. However, 
prohibited deformation due to different types of restraints may lead to compressive strains. As 
the hydration rate reduces, the core starts cooling, inducing shrinkage and tensile strains within 
the restrained structure. The tensile strains may be associated to uneven expansion and 
contraction of the concrete due to differential temperatures in the inner core and the outer layers.  
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In some cases the tensile strains exceed the ultimate strain of the concrete and thermal cracks 
appear. Thermal cracks are usually identified as through cracks, emerged in the cooling phase, 
and supported by restraints. These types of cracks are generally associated with massive 
concrete infrastructure such as dams, foundations and tunnels, where the core temperature may 
become high and vary considerably internally. More slender structures may also be subjected to 
thermal cracks if e.g. high temperature differences arise between a newly cast wall and a 
previously cast slab. Thermal cracks may also emerge during the heating phase if the internal 
temperatures vary considerably and the cracks can be located both in the slab and the wall. 
Another type of cracks that usually emerge during the heating phase, are the surface cracks. 
These cracks are restricted the concrete surface and thereby remain thin, with widths below 0,1 
mm. Surface cracks may also emerge due to rapid surface cooling associated with form removal
or rapid shifts in the weather.

The risk of thermal cracking, 𝜂𝜂, may be calculated as the structural stress ratio, or alternatively 
the strain ratio: 

𝜂𝜂 = �𝜎𝜎𝑡𝑡(𝑡𝑡)
𝑓𝑓𝑐𝑐𝑡𝑡(𝑡𝑡)

�
𝑚𝑚𝑚𝑚𝑚𝑚

≈ � 𝜀𝜀𝑡𝑡(𝑡𝑡)
𝜀𝜀𝑐𝑐𝑡𝑡(𝑡𝑡)

�
𝑚𝑚𝑚𝑚𝑚𝑚

(1) 

Where 𝜎𝜎𝑡𝑡(𝑡𝑡) is the tensile stress at the time t 
𝑓𝑓𝑐𝑐𝑡𝑡(𝑡𝑡) is the tensile strength at the time t 
𝜀𝜀𝑡𝑡(𝑡𝑡) is the tensile strain at the time t 
𝜀𝜀𝑐𝑐𝑡𝑡(𝑡𝑡) is the ultimate tensile strain at the time t 

The safety level for cracking, Γ, is defined as the inverse of 𝜂𝜂: 

Γ = 1
𝜂𝜂
 (2) 

The prevailing concept for crack risk estimations was introduced in the Swedish guidelines BRO 
94 [2], and can today be found in AMA Anläggning [3]. The concept aims at reducing the risk 
of thermal cracking of concrete structures by introducing different safety levels for different 
exposure classes (previously denoted environmental classes). Originally there were three major 
safety levels and today the design approach has expanded into five levels, as shown in Table 1. 
Unknown material parameters require higher safety levels, while tested parameters result in 
lower requirements for the safety level. The untested concrete has been divided into two levels 
depending on the cement content, where a higher heat of hydration and thereby higher safety 
factor is expected for the higher cement content, C. 

Table 1. Safety levels for thermal cracking of concrete structures. 
Exposure class Material parameters 

Complete 360 ≤ C ≤ 430 kg/m3 430 < C ≤ 460 kg/m3 
XC2 1,05 1,18 1,33 
XC4 1,11 1,25 1,42 

XD1, XS2 1,18 1,33 1,54 
XD3, XS3 1,25 1,42 1,67 

Structures exposed to one sided water pressure 
All classes 1,42 1,67 2,0 

The risk of thermal cracking should, according to AMA Anläggning, be reduced by applying 
one of the following three methods for crack prevention: 
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Method 1: Temperature requirements may be applied for the concrete and the surrounding 
air. Certain requirements for the geometry, cement content and structural restraints should 
also be fulfilled. 

Method 2: Some typical design cases were studied in [4] and the most representative case, 
with associated design parameters and crack preventing actions, may be applied. 

Method 3: Using sophisticated computer software to calculate the risk of thermal cracking 
and customize the crack preventing actions. The applied software should be thoroughly 
validated and the material parameters should be known. 

2 METHOD 
The method for this project can roughly be divided into 6 steps: 

1. Identifying relevant structures with adequate documentation.
2. Studying construction documentation.
3. Checking preliminary thermal crack risk estimations and actual crack preventing

measures based on expected parameters.
4. Carrying out post-project thermal crack risk estimations based on actual parameters, i.e.

Method 3 according to AMA Anläggning.
5. Field inventory of emerging thermal cracks.
6. Analysis of the procedure and accuracy of crack risk estimations.

Three concrete structures were chosen for this project: a railway tunnel in Gamla Uppsala 
(2016) and two existing portal frame bridges in Ulriksdal (1990) and Antuna (1993). The 
structural parameters are found in Table 2. The structures were analyzed in 2D with ConTeSt 
Pro 5.0, a commercial FEM software developed for purpose of temperature, strength and crack 
risk calculations in young concrete. 

Table 2. Structures analyzed in this paper. 
Name of 
structure 

Year of 
construction 

Length Cast length 
(walls) 

Height Wall thickness 

Gamla Uppsala 2014-2016 610 m 10,0 m 9,5 m 0,7 m 
Ulriksdal 1989-1990 41,6 m 10,4 m 6,0 m 0,8-1,2 m 
Antuna 1993 35 m 35 m 5,0 m 0,45 m 

3 RESULTS 
Table 3 shows a presence of thermal cracks for all walls with η > 0,70 in the post-design and a 
few thermal cracks could also be seen on walls with even lower strain ratios. No temperature 
cracks were supposed to be formed according to the preliminary design for Gamla Uppsala, 
Ulriksdal or Antuna. Three casting sequences of the Gamla Uppsala tunnel exceeded their 
limiting strain ratio η = 0,90 in their post-design. However, temperature cracks were found on 
10 out of 14 analyzed sections. Small surface cracks, < 0,1 mm openings, were also studied and 
counted in the crack inspection and the amount of small cracks ranged from 6 – 38 cracks for 
each casting.  
For Ulriksdal, one out of four casting sequences exceeded the limiting strain ratio η = 0,70 
(based on exposure class XD3/XS3 and a cement content of 390 kg/m3) in the post-design and 
temperature cracks were found on two sections during the visual inspection. The single casting 
of Antuna was not supposed to crack according to neither the preliminary design, nor the post-
design, and no temperature cracks were indeed detected. 
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Crack risk estimations according to the Swedish standards have probably reduced the amount of 
thermal cracks in the Swedish infrastructure, but there are still a large number of uncertainties 
involved in the design. Based on the results of this study, it seems relevant to question whether 
higher strain ratios than 0,70 should be allowed. 

Table 3. Summary of the preliminary- and post-designs for thermal crack risks. 
Seq. Exposure 

class 
η  

Limit 
η 

Preliminary 
η  

Post 
Temp. cracks 

>0,1 mm 
Average crack 

width, mm 
Small cracks 

≤0,1 mm 
Gamla Uppsala 

3.1.1 

XC4/XF4  

Tested 
material 

parameters 

0,90  

0,57 0,58 1 0,20 25 
3.1.2 0,77 0,55 0 - 6 
3.2.1 0,77 0,97 1 0,20 30 
5.1.1 0,77 0,67 0 - 23 
5.1.2 0,77 0,90 1 0,30 38 
5.2.1 0,77 1,01 1 0,20 27 
5.2.2 0,77 0,75 1 0,30 11 
6.1.1 0,77 0,65 1 0,20 28 
6.1.2 0,77 1,04 2 0,40 15 
6.2.1 0,77 0,69 0 - 31 
8.1.1 0,57 0,49 0 - 13 
9.1.2 0,77 0,81 4 0,40 8 
9.2.2 0,77 0,74 2 0,20 32 

10.2.2 0,77 0,84 3 0,37 17 
Ulriksdal 

1 XD3/XS3 

360 < C < 
430 

0,70 

0,70 0,693 1 0,4 - 
2 0,70 0,461 0 - - 
3 0,70 0,438 0 - - 
4 0,70 0,809 3 0,27 - 

Antuna 
1 XD3/XS3 0,70 0,70 0,55 0 - - 
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ABSTRACT 
Self-induced non-elastic deformations in hardening concrete, caused by restrained volume 
changes due to thermal dilatation and moisture deformations, often leads to cracking. In crack 
risk analyses, determination of the degree of restraint is vital. One model to estimate the restraint 
and calculate the thermal crack risk is the Equivalent Restraint Method, ERM. The method has 
previously been analyzed but needs to be further examined and validated. Recordings of tunnel 
sections were performed and compared to calculated values by ERM. Satisfying correlation 
between theoretically estimated and observed temperatures, strains and time of through cracking 
was achieve which is promising for future implementation and testing of the method.  

Key words: Thermal cracking, Early age concrete, Local restraint method, Equivalent restraint 
method, Modelling, Field measurement. 

1. INTRODUCTION

1.1 General 
Restrained movements within young concrete during the construction phase, caused by thermal 
dilation and/or changing moist states, is a major reason for surface and through cracking  [1] - 
[5]. It is concluded that adjoining structure or a restraining entity (rock, subgrade etc.) bonded to 
the young concrete increases the risk of cracking since the restraint becomes higher, see e.g. [1]. 

To establish possible measures against cracking, pre-calculations to analyze the risk of cracking 
during the heating and cooling phases are needed in Sweden for all civil engineering structures.  
The measures (cooling pipes or heating cables etc.) could be introduced within most calculation 
models if the strain level is predicted higher than approved [6]. One important action to make 
the strain estimations more accurate, than using standard input parameters, is to test and evaluate 
the material properties of the concrete carefully as e.g described in [7].  

In [8], the importance to provide reliable restraint predictions is stated, especially regarding the 
design of a certain measure. This is certainly true when it comes to cooling of repeated 
construction sections as the restraint usually is difficult to estimate and may thus be an uncertain 
factor [9]. One way to avoid these difficulties is to establish a complete 3D model with 
viscoelastic-plastic behavior of the young concrete. A drawback of these kinds of models is that 
they are cumbersome, time consuming at calculations and suitable software is often costly. 

To simplify the restraint estimation for complex structural situations, the so called Equivalent 
Restraint Method (ERM) [10] may thus be used. Benefits of this method involve a possibility to 
extract the restraint analyzed by elastic 3D calculations and implement them into the so called 
Compensated Plane Method (2D FEM) for young concrete, e.g. [6] and [11].  

The evaluation of how well the ERM corresponds to full scale studies made in [8] was based on 
the correlation between theoretical and empirical temperatures along with the correlation 
between theoretical strain ratios and observed crack patterns for some typical cases.  

This work provides a refined evaluation of the ERM compared to the evaluation made in [8]. 
What has been improved is that the model is enhanced with a set of fully tested parameters of 
the material properties and strain measurements were performed on a chosen typical full-scale 
case.  
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2 METHOD 
Within this work, a demonstration is performed of the correlation between results from ERM 
and empirical experiences. Concrete temperatures and strains are recorded in two walls of a real 
tunnel project and compared to results from a ERM model. The tunnel is cast in 10-meter long 
monolithic segments, consisting of two walls (denoted as “east” and “west”) and a roof slab.  

The process of this work can be described as follows. 1) Laboratory tests regarding material 
properties of the concrete. 2) Theoretical model developed by ERM to analyze the temperature 
and strain development of the studied structure. 3) Onsite measurements of temperature and 
thermal dilation. 4) Import of onsite temperatures (ambient air, adjacent construction and fresh 
concrete) to the ERM - comparison of recorded theoretical temperature developments. 5)  
Calculations of concrete stresses and strains and comparisons with measured ones as well as 
time and location of cracking.  

The prerequisite of the fifth step is that the tunnel walls cracks due to thermal dilatation. If they 
don´t crack spontaneously, heating cables in the base slab can be activated to expand the slab to 
force cracks in the wall. 

3 RESULTS AND CONCLUSIONS 
The derived ERM model, used with measured, derived or estimated values of concrete and 
ambient air temperatures, material parameters, wind speed, filling rate, restraint and heat 
transfer coefficients, gave a theoretical strain ratio development of the walls examined, see 
examples in Figure 1.  

Figure 1 – Theoretical derived strain ratios in the east and west wall. Solid and dashed arrows 
indicate calculated and recorded time of cracking respectively.  

To analyze the risk of cracking, an average was taken over a specific area in the structure where 
the maximum stress ratio was calculated [12].  In Figure 1 it is seen that the estimated time of 
cracking for the east wall is 146 h after casting. This is one hour and six minutes prior to the 
time when the crack occurs at the site. The calculated average strain ratio at point of cracking is 
1.01. The estimated time of cracking of the west wall is 203 h after casting, nearly two hours 
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before the observed crack, se Figure 1. Already at 146 h after casting the calculated strain ratio 
shows a local maximum with magnitude 1.00, but no tensile strength failure was measured. 

From the study so far, it is concluded that: 
• ERM is suitable for cracking analyses where complicated restraint conditions are

present.
• Strain measurements on site provide a good possibility for comparisons to calculation.
• ERM seems to correlated well with real behaviour of a thermal cracking situation.
• Future work involves evaluation of ERM for other typical cases and comparison with

other methods.
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ABSTRACT 
Time-dependent deformations, such as creep and shrinkage, are important when dealing with 
durability aspects of concrete. In the current study, a multi-field analysis method is described, 
verified and used in a numerical study to investigate the influence of short and long term 
variations in temperature and relative humidity. It is found that especially the creep behaviour is 
significantly influenced by the seasonal variations in climate conditions and also to a lesser 
extent the daily variations. 

Key words: Cracking, Creep, Modelling, Multi-field, Shrinkage 

1. INTRODUCTION
Time-dependent deformations are important to consider when studying durability of concrete
structures, and effects such as creep and shrinkage have proven difficult to explain in theory and
to model using continuum based approaches. In this study, a numerical investigation is made on
the effect of varying environmental conditions on time-dependent deformations in mature
concrete.

2. MATHEMATICAL MODEL
Although the main physical property of interest here is deformations, the time-dependent
behaviour of concrete is necessarily a multi-physical problem. At a minimum the temperature
and humidity distributions inside the material should be considered. With this in mind, a multi-
field model for the analysis of concrete including effects such as creep, shrinkage and cracking
was presented by the authors in [1-2] and used for this study. A brief overview of the most
important features of the model is given in the following.

2.1 Governing equations of the multi-field problem 
The deformations 𝐮𝐮 are governed by the quasi-static form of the linear momentum balance in 
Eq. (1) where the stress 𝛔𝛔 balances the self-weight ρ𝐠𝐠. Also in Eq. (1), the used definition of 
strain 𝛆𝛆 can be seen, which corresponds to an assumption of small displacements. 
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∇ ∙ 𝛔𝛔(𝛆𝛆) − 𝜌𝜌𝐠𝐠 = 0 with 𝛆𝛆 =
1
2

[∇𝐮𝐮 + (∇𝐮𝐮)T] (1) 

The distribution of the temperature 𝑇𝑇 follows the heat equation given in Eq. (2), where heat flux 
is governed by Fourier’s law. Parameters 𝜌𝜌𝐶𝐶𝑝𝑝 and 𝜆𝜆𝑇𝑇 are the heat capacity and thermal 
conductivity, respectively. 

𝜌𝜌𝐶𝐶𝑝𝑝
𝑑𝑑𝑇𝑇
𝑑𝑑𝑑𝑑 + ∇ ∙ (−𝜆𝜆𝑇𝑇∇𝑇𝑇) = 0 (2) 

Lastly, the distribution of moisture 𝑤𝑤 is given by Eq. (3), with the relative humidity 𝜑𝜑 as the 
driving potential of moisture flux. 

𝜕𝜕𝑤𝑤
𝜕𝜕𝜑𝜑

𝑑𝑑𝜑𝜑
𝑑𝑑𝑑𝑑 + ∇ ∙ [−𝛿𝛿𝑤𝑤(𝜑𝜑)∇𝜑𝜑] = 0 (3) 

The flux is controlled by the non-linear transport coefficient 𝛿𝛿𝑤𝑤(𝜑𝜑) and the sorption isotherm, 
which slope is described by 𝜕𝜕𝑤𝑤/𝜕𝜕𝜑𝜑. Following the model of Bazant and Najjar [3], 𝜕𝜕𝑤𝑤/𝜕𝜕𝜑𝜑 is 
here assumed constant and combined with the transport coefficient, which then directly relates 
the flux to changes in humidity.  

2.2 Boundary conditions 
To complete the model, the previously defined equations need to be complemented with 
appropriate boundary conditions. For the mechanical part, both prescribed displacements and 
fluxes (loads) are used, while for the heat and moisture parts also convective type boundary 
conditions are used. 

2.3 Constitutive behaviour for time-dependent deformations 
The constitutive equation needed in Eq. (1) to relate 𝛔𝛔 and 𝛆𝛆 used in [1-2] to describe the time-
dependent deformation in concrete is given as: 

𝛔𝛔 = (1 − 𝜔𝜔)𝔻𝔻𝑖𝑖: �𝛆𝛆 − 𝛆𝛆𝑐𝑐𝑐𝑐,𝑣𝑣−𝛆𝛆𝑐𝑐𝑐𝑐,𝑓𝑓 − 𝛆𝛆𝑡𝑡ℎ − 𝛆𝛆𝑠𝑠ℎ� (4) 

The different features of Eq. (4) are described briefly in the following. Instantaneous and elastic 
deformation is governed by the elasticity tensor 𝔻𝔻𝑖𝑖 defined using a non-aging elastic modulus 𝐸𝐸𝑖𝑖 
and Poisson’s ratio 𝜈𝜈. Aging of the elastic behaviour is included in the creep model [4]. Creep, 
as well as aging, is included using the Microprestress-Solidification (MPS) theory developed by 
Bazant and co-workers [4]. Creep in the MPS theory is described in part by solidifying non-
aging viscelasticty (𝛆𝛆𝑐𝑐𝑐𝑐,𝑣𝑣) accounting for short-term creep and an aging viscous part (𝛆𝛆𝑐𝑐𝑐𝑐,𝑓𝑓) in 
which effects such as drying creep is accounted for. Temperature and humidity effects on aging 
are included using an equivalent time. Here and in [1-2], the version of the MPS theory 
proposed by Jirasek and Havlsek [5] is used. Drying shrinkage (𝛆𝛆𝑠𝑠ℎ) and thermal expansion (𝛆𝛆𝑡𝑡ℎ) 
is assumed linearly dependent on changes in 𝜑𝜑 and 𝑇𝑇, respectively. 

Although not the focus of this study, cracking is important for time-dependent deformations, 
especially drying shrinkage. Its effect is here accounted for using a scalar isotropic damage 
model [6], where cracking is described by the damage parameter 𝜔𝜔 that depends explicitly on 𝛆𝛆. 
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3. NUMERICAL IMPLEMENTATION
Numerical implementation of the governing equations (1-3) of the model is made using standard
procedures of finite element analysis and solved with the software Comsol Multiphysics [7]. For
the constitutive equation (4), all parts related to creep are integrated in time using an exponential
algorithm [4] in a separate subroutine. Implementation of the damage model is described in [6].

4. APPLICATION OF THE MODEL
The multi-field model is first calibrated and verified using laboratory measurements followed by
a numerical example using the same test set-up but with in-situ measured ambient conditions.

4.1 Comparison with laboratory testing 
The model is calibrated using the experimental series by Bryant and Vadhanavikkit [8]; in 
particular the series using prisms with dimensions 600×150×150 mm3. Loaded prisms are 
subjected to an axial compressive load of 7 MPa and subjected to two-sided drying to simulate a 
continuous wall/slab with an ambient relative humidity of 0.6. First, however, total strains for 
fully sealed prisms are shown in Figure 1 (left) to verify the basic creep part of the model. Next, 
in Figure 1 (right), total strains for prisms subjected to both loading and drying are shown 
together with an unloaded reference case. More information on material properties and the 
model parameters used can be found in [1] and additional verification examples in [2]. 

Figure 1 – Basic creep (left) and drying creep (right) for specimens loaded at different times. 
Solid lines show simulations and markers experimental data by Bryant and Vadhanavikkit [8]. 

4.2 Effect of variable temperature and humidity under real weather conditions 
The calibrated model is next used to study the influence of varying ambient conditions 
(temperature and relative humidity) on the time-dependent deformations of concrete. The same 
test-specimens and load as in the laboratory setting is used, but only prisms loaded at an 
equivalent age of 28 days is considered. To obtain an in-situ estimate of the ambient conditions, 
climate data is taken from the ASHRAE Weather Data Viewer 5.0 as included in Comsol [7] for 
the metrological station at Flyvestation Aalborg in 2015. Hourly variation of relative humidity 
and temperature are shown in Figure 2 (left) together with annual means (bold solid lines).  

Three test cases are investigated: concrete casted in either January or July and a reference case 
using the annual means of relative humidity and temperature. The total deformation for all three 
cases is shown in Figure 2 (right). It can be clearly seen that there is a difference in the three, 
although after 1 year of sustained loading the specimens subjected to hourly variation have 
reached a similar magnitude of deformation. However, the reference case exhibits a significantly 
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lower deformation. Apart from seasonal thermal effects, this is mainly due to the influence that 
varying ambient conditions has on aging and especially the viscous strain component 𝛆𝛆𝑐𝑐𝑐𝑐,𝑓𝑓. It 
can be concluded that it is mainly the seasonal variation that plays an important role, but also 
daily variations has an effect on the aging behaviour. 

Figure 2 – Left: Hourly variation of temperature and humidity in Aalborg 2015. Right: 
Deformations under different ambient weather conditions. 

5. CONCLUSIONS
A multi-field model for time-dependent deformations in concrete (cracking, creep, shrinkage
and thermal expansion) has been implemented and verified using experimental data. In a
numerical investigation it was, furthermore, shown that ambient climate conditions, especially
their seasonal variation, have a significant influence on the total deformations.
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ABSTRACT 
The first part of a project aiming at increase the knowledge and understanding of how shotcrete 
(sprayed concrete) in interaction with rock could better be modelled is presented. The study 
focus on how an irregular thickness of shotcrete will affect its structural capacity. Examples 
show that continuously bonded shotcrete have an ability to redistribute local stresses while 
partly de-bonding leads to localized, wide cracks. One goal is to obtain a better understanding 
for how and why cracking and bond failure is initiated. The results obtained so far are here 
briefly summarized and commented, also showing some examples of results. 

Key words: Cracking, Fibres, Modelling, Structural Design, Testing. 

1. INTRODUCTION
Reliable shotcrete (sprayed concrete) reinforcements are very important for the safety of tunnels
and subspace structures in hard rock. Particularly the shotcrete bonding properties and the
interaction with the underlying rock during shrinkage is of interest. Tunnels are for stability
reasons often designed with arch-shaped ceilings and together with the complex geometries that
can arise at connections to other tunnels and openings make it complicated to describe this
interaction. The situation is made even more complex due to the uneven shape of the rock
surfaces in excavated tunnels and caverns. The performance of the shotcrete depends largely on
those irregularities which may affect the load carrying capacity both positively and negatively. It
is also difficult to obtain a uniform shotcrete thickness when spraying on an irregular surface.
The expected behavior of shotcrete reinforcement is thus today difficult to predict in the design
phase and it is also difficult to determine the cause of damage that may occur. Therefore it is
difficult to obtain feedback in order to avoid similar problems in future projects.
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2. PREVIOUS RESEARCH
The research at KTH Concrete Structures has contributed to the international expertise of
shotcrete as rock reinforcement since the 1970s, see e.g. [1] where the behavior of bolt anchored
shotcrete reinforcements was investigated. In [2], finite element (FE) calculations were used to
study the effect of an uneven shape of the shotcrete with respect to its capacity and stiffness.
Also other researchers have studied the effect of irregularities in shotcrete linings (see [3]) and
found that varying thickness leads to stress concentrations that may lead to extensive cracking,
which also have been observed in situ during mapping and measurements of shotcrete thickness.
Motivated by in situ measurement results a laboratory study of shotcrete material properties,
such as shrinkage and bond, was initiated at KTH [4]. This has now been followed by a project
studying the effects of irregular shotcrete geometries, with a first phase just completed, [5].
Restrained and un-restrained shrinkage of shotcrete was studied using FE modeling, where the
non-linear effects of shrinkage was described using a multi-physical model. How the irregular
geometry and thickness affect the shotcrete load carrying capacity when subjected to
deformations from extruding rock blocks have also been studied. A numerical model suitable for
probabilistic design was introduced and field data was used to describe the expected distribution
in shotcrete thickness. Based on an experimental set-up in [1], the peak load was then compared
between linings with uniform and irregular geometry, see [5,8]. For verification of the results
are e.g. the experimental data from [4] used, see Fig. 1. The results obtained so far are here
briefly summarized and commented, also showing some examples of results. Extensive
presentations are given in [5-8].

Figure 1 – Experimental shrinkage testing with end-restrained shotcrete slab. From [4] and [5]. 

3. UNIFORM, RESTRAINED SHRINKAGE
In situ observations and experimental results have shown that shotcrete with a continuous bond
to a stiff substrate, e.g. rock, can redistribute local high stresses, see e.g. [6]. This means that
more fine and narrow cracks forms instead of few and wide cracks, which is beneficial from
structural and serviceability point of view. Analytical studies have been performed using a FE
model based on the geometry of the tested shotcreted slabs shown in Fig. 1, but here with the
assumption of full bond between rock and shotcrete. An example of the results is shown in Fig.
2 where it can be seen that there are only a few of the cracks crossing the entire widths of the
slabs, but that there are relatively many edge-cracks with a length of 100 mm or less. It can also
be noted how the crack pattern distributes around areas with larger thickness. Due to the bond to
the subsurface most of the cracks are surface cracks, which mean that sections of the slab did
not separate as in the laboratory tested slabs [4].
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Figure 2 – Topographical and sectional plots with crack patterns for fully bonded slab. Numerical 
result from [6] with measurements in (mm).  

4. NON-LINEAR, END-RESTRAINED SHRINKAGE
The same FE model as used in the above case was also adopted for analysis of shotcrete without
bond to the surface but subjected to end-restraints, i.e. the exact case described by the test set-up
in Fig. 1. An example of the results is shown in Fig. 3, where it should be noted that the part
shown is the middle part of the slab, un-restrained from the substrate. The outer areas bonded to
and providing anchorage with the granite are not shown. The cracks are in this case marked with
solid and dashed lines for the experimental and numerical results, respectively. As can be seen
from the topographical plots (left side), the presented slabs only show one shrinkage crack
across the width. During testing this crack appeared closer to the centre section of the slabs, as
theoretically would be the case for a perfect shotcrete slab with even thickness. However, it can
also here be seen that the cracks adapt to the surrounding topography. The rate of drying
shrinkage depends on factors such as relative humidity of the ambient air and thickness of the
shotcrete. Analysis with a multi-physical modelling approach have therefore also been done [7],
in which drying was described as a pure diffusion process driven by the gradient in relative
humidity. The development with shotcrete age for parameters such as compressive and tensile
strength, Young’s modulus and fracture energy was considered. The moisture model was tuned
according to test of free shrinkage presented in [4].

Figure 3 – Topographical and sectional plots with crack patterns for end-restrained slab. Solid lines 
are experimental results from [4] and dashed lines numerical result from [6]. Measurements in (mm). 

5. LOAD FROM MOVING ROCK BLOCKS
The case with a rock-bolted shotcrete lining subjected to load from a moving block was studied
using a sensitivity analysis for the variation in shotcrete thickness. The load carrying capacity
influence of an irregular shotcrete lining subjected to load from a pushing block was
investigated, using a 2D FE model [8]. The geometry of the models were identical to previously
conducted laboratory investigations (see [1]), also used for evaluation of the results. Typical
results are compared in Fig. 4, showing displaced rock blocks overlayed with shotcrete linings
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that show de-bonding and tensile cracks due to bending. The results indicate that an irregular, 
varying shotcrete thickness highly affects the failure load but has a smaller impact on the 
deformation capacity. 

Figure 4 – Numerical results for shotcrete on displaced rock blocks with plane (left) and irregular 
(right) surfaces. From [8]. 

6. FURTHER RESEARCH
The second phase of the research project involves further development of the non-linear finite
element models used for the analyses of shotcrete on hard rock. Results from laser scanning of
rock surfaces prior to shotcreting and of the resulting shotcrete surfaces will be used as input for
the study of realistic cases. An in situ method for measurements of deformations on the
shotcrete surface, due to shrinkage and rock displacement, will also be developed within the
project.
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ABSTRACT 
Plastic shrinkage cracking is a mechanical phenomenon that occurs in the first few hours after 
casting the concrete in its mould. It is commonly believed that rapid and excessive moisture loss 
of the fresh concrete, mainly due to evaporation, plays a decisive role in the early age shrinkage. 
However, it is not always possible to justify all the plastic shrinkage incidents based on water 
evaporation solely. Instead, it seems that and interconnected correlation between evaporation, 
capillary pressure and hydration rate may offer better explanation. In this paper effect of water-
cement (w/c) ratio on plastic shrinkage cracking of self-compacting concrete (SCC) is 
investigates. Four recipes with different w/c ratios (0.38, 0.45, 0.55 and 0.67) are tested by using 
Ring test method (NT BUILD 433). During the experiments evaporation, capillary pressure and 
internal temperature of the specimens were recorded from 60 minutes after casting up to 18 
hours, at which the length and width of the cracks were measured. The results show lower risk 
of cracking when w/c ratio is between 0.45 to 0.55. However, the specimens with 0.38 and 0.67 
w/c ratio experienced higher cracking tendency, especially the latter, in which severe cracking 
was observed.     

Keywords: Plastic Shrinkage, Water-cement ratio, SCC, Evaporation, Capillary pressure, 
Internal temperature. 
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1. INTRODUCTION
Plastic shrinkage in concrete occurs in the first few hours after mixing, due to rapid water
evaporation which in turn increases the negative pressure in the pore system, known as capillary
pressure. Consequently, tensile force will be applied on the solid particles close to the concrete
surface which leads to reduction of the inter-particle distances and shrinkage of the whole
mixture. Since this process occurs when the concrete is still in the plastic stage, the contraction
is called plastic shrinkage. If the mixture is restrained in any way and the tensile stresses exceed
the very low tensile strength of the young concrete, cracks may form at the surface from which
they can propagate deep into the concrete element.

The period of plastic shrinkage extends from immediately after mixing until the final setting of 
the concrete (i.e. sum of the plastic and the semi-plastic phase) [1]. However, since no 
significant chemical reaction between the cement and water takes place in the plastic stage (i.e. 
before the initial set), the shrinkage at this phase is considered to be predominantly physically 
induced [2]. 

According to Gauss-Laplace relation, capillary pressure in a pore is inversely proportional to the 
radius of the meniscus which forms as a result of evaporation [2]. In other words, finer pore 
system and faster evaporation will cause higher capillary pressure and more tensile stresses. 
Meanwhile, longer plastic phase (dormant period) means that the concrete will be prone for 
shrinkage without any significant resistance for longer time which eventually increases the 
cracking risk. Hence, early-age cracking can be highly problematic in self-compacting concrete 
(SCC), High Performance Concrete (HPC) and/or Ultra-High Performance Concrete (UHPC) 
due to the relatively low water/binder (w/b) ratio and high dosage of superplasticizer (SP) [3]. 
Accordingly, plastic shrinkage cracking is not limited only to hot and arid regions and has 
become a challenge even in the cold Scandinavia [2]. 

In this paper the influence of w/c ratio on plastic shrinkage cracking in SCC is investigated. 
Although similar study have been already performed by other researchers [3], in this research 
effort is made in order to explain the cracking incidents based on the relation between 
evaporation, capillary pressure and hydration rate. The presented paper is part of an on-going 
PhD project at Luleå University of Technology in Sweden which aims at deepen the knowledge 
about the mechanism of plastic shrinkage cracking in concrete. 

2. MATERIALS AND METHODS
Table 1 shows the recipes of the tested SCCs of which the one with 0.67 w/c ratio is used as
reference.  The mixtures were produced by Byggcement (CEM II/A-LL 42.5R). The SP and
mineral filler are Sikament 56 and Limus 40 (Density 2670 kg/dm3 and Blaine 380 m2/kg)
respectively. The dry materials are premixed for one minute before adding the water and SP.
Then the mixing continued for another 5 minutes.

Table 1: Mix design of the tested concretes 
ID Cement Water Agg. 0-4 Agg. 0-8 Agg. 8-16 Filler SP W/C 
W/C 0.38 420 160 0 1021 694 40 4.6 0.38 
W/C 0.45 380 171 0 998 678 100 5.7 0.45 
W/C 0.55 340 187 81 879 651 160 4.1 0.55 
W/C 0.67 
(Ref.2) 300 200 155 771 628 220 2.4 0.67 
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Moulds, designed based on Ring test method (NORDTEST-method NT BUILD 433), are 
utilized in order to determine the cracking tendency of young concrete (Fig. 1). The test setup 
consists of three identical moulds with two concentric stainless steel rings in each. Once the 
concrete is cast, the mould is covered by a transparent air funnel with a suction fan. The 
experiments took place, in 20 ± 1˚C room temperature and 35 ± 3% relative humidity. The 
weight of the evaporated water is measured using three load cells (only in one mould). 
Moreover, capillary pressure (at 4 cm from the surface) and internal temperature (at 2 cm from 
the bottom) are recorded continuously, starting at 60 minutes after the castings up to 18 hours 
later. Time of crack initiation was determined by visually inspecting the concrete surface every 
30 minutes. At the end the average crack area was calculated, as suggested by [3], according to 
Eq.1: 

3
)( widthcracklengthcrackareacrackAverage ×∑

= (1) 

Figure 1 - The arrangement of the test setup, from [3]. All the dimensions are in mm. 

3. RESULTS AND DISCUSSION
The results show that the total accumulative evaporation increases by increasing the w/c ratio
(Fig. 2.a). On the other hand, the largest average crack area was measured in W/C 0.67,
followed by W/C 0.38, W/C 0.55 and W/C 0.45 (Fig. 2.b) which obviously does not correspond
to the evaporation trend. In W/C 0.38, the radius of the curvature of the menisci in the pores
decreases slower due to less evaporation, which leads to lower rate of capillary pressure build-
up (Fig. 2.d). However, this reduction is compensated with faster hydration which eventually
increases the capillary pressure build-up rate (Fig. 2.c). Hence, it seems that in this case the
concrete cracks mainly due to autogenous shrinkage.

With higher w/c ratio, the cooling effect of the evaporation prolongs the hydration, i.e. longer 
plastic phase. The lower capillary pressure build-up rate is then compensated with faster 
reduction of the menisci radius due to higher evaporation. However, in W/C 0.67, the very high 
evaporation together with narrower pore system due to the presence of large amount of fines 
(Tab. 1) rapidly increases the of capillary pressure. It can be interpreted that at any given time, 
the amount of shrinkage in W/C 0.67, is much larger than that which is experienced by the 
others. For instance, in Figure 2.d, it can be seen that the capillary pressure at 4 hours after 
starting the measurement is -40 kPa for W/C 0.67 and -25 kPa for the other three. This means 
that W/C 0.67 shrinks more in comparison.  
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Figure 2 - Influence of w/c ratio on (a) evaporation, (b) average crack area, (c) internal 
temperature and (d) capillary pressure. 

4. CONCLUSION
• High capillary pressure build-up rate can increase the cracking risk when accompanied with

high evaporation and long dormant period.
• The reason that the cracking tendency increases after 0.55 w/c ratio is the presence of large

amount of fillers which leads to faster capillary pressure development.
• Cracking in SCC with high w/c ratio is mainly due to plastic shrinkage, while autogenous

shrinkage is the main reason behind cracking in SCC with low w/c ratio.
• The optimum range of w/c ratio in order to decrease the risk of early-age cracking is

between 0.45 and 0.55.
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ABSTRACT 
Concrete overlays on bridge decks are expected to be more durable as compared with the more 
common asphalt solution. Besides stresses due to traffic load and temperature variations at 
service, the overlays are exposed to stresses due to long term shrinkage. Of interest is to 
evaluate the concrete overlay due to the shrinkage induced stresses at the composite interface. 
Three strategies have been employed to gain knowledge on the stresses; 1) use of non-
destructive test systems via field observations, 2) a numerical study on a concrete composite 
slab tested in laboratory, 3) recordings of realistic shrinkage and climate data on a reference 
bridge using vibrating strain gauges and humidity probes in the newly cast  concrete overlay. 
The data were used as input data for a linear elastic finite element model. This article 
demonstrates this last phase of the work.  

Keywords: Concrete bridge overlay, shrinkage, full scale recording, FEM, shear stresses 
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1. INTRODUCTION
The bonded concrete overlay technique has several important areas of application; retrofitting of
concrete structures, repair in general and road and pavement applications. One important factor
with respect to serviceability and durability of concrete overlay solutions is restrained shrinkage
[1] [2]. Failure modes expected in case of differential shrinkage are de-bonding and cracking;
which one that is more prone than the other is difficult to predict though it depends on e. g. the
stiffness of the structural system. Aspects of importance are; time-dependent material
characteristics, climate conditions, workmanship and structural properties of the whole system.

Main purpose of this paper is to analyse interface load effects on a concrete composite bridge 
deck due to shrinkage. Addressed questions are 1) how does ambient climate conditions effect 
internal concrete climate, 2) what is the magnitude of interface stresses due to recorded in-situ 
shrinkage, 3) which type of defect appears first - vertical or horizontal cracks. 

2. METHOD
As mentioned earlier, as a part of a PhD project, realistic shrinkage and climate data have been
studied on a reference bridge using vibrating strain gauges and humidity probes in the newly
cast  concrete overlay, see [3]. Material properties were documented on reference specimens
stored in laboratory. The data were used as input data for a linear elastic finite element model.

The bridge of which measurements and analysis were performed on is a two hinges beam-frame 
reinforced concrete bridge with wing walls oriented parallel to its longitudinal direction, Fig 1. 
Shrinkage strain,  climate data etc. on site were recorded  in the cover and beside the bridge (non-
loaded dummy samples) by use of 12 vibrating strain gauges and 12 humidity probes equipped 
with wire-less on line documentation facilities, provided by Roctest Ltd and Vema Venturi AB, 
Fig 2a. Strain and climate readings of reference concrete samples on site and in laboratory at 
LTU were recorded with similar principles as concrete cover readings, details are given in [3].  

Finite element modelling was done by the use of ATENA Science software package. One fourth 
of the bridge was modelled due to an assumed double symmetric load situation due to shrinkage, 
thus neglecting that the whole overlay as such was cast at two occasions with four weeks in 
difference, Fig 2b. All elements modelling the concrete are 8-noded linear 3D solid “brick” or 
hexahedron, isoparametric elements integrated by Gauss integration at 8 points. 

3. RESULTS
Fig 3 shows typical climate history (T and RH) in the concrete overlay (a) and example of
shrinkage strain readings in laboratory (b) and at the site (c). While the laboratory stored
specimens show contraction the site readings show a mix of expansion and contraction - a
reason that has been difficult to explain. Fig 3d shows typical interface shear stress from FE.

4. DISCUSSION AND CONCLUSIONS
All strain values are small in general compared to what was expected but could be explained to
an extremely favourable humid climate at the time of curing and months afterwards during
autumn. Moreover, a more or less constant access of evaporating water from the river might be a
factor reducing the shrinkage even further. Next spring may give a higher shrinkage of the cover
– this will be evaluated in future work. The work will end up in recommendations and
guidelines to support future design and executions, see discussions in e.g. [4].

The following comments and conclusions on the study so far can be identified: 
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• No surface cracks were found up to late autumn (some four months after casting)
• Strain and climate readings from the bridge could be documented wireless during more

than 300 days without any larger interruptions and other possible problems.
• Small shrinkage values are obtained due to favorable, humid, climate conditions.
• Small interface stresses were obtained in FE analyses based on autogenous shrinkage

strain from in-situ placed specimens.
• The results will be a base for further development of FE model as well as for

establishing recommendations/guidelines.

Fig 1. Studied bridge with a span of 25 m and a total length of 37.5 m, bridge deck width: 6.9 m. 
Concrete overlay casting of one traffic lane. 

a) b) 
Fig 2. a) Parts of test setup on site: head unit for web/energy/storage service and grid with 6 
vibrating wire gauges b) Finite element ATENA model. 1/4th of the geometry, 25 000 elements. 
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a) b) 

c) d) 
Fig 3. a) Climate data (first 118 d) b) Example of shrinkage - indoor specimens c) example 
longitudinal overlay strain (first 300 d) d) FEM interface shear stress [MPa,] outer1/4 part  
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ABSTRACT 
According to the Particle-Matrix Model (PMM) philosophy, the workability of concrete depends 
on the properties of two phases and the volumetric ratio between them: the fluid matrix phase (≤ 
0.125 mm) and the solid particle phase (> 0.125 mm). The model has been successfully applied 
to predict concrete workability for different types of concrete, but has also indicated that some 
potential cases exist when its application is limited. The paper presents recent studies on 
improving the method by analysing how the PMM one-point flow parameter λQ can be 
expressed by rheological models (Bingham and Herschel-Bulkley). 

Key words: Rheology, matrix, FlowCyl, yield stress, plastic viscosity. 

1. INTRODUCTION AND BACKGROUND

1.1.  The Particle-Matrix Model (PMM) 
To simplify the practical modelling of the effect of different concrete part materials on concrete 
workability, Ernst Mørtsell developed a material model called the Particle-Matrix Model 
(PMM) as a part of his doctoral thesis at the Norwegian University of Science and Technology 
in 1996 [1]. According to the PMM philosophy, the workability of concrete depends on the 
properties of two phases: the fluid matrix phase (≤ 0.125 mm) and the solid particle phase (> 
0.125 mm), i.e. a liquid phase (matrix) and a friction material (particles):  
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 The lubricating concrete matrix phase is defined as consisting of all fluids (water,
admixtures, etc.) and particles (binder, filler, fines from the aggregate, etc.) ≤ 0.125 mm.
This definition was chosen to acknowledge that very small particles will mainly affect
properties of the fluid matrix phase due to their surface properties whereas gravity plays
a small role when the particles are dispersed in a fluid. It is therefore natural to let the
small particles and entrained air by definition belong to the matrix;

 The particle phase dispersed in the lubricating matrix is defined as all the particles in
concrete > 0.125 mm, which are in general the aggregate particles. The effect of these
particles on concrete flow is mainly governed by density, shape and size distribution.

In practice, the PMM approach is based on a single-parameter characterisation of each phase, 
i.e. the flow resistance ratio of the matrix and the air voids modulus of the particles:

 The flow resistance ratio (λQ) is a one-point workability parameter determined in the
FlowCyl test, which is a simple flow viscometer – a modification of the Marsh Cone test
apparatus (see in [1] and [2] for details);

 The air voids modulus (Hm) is based on the air voids space ratio of the fine (0.125-4
mm) and coarse (> 4 mm) portions of the particle system. Details on the determination of
this parameter can be found in [1] and [2].

Figure 1: Slump value as a function of matrix volume for two concretes based on the same 
particle system, but different matrix compositions [3]. 

Mørtsell [1] demonstrated that, when the properties of the two phases are determined in this 
simple way, the workability of the concrete depends on these properties and the volume ratio 
between them. The workability of the concrete as characterised by the slump and flow measure 
(or another rheological parameter) is then finally expressed as a function of the flow resistance 
ratio of the matrix, the air voids modulus of the particle phase, and the volume fraction of the 
matrix. Mørtsell [1] chose the hyperbolic tangent (tanh) function as a basis for his workability 
function, which then resembles an “S-shape” in matrix volume vs. slump (also slump-flow, 
yield stress or any other workability parameter) coordinates (Figure 1). The syntax and use of 
these functions are described in detail in [1] and [2]. 

1.2.  Current recognised limitations of the PMM 
Ernst Mørtsell showed in his doctoral thesis [1] that the PMM is applicable for conventional 
(vibrated) normal-weight Norwegian concrete mixes with consistencies of up to about 250 mm 

Low 
viscosity 
matrix 

High 
viscosity 
matrix 
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of slump, based on natural sand and matrices with relatively low fines content. Later, Smeplass 
[2] demonstrated that the PMM is also applicable to light-weight aggregate concrete (LWAC)
based on natural sand and coarse lightweight aggregates, i.e. no modifications are required to
handle the reduced density of the LWAC.

Smeplass and Mørtsell [6] investigated the applicability of the PMM to self-compacting 
concrete (SCC). Their study included both high-strength SCC based on high-strength ordinary 
Portland cement (OPC) without additional fillers and low-strength SCC based on regular OPC 
with substantial filler additions. The hypothesis for the study was that the PMM would work 
even better with the matrix-dominated SCC mixes, and that the workability of the SCC mixes 
tested would be a unique function of the flow resistance ratio of the matrix and the volume of 
the matrix according to the PMM. However, the results revealed that, to achieve a slump-flow 
measurement of approx. 650 mm, the necessary matrix volume was 40-80 l/m3 lower for the 
mixes based on the high-strength OPC than for the regular OPC mixes, when all other 
parameters (including λQ values) were comparable. In other words, the researchers did not find a 
simple correlation between the flow resistance ratio of the matrix (λQ) and the workability of the 
SCC. Smeplass and Mørtsell [6] proposed that the problem was in the measuring device used for 
the characterisation of the matrix, i.e. the FlowCyl. They suggested that the problem with the 
FlowCyl was that it gives only a single value, whereas the matrix is at least a two-parameter 
fluid that needs to be more fundamentally described with a yield value (τ0) and plastic viscosity 
(µ). 

2. USING FLOW-CYL AS ONE-PARAMETER CHARACTERISATION OF
MATRIX RHEOLOGY: RECENT FINDINGS

The reviewed previous research in subsection 1.2 above raises a very important question: why 
the FlowCyl test on matrices does not reflect the differences in concrete workability for all types 
of concrete, even when the particle phase is kept constant? Recently, two new studies with the 
goal of answering this question have been conducted by Cepuritis, et al. [5] and [6]. The studies 
included development of a numerical model of the FlowCyl, as well as a series of simulations of 
the FlowCyl test aimed at analysing the effect of the yield shear stress (according to the 
Bingham and Herschel-Bulkley (H-B) material models) on the flow resistance ratio λQ. The 
numerical results were found to be in good agreement with experimental results on rheology 
measurements of approx. 100 cement pastes including crushed aggregate fines (≤ 125 µm). 

Figure 2: A figure of the shear rate magnitude in the FlowCyl for a cement paste after 25 
seconds: left) Bingham material model right) H-B model [5]. 
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Results of the investigation in [5] and [6] have revealed that that the plastic viscosity dominates 
the flow resistance ratio. The reason for the dominance is owed to the fact that the cement paste 
experiences high shear rates (approx. 200 1/s) at the outlet, see Figure 2, which is a region of the 
FlowCyl that has a great influence on the flow rate and thereby the flow resistance ratio. 

3. CONCLUDING REMARKS: FURTHER IMPROVEMENTS NEEDED
As a result of the findings reported in Section 2, one can state that the flow resistance ratio can
be used as a one parameter characterization of the matrix rheology, when utilized to predict the
flow behaviour of concrete, such as in the PPM model, as long as the shear rates that the cement
paste undergoes during the concrete flow are high. Moreover, the PMM shall only work when
comparing mixes with similar yield stress of the matrix phase, as the yield stress of the matrix is
not represented by the flow resistance ratio value. In more practical terms this would mean that
PMM should probably work fine when the dosage of the superplasticiser (SP) is relatively high
and the yield stress of the matrix phase has been reduced to be negligible. PMM should also
work when comparing mixes where the yield stress of the matrices is the same, which would
then imply similar dosages of the SP and use of binders/ fines ≤ 0.125 mm that have similar
interaction with the SP molecules.

The further proposed improvements for the PMM, based on the discussion presented here, 
would imply finding a way so that the flow-resistance ratio also includes a contribution from the 
yield stress of the matrix. There are two directions for this chosen in a work in the MiKS 
(Mikroproporsjonering med Knust Sand (Norwegian for Micro-proportioning with Crushed 
Sand)) project currently in progress at NTNU. These are: supplementing the flow resistance 
ratio value with a mini-cone spread measurement to capture the yield-stress effect or changing 
the geometry of the FlowCyl so that the mass flux out of the FlowCyl and thereby the flow 
resistance ratio measurement would also include a contribution of the yield-stress of the matrix. 
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ABSTRACT 
Correlation between different methods for determination of segregation in self-compacting 
concrete has been studied. It is demonstrated that visual assessments (normally the only 
assessment) in some cases are insufficient. The study mainly deals with correlation between the 
US segregation column method and the European sieve segregation method. The segregation 
column method with some modification in the procedure, seems to produce more detailed 
results and segregation is actually measured directly (sieve segregation being and indirect 
measurement). 

Key words: Segregation, SCC, Rheology, Testing. 

1. INTRODUCTION

1.1 Segregation in concrete 
Self-compacting concrete (SCC) is widely used in Denmark and the use of this specific type of 
concrete is increasing in many countries. A key parameter for SCC is the robustness against 
segregation. Segregation occurs when coarse aggregate particles moves towards the bottom of 
the concrete leaving a layer of cement mortar in the top of the concrete. 
Concrete production will always be subjected to variations from the constituent materials and 
inaccuracy in dosage of materials. This will lead to day-to-day variations in the rheology of the 
fresh concrete and sometimes the concrete might segregate. Segregated concrete have a lower 
strength, is less durable and might have a poor surface finish compared to homogeneous 
concrete. 
Even though segregation seems to be critical, it is seldomly measured. The reason for this might 
be that segregation can be assessed visually. This type of assessment is, however, highly 
subjective. Visual assessment is often performed on the concrete used for the slump flow test 
(immediately after the test), where it is observed whether the stones are also present at the edge 
of the concrete. If so, the concrete is assessed to be without segregation. This gives some 
information on dynamic segregation, but none on static segregation. 
Static segregation is critical for casting of tall structures. It can seem odd not to specify a certain 
resistance to segregation in such castings, but also in general. In general, it could be valuable to 
precisely measure whether one type of cement, sand or admixture gives a higher robustness to 
segregation compared to another. A cheap constituent material might turn out to be the more 
expensive (because it produces SCC with low robustness to segregation).   
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1.2 Methods to measure segregation  
There are numerous methods, which can be used to determine segregation in SCC. Some 
examples are given below:  

• Sieve segregation acc. to [1]. Segregation is determined from amount of fresh concrete
passing a 5 mm sieve when placed there for 2 min

• Segregation column acc. to [2]. Segregation is determined from the difference in amount of
washed out stones from a top and a bottom section of a column with fresh concrete (after
leaving the concrete in the column for 15 min)

• Penetration acc. to [3]. Segregation is determined from penetration of a needle measured in
a slump cone. Higher penetration indicate less stones in the surface and hence segregation

• Visual assessment acc. to [4]. Stability index by visual assessment of fresh concrete from a
slump flow test

• Rotational rheometer. Non-standardized method. Resistance to segregation assessed based
on yield stress and plastic viscosity of fresh concrete

• Distance to stones. Non-standardized method. A cylinder with hardened concrete is sawed in
two. Segregation is determined as the average distance from surface to stones.

The European concrete standard [5] specifies a method to determine segregation in SCC, i.e. the 
sieve segregation method. Specification of concrete (and measurements in general) according to 
this standard are, however, rare. The US method with column segregation might simulate real 
conditions more precisely. Therefore, this method have been the focus of this study.  

2 EXPERIMENTAL 

2.1 Methods 
Segregation has been studied with visual assessment, segregation column and sieve segregation. 
A 0-5 scale was used in the visual assessment (0 = no segregation and 5 = completely 
segregated). Assessments were based on the appearance of the concrete in a container 10 min. 
after mixing.  

2.2 Mix designs 
Concrete with strength class C25/30 to C45/55 have been used for testing 

3 RESULTS AND DISCUSSION 

3.1 Segregation column versus visual assessment 
Initially results from the column method have been compared with visual assessments. Results 
are illustrated in figure 1. Concrete 1, 2 and 4 are the same C25/30 mix design (2 and 4 with 
higher water contents). Concrete 3 is a strength class C40/50.  
Typically, a maximum of 15 % segregation is specified for the column test in the US. This study 
shows that a typical Danish C25/30 SCC for flooring with a slump flow of 550 mm gives app. 5 
% segregation and a typical Danish C45/55 SCC for precast elements with a slump flow 650 
mm gives app. 10 % segregation. 
When the visual assessment of the concrete is exclusively based on the appearance of the 
concrete from the slump flow test, the assessment might be incorrect. For some mix designs the 
stones are transported to the edge of the concrete even though the concrete is segregated. An 
example is shown in figure 2 (concrete with 15 % segregation measured in the column test). 
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Figure 1 – Correlation of segregation measured by column test and visual assessment. Numbers 
1-4 in circles designate the different concrete types used

Figure 2 – Concrete is clearly segregated in the container (left). Some segregation visible at 
slump flow test (center). Stones are present at the edge of concrete from slump flow (right) 

3.2 Modified segregation column versus sieve segregation 
The column test measures static segregation. In the initial tests it was observed, that some 
concretes performs well in the column test, but segregates if very small motion were applied. In 
the field most concrete will be subjected to some motion during and after casting. Therefore, 
tests have been made with the segregation column introducing a short duration of vibration. In 
this modified procedure the column is placed on a vibration table, filled, exposed to 2 sec of 
vibration and left for 15 min before measuring the segregation. 
Comparison of results with the standard and the modified procedure are shown in figure 3. 

Figure 3 – Segregation with standard procedure and a modified procedure with 2 sec vibration 
for the same concrete mix design (left). Measurement of column segregation in steps (right) 

1 2 3 4 

Column 
segregation 

test 
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In figure 4 correlation between results with the modified segregation column test and the 
European reference segregation test (sieve segregation) are shown. 

Figure 4 – Correlation between modified column and sieve segregation tests. Concrete is 
strength class C45/55 with different amounts of superplastiziser 

Results in figure 4 illustrates, that the modified column test, as expected, gives more segregation 
compared to the sieve test (where no vibration is applied). It is also seen, that the modified 
column test produce more detailed results and will better separate a non-robust concrete from a 
robust concrete (see measurements for slump flow 700 mm). 

4 CONCLUSIONS 
In some cases, it is insufficient to assess segregation visually. Results will be subjective and/or 
wrong. The segregation column test have been identified as the most suitable method to measure 
segregation. To simulate field castings more precisely it is favourable to modify the standard 
procedure and introduce some motion in the test. 
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ABSTRACT 
Sand extracted from natural resources is widely used in concrete production nowadays. The 
increase in demand for concrete production has resulted in shortage of natural sand resources, 
especially in terms of suitable materials for concrete production. At the same time, large 
amounts of excavated rock materials are and have been generated from tunnelling projects and 
discarded. Hence, there is an opportunity to use these excavated rock materials as aggregates for 
concrete production. The challenge lays in the production of suitable aggregates. The focus of 
the study presented in this paper is on the use of processed excavated rock materials from 
tunnelling projects as aggregates in sprayed concrete production. Five sand materials, both 
natural and excavated, have been characterized. The effect of three of these materials’ properties 
on the workability properties of the resulting spray concrete will be investigated. The study is 
not completed yet and a final conclusion remains to be drawn. 

Key words: Aggregate, Mix Design, Reuse and Recycling, Rheology, Sustainability 
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1 INTRODUCTION 
High amounts of excavated rock materials are produced in infrastructure projects in Norway, 
especially when tunnelling is involved. In 2015, 7 million m3 rock material was excavated from 
Norwegian mountains [1]. Most of this material has traditionally been used as landfill or placed 
in deposits in lakes or fjords. However, this practice is becoming more and more controversial, 
and the project Local Materials (Kortreist stein) was established to accommodate extended use 
of this material. Four areas of possible utilization have been identified in this project: Asphalt, 
concrete, road construction and ballast, sub- and super structures in railway. This paper is 
limited to the study of the utilization of excavated rock materials in sprayed concrete production 
as tunneling projects often require high volumes of sprayed concrete. Utilizing the excavated 
rock materials in this manner may be both economically, logistically and environmentally 
beneficial. 

2 MATERIALS AND METHODS 

2.1 Materials 
In total five different types of sand materials from three different sources have been included in 
the study. The most essential information about these materials is summarized in Table 1. Three 
of these sand materials are processed excavated rock materials from two ongoing tunnelling 
projects in Norway, the new Ulriken tunnel and the Follo Line tunnel. The Follo Line connects 
Oslo and Ski with a 20 km long double track railway tunnel, and the Ulriken tunnel is an 8 km 
long double track railway tunnel between Bergen and Arna. Both tunnels are mainly driven by 
Tunnel boring machines (TBM), but the method drill&blast (D&B) is also applied. Furthermore, 
the natural sand materials from Årdal (Norstone AS) have been included in the study as 
reference materials for comparison with the crushed sand materials.  

Table 1 - Description of the sand materials used in the study. 

Name Source Particle 
sizes 

Type of 
aggregate 

Production process 
Rock typesMain  

process
Secondary 
process

MR1 Årdal 0 – 8 mm Natural 
Glaciofluvial 
and moraine 
deposit 

Partly 
crushed 
Washed 

Dark rocks 
Granite/gneiss
Feldspathic rocks 

MR2 Årdal 4 – 8 mm  Natural 
Glaciofluvial 
and moraine 
deposit

Partly 
crushed 
Washed 

Dark rocks 
Granite/gneiss
Feldspathic rocks 

MU1 Ulriken 0 – 4 mm  Crushed Tunneling 
D&B 

Crushed 
Washed 

Dark rocks 
Granite/gneiss
Feldspathic rocks 

MU2 Ulriken 0 – 4 mm  Crushed Tunneling 
D&B Crushed 

Dark rocks 
Granite/gneiss
Feldspathic rocks 

MF Follo-
banen 0 – 8 mm  Crushed Tunneling 

TBM 
Crushed 
Washed Granite/gneiss

The natural sand materials from Årdal, MR1 and MR2, are partly processed in terms of crushing 
of particles greater than 22 mm and washing [2]. The sand materials from Ulriken, MU1 and 
MU2, are crushed from the larger rock fragments that are produced during the traditional 
tunnelling method drill&blast. The crushing process includes a jaw crusher, a gyratory crusher 
and a cone crusher [3]. The sand material from Follo Line is produced by crushing TBM muck 
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into smaller particles [4]. The crushing includes a cone crusher and a Vertical Shaft Impacter 
(VSI).  

2.2 Experimental program 

Characterization 
Only the properties that are considered as relevant have been declared and included in the study. 
These properties are grading, fines content, particle density and water adsorption, particle shape 
and free mica content.  

Mix design 
Sprayed concrete mix design from a commercial ready-mix concrete supplier has been used as 
basis for the proportioning part. Three mixes have been proportioned: one mix containing 50% 
MR1, 45 % MU1 and 5 % MR2, one mix containing 50 % MF and 50 % MR1 and finally one 
reference mix containing 100 % MR1. MU1 is MR2 combined to form one unit, containg 
particles with sizes in the entire range of interest (0 – 8 mm). MU2 is excluded in the study of 
fresh concrete properties due to its high content of fines (see Table 2), which is known to have a 
negative impact on workability properties.  

FlowCyl test and void content measurement 
The FlowCyl test and the void content measurements are based on the particle-matrix model [5]. 
In the particle-matrix model, fresh concrete is considered as a two-phase system, consisting of a 
flowable part, the matrix phase, and a friction part, the particle phase. The FlowCyl test and the 
void content measurements will and have been carried out in order to characterize the properties 
of the matrix phase and the particle phase, respectively. According to the particle-matrix model, 
the workability of fresh concrete is determined by the properties of the phases and the volume 
ratio between them. Hence, the results of these experiments can give an indication of the 
workability properties of the sprayed concrete mixes, such that any necessary adjustments and 
changes on the proportioning part can be made before conducting the remaining experiments. 

Fresh concrete properties measurements 
Testing of fresh concrete properties by means of slump test, flow-table test and 4SCC have not 
been performed yet. These experiments will be carried out during Spring 2017.  

3 RESULTS AND DISCUSSION 
The results of the characterization and the particle void content measurements are presented in 
Table 2 and Figure 1. The results confirm that the use of VSI in the crushing process provides 
higher particle shape quality and that the crushing process generally will generate a lot of fines 
and shall therefore be combined with a wet- or air classification step in order to keep the fines 
content within acceptable limits.  

In general, low content of flaky and elongated particles, low free mica content and low particle 
void content is beneficial for the workability properties. As expected, Table 2 shows that MR1 
has the highest particle shape quality, whereas MU1 and MU2 have the poorest. Consequently, 
the particle void content is higher in the combined sand material MR1/MF than the other 
combined sand material MR1/MU1/MR2 (see Figure 1). The combinations are presented as the 
quantity of crushed sand, specifically MF and MU1 + MR2 in percentage of total mass. MF has 
the highest content of free mica. This can be related to the application of VSI in the crushing 
process, which generally generate high amounts of fine particles. When dealing with rock types 
containing mica, the use of VSI may also cause high content of free mica minerals. In overall, 
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MF seems to be a more suitable aggregate in concrete production than MU1. A final conclusion 
remains to be drawn after the fresh concrete mixes are tested.  

Table 2 - Characterized properties for the sand materials. 
MR1 MR2 MU1 MU2 MF 

Fines content 3,0 % 0,5 % 2,7 % 14,0 % 1,5 % 
Particle density 2,68 Mg/m3 2,67 Mg/m3 2,96 Mg/m3 2,96 Mg/m3a) 2,76 Mg/m3 
Water adsorpt. 0,3 % 0,5 % 0,1 % 0,1 %a) 0,2 % 
Particle shapeb) 25 % / 20 % - 70 % / 55 % 70 % / 55 %a) 40 % / 25 %
Mica content 4 % - 11 % 11 %a) 24 % 
a) The value for MU2 is assumed to be the same as the value for MU1.
b) The values indicate the percentage of flaky/elongated particles. The first value is related to the
2 – 4 mm particles, whereas the second value is related to the 4 – 8 mm particles.
“-“ Not declared

Figure 1 - Sieve curves (left) and void content (right) for the investigated sand materials. 
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ABSTRACT 
Particle packing models have been studied extensively during past decades and led to 
development of some complex and relatively accurate predictions of packing of granular 
materials. While the models are capable of calculating the packing density for different 
volumetric share of constitutes, the concept of optimum packing remains unclear. The study 
aims to define optimum packing based on particle packing theory and excess water layer theory. 
The approach makes it also possible to calculate amount of paste that is required to put a 
concrete mixture at the onset of flow. Some pilot tests conducted in the laboratory showed good 
agreement with calculated data. 

Keywords: Excess layer theory, Optimum packing, Specific surface area, Zero-slump, Mix 
design. 

1. INTRODUCTION
Workability is one of the most important characteristics of concrete in fresh state which in
simplest scenario depends on viscosity of the paste, packing density of aggregates, particle
shape, grading curve, and the amount of water in the mixture.  A particle mixture with high
packing density leaves little volume of voids in the structure to be filled with paste. Reduction of
paste and specifically cement has several benefits i.e. reduction of cost, pollution, shrinkage,
cracking, etc.

Predicting the packing density of solid particles in a mixture has been studied extensively [1,2] 
and led to compiling some advanced and complex models such as CPM (Compressiblie Packing 
Model) that can estimate the packing for combination of different volume shares of the 
constitutes in the mixture. Models for calculating packing density have two purposes: 

1- Determining predicted packing density.
2- Finding the optimal blend of particles.
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Particle packing models can calculate the maximum packing density (minimum voids) in the 
mixture, however, making concrete at maximum packing usually results in “harsh” concrete [3].  

The current paper aims to introduce a method for mathematical calculation of optimum packing 
based on input from packing models and the concept of water layer theory. 

2. METHOD
As mentioned earlier, the approach is based excess water layer theory and void ratio in particle
mixture. The basics of water layer theory and related concepts are explained in the coming
sections.

2.1.  Excess water layer theory 
The excess water layer theory was derived from excess paste layer theory originally developed 
for slef-compacting concrete [4,5,6]. According to excess water layer theory, in addition to the 
water and cement that is required to fill the voids in aggregate structure, some extra water is 
required for surrounding the particle with a certain layer thickness in order to overcome the 
interlocks in aggregates by separating them which governs flowability of the mixture. The 
amount of required water is directly related to specific surface of the particles. At a constant 
volume of water, the mixture with higher specific surface area (SSA – surface area of particles 
relative to their volume or mass) will have thinner water layer around the particles comparing to 
a mixture with lower SSA. 

The main difference between excess paste layer theory and water layer theory roots in the way 
that the two approach view concrete mixture. According to paste layer theory, concrete is 
divided into paste and aggregate phase while in excess water layer theory concrete is viewed as 
a mixture of all particles (aggregates plus cement) and water.  

2.2.  Specific surface area 
Measuring surface area of the particles is complex, costly and in cases inaccurate process. The 
measurements are usually conducted using Blaine [7] or BET test [8]. Blaine test is developed 
for particles with relatively spherical shape and certain packing density which makes it suitable 
for measuring SSA of cement but not necessarily any other particle that does not fulfil the 
requirements of the test. BET test involves absorption of a gas (usually nitrogen) on the surface 
of particles, in a case where the particles include open inner pores; the surface of the pores will 
be included in the test results which are not of interest for concrete mix design purposes.  

An alternative to conducting the measurement is to calculate the surface area of the particles 
based on the size distribution curve data and the assumption of spherical shape for the particles 
using the following equation: 

        𝑎𝑎𝑠𝑠𝑠𝑠ℎ = 6∑ 𝑚𝑚𝑖𝑖
𝑑𝑑�𝑖𝑖.𝜌𝜌𝑠𝑠

𝑛𝑛
𝑖𝑖=1 (1) 

where 𝑚𝑚𝑖𝑖 is the mass of a grain fraction i, being the mass percentage of the fraction between di 
and di+1. �̅�𝑑𝑖𝑖 is the mean diameter of fraction i and i+1. 𝜌𝜌𝑠𝑠 is the relative density of the particles. 

It is also possible to assume one of the platonic solids instead of a sphere as the representative 
shape of particles. Platonic solids are set of five regular, convex polyhedrons. Replacing 
platonic solids with spheres will not only changes the calculated value of surface area but also 
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provides the opportunity to take into account the effect of square-cube law and the pace in 
growth of surface area to volume ratio as the particles become smaller in size and eventually 
increase the accuracy of the calculations. For this purpose Eq.1 can be written in its general 
form: 

𝑎𝑎𝑠𝑠𝑝𝑝𝑝𝑝𝑝𝑝 = ∑ 𝑆𝑆𝑆𝑆𝑖𝑖.𝑚𝑚𝑖𝑖
𝑉𝑉𝑖𝑖.𝜌𝜌𝑠𝑠

𝑛𝑛
𝑖𝑖=1 (2) 

where SAi/Vi is the surface area to volume ratio of fraction i and is related to the assumption 
made for the shape of particles. The concept of square-cube law and the principals of 
substituting spheres with platonic solids are discussed by [9]. 

3. THE MODEL
The suggested model works under the assumption that in addition to the water needed to fill the
voids between the particles, some extra water is required to cover the surface of the particles
with a certain thickness in order to put the mixture on the onset of flow. The thickness of the
water layer is measured as 25nm in the case that calculation of SSA is based on spherical shape
[10]; the thickness of water layer is assumed to be constant for different sizes of particles.

The packing densities of the aggregates are required too in order to find the volume of the voids. 
Following equation is based on the volume of constitutes of a mix for a cubic meter of concrete: 

𝜑𝜑𝑎𝑎𝑎𝑎𝑎𝑎 + 𝑐𝑐 + �𝑤𝑤
𝑐𝑐
� 𝑐𝑐 + 𝐴𝐴 = 1            (3) 

where 𝜑𝜑𝑎𝑎𝑎𝑎𝑎𝑎 is the maximum packing density of aggregates, c is the volume of cement, w/c is the 
volumetric water to cement ratio and A is the volume of air. 

Solving Eq.3 for a known packing density of aggregates and assumed volume of air results in 
the amount of cement and water needed to fill the voids. As the next step in the procedure, the 
amount of additional water needed to form a layer surrounding the particles can be calculated 
based on the SSA of particles: 

       𝑤𝑤𝑝𝑝 = 𝑆𝑆𝑆𝑆𝐴𝐴 × 𝑡𝑡𝑤𝑤       (4) 
       𝑤𝑤𝑡𝑡 = 𝑤𝑤 + 𝑤𝑤𝑝𝑝 (5) 

where wl is the amount of water surrounding the particles, SSA is the specific surface area of all 
the solid particles in the mixture and tw is the thickness of water layer ( for simplification can be 
assumed as 25nm in the case that SSA was calculated rather than measured). Total amount of 
water, wt, is considered as sum of the water that fills the voids, w, and the water that is needed to 
form the layer around particles.  Since the water to cement ratio is supposed to be constant, an 
additional amount of cement should be calculated to compensate for the added particle 
surrounding water. New values of cement and water will be replaced in Eq.3 which will result in 
a new value for packing density. The new packing can be considered as the optimum packing as 
it indicates a point close to the climax of packing diagram where the solid structure provides 
enough space for the amount of water and cement that puts the mixture on the onset of flow.  
In addition to the optimum packing value, the model can theoretically predict the amount of 
paste for zero-slump in the slump diagram. Moreover, adding 5 to 10% paste to the mixture will 
result in a recipe for workable concrete. It should be mentioned that the excess paste should be 
calculated for the onset of flow by implementing the same principal of having a constant 
thickness of water layer around the particles.  
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4. DISCUSSION
As mentioned earlier, the suggested model provides a basis for calculation of optimum packing
and the amount paste needed to put the mixture on the onset of flow. A proper estimation of
water requirement of the mixture results in mixtures with controllable workability. Moreover,
the model can be further developed to potentially be used as a mix design model once the effect
of admixtures, viscosity of the paste, and the cement type is introduced to the model.

Some pilot test recipes were made based on the calculations by the model in LTU laboratory and 
showed promising results.  
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ABSTRACT 
According to several research papers, self-consolidating concrete (SCC) should be able to 
offer advantages over conventional vibrated concrete (CVC) [1-3]. Nevertheless, in Norway 
SCC has a relatively low market share, and the use is mainly concentrated to the capitol and 
nearby districts. In this paper, through interviews with professionals in the construction 
industry, possible causes of the low use of SCC in Norway have been investigated. Lab tests 
have also been conducted to study effects of variations in the concrete composition, as well as 
the effects of poor execution that can occur due to inadequate competence of construction 
workers. According to the paper´s results, perceived advantages of the SCC are not nearly as 
many as those mentioned in various research papers [2-4].  

Key words: Self-consolidating concrete, reinforced concrete, segregation, quality control, 
admixtures. 

1. INTRODUCTION
SCC is a modern type of concrete which originated in Japan in the 1980s [5]. Due to high
seismic activity, constructions in Japan require a large amount of tightly spaced
reinforcement [2] which complicates the use of vibrators. In such constructions SCC is more
suitable, because the properties of fresh SCC allows it to flow and fill the formwork without
vibration. Various research papers mention quite a few other advantages, such as improved
quality of the concrete, and overall costs lowered by up to 15% [4].

SCC might also reduce construction times [2] and improve health and safety on the 
construction site, as operation of vibrators is eliminated [2]. Despite these advantages the 
usage of SCC has not reached the levels that were expected, as the product was introduced to 
the Norwegian construction industry in the late 1990s [6].  
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In some parts of the world the access to resources used in concrete production, and especially 
components that are highly present in SCC, might be limited, which makes the use of SCC 
uneconomical [4, 7]. This is not the case in Norway, as both fly-ash and silica fume is 
available [8, 9]. So, are Norwegian contractors not seeing the benefits, are they slow to adapt 
new materials and casting methods, or isn´t the quality of Norwegian SCC satisfactory? By 
improving the understanding of what the biggest challenges with SCC are, one can more 
easily point out what needs to be done to improve the quality of finished constructions. In this 
paper, the results from 12 interviews with contractors, producers and suppliers will be 
presented through interview summaries. Lab tests are conducted on the basis of statements 
from the interviews that concern challenges experienced with SCC, often allegedly caused by 
unsatisfactory properties of the delivered, fresh concrete. 

2. METHODS AND MATERIALS

2.1 Interviews 
The interview guide is developed based on the theory of “Diffusion of Innovations” [10] by 
Everett Rogers. This theory explains how, why, and at what rate new ideas and technology 
spread in a market. In this paper, the theory is mainly used to review the decision-making 
process that leads to accepting SCC, or rejecting further use after the product has been tried 
and evaluated. Twelve interviews have been conducted with individuals holding different 
roles in the Norwegian construction industry, such as clients, contractors, producers of 
concrete and suppliers of aggregate and admixtures. The main topics revolve around the 
respondents’ first-hand experience with SCC, which structural parts SCC is considered to be 
appropriate for, whether SCC fills a unique need in the industry, perceived quality of the 
delivered product, and the use of SCC in the future. A summary from the interviews is 
presented in chapter 3.1. 

2.2 Experimental procedures 
Test 1: Accelerating admixtures in SCC: Some respondents state that they experience 
lower early strength in SCC than in CVC, especially at low temperatures. Felekoğlu and 
Sarıkahya [11] support this by describing polycarboxylate-based superplasticizers’ retarding 
effect on cement hydration. The concrete used in the test specimens (100x100x100mm) is 
one mixture of SCC with different dosages of accelerating admixture, and one mixture of 
CVC with equal quality as reference, the latter without any accelerating admixture. Half of 
the specimens were cured for 12 hours, and the rest for 24 hours, before compression testing. 
The curing temperature was 5°C ± 1°C for both the 12- and 24 hour specimens. 

Test 2: Segregation test: A wall formwork system (2700x1200x200mm) was assembled and 
a surface retarding additive was applied onto the inner side of one of the walls. The purpose 
was to be able to expose the aggregate after a curing period of 48 hours, to show the 
distribution of the aggregate throughout the wall surface. The bottom half of the formwork 
was filled with SCC that had been visually controlled and showed no signs of segregation of 
cement paste from aggregates. Two hours later the top half was filled with an SCC that had 
1.5 liters of superplasticizer added, enough to induce clear signs of segregation of cement 
paste from aggregates. The formwork was removed after 48 hours and the retarded cement 
paste was flushed off of using a high-pressure washer, enabling the exposed aggregate to be 
studied. 
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3. RESULTS AND DISCUSSION

3.1 Interviews 
Concrete producers estimate that SCC makes up approximately only 5-10% of the total 
concrete volume produced nationally. There is agreement among the interviewees that the 
most important advantages with SCC is it’s fresh properties that make it possible to cast in 
tight spaces with dense reinforcement without the need of vibrating, as well as increased 
efficiency due to faster casting. Few mention other advantages as significant for choosing 
SCC over CVC and many claim that they get just as good, or even better, results with CVC. 
It is indicated that quality control of the SCC on site very often is neglected, even though they 
consider this as an important parameter for the end results. Most of the interviewees claim 
that they don’t have any particular estimate on gains from choosing SCC over CVC, as this is 
mostly based on perceived profitability. All respondents say that the same measures need to 
be taken in cold weather, regardless of whether one is using CVC or SCC, but some claim 
that they achieve lower early strength with SCC, presumably caused by the superplasticizers´ 
retarding effect. Ready mixed SCC from the factory is, by many contractors, said to often 
have large variations in quality, which is surprising, since concrete is very rarely returned to 
the factory for this reason. This might be due to a very tight schedule that forces progress to 
be made. Some contractors state that the tolerances for variations in the concrete standards 
are too wide, and some producers agree and mention that a tightening here would lead to 
better results, and this should apply to all from suppliers of concrete components to execution 
on site. There is a general agreement that the use of SCC in Norway will increase in future, 
although this would require more researches on SCC composition and the additives´ effect on 
SCC. This, combined with stricter tolerance requirements, could lead to more consistent 
quality and increased competence.  

3.2 Experiment results 
Results from Test 1 show that when curing concrete in low temperatures (constant core 
temperature at around 5°C), the retarding effect caused by superplasticizer in SCC is not 
significant, compared to the retardation caused by the low temperature itself (in relation to 
curing at 20°C). Figures 1a show that the SCC has approximately the same early strength as 
the CVC.  Accelerating admixture can be used in both types of concrete in order to reach the 
necessary strength for early removal of formwork, but other measures as formwork insulation 
and external/internal heating, should also be considered. Differences in early strength is 
shown in Figure 1a. A computer simulation of the temperature development in the specimen 
is shown in Figure 1b. This simulation takes into account relevant aspects of the concrete 
composition in Test 1 and the heat development caused by cement hydration.  

According to the results of test 2, a noticeable difference in aggregate distribution in the 
normal and segregated SCC was observed. In the bottom layer, both fine and coarse 
aggregates were evenly distributed through the whole layer. In the bottom part of the upper 
layer, coarse aggregates (8-16mm) was overrepresented, and in the top part of the upper 
layer, only small aggregates (0-8mm) and cement paste was to be found. The early 
compressive strength (24 hours) of the concrete from both layers also differed substantially; 
the segregated SCC only had ¾ of the compressive strength compared to the unsegregated 
SCC.
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Figure 1 – a) Early compressive strength of concrete for different dosages of accelerator 
(curing temperature 5°C), b) simulation of the core temperature in the specimen throughout 
the curing period. 

4. CONCLUSION
The quality of SCC is nearly always within current requirements as it leaves the factory.
Since quality control on site often is neglected, deviations aren’t detected before after casting
the concrete. As SCC is a more fragile product than CVC, experience is important to be able
to judge the quality on site, and to handle the product correctly. The industry would benefit
from better communication and transfer of experience. Much research is being done on the
subject, but the distance from PhD level to construction site is perhaps too far for the
knowledge to ever reach the construction worker.
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ABSTRACT 
Flowable low-pH concrete was developed and demonstrated for closure of site investigation 
boreholes. The boreholes have been used during geological characterization of the nuclear spent 
fuel disposal site at Olkiluoto, Finland.  Posiva Oy has over 60 deep cored boreholes of varying 
diameter (typically 56 to 76 mm) and at lengths from 200 to 1200 metres deep. Two holes were 
sealed in 2016 using materials developed in VTT’s laboratories. The low-pH concrete needed to 
have high workability for casting emplacement to a 1000 metre deep hole and high long-term 
durability with low hydraulic conductivity. The results are being used for license applications to 
Radiation and Nuclear Safety Authority of Finland, to show compliance with repository safety. 

Key words:  mix design, SCC, execution, nuclear, supplementary cementitious materials, 
repository 

369

mailto:erika.holt@vtt.fi
mailto:markku.leivo@vtt.fi
mailto:ville.sjoblom@vtt.fi
mailto:johanna.hansen@posiva.fi
https://mysite.vtt.fi/Person.aspx?accountname=AD%5CRTEEEH
https://mysite.vtt.fi/Person.aspx?accountname=AD%5CRTEMTL


1. INTRODUCTION
Posiva Oy is constructing one of the world’s first long-term nuclear waste repositories in Fin-
land. The safety of the nuclear waste repository is ensured with a combination of natural and
engineered barriers. Final nuclear waste disposal will take place in a deep underground
repository in Olkiluoto bedrock at a depth of 400–450 meters. Part of the licensing process to
construct and operate the facility is that Posiva must demonstrate their ability to eventually
return the site to natural conditions, including safety sealing of the deep investigative boreholes
used for geological site characterization and monitoring.

The Olkiluoto site has over 60 deep cored boreholes of varying diameter (typically 56 and 76 
mm) and at lengths from a couple hundred metres up to 1200 metres deep. The boreholes
intersect fractures of flowing water and the boreholes are often inclined. For closure, the
boreholes are to be sealed with alternating layers of bentonite clay and low-pH concrete, as
shown in Figure 1. [4] The low-pH concrete (having a leachate under ~11 pH) is needed to
ensure the long-term stability and swelling capacity of the bentonite. [3]

The scope of the current study was to develop a recipe for low-pH concrete which would have 
high workability for placement up to 1000 metres into boreholes, while also having good long-
term durability for repository safety.   

The performance and design requirements for closure of the investigation holes are derived from 
the site specific models. The selection of materials and their location along the hole is based on 
the hydrological and hydrogeochemical site conditions, including the practical implementation 
aspects. Posiva has developed the installation technique together with drilling contractor, along 
with producing documentation and quality assurance to ensure the installation fulfils the 
requirements in operating a disposal facility. 

2 MATERIALS AND METHODS 
The starting point for the borehole concrete recipe was Posiva’s current ternary mix design as 
used for the full-scale concrete tunnel end plug demonstration constructed in 2015 [3] which 
included 37% cement (Finnish sulphate resistant CEM I 42.5 N), 32% silica fume and 30% fly 
ash. The borehole demonstration was done using a binary mix, with only silica fume as a 
secondary binder as well as quartz aggregate filler. Ha-Be Pantarhit LK plasticizer and local 
granitic aggregates were used with a maximum size of 8 mm.  The expectations for the borehole 
sealing concrete were to have: 1) high durability (low water-binder ratio), 2) high flowability so 
the concrete could be pumped, 3) low water permeability.  

Laboratory trials were done to establish the correct proportions and verify performance. The 
optimal aggregate and filler gradation was sought using CPM packing calculations [2]. The final 
proportions used a water-binder ratio of 0.60 with 60% OPC and 40% silica fume. The 
performance test methods included Haegeman flow table (EN 13395-1), slump flow test (EN 
12350-8), compressive strength on 40x40x160 mm prisms (EN 196-1) and concrete pH-leachate 
[1]. Concrete specimens were cured in moulds for the first 24 hours and then kept in a controlled 
environment of 95% RH and 20°C until the testing age.  

After development of the laboratory recipes, field trials were done with a contractor to 
demonstrate their ability to re-produce the concrete mixture and place it.  Field trials were done 
to fine-tune the mixture proportions and mixing sequence. After batch tests, two boreholes were 
sealed using the low-pH concrete, with emplacement during December 2016 and January 2017. 
The concrete was pumped into maximum 100 metre section tubes and then lowered into the 
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boreholes. The concrete was removed from the tube by water pressure.  Fresh testing included 
slump flow tests at regular intervals. Quality control was done from one to five days after 
emplacement, by re-coring several metres into the concrete.   

3 RESULTS AND DISCUSSION 
The fresh mix properties in the laboratory for the final recipe showed the Haegermann flow 
table results of 260 mm (Figure 2)  and the slump flow of 680 mm. The compressive strength at 
7 and 28 days was 37 and 64,5 MPa, respectively. The strength development was also evaluated 
at 11°C, representative of in-situ underground conditions for the concrete in-contact with the 
host rock.  The pH leachate was under 11 in groundwater after 91 days.   

The in-situ demonstrations were done at Olkiluoto over a two week period per borehole. The 
quality control test results taken simultaneously during emplacement showed similar values to 
that of the laboratory. The average compressive strength at 7 and 28 days was 42 and 63 MPa, 
respectively. The density was 2200 kg/m3 at 28 days. Cored samples were taken for additional 
quality control, including compressive strength, water tightness, pH measurements and visual 
assessment of potential erosion when in contact with flowing water in the adjacent rock 
fractures. Figure 3 shows examples of the extracted cores, from ~200 metres deep, which were 
intact and homogeneous.  

4 CONCLUSIONS 
Materials developed for sealing of investigative boreholes proved to be successful.  It was 
possible to upscale the material production from laboratory to field demonstration. Quality 
control results from the lab and field showed that the materials fulfilled the performance 
requirements. The results from this project are being used by Posiva Oy to show that the 
boreholes can be safely sealed, to maintain the environmental protection of the biosphere and 
prevent radionuclide release from the repository. The knowledge gained in the project and 
during the demonstration will be used within Posiva’s operation license to be submitted in 2020 
to the Finnish Radiation and Nuclear Safety Authority (STUK).  The concrete material results 
for deep borehole sealing can also be used by other industries that need to have tailored sealing 
or grouting materials with high durability and workability.  
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Figure 1 – Example conceptual design of 
borehole sealing, with 10 metre layers of 
bentonite (yellow) and remainder majority 
filled with concrete.R20, HZ099 and R21 
denote intersecting water-flowing fractures. 

Figure 2 – Haegermann flow of concrete during 
laboratory development. 

Figure 3 – Cored concrete samples taken from 
in-situ demonstration. 
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