
Figure 3.41: Crack pattern at design loading for load history 6. From mean ECOV
analysis. Eknn is the crack strains perpendicular to the crack direction.

Figure 3.42: Crack pattern close to global failure for load history 3. From mean ECOV
analysis. Eknn is the crack strains perpendicular to the crack direction.
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Figure 3.43: Crack pattern close to global failure for load history 6. From mean ECOV
analysis. Eknn is the crack strains perpendicular to the crack direction.

3.7.3.2 Loads and displacement - initial simultaneous loading

Similar to the earlier load histories, the initial structural behavior is linear. At the appearance
of cracking, the stiffness is reduced but then remain constant during loading up to design
load level. The stiffness does not change when exceeding characteristic load, only changing
when the frame is close to concrete failure. The load-displacement curves for LH3 and LH6
are seen in Figs. 3.44 to 3.47. Note that the PSFm analysis for LH6 diverges at concrete failure
but does not for LH3, while neither of the two PSFm analyses ever reach design load level.
Furthermore, the post failure capacity increase of GRFm and PSFm for LH3 is the smallest of
such increases out of all the load histories that were analyzed.

For LH6, when the horizontal load is increased above design level, the vertical displacement
is reduced in the mean ECOV analysis. The reduction before global failure occurs is about
17%. No other analysis of LH6 experience this reduction before failure. This behaviour is
therefore seen in all the load histories where only horizontal load is applied beyond design
load level.
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Figure 3.44: Vertical force, FV , vs. vertical displacement, v , in mid span of the frame for
all NLFEA (see legend) of load history 3.
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Figure 3.45: Horizontal force, FH , vs. horizontal displacement, u, of the top right corner
of the frame for all NLFEA (see legend) of load history 3.
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Figure 3.46: Vertical force, FV , vs. vertical displacement, v , in mid span of the frame
for all NLFEA (see legend) of load history 6. Load sequence 2 is left out for clarity which
causes the cut off at 1080 kN.
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Figure 3.47: Horizontal force, FH , vs. horizontal displacement, u, of the top right corner
of the frame for all NLFEA (see legend) of load history 6.
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3.7.4 Yield of reinforcement

By looking at the crack plots from the analyses before global failure, the strains across some
cracks clearly reveal yielding of the reinforcement. This causes structural stiffness reduction
in the frame prior to concrete failure by introducing sections with localized yield of reinforce-
ment. This change can be observed before concrete failure occur by studying the curves of
the load-displacement plots in Sections 3.7.1 to 3.7.3. An illustration of the reinforcement
stresses prior to failure of the characteristic ECOV analysis of LH1 is presented in Fig. 3.48.
The figure also includes numerated zones for later reference. For some analyses that sur-
vived the local concrete crushing of the right frame corner, the redistribution of forces would
cause yielding in additional sections of the frame while previously yielding sections had their
reinforcement stresses reduced. This is most noticeable for the longitudinal reinforcement
in zone (6) of Fig. 3.48. The only occurrence of yield in compression was in zone (7).

For the undetermined frame to achieve a global failure, it would need to fail in several points
in order to create a mechanism of failure. This does not imply that the capacity will increase
after local concrete failure of the right corner. If the concrete failure causes a reduction
of the corner’s load bearing capacity to such an extent that load effects on other parts
of the frame exceed their capacity, then global failure would occur. Before global failure,
the reinforcement yields in several places for all analyses, and Table 3.13 summarizes the
yielding of the longitudinal reinforcement with yield zone references to Fig. 3.48. In addition,
yield of reinforcement stirrups are given in parentheses. The table gives information about
PSFm and GRFm from two separate load steps. These are the moment before local failure
of the right frame corner denoted as ’local’ and the moment before global failure denoted as
’global’. If the local and global failure for PSFm is the same exact failure, e.g. for LH1, then
the ’local’ column is marked with an ∗ and the yield zones are stated in the ’global’ column
instead. As the analyses with the ECOV method reach global failure at the first compressive
concrete failure, the table does not separate the yielding as for the other methods, however,
it does separate the characteristic and mean analyses.

From the results seen in Table 3.13, it appears that the ratio of yield stress divided by
compressive strength causes a change in behaviour for the frame. The analyses of methods
with the largest ratio, the PSFm and GRFm, show an early compressive failure with very
little reinforcement yield prior to failure. Then, a redistribution of forces causes an increase
in capacity and the frame starts yielding in several locations before experiencing a global
failure. Meanwhile, for mean and characteristic ECOV which have a smaller yield stress to
compressive strength ratio, the frame is yielding in many additional sections at the time
the right corner fails in concrete compression. The number of sections yielding in ECOV
analyses is almost as great as for the ductile failures of the GRFm. This may explain why
ECOV analyses diverge at the first concrete failure, and that there are no post failure capacity
increase by redistributing load effects as seen in GRFm analyses.
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Figure 3.48: Reinforcement yield zones of the frame. Illustration from the mean ECOV
analysis for load history 1. The figure show the Cauchy total stresses (Sxx, in MPa) at
integration points in relation to the local reinforcement axes. Yielding for the illustrated
analysis occur at zones 4, 6, 7, 8 and 10, with other zones being close to yielding.

Table 3.13: Yield zones of reinforcement at global failure for NLFEA. Zones given in
Fig. 3.48. Yield of stirrups given in parentheses. In addition, yielding at local concrete
failure is given for GRFm and PSFm. Where local and global failure for PSFm occur at
the same time, the local column is marked with ∗.

Load ECOV GRFm PSFm
history mean char Local Global Local Global

LH1 4,6,7,8,10 4,6,7,8 6 1,2,4,5,7,8,9 (4,8,9) * 4,6,7,8 (9)
LH2 2,6,7,8,10 6,7,8,10 (9) 7 1,2,4,5,7,8,9 (8) 10 1,2,4,5,7,8,9 (2,9)
LH3 2,4,6,7,8,10 (6,9) 2,4,6,7,8,9,10 (9) 6,7 1,2,4,5,7,8,9 (4,8) 6 (9) 1,2,4,5,7,8,9 (4,8)
LH4 4,6,7,8,10 1,2,4,6,7,8,10 (6) 6 1,2,4,5,7,8,9 (4,8,9) * 6,7 (9)
LH5 1,2,4,6,7,8,10 2,6,7,8,10 (9) 6,7 1,2,3,4,5,7,8,9 (4,8) 7,10 1,2,4,5,7,8,9 (4,8)
LH6 1,2,4,6,7,8,10 (6) 2,4,6,7,8,10 (9) 6,7 1,2,3,4,7,8,9 (4,8) * 6,8 (9)
LH7 1,2,4,6,7,8,10 (6) 4,6,7,8,10 6 1,2,4,7,8,9 (4,8,9) * 4,6,7,8 (9)
LH8 1,2,4,6,7,8,10 2,6,7,8,10 7 1,2,4,5,7,8,9 (8) 10 1,2,4,5,7,8,9 (2,9)
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3.7.5 Control of concrete failure

The concrete elements in the top right corner are of interest for two reasons. One, the
principal compressive stresses exceeded the compressive strength of concrete for every
analysis before these elements were crushed. And two, the failure should be the cause of
load effects and not spurious strains.

The largest compressive principal stress in the right corner of the frame exceeded the
compressive concrete strength by about 10% in all of the analyses before failure occurred.
To examine the strength gain and verify that the failure is a result of compressive failure in
concrete, the principal stress-strain relation of the most stressed element is studied. The
stress-strain relation of the reinforcement in this element is examined as well. The element
studied was the element located on the interior side of the right column adjacent to the
corner (the concrete element located at reinforcement zone (7) from Fig. 3.48). The stresses
are sampled at Gauss integration points. The two Gauss points examined in the concrete
element are the point closest to the interior of the frame corner (from now called Gauss
point 9), and the Gauss point to its right (Gauss point 8). Gauss point 9 should be the first to
experience failure, and due to its placement it should not experience excessive confinement.
The reinforcement stresses are sampled at the Gauss point of the longitudinal reinforcement
that is located closest to the frame corner corner (at zone (7)) in close proximity to Gauss
point 8. The stress-strain relations from characteristic ECOV analysis of LH3 can be seen in
Fig. 3.49. The stresses are normalized in relation to the uni-axial compressive strength. The
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Figure 3.49: Principal stress-strain relations of reinforcement steel and concrete element
located at the interior part of the top right corner. Relations are given for load steps right
until compressive failure. The results are retrieved from characteristic ECOV analysis of
load history 3. Stresses are normalized with relation to characteristic strength of concrete
and yield strength of reinforcement. The curves are marked for two load steps, the first
marker for when maximum concrete stress in Gauss point 9 is reached and the second for
when reinforcement yields. Gauss point 9 is located closest to the interior of the corner.
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Figure 3.50: The figure illustrates the normalized principal stresses in relation to the
loading (load steps) for the concrete element located at the interior part of the top right
corner and the reinforcement in this element. Relations are given for load steps right
until compressive failure. The results are retrieved from characteristic ECOV analysis of
load history 3. Stresses are normalized with relation to characteristic strength of concrete
and yield strength of reinforcement.

figure shows that the concrete and reinforcement stresses match the material models given
in Table 3.7. The markers in Fig. 3.49 are given for the same load step. The first marker of each
curve indicates the load step at which Gauss point 9 experienced maximum stress, and the
second marker indicates the load step at which the reinforcement starts to yield. It is clear
from the figure that the concrete initiates the failure close to the corner in Gauss point 9, and
when load effects are redistributed to Gauss point 8 and to the reinforcement, the concrete
element is visibly crushed.

Fig. 3.50 shows the normalized stresses in the concrete element Gauss points and the
reinforcement Gauss point in relation to the load steps of the characteristic ECOV analysis
of LH3. This gives a better picture of the force redistribution in the most stressed element
during the loading of the frame.
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3.7.6 Ultimate loading

Most of the load steps in the analyses reached convergence, often within 50 iterations, how-
ever, there were instances of non-converged load steps. The steps where the convergence
criteria was not reached experienced either the first major instances of cracking or the lo-
cal failure of concrete in the top right corner. Initial cracking and concrete crushing are in-
stances with large changes to the structural stiffness and therefore would require more iter-
ations to converge, although sometimes 200 iterations were not enough. All non-converged
steps that were deemed satisfactory were followed by converged load steps.

Design values of the ECOV format were calculated using the method by Engen et al.
(2017) which determine the global resistance factor γR with material, geometry and model
uncertainty, see Eqs. (2.22) to (2.24). The coefficient of variation of geometry is assumed
νG = 0.05 according to Pimentel et al. (2014) which assumes a large structure insensitive to
2nd order effects. The coefficient of variation and mean value of modelling uncertainty are
selected from Hendriks et al. (2017b). The values assume a failure mode of bending and get
the respective values νθ = 0.04 and θm = 0.97 for the coefficient of variation and mean model
uncertainty.

The global capacities and design resistances of the first three load histories, LH1-LH3,
are given in Table 3.14. The measurement used is a sum of the total loading on the
frame as used in Blomfors (2014) and the earlier verification of the solution strategy. The
ultimate capacities and design resistances for LH4-LH8 are presented in Table 3.15. The
measurement used for these histories was the load factor for horizontal load, LFH . The load
factor for the vertical load was assumed to be constant and equal to 1.35 at global failure.

Most estimates of design capacities from the nonlinear analyses did not exceed the design
loads the frame was initially designed for, there were only two exceptions for GRFm. In
analogy to Blomfors (2014), this would mean the NLFEA safety formats are conservative
compared to the design code. Therefore, similar structures that are designed by using either
of the NLFEA safety formats should have a probability of failure that is smaller than the target
probability of failure determined by the building code, e.g. Eurocode 2.

Table 3.14: Design resistances Rd for load histories 1-3 calculated according to the three
safety formats from Model Code 2010 (fib, 2013). Global resistance factor γR for ECOV
calculated according to Eq. (2.23).

Load Rm Rk νM νR γR γRd Rd

History [kN] [kN] [kN]
ECOV 2 562 2 327 0.0582 0.0865 1.341 - 1 910

LH1 GRFm 2 568 - - - 1.20 1.06 2 019
PSFm - - - - - - 1 976
ECOV 2 525 2 321 0.0510 0.0819 1.322 - 1 909

LH2 GRFm 2 438 - - - 1.20 1.06 1 917
PSFm - - - - - - 2 013
ECOV 2 587 2 354 0.0570 0.0857 1.338 - 1 933

LH3 GRFm 2 282 - - - 1.20 1.06 1 794
PSFm - - - - - - 2 012

63



Table 3.15: Design load factor for horizontal load LFH ,d for load histories 4-8 calculated
according to the three safety formats from Model Code 2010 (fib, 2013). Global resistance
factor γR for ECOV calculated according to Eq. (2.23).

Load LFH ,m LFH ,k νM νR γR γRd LFH ,d

History
ECOV 2.060 1.770 0.0920 0.1121 1.449 - 1.421

LH4 GRFm 1.910 - - - 1.20 1.06 1.502
PSFm - - - - - - 1.350
ECOV 2.050 1.776 0.0868 0.1079 1.431 - 1.433

LH5 GRFm 1.876 - - - 1.20 1.06 1.475
PSFm - - - - - - 1.419
ECOV 2.080 1.810 0.0843 0.1058 1.422 - 1.463

LH6 GRFm 1.851 - - - 1.20 1.06 1.455
PSFm - - - - - - 1.430*
ECOV 2.100 1.787 0.0978 0.1169 1.471 - 1.428

LH7 GRFm 1.952 - - - 1.20 1.06 1.535
PSFm - - - - - - 1.410*
ECOV 2.091 1.800 0.0908 0.1111 1.445 - 1.447

LH8 GRFm 1.856 - - - 1.20 1.06 1.459
PSFm - - - - - - 1.439*

* The vertical load factor at failure is less than the assumed constant
value of 1.35

There are differences in how conservative the formats are and how they are affected by the
load histories. For the first set of load histories, LH1-LH3, the PSFm and ECOV methods
give very consistent design capacities and are not as affected by the differences in the load
histories. The ECOV method gives only a slightly larger capacity when loads are initially
applied simultaneously compared to an initial individual loading. Meanwhile, PSFm gives a
slightly reduced design capacity when initial loading begins with an individual vertical load.
The analyses from the first set of histories show that the GRFm is most affected by the loading
history. For GRFm, initial individual vertical loading gives the greatest estimated capacity
while initial simultaneous loading gives the smallest capacity. The difference between the
two capacities is 13%. The last capacity for initial horizontal loading is about mid way
between the two extremities.

For the second set of load histories, LH4-LH8, the two instances where design capacity
exceeded the design value (LFH = 1.5) occurred for the GRFm analyses of LH4 and LH7.
However, compared to the first set of histories, the difference in estimated design capacity
for GRFm was smaller, about 6% as opposed to 13%. GRFm achieved the largest average
capacity of the three methods for the second set of histories compared to the smallest
average for the first set. The largest capacities with GRFm were obtained for LH4 and LH7,
where both histories initiates with an individual vertical loading, repeating the trend seen
in the first set. Moreover, the smallest capacity was obtained for LH6 with simultaneous
loading. Estimated design capacities for the ECOV method remain consistent with about a
3% maximum difference. The second set of histories confirms the behaviour seen in the first
set, and the largest capacity is given for LH6 with initial simultaneous loading. Likewise, the
smallest capacities are given for LH4 and LH7, both with initial vertical loading. One notable
change with the exchange of capacity measurement is the coefficient of variation of material

64



parameters in ECOV almost doubling. This is mostly due to the change of measurement, as
the difference between mean and characteristic capacity is divided by a smaller total which
makes the relative difference larger.

Several of the PSFm analyses of the second set of load histories did not reach a vertical
loading equal to the assumed design load factor of 1.35. This makes it difficult to compare
the histories where the vertical load factor did reach 1.35 (LH4 and LH5) with those that did
not (LH6, LH7 and LH8). In addition, as respectively LH7 and LH8 are equal to LH1 and
LH2 for loads below design level, the PSFm analyses of LH7 and LH8 did not generate any
additional information. Nonetheless, the estimated capacities are found to be greatest for
load histories that start with individual horizontal loading, and second largest for histories
with initial simultaneous loading.

The GRFm and ECOV methods behaved consistently in regard to divergence. All GRFm
analyses survived concrete failure of the top right corner and all of the ECOV analyses did
not. Characteristic ECOV analysis of LH3 survived the first load step of the failure, but did
not survive the entire failure before the analysis diverged. The PSFm analyses did not end
with the same type of global failure. Half of the analyses failed with the compressive concrete
failure of the right corner while the other half survived and obtained some increased capacity
due to the redistribution of load effects in the frame.

It should be noted that the design capacities presented in this section are limited to the load
histories, load combinations and load measures used. For other compositions of loads, load
histories and measures, additional analyses must be performed and resistances calculated.
It is also worth noting that the element model, solution strategy and material parameters
as well as the method of estimating the safety factor of the ECOV format will influence the
obtained design values.
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4. Discussion
As mentioned in the introduction, a reason for performing a NLFEA is to improve the
accuracy of structural analyses in order to gain environmental and/or financial benefits.
This is why it is important to understand how NLFEA works and which possibilities and
drawbacks it may include. As the safety aspect is often the most decisive condition when
designing structures, a safety format could be used to simplify a complex, and sometimes
difficult, reliability analysis in order to ensure that a target probability of failure is satisfied.
Some factors may influence the results from these analyses, for example load history, and
the factors are discussed below.

4.1 Modelling and solution strategy

The solution strategy that is used when performing NLFEA include a large number of
considerations and choices that can affect the analysis results. These choices are not
always trivial to make, especially for those with inadequate experience, but there also exist
disagreements between professionals in this field. It is therefore important for engineering
that good and relevant guidelines for executing accurate NLFEA are developed. There
already exist a few, like the one by Hendriks et al. (2017a), however, there may be some
difficulties developing a general guideline that is accurate enough for NLFEA to be applicable
to all types of structures.

The accuracy of the solution strategy should be addressed. There are many choices that
are based on guidelines, however, some variables were determined through a verification
analysis. In this work, the strategy was compared to a calibrated NLFEA strategy and not
a physical experiment. Furthermore, that NLFEA strategy was only calibrated against one
physical experiment. One is apt to recognize the possible statistical implications this may
have on the obtained results, more on this in Section 4.5. If there are too many variables
that need calibrating, one might experience the problem of overfitting the solution strategy,
where the strategy works well on the cases used in calibration, while most likely performing
worse elsewhere (Engen, 2017). Also, there is a possibility of overfitting if only one physical
experiment is used for calibration.

One of the variables that were calibrated was the mesh size. 3-4 E.O.H. gave reasonable
results for all formats, with an average design capacity close to the capacities of Blomfors
(2014). Some analyses were performed with a finer mesh, and they provided smaller
capacities on average compared to the coarse mesh. As the coarse mesh already averaged
smaller capacities compared to Blomfors (2014), the coarse mesh was used. In addition, as
seen in the mesh sensitivity tests presented in Section 3.6, results with 6-8 E.O.H. showed a
more accurate behaviour of PSFm and a good estimate of the design capacity, though the
GRFm and the ECOV methods did not perform nearly as well. Even though all analyses
survived initial crushing of the right corner with a finer mesh, the design capacities were
greatly influenced. Meanwhile, for the coarser mesh, all ECOV and most of the PSFm
analyses diverged at the first compressive failure of a concrete element. It was seen from
Blomfors (2014) that after the failure of the right corner, the expected gain in capacity
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for the ECOV analyses was minimal. Regardless of the early divergence, the coefficient
of variation of material uncertainty obtained for ECOV remained very consistent for the
analyses. Consequently, the choice was made to prioritize accuracy in capacity for all
methods, rather than ensuring all analyses survived initial crushing.

The choice of using a 2D element model was based on a reduction in computation time
and on the assumption that no failure modes or forces were expected to occur orthogonal
(in the z-direction) to the frame’s major axes (x- and y-axis). The latter fixes stresses in z-
direction to a constant zero value in any point of the frame at all times, disregarding any
possible support actions or concrete confinement by shear reinforcement stirrups. It also
assumes a uniform stress distribution across the whole width of the cross sections which
would be appropriate for narrow cross sections. As the cross sectional height to width ratio
is equal to or less than 2:1, this is arguably not representing the true stress distribution in the
designed frame. One should expect a larger degree of confinement in the center of the frames
thickness compared to the edges, and thus expect a larger strength increase due to concrete
confinement and possibly a larger failure load. The load capacities in general were found to
be smaller for the 2D analyses of this work than for the 3D analyses performed in Blomfors
(2014). This reduction due to dimension change should be taken into consideration when
establishing an element model because results from this work show a slight difference of
affection between safety format methods. Due to dimension changes, GRFm and ECOV have
a significantly reduced capacity for initial vertical loading, while PSFm have a significant
reduction in capacity for initial horizontal loading, see Tables 3.5 and 3.6. However, further
3D analyses would be required to determine if this effect holds for the updated material
parameters used in the main analyses of this work.

The convergence and accuracy of a nonlinear analysis is highly dependant on the conver-
gence criteria. There is no consensus on what tolerance to use, therefore, the criteria used
was the one suggested in the guidelines of Hendriks et al. (2017a). Convergence was assumed
if either the tolerance for the unbalanced force norm or the energy norm was satisfied. Si-
multaneous satisfaction was not required, as typically, when one norm was satisfied, the
other norm was close to satisfactory as well. The only visible exception was the second to
last load step for the GRFm analysis of LH5, where the force norm was considerably off due
to spurious stresses in the left support. Meanwhile, there were only a few instances of uncon-
verged load steps though no more than one at the time. According to the guidelines, uncon-
verged steps can be admissible, provided they are followed by converged load steps and that
a plausible explanation for the non-convergence is provided. For the analyses performed,
all of the unconverged steps were followed by converged steps, and they occurred for the
initial cracking and at the concrete failure of the corner. Both situations cause large changes
to the structural stiffness and would require additional iterations to reach convergence. The
unconverged load steps are therefore not considered to have influenced the results to any
significance.

The guidelines of Hendriks et al. (2017a) do not recommend the use of a constant shear
retention model when using fixed crack models of concrete. If a constant model is used,
it should be accompanied with a post-analysis check for spurious tensile stresses. There
were registered principal tensile stresses exceeding the tensile strength of concrete, some
were recorded close to double the tensile strength, but there were no recording of principal
tensile stresses in the problematic areas near or around the top right corner of the frame.
In addition, the areas of exceeding tensile stresses were small in comparison to frame
dimensions, often covering less than half the area of a single mesh element. Based on this,
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it is assumed the constant shear retention model used had little influence on the estimated
capacity. This is further proved in Section 3.7.5 where the failure was found to be caused by
a gradual concrete compressive failure with lateral confining compressive stresses.

4.2 Load history and measures

The safety format methods in this study are used to estimate the design capacity of
structures. However, Mode Code 2010 (fib, 2013) does not specify what measure of capacity
to use, leaving it to the analyst to decide a reasonable measurement. For the load histories
studied in this paper, there were two different measures used. However, the choice of these
measures where not trivial. There were a few load aspects that needed to be taken into
consideration.

There’s a concern with the measure of total loading as used in LH1 trough LH3. First, the
measure does not take into account that the loads are applied in different directions or at
different locations of the frame. Even if the load situation of the frame is very simple, this
could make the measure dependant on load ratios. For example, the ratio is determined by
the scaling of the loads past the design load level. In the analyses, loads are scaled relative
to the difference from characteristic to design load values. This will cause the ratio between
horizontal and vertical loading to change with a change in total loading. If the loads would
instead be increased relative to zero loading and the design load level, the ratio would remain
constant for loads above design level. None of the obtained literature gives any further
specification regarding the handling of the load ratio and was not researched any further.
This aspect would not have been of a concern if the loads were applied at the same point and
in the same direction, as any ratio would give the same capacity. Besides, the best example
available for comparing load ratios is the PSFm analyses of LH3 and LH6. LH3 has a slightly
larger capacity compared to LH6 in addition to a larger load ratio (vertical/horizontal). This
may point to horizontal load being more critical to the total capacity, though further analyses
would be required.

For LH4-LH8, the horizontal load factor was used as the measure of capacity. In these
analyses, the vertical load was restricted to its design value. This may implicate that the
vertical load is more predictable than the horizontal load. As stated in Section 3.4, the origin
of the loads was not emphasized in order to increase the number of load histories which
included another measurement. The main focus is not on the origin of such a load history,
but on the effect it may have on the safety formats and the calculated design capacity. In
comparison to the first measure of capacity, the load ratio would also change with increasing
loads, meaning the effect of a changing load ratio can not be quantified here. Nevertheless,
this may be the reason that measurements are not specified in literature, as the chosen
measurement would need to vary based on the load histories or loading in general.

There may be another possible unwanted effect of fixing the vertical load. Even though
the design loads calculated for LH4-LH8 are fairly equal, the failure capacities from the
analyses are not. This will cause the utilization of the frame to vary between the analyses
of the different methods. For example, the utilization of the frame when design loads are
applied will be different for the PSFm compared to the ECOV method. As no PSFm analyses
ever reached design levels, this would give an utilization factor above 1.0, but a mean ECOV
analysis might only be at 0.8. The remaining utilization of 0.2 of the ECOV analysis is then
reached by only increasing the horizontal load. This problem loops back to the consideration
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Table 4.1: Design capacity of all load histories and safety formats. Capacities given in kN
for load histories 1-3 and with the load factor for horizontal load, LFH ,d , for load histories
4-8.

ECOV GRFm PSFm
LH1 1 910 2 019 1 976
LH2 1 909 1 917 2 013
LH3 1 933 1 794 2 012
LH4 1.421 1.502 1.340
LH5 1.437 1.470 1.420
LH6 1.463 1.454 1.420∗

LH7 1.419 1.533 1.405∗

LH8 1.444 1.454 1.440∗

* The vertical load factor is less
than the assumed constant value
of 1.35

of the load ratio, as the load ratio would be very different at global failure for PSFm and ECOV.
The possible implications of this discrepancy would require further research.

The calculated design capacities are presented in Table 4.1 for all load histories and safety
format methods. The results indicate that the load history has some effect on the estimated
design capacity, though some of the load histories used may be more realistic than others. As
stated in Section 3.4, the assumption of self weight being applied first was not implemented
in all load histories. The results from the analyses of this work show that there are in fact
differences in the design capacities primarily based on the initial loading sequences which
also establish the majority of the cracking of the structure. On this basis, one should seek to
use load histories that closest represent the actual loading that is expected to occur or have
occurred. However, it is important to include all load histories that have a realistic chance
of occurring. To improve the realism further, load histories should include loading from
construction as well as the loads after completion.

The analyses performed in this work do not take the construction loads into account as
the loading is very simplified. Furthermore, as some histories only apply horizontal load
in the initial load sequence, the realistic part of generating load histories are not included
either. The results from LH4-LH8 clearly show the initial loading has the largest impact on
design capacity. The specific impact is discussed in the next sections. The most realistic load
histories would initiate with a vertical self weight before experiencing very large horizontal
forces. This would benefit some methods and disadvantage others, i.e. GRFm capacity is
increased and ECOV capacity is reduced. Note that this is true for the analyses performed
here, and should not be assumed to be true for any other situations without further research.

One aspect of loading that has not been treated in this work is the possibility of cyclic loading.
This could be caused by traffic loads, wind loads and most other kinds of live loads. In this
case, horizontal loads may reach characteristic loads before being reduced several times
before a design case occurs. This could create several new histories with identical initial
loading situations. Additionally, this could include studying effects of material fatigue.
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4.3 Reinforcement layout
The frame was designed using LFEA and a post processor which optimized the reinforce-
ment layout based on input variables. As seen the reinforcement scheme in Fig. 3.3, this
causes the longitudinal reinforcement of the columns to change cross sectional area sev-
eral times in the same reinforcement layer. In the columns and the beam this occur up to
three times over a length of 6 and 10 meters respectively, and often in different sections for
reinforcement located on the inside and outside of the frame. This leads to several stiffness
changes in the columns and beam over a relatively short distance. This would not be factored
into a LFEA, but would be affecting a NLFEA as the concrete cracks and sections of varying
stiffness interact with each other. In some areas of the frame, the change in reinforcement
area is very significant, e.g. in zone (10) of Fig. 3.48, where the change in reinforcement area
is greater than a factor of 4. This is not common practice, and should be reevaluated in any
further analyses. A more realistic layout would include one continuous layer with an addi-
tional layer where it is needed, e.g. the 7Φ28 of the outer part of the columns could have
stretched the entire column height with an additional layer at the top.

The reinforcement layout influences the cracking of the columns as well. In the areas around
the reinforcement where the change is great, the tensile strains accross the concrete cracks
are large compared to adjacent elements (see top of the beam in Fig. 3.7). This may greatly
reduce the shear retention locally and contribute to possible shear failure. This was dealt
with by using a constant shear retention model even though it is not advised which caused
additional checks to be performed post analysis (see the discussion at the end of Section 4.1).
These strains could also become problematic for serviceability limit state checks, but this is
not the focus of this thesis.

4.4 Performance of the PSFm format
A reason to perform a NLFEA is to check the reliability of a complex structure that otherwise
would be hard to do with e.g. LFEA. As stated in Section 2.3.1, Model Code 2010 states the
Partial factor method may be used for a safe estimate in absence of a more refined solution
(fib, 2013). Meanwhile, it assumes a weakness in every point of the structure which is not
realistic and may lead to a different failure mode. In the analyses performed, there was no
major deviance in structural behaviour or the failure mode compared to the other methods,
which should make the PSFm applicable. If the use of the PSFm should be justified, it should
give safe estimates that are not too conservative. This applies to all of the safety format
methods.

Because the estimated capacity from PSFm is obtained directly from the analysis, it may
prove difficult to determine the effects from changes in load histories close to or above the
design load level. Safe estimates would return a capacity below the designed load level,
which reduces the number of comparable histories from the second set of load histories.
The second set assumes a vertical loading equal to design value at global failure. When the
analyses fail for the three load histories LH6-LH8 before the vertical load reaches the design
level, they can not be directly compared to LH4 and LH5. Furthermore, this causes LH7
and LH8 to be duplicates of LH1 and LH2 respectively, and they do not generate any new
information.

The analyses showed that the PSFm is affected by the initial loading sequences. The obtained
capacity is slightly reduced with initial vertical loading compared to initial horizontal or
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simultaneous loading. As the initial vertical loading caused the analyses to diverge when
concrete failed in the right frame corner, those histories could not benefit from a ductile
failure. This might be improved by a change in solution strategy, however, as seen in the test
for mesh sensitivity, Figs. 3.17 and 3.18, the method provides less conservative estimates with
a slightly different element model. In addition to no global failure due to divergence at first
instance of concrete failure, the total loading of LH3 and LH7 with the finer mesh model are
close to identical. Furthermore, as the resulting capacity is just below design level, LH7 is still
equivalent to LH1. Consequently, the finer mesh only makes a slight change to the influence
of initial loading effects on the PSFm as the capacity is still slightly smaller for initial vertical
loading but less when compared to a coarse mesh.

4.5 Performance of the ECOV format

The ECOV analyses performed consistent and diverged when concrete failure occurred in
the top right corner. This simplified the determination of the failure capacity as there were
typically no unconverged steps before divergence. This failure capacity was determined with
greater ease compared to GRFm analyses, which may have improved the accuracy of the
coefficient of variation of material uncertainty that remained fairly consistent in the two
sets of load histories. When the margin of error in determining the capacities becomes
significant compared to the difference in mean and characteristic analysis capacity, the
influence of a single load step converging or not may have large consequences on the
estimated coefficient. The decision of reducing the load increments close to failure was
based on reducing the possible effect of load steps on the relatively small difference between
mean and characteristic capacities. Consequently, one can argue that a change in design
capacity would be the result of load history effects and not the error in determining the
coefficient of variation of material parameters.

The failure mode is more brittle than expected compared to the ductile failure mode as seen
from the GRFm analyses or from the ECOV analyses of Blomfors (2014). The brittle failure is
also seen in half of the PSFm analyses where the resulting capacity is slightly smaller than
for the ductile mode. As none of the ECOV analyses experienced a ductile behaviour, it
could be assumed that the capacities obtained are more conservative for both the mean and
characteristic capacities, however, it is not as intuitive for design capacity. This is because
the design capacity is more dependant from the variation of the two analyses. Nevertheless,
the results should still include the the effects of the load histories.

A change in mesh size would cause the analyses to survive the concrete failure and result
in a ductile failure mode. A problem in this case was the resulting coefficient of variation
of material parameters becoming negative if using Eq. (2.19). This shows an unfortunate
effect from depending on two capacities for determining the design capacity of the structure.
Furthermore, it shows the need to calibrate the solution strategy with physical experiments
in order to minimize modelling error. As seen in the analyses of this work, it might be easier
when the failure mode is brittle and the capacities have clearly separate values compared to
the overlapping seen in Fig. 3.19.

The design capacity of the ECOV method was not calculated according to Mode Code
2010 for load histories with updated material properties. Instead it was based on a
method suggested in Engen et al. (2017) which combines material uncertainties and model
uncertainty into one global resistance factor instead of two. An advantage of this, is that
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it gives the opportunity of adjusting the resistance factor with a model bias. In this way,
the solution strategy may be calibrated based on behaviour rather than capacity, and then
the average bias (or mean uncertainty) adjusts for capacity when calculating the resistance
factor. A possible disadvantage is that the coefficient of variation would need to include
variation of model uncertainty as well as material variation, and thus the material variation
could be overwhelmed by a much larger variation of model uncertainty. It is therefore
important to use model uncertainties that best represent the failure modes that occur in
the analysis, as the variance may vary greatly between the different types of modes as seen
in Hendriks et al. (2017b). This may increase the number of calibration analyses needed to
create an accurate estimate, however, it has the opportunity of being less conservative than
the GRFm while giving a realistic representation of the structural behaviour.

The mean value of modelling uncertainty, θM , and the coefficient of variation of modelling
uncertainty, νθ, was obtained from Hendriks et al. (2017b) for concrete failure in bending.
Though Hendriks et al. (2017b) utilizes a finer meshing than what was used and the veri-
fication experiments were done on beams in bending, there were no reasonable substitute
values to be obtained at this time. The values could have been calibrated as stated above,
though this would have required several more studies in order to provide values of statistical
certainty. It should be noted that θM and νθ for bending modes from Hendriks et al. (2017b)
are obtained from three case studies and that the statistical significance of those parameters
is questionable, yet they still have a better statistical significance than the values that can be
calculated from this paper.

Similarly to the PSFm format, the load histories with initial simultaneous or horizontal
loading result in slightly greater design values than histories with initial vertical loading. The
most notable difference is in the second set of histories with LH6 resulting in the greatest
design capacity and LH7 resulting in the smallest capacity. All design capacities are still
considered safe as they do not exceed the original design values.

The inclusion of model uncertainty in the design calculations of the ECOV method did not
influence the initial loading effects on the ECOV method. Initial vertical loading would
still be giving the smallest design values if the procedure described in Model Code 2010
(fib, 2013) were to be used. The inclusion did however, slightly reduce the differences in
design capacities due to the addition of variance originating from geometric and modelling
uncertainty. This is important because it preserves the importance of using the correct load
history in order to obtain the most realistic estimate of the design capacity.

4.6 Performance of the GRFm format
Of the three methods studied, the GRFm was the most affected by load history changes. It is
not clear why it is the most affected, though it might be connected to the increase in capacity
as the frame experiences the ductile deformations after concrete failure in the top right
corner. Typically the load steps did not converge when the local concrete failure occurred
and may have caused the analysis software to overestimate the reactions of the frame.
Even though the load steps were followed by several converged load steps, the measure of
unbalance in the norms varied a lot. Some steps were almost converged, others could be off
by a factor of 30 or more (i.e. force norm of 30% or more at cancellation). In addition, the
analyses often contained several unconverged load steps before divergence occurred.
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All GRFm analyses experienced the most ductile behavior as expected for the frame in
concrete bending failure. The capacity increase was also notable for all analyses. The reason
for the early concrete failure was due to the reduced compressive strength of concrete and
a high yield strength of the reinforcement steel compared to the ECOV analyses. As seen
for ECOV in Fig. 3.50, the concrete fails locally in the element before the reinforcement
yields. This occurs at smaller loads for GRFm, and because the reinforcement is capable of
withstanding the large loads when concrete fails compared to the other methods, the failure
is more gradual and the capacity increase due to redistribution of load effects is significantly
larger than what is seen for the PSFm. However, one could question the probability of this
failure, as it probably is significantly more ductile than reality.

The capacity was found to be impacted by mesh size just like the ECOV method (see
Fig. 3.20), and for a fine mesh the behaviour became less ductile. Consequently, the design
capacity was greatly reduced. Without the possibility to correct for a generally low estimate
in contrast to ECOV, the GRFm method is more dependant on an adapted solution strategy
to provide less conservative yet safe estimates.

The large effects on the GRFm method are not necessarily caused by the load history. In
the thesis of Blomfors (2014), there were no difference in GRFm design capacities between
LH1 and LH2. Note that the material input parameters were notably different and used
different solution strategies. This could imply that solution strategy or the calculation of
material parameters have just as much influence on safety formats as the load history
does. As the material parameters in Blomfors (2014) do not coinside with the parameters
calculated according to Mode Code 2010 as presented in Hendriks et al. (2017a), and with the
solution strategy being different, it is not possible to determine the origin of this difference
in affection without further analyses.

As stated in the beginning of this section, the GRFm method was the most affected by
changes in the load history. Nevertheless, there were another remarkable difference in
the affection. The effects on the GRFm design capacities were opposite than those of
the ECOV method, despite both methods being part of the same global resistance safety
format. The estimated design capacity was greater for initial vertical loading and smallest
for initial simultaneous loading. It is not clear what causes this inverse correlation within
the format, however, it emphasizes the importance in the choice of safety format method.
An accurate NLFEA should use a method that predicts the real effects of loading on a
structure. For example, in the case of the reinforced frame, if the real behaviour from physical
experiments shows an increased capacity for initial vertical loading compared to initial
horizontal loading, then the GRFm method could be the method of choice. Furthermore,
when the method is chosen, it is important to use the realistic load history when designing
new structures.
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5. Conclusion
The application of nonlinear finite element analysis (NLFEA) for design or control purposes
may be justified if it can provide more accurate estimates and better information of struc-
tural behaviour than common practice with linear finite element analysis. When adapting
a NLFEA for this purpose, it is important to consider the effects on the estimated design
capacity by the load history for a complex set of loads.

This work have shown that the order of which a horizontal and a vertical load is applied
to an undetermined reinforced concrete frame will influence the estimated design capacity
estimated by using NLFEA safety formats from Mode Code 2010 (fib, 2013). Furthermore, the
results show the difference in capacity depends the most on the initial loading, i.e. for loads
smaller than the expected characteristic loads. Because the estimated design capacities
change based on initial loading, only the load histories that may physically occur should
be included when designing structures using NLFEA.

Furthermore, the results show that the partial safety factor method (PSFm) and the method
of estimation a coefficient of variation of resistance (ECOV) both provide the smallest
capacities for load histories with an initial individual vertical load, while they provide the
greatest capacities for load histories that included an initial simultaneous application of
both loads or an individual horizontal load. The global resistance factor method (GRFm)
provided capacities with an inverse correlation compared to the former two methods, even
though it originates from the same safety format as ECOV. It provides the greatest capacities
when initial loading consists of an individual vertical load and the smallest capacity for an
initial simultaneous loading.

The safety format methods were not influenced to the same degree by the load histories.
The GRFm was influenced the most, while the PSFm was the least affected. It is therefore
important to consider which format to use when designing a structure. One should use the
method that best represents the effects of loading on the true capacity in order to reduce
modelling uncertainty and achieve the least conservative but still safe design estimates.
However, this work can not conclude which method is fitting for a specific purpose or
structure. This would require additional research to be performed.

There were problems with comparing some results from PSFm analyses, as the method is
inherently conservative and design capacity in obtained directly from the analysis. Due
to global failure occurring before loading could reach expected design loads, some load
histories with a variation in loading close to the design load level could not be compared.
This reduced the available results which show that the PSFm is not suited for exploring the
effects from changes in loading close to design level using NLFEA.
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6. Suggestions for further research
To fully understand how the load history affects the estimates of design capacity of estab-
lished safety formats, more research is required. It is suggested to work on understanding
which effects causes the behaviour seen in this thesis and how load histories might effect
other structures. To justify the use of NLFEA, the safety formats should be able to produce
estimates which are less conservative and more accurately describe the true behaviour of a
structure than LFEA while still retaining a certain target reliability. The different suggestions
are given below.

It is suggested to examine the possible effects that load histories have on other failure modes,
i.e. shear or punching shear failure. These are more brittle failure modes compared to
concrete in bending and might be more susceptible to differences in initial loading and the
development of crack patterns. Another suggestion is to examine more complex structures
in bending with or without a more complex loading scheme.

Guidelines provide some information on what loads to apply in initial order, but when
developing realistic load histories, it is also desired that the future guidelines for NLFEA give
better advice on what measures to use when determining the capacity in a NLFEA. This is
essential for load conditions that may not be easily simplified, e.g. loads acting in different
directions, at different points of attachment and/or with different origins. Also, it is desired
that the future guidelines or other regulations provide information on what loads to increase
when the loading exceeds the target design values.

As the analyses indicate the initial loading have the largest influence on the estimated design
capacity, it is suggested that further work is to be done on the effects of more complex loading
schemes which include loads during construction or the effects of cyclic loading. An analogy
for the latter can be structures exposed to large horizontal loads, e.g. wind, for thereby to
calculate the design capacity for vertical loads, e.g. snow.

As the uncertainty of elastic and plastic stiffness of reinforcement steel is typically less than
for the material strength, it is desirable that the design codes specify what values to be used
in the existing safety formats. It could be dealt with in the same fashion as concrete stiffness,
however, a specification is needed.

Furthermore, it is suggested to examine the influence of meshing on the NLFEA safety
formats. In addition to meshing, it would also be of interest to examine the significance of 2D
vs. 3D modelling. As uncovered in this work, the mesh influenced some formats more than
others, and 2D modelling seemed to reduce the quality of convergence at concrete crushing.
This could be performed as a study of model uncertainty.
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