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Introduction

As global population growth and urbanization accelerate, the demand for construction is rising rapidly,
leading to increased consumption of resources such as concrete and steel. This presents significant
environmental and economic challenges. According to the United Nations Environment Programme [6], the
construction sector accounts for up to 40% of the world's raw material consumption and generates around
35% of global CO: emissions. Point foundations, which make up a substantial portion of constructions,
contribute significantly to the overall resource demand in the building industry.

To alleviate the pressure on resources and reduce environmental impact, there is a need for optimized design
that can decrease the usage of resources without compromising structural safety or performance. The
experiment presented in this article is inspired by a new theory developed by Lars German Hagsten [1],
which introduces an optimized reinforcement design for point foundations. This has the potential to reduce
material consumption, CO: emissions, and costs, making it a crucial contribution to the future of sustainable
construction practices.

Additionally, this approach can offer significant benefits for existing structures. During renovation or
repurposing, where increased loads are introduced or requirements have been tightened, Hagsten's theory
may allow for verification that the foundation’s capacity is sufficient, even with a reduced amount of
reinforcement. This could eliminate the need for extensive foundation strengthening, saving resources and
reducing the environmental and economic impact of refurbishment projects.

This article presents an experimental study conducted at Aarhus University, where six point foundations
were subjected to compressive testing. As previously mentioned, the inspiration for this experiment is drawn
from Hagsten’s theory, where one of the key parameters in his derivation is the distribution of the load.
Therefore, this parameter has been closely examined, and the foundations were divided into two test groups,
each with a different load distribution. Apart from this variation, the foundations were designed identically,
with the aim of ensuring that failure due to the bending moment would be the governing design criterion.
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The objective of the experiment is to test the minimal reinforcement requirements, wherefore the foundations
are reinforced just below the minimum requirements as specified in [2], while still expecting a ductile
failure. Following Hagsten’s approach, the reinforcement was not bent upwards at the edges, allowing the
reinforcement capacity to approach zero here.

In addition to presenting the experimental results, this article will analyze the practical findings with theory.
The study will place the experiments into perspective with both L.G. Hagsten and K.W. Johansen [3][4].
Furthermore, it will compare the observed effects of the load distribution and the reduction in reinforcement
capacity towards the foundation edges with Hagsten’s derivation.

1. Experimental design

One of the objectives of the experiment is to examine the impact of the area over which the load is
distributed. Accordingly, the specimens have been divided into two groups, with the only variable factor
being the extent of the distributed load. A total of eight specimens are grouped as shown in Figure 1.
Specimens subjected to a distributed load of @250 are assigned odd numbers, while those with a distributed
load of @150 are assigned even numbers.

@250

1 3 5 7
. — ——— — —
7
Q
2 4 6 8
Preliminary test specismens Test specismens

Figure 1 - Grouping and numbering of specimens

As shown in the figure above, 1 of 4 specimens in each group will act as a preliminary test specimen. In that
way it is possible to adjust the experiment prior obtaining essential data from the 6 test specimens.

1.1 Design conditions and limits

The experiment was conducted at Aarhus University’s BER-LAB in Navitas, where the actuator has an
upper limit of 360 kN. Furthermore, it had to be placed on a beam with a maximum spacing of 2 meters. This
sets the limit for the maximum applied load as well as geometric boundaries.

Furthermore, the point foundations were precasted at Industri Beton A/S in Perstrup, Denmark. The standard
mix of concrete here is C45 with Y-steel as reinforcement, which forms the basis for the material strengths.
Please note that mean values of the strengths are used throughout the study.

1.2 Experimental setup

The experimental setup is shown in Figure 2 and consists of three main components: (1) Load system, (2)
Test specimen and (3) Support system. The following subsections will delve into each of these three in the
respective order.
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Actuator

Load system

Dastribution plate -
——
Foundation Test specimen

Sand (compacted)

Support system

Steel contamer

Figure 2 - Experimental setup
1.2.1 Load system

To ensure optimal load distribution, the actuator was equipped with a steel ball at its end, which fitted into a
groove on the underlying distribution plate. The distribution plates had diameters of 150 mm and 250 mm,
respectively, and a height of 100 mm, designed to ensure effective pressure distribution.

The actuator loaded the specimens 2 mm pr. min. This resulted in a test duration of approximately 15
minutes. The test stopped when the distributed plate loosened from the foundation. For further information
on the actuator please see [7].

1.2.2 Test specimen

The foundations were utilized to 164% compared to the minimum requirements according to DS/EN 1992,
as shown in the calculation below Figure 3. A ductile failure is still expected. The geometry was designed to
accommaodate the constraints outlined in section 1.1 and to prevent failure due to punching shear, which will
be further elaborated upon in section 3.3. At the top of the foundation, a bearing plate was embedded to
ensure uniform distribution of the contact pressure from the distribution plate.
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Figure 3 - Foundation design

Minimal reinforcement according to [2] 9.2.1.1:

Assuming: fem = 4,23 MPa ([2] Table 3.1), f = 594 MPa ([2] Table C.1) and d =250 mm — 20 mm -8 mm =
222 mm.

fCtm
Ag min = Max 0,26 f, 4 _ 411 mm?/m

0,0013-d
Note that increased strengths have been used for both concrete and reinforcement, based on mean values.

Designed reinforcement:

Provided that: 2 = 8 mm and a = 200 mm.

1m
- g2 - — = 251 mm?/m

4T
ST 4 a

Utilization:

Asmin
o = 164 0,
Ay %

As it is mentioned the foundations are designed below minimal reinforcement. Still, a ductile failure is
expected.

1.2.3 Support system

The foundations were supported by compacted sand enclosed in a steel container to strive for an evenly
distributed reaction. The steel container was designed to ensure to horizontal displacements. Its dimensions

are shown below.

Stiffners per 300 mm

1950

Figure 4 - Design of steel container
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As the preliminary test specimens were subjected to load, it was seen that the foundations did not reach
failure when subjected to the actuator’s maximum capacity. Therefore, a pocket got introduced. This reduced
the area of the distributed reaction weaking the support system. Through iterative testing of pocket sizes with
the preliminary test specimens, it was found that a pocket of a diameter 1150 mm was sufficient for both
specimen groups to reach failure. The pocket was made with a depth of 100 mm for all specimens.

To minimize variable factors a protocol was made upon the experiment to secure an as evenly as possible
compacting of sand as well as excavating the pocket throughout the experiments. First, the sand was
compacted, after which the footing was excavated. See Figure 5

Figure 5 — Steel container with compacted sand excavated for the pocket.

1.3 Data collection

The actuator measures and stores its displacement, while it loads the specimen. This data is essential to make
the stress strain curves for each of the specimens. Additionally, several distance meters were placed on both
the foundation and the steel container. This was ensured by placing three columns around the setup of which
each were equipped with three distance meters. The placement of the distance meters follows Figure 6.
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Steel container

Section A-A 100

175

Figure 6 - Placement and notation of distance meters

As the horizontal distance meters, CX.2 and CX.3, did not measure significant displacements, this data will
not be elaborated on in this study.

Finally, a distance meter was placed on top of the beam supporting the actuator to measure its counter
displacement when loading the specimens.

1.4 Experimental setup in pictures

Pictures from the experimental setup are shown below.

Figure 7 - Experimental setup, pictures
a) Overall setup b) Load distribution c) Placement of distance meters
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2. Results

First, the stress-strain curves obtained from the experiment will be presented. Next, the influence of the
pocket will be incorporated, followed by an analysis of the foundation’s load when reaching failure. Finally,
an overview of the cracks will be shown.

2.1 Stress-strain curves

As mentioned in section 1.3 data for the stress-strain curve is obtained by the actuator. When the curves
where developed it was seen that the elastic area didn’t seem as linear as expected. Furthermore, it was seen
that the displacement measured from CX.1 (see Figure 6) was large at the beginning of the tests. Subtracting
this displacement from the stress-strain curve resulted in a far more linear curve for the elastic area. This was
performed throughout the specimens, referring to the original data as the ‘raw data curve’ and the adjusted
data as the ‘corrected data curve.” This paper will only present the corrected data curves.

400 400
350 350
300 300
= 250 = 250
Z 200 = 200
S |50 & 150
S 100 — 100
50 50
0 0

0 510152025303540455055606570 0 510152025303540455055606570

Displacement [mm] Displacement [mm]

Figure 8 - Stress strain curve, example
a) Raw data curve b) Corrected data curve

2.1.1 Presenting the stress-strain curves

The stress-strain curves are gathered in the graph below. With blue nuances being the specimen group with a
distributed load of @250 and green nuances the ones with @150.

400

375

350

325

300 / l

275

250 —— Specimen 4

225

200

175 Specimen 8

150

125

100 ——Specimen 5
75
50
25

—— Specimen 6

Load [kN]

—— Specimen 3

—— Specimen 7

- 5 10 15 20 25 30 35 40 45 50
Displacement [mm]

Figure 9 - Stress-strain curves gathered
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As it was expected the failure was ductile. The test specimens with larger distributed load area obtained more
ductility.

Below the mean value of each specimen group is presented.

400
375
350
325
300
275
250
225
200

Load [kN]

175
150
125

— @150
—— @250

100
75
50
25

- 5 10 15 20 25 30 35 40 45 50
Displacement [mm]

Figure 10 - Mean stress-strain curves
2.1.2 Measured data from the stress-strain curves

From the stress-strain curves in Figure 9 following loads when failure have been obtained.

2.2 Support conditions and its influences

@150 @250
Specimen number | Failure load [KN] Specimen number | Failure load [KN]
4 320 3 352
6 327 5 362
8 307 7 356
Avg. 318 Avg. 357

Figure 11 — Measured failure load

Generally, the experiments show that the support conditions change for both specimen groups as the sand
moves inwards when the foundation is subjected to load. Foundations with a load distribution of @250
exhibit a significantly greater change compared to those with @150. The data has been gathered and a mean

value for the movements can be seen in Figure 12.
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Figure 12 - Support conditions measured before and after testing
a) Specimen group, 9150 b) Specimen group, 9250

2.2.1 Load increment due to the pocket

Using the upper bound solution after K.W. Johansen [3][4] and further investigated by L.G. Hagsten [1] the
pocket’s influence has been derived from the failure mechanisms as shown in Figure 13. The notation
follows [1] with an additional measurement for the pocket’s diameter, R>.

24k

‘ | R

Section A-A

L

—

Figure 13 - Pocket influent on failure mechanism
a) Without pocket b) With pocket

With an example of a load equal to 350 kN a visualization of the increment due to pocket with is is seen
below.
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0,6 0,7 0,8 0,9

Figure 14 - Increment of load when the pocket increases

— @250
— @150

34

E.g. when implementing a pocket size of 1150 mm, it will correspond to increasing the load with 15,3% for

@150 and 21,1% for @250.

For a deeper understanding of this calculation please see Appendix A.

2.2.2 Load of failure, pocket incorporated

The table below shows the load failure of which the pocket has been incorporated according to the method

just presented. It was decided to use the size of the measured pocket after the test was completed, where the

sand had shifted toward the center. This is because it represents the most accurate support condition, as the

foundation settled quickly and before failure.

@150
Specimen number | Failure load [KN]
4 367
6 375
8 351
Avg. 364

@250
Specimen number | Failure load [KN]
3 421
5 423
7 423
Avg. 422

Figure 15 - Failure load with influence of the pocket incorporated



2.3 Cracks

The cracks where numbered respectively as they occurred.
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@250

1
Specimen 3

4
Specimen 6

Specimen 8

Specimen 7




Experimental study of circular point ... 36

3. Data analyze and discussion

3.1 Comparing data with theory for bending moment

The data will be compared with K.W. Johansen’s upper bound solution [3][4] and L.G. Hagsten’s lower
bound solution [1]. It was discussed whether is should be compared to M.P. Nielsen as well, but this theory
suggests a negative bending moment, which is not compatible with the reinforcement design studied in this

paper.
3.1.1 Bending capacity

Parameters for the foundation is as described in section 1.2.2. Strength parameters follow mean values given
by [2] Table 3.1, f.n = 53 MPa, and table C.1, f; = 594 MPa. Both are calculated with a partial factor y; = 1,0.

The capacity is calculated according to [5] section 5.4.1.

X = ft'As
N fem-A-b

As A =0,8andn = 1,0 [5] Table 5.17 calculated pr meter: b =1,0 m.

= 3,52mm

Mpg = [t - As -2 =329 kNm /m
3.1.2 Load capacity according to K.W. Johansen
Calculation according to [3][4].

Load capacity:

Praxkw) = Mpq * 21 = 207 kN

3.1.3 Load capacity according to L.G. Hagsten

Notation and calculation according to [1].

- =—.|l1=
Mo =M = o0 4R, 2

Load capacity:

2T
Pmax.16H@150 = MRa * = 261 kN
1— 3 DﬂlSO 2
4 M R1 2
2T
Pmax.16H@250 = MRa * =291 kN
1— 3 DﬂZSO §
4 M R1 2
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3.1.4 Numerical comparison

Theoretical load capacities calculated in sections 3.1.2 and 3.1.3 will be compared with the mean values of
collected capacity tabled in section 2.2.2.

@150
Theory Theoretical capacity ~ Collected capacity Utilization*
K.W.J. 207 kN 364 kN 176 %
L.G.H. 261 kN 364 kN 140 %
(a)
@250
Theory Theoretical capacity  Collected capacity Utilization*
K.W.J. 207 kN 422 kN 204 %
L.G.H. 291 kN 422 kN 145 %
(b)

Figure 16 - Numerical comparison of theoretical and experimental data
a) 9150 b) 9250

* Utilization is calculated as the ratio of experimental data to theorical data.

Both theories demonstrate a remaining capacity with L.G Hagsten [1] being closest to the collected data.
Furthermore, it is worth noting that L.G. Hagsten [1] accounts for the column's extension, for which the
theoretically derived influence appears to align with the collected data. This will be examined in greater
detail.

The increase of capacity going from @150 to @250 as the only variable is compared between L.G. Hagsten
[1] and tested data.

(291 kN—261 kN)

. — 0,

L.G.H: Sy =12%
i (422 kN-364kN) _ . o

Test: e - 16 %

The theory and practice have been observed to behave very similarly. Thus, the experiments confirm the
assumption regarding the influence of the distributed plate derived in [1].

3.2 Crack behavior

Cracks have been observed to form radially starting from the center moving outwards. In some areas, these
cracks are located directly beneath the reinforcement, which is believed to be due to notch effects.

Except for local conditions at the center, all cracks are seen to be radial. Furthermore, the radial crack pattern
confirms that there is not a sufficiently large moment along the edges that needs to be accounted for. This
observation is consistent with the theory proposed by Lars German Hagsten [1], where the bending moment
decreases towards the edge of the foundation.

3.3 Verifying that punching shear is not critical

As demonstrated by the following calculations, punching shear is not critical.
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The capacity is calculated in accordance with [2] section 6.4 and for the most critical static system: a pocket
with a diameter of 1150 mm, as this is the largest measured pocket size, and for specimen group @250, as the
control perimeter will be greatest as well as the load P = 423 kN (see Figure 15).

p l
Y.y Yy
2d = 444 ‘ 250 | 2d =444
1 a da

1150

1600

Figure 17 - Static system of specimen 9250

Parameters for the foundation is as described in section 1.2.2. Strength parameters follow mean values given
by [2] Table 3.1, fcn = 53 MPa, and table C.1, f; = 594 MPa. Both are calculated with a partial factor y; = 1,0.

k 1.95 -
Crax 0.18 -
Reinforcement ratio Py /| Pz 00011 -
Strength reduction factor v, 045 -
Distance coloumn edge a 0 e H i
(0d) (critical) (2d)
Controlperimeter u 1000 3730 3790 mm
Punching shear VEa 1.91 0,503 0,503 MPa
Vi 423 123 423 kN
Punching shear capacity VR 11,93 1,010 1.010 MPa
Via 2647 850 850 kN
Utilization U 16% 50% 0% OK!

Figure 18 - Calculation, punching shear according to [2] section 6.4



Experimental study of circular point ... 39

3000

2500

2000 VRd
=
& 1500 VEd
- - _

1000 : d

| — — — Critical
300 i section
] 1
0 100 200 300 400 500
a [mm]

Figure 19 - Vizualisation, punching shear capacity and load
Graph going from the edge of the distributed area a = 0 mm to a = 2d = 444 mm

The calculation above shows that the foundation is only utilized by 50% for punching shear verifying that
this is not critical.

3.4 Support conditions

The experiment has raised additional questions on the support conditions of the foundations. Theories for
foundations assume a uniformly distributed surface load, but this is not expected to reflect reality. The
following proposal suggests how the load might be distributed. This could potentially have a significant
impact on the foundation's capacity, both in terms of shear and bending moment, and may explain why a
considerable residual capacity is observed in the foundations.

T O s B % J 11
; e e
; . 1 o
,||, 1600 ,||, WL 1600 ]L ,‘\, 1600 ,‘L

Figure 20 — Reactions
a) Assumption b) Possible reality c) With pocket
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Conclusion

This study experimentally investigated six circular point foundations designed below the minimum
reinforcement as specified in [2]. A ductile failure was still seen. It was ensured that the specimens would
reach failure with bending moment being critical.

The tests confirm that the bending moment capacity increases as the distributed load area expands. This
observation aligns with the exact solution for point foundations derived by Lars German Hagsten [1]. Further
examination of the theory reveals that the increase in capacity derived theoretically and measured
experimentally is 12% and 16%, respectively, when comparing the smaller to the larger distributed load
diameter, with a ratio of 150/250.

Additionally, the study includes experimental data indicating that upward-bent reinforcement along the edges
is not necessary. No cracks have been observed parallel to the edge that would suggest a moment in this
direction. This observation further corroborates Lars German Hagsten's theory [1], where the bending
moment approaches zero at the foundation's edge.

Finally, it has been observed that residual capacity exists in the foundation according to both K.W.J [3][4]
and L.G.H. [1]. It is discussed whether the support conditions could significantly influence this residual
capacity.
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Appendix A

Below the upper bound solution of a foundation supported by a uniformly distributed load is presented
following [1].

Section A-A

External work:

J-27t R-1

A0=P-5—f0R o 7 0-q-rdo-dr

Internal work:
R 21
A; = f my - dv - dr
0 0

Extension of R that shapes the most critical failure mechanism:

In the following the pocket’s extension, Ry, is considered. The outer shaded area represents where the
reaction under the foundation acts, while the inner, non-shaded area, represents the extension of the pocket.
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Section A-A

External work:

%D f2mR-T

R (2w R-—
Ao pock = fO fO T6 ~q-rdf-dr — fRz foﬂTr(S ~p-rdf-dr
Internal work:
R 2T
Aipock = f my - dv - dr
0 0

Extension of R that shapes the most critical failure mechanism:

3[D-Ry*+2-Ry;3—D-R,?
R.pock= > )

2

P 8
ASq—E-Eandp—E-m

The two failure mechanisms will be compared for their solution of the equation for Ai = A,, solving for the
bending moment, mp:

Without pocket With pocket
P 1 (3 D) 1 R? P 1 (R®=3-R;* R+ (R,°—R,*)-D+2-R,?)
m, =—-+—-|s——|——- E— —_——_— . — .
P~ 2m 3 R) 3 R2  TMevock T 5.3 R-(R,—Ry) - (Ry + Ry)

The increment of the load, P, due to the pocket R is described by:

Mp.pock
k: p-p
Mp
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