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Abstract: The use of nonmetallic reinforcement in concrete aims at the decrease in material consump-
tion by reducing the component sizes when compared to conventional reinforced concrete structures,
which inherently results in very filigree structures. Although intensive basic research has been carried
out on textile-reinforced concrete for about 30 years, the subject of stability behavior has hardly been
investigated so far. This study focuses the fundamental understanding of the structural behavior
of slender carbon-reinforced concrete (CRC) structures subjected to axial compression. Therefore,
buckling experiments have been carried out in order to quantify the influence of two parameters:
the slenderness ratio of the specimens (varying between 60 and 130) and the load eccentricity (0, 2,
and 4 mm). The results of the specimens that were tested with the initial load eccentricities revealed
a good overall agreement with those obtained by a second-order theory approach throughout all
of the investigated slenderness ratios. For the centrally pressed samples that featured high slen-
derness ratios, the failure stresses could successfully be predicted with EULER’s buckling formula,
whereas this theory overestimated the results of the specimens with intermediate to low slenderness
ratios due to the plastic buckling phenomenon. The presented study emphasizes that the consid-
eration of the stability problem is inevitable when designing material-efficient structures made of
textile-reinforced concrete.

Keywords: textile-reinforced concrete (TRC); carbon-reinforced concrete (CRC); stability; buckling;
slenderness ratio; load eccentricity

1. Introduction
1.1. Motivation

The construction sector is responsible for 40% of worldwide material
consumption [1], and the demand for building materials continuous to grow drastically.
While the availability of raw materials on our planet becomes increasingly scarce, the
awareness of a conscious handling of our remaining resources is more important than ever
before. As the most common material used for building worldwide [2] and being thus
indispensable for modern construction, concrete opens up the potential to have a major
positive impact if used in a more sustainable way.

The use of nonmetallic reinforcement enables a reduction in material consumption,
since typical thick concrete covers—which are required in conventional concrete structures
due to the susceptibility of the steel reinforcement to corrosion—can be omitted [3]. The
combination of nonmetallic reinforcement and concrete results in a high-performance
composite material that allows for force-flow-oriented, resource-efficient designs with a
concurrently increased service life of the structures [4–7]. Since nonmetallic reinforcement
does not require an alkalinity, as is the case for steel reinforcement, novel binders can be
used for the concrete. By using alkali-activated binders and/or binders with a reduced
amount of Portland clinker, the CO2 footprint of the concrete structures can be reduced
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substantially [8,9]. Another approach that finally enables the realization of very slender and
lightweight constructions with large material and CO2 savings is chemical prestressing [10].

However, in order to use the full capacity of the composite material and, at the
same time, meet the serviceability requirements for filigree structures, it is necessary to
strive for material-appropriate designs that ensure high material utilization while main-
taining low deformations [11]. Current research within the collaborative research cen-
ter/transregio CRC/TRR280 “Design strategies for material-minimized carbon-reinforced
concrete structures” [12] is aiming at exploiting the load-bearing principles of thin-walled
components with cross-sections that are internally dissolved, e.g., by shell-shaped or folded
structures [13,14]. The demand for high stiffness with minimal material consumption leads
to structures that transfer loads predominantly through pairs of normal forces rather than
out-of-plane bending. Since membrane stresses are efficient for one particular load case,
structures need to be found that enable many possible load transfer paths based on normal
force. While the high performance of nonmetallic reinforcement allows for an efficient load
transfer of tensile normal force, compressive loads must be transferred by concrete.

Previous research on the fundamental behavior of fine-grained concretes for textile-
reinforced composites subjected to compressive stress is mostly limited to the experimental
investigation of the parameters affecting the material strength [15–18]. However, the
significantly thinner cross-sections result in increased slenderness ratios in components of
nonmetallically reinforced concrete structures. Since members under compressive loads
may collapse prematurely due to large lateral deflections caused by the loss of equilibrium—
before the compressive strength is reached [19]—the stability failure needs to be considered.

1.2. Slender Structures Subjected to Compressive Stresses

In civil engineering, it is generally permissible to calculate internal forces from equilib-
rium conditions on the undeformed system according to the theory of elasticity (first-order
theory) [20]. The simplified assumption is that the occurring deformations are negligible
compared to the lever arms of the loads or support forces and that the material behaves in
a linear elastic manner, i.e., HOOKE’s law can be applied. This law states that stresses and
strains are always proportional to the applied load. However, these simplifications become
inadmissible for slender structures subjected to compression, as the induced stresses and
strains are at risk of increasing much faster than the loads due to second-order theory
effects [19]. The typical failure manifests itself as lateral bending with large deformations
and is referred to as flexural buckling, i.e., [21,22]. It usually occurs abruptly and at a stress
level below the actual compressive strength of the cross-section.

In 1744, LEONHARD EULER—who is considered the founder of the classical stability
theory—presented the first analytical description of the linear elastic buckling problem
for columns, which made it possible to determine the critical load Fcr above which the
equilibrium changes from a stable to an unstable state [23]. It depends on the buckling
length l0 (the distance between the two inflection points of the bending line), the decisive
moment of inertia I of the cross-section, and the modulus of elasticity E of the utilized
material. For a column with hinged ends, where l0 corresponds to the actual column length
L, the equation is given by the following:

Fcr =
π2

L2 · EI. (1)

Instead of the critical load, it is also common to indicate the critical buckling stress by
dividing Equation (1) by the cross-sectional area A:

σcr =
π2

L2 ·
I
A
· E =

π2

λ2 · E. (2)

All of the geometric values are summarized by the dimensionless parameter λ, which
is also referred to as the slenderness ratio. The failure boundary line resulting from the
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buckling stress formulation can be plotted in a σ–λ diagram, together with the material
failure limit (σc), as shown in Figure 1. The point where both lines intersect illustrates the
slenderness ratio at which the buckling failure theoretically becomes critical compared to
the material failure under ideal conditions. With regard to the material properties, it is
important to note that the stability failure exclusively depends on the modulus of elasticity
of the material, whereas the compressive strength determines the material failure.

Since the actual material behavior is not taken into account in EULER’s buckling
equation, the sudden transition from the material to stability failure can exclusively occur
for columns made of linear elastic material. Concrete exhibits an approximate linear
elastic behavior only at lower stress levels, thereby changing into nonlinear behavior with
increasing stresses, which is when Equation (2) can no longer be applied. Depending
on the proportionality limit σp of the material, the corresponding threshold value for the
slenderness ratio can be determined with Equation (3):

λp = π ·
√

E
σp

. (3)

For values below λp within the range of medium slenderness ratios ( 2© in Figure 1),
the failure mechanism is referred to as plastic buckling. Many column buckling theories
have been proposed for this phenomenon by various researchers since the end of the
nineteenth century [24]. The approach found in most of the current literature sources is
based on the ENGESSER–SHANLEY theory: If the elastically determined critical buckling
stress (Equation (2)) is greater than the proportional limit of the material, the stresses
run according to the curved stress–strain (σ–ε) line with a correspondingly reduced mate-
rial stiffness so that the Young’s modulus E is replaced by the smaller tangent modulus
Et = dσ/dε. Since Et depends on the unknown critical buckling stress, the equation usually
has to be solved iteratively.

For the range of small slenderness ratios ( 1© in Figure 1), failure under uniaxial
compressive loading occurs by crushing when the compressive strength σc is reached.

Figure 1. Effects of nonlinear material behavior on the σ–λ diagram; graphic adapted from [25].

Considering the range of high slenderness ratios ( 3© in Figure 1) in a mathematical
sense, the critical Euler load (Equation (1)) describes the first eigenvalue of the differential
equation for the bending line of the buckling bar. The equilibrium bifurcates at this point,
which is why elastic buckling is also called a bifurcation-type problem. According to
EULER’s theory, there is no lateral deformation as the load increases until the critical load
is reached, which is when sudden, large deflections occur (Figure 2a). The progression
of the deflection curve w(x) is characterized by the eigenmode corresponding to the first
eigenvalue, thus resulting in a half-sinusoidal wave shape:

w(x) = wx,max · sin
(π

L
· x
)

. (4)
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As the maximum deflection wx,max at the center of the compression member (x = L/2)
is an integration constant, its magnitude is indeterminate. Moreover, for axially symmetric
cross-sections, the direction of buckling cannot be predicted.

However, EULER buckling formulations are usually considered to be an idealized
upper limit, since they are conceptual relations, which—in addition to the fact that the
material must be homogeneous and obey HOOKE’s law—are valid only for further strict
assumptions [19]:

• The column is perfectly straight with a constant cross-sectional area.
• The resultant of the compressive loading passes through the central axis of the column.

Even in a laboratory setting, it is highly unlikely that these conditions will be met
perfectly, since real structures are always fraught with unavoidable imperfections, e.g., due
to the manufacturing process. In fact, the existing imperfections will cause a deflection as
soon as a load is applied (Figure 2b). As the bending deformation increases rapidly, so does
the moment M, according to the second-order theory, until the structure collapses under
the combined effect of the internal normal force and moment (deflection-amplification-type
buckling). For vanishingly small imperfections, failure occurs below but close to Fcr.

(a) (b)

Figure 2. Types of buckling problems: (a) Bifurcation-type buckling; (b) Deflection-amplification-
type buckling.

The existing database providing insight into the buckling stability behavior with
respect to slender structures made of nonmetallically reinforced concrete is very limited.
The first investigations on a total of 18 carbon-reinforced concrete (CRC) columns with
varying lengths (resulting in 40 < λ < 180) conducted by C.F. Alonso dos Santos [26]
showed the expected reduction in the load-bearing capacity with rising slenderness ratios.
In Figure 3, the results of the two series, in which I-section columns with hinged ends (a)
and rectangular cross-section columns with clamped ends (b) were studied, are displayed in
a σ–λ diagram, along with the corresponding ideal failure limit lines. For high slenderness
ratios (λ > 90), the ability to achieve an overall fair agreement between the actual failure
stresses and EULER’s buckling theory could be demonstrated. In contrast, for the specimens
with an intermediate slenderness ratio (50 < λ < 90), significantly lower results were
obtained. The large deviation of the two specimens of L = 60 cm in the first series (Figure 3a)
was attributed to undesired load eccentricities, while the general scatter between the
two columns of one investigated length was attributed to small manufacturing-related
imperfections, e.g., misalignment of the carbon reinforcement grid and the deviation of
specimen thickness or straightness [26]. The results emphasized a non-negligible sensitivity
of these filigree structures to small deviations from the ideal state. Therefore, the extent
to which inevitable imperfections affect the buckling behavior of slender CRC members
subjected to compression needs to be determined in systematic investigations.
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(a) (b)

Figure 3. The σ–λ diagram with results of a study on the buckling stability of CRC columns by Alonso
dos Santos [26], including ideal failure limit lines. (a) I-section and hinged ends. (b) Rectangular
cross-section and clamped ends.

The current study presents the results of buckling tests carried out on slender carbon-
reinforced concrete (CRC) specimens with hinged ends and rectangular cross-sections of
different lengths, thereby observing the deformation behavior under uniaxial compressive
loading. The main objective of the tests was to gain further insight into the effects of varying
slenderness ratios, as well as the effects of purposefully applied initial load eccentricities, on
the stability of CRC specimens. In addition to the analysis of the failure process, the results
are compared to the ideal buckling load according to EULER and to the stress equation
according to second-order theory. Compression tests on short specimens preceded the
buckling tests in order to characterize the compressive material properties and to determine
the slenderness ratios of interest for the buckling investigations.

2. Materials and Methods
2.1. Materials

As for the reinforcement, a biaxial warp-knitted grid made of carbon fiber yarns with
an epoxy resin coating was used. The axial fiber strand spacing and the yarn cross-sectional
area were the same for both the warp (longitudinal) and the weft (transverse) directions,
thus accounting for a symmetrical reinforcement area of 85 mm2/m. The ultimate stress
and modulus of elasticity were determined in uniaxial tensile tests according to [27] for
ten single warp yarns that were extracted from the grid. Details about the geometrical and
mechanical characteristics of the grid are listed in Table 1.

Table 1. Carbon reinforcement characteristics for solidian grid Q85/85-CCE-38-E5.

Geometrical Properties Acc. to [28] Warp and Weft Directions

Axial yarn spacing [mm] 21
Yarn density [tex] 3200

Cross-sectional area per yarn [mm2] 1.81
Cross-sectional area of grid [mm2/m] 85

Material properties (mean values) Determination on warp yarns

Ultimate tensile strength [MPa] 4048
Ultimate strain [‰] 16.1

Modulus of elasticity [MPa] 245,500

The specimens were cast with a self-compacting cementitious matrix developed specif-
ically for the application of textile-reinforced concrete (TRC) by the Institute of Construction
Materials (IfB) of TU Dresden [29]. The mix is composed of a binder concept (which is based
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on Portland cement, slag, and limestone flour), fine quartz sand, sand, a high-performance
superplasticizer, and water. See Table 2 for details on the mix design.

Table 2. Mix design of the cementitious matrix for HF-2-190-2.

Substance Content [kg/m3]

Binder concept Variodur C Dyckerhoff 815
Fine silica sand 340
Sand 0–2 mm 965

Superplasticizer 17
Water 190

According to the definition of the DIN EN 206 [30], a mixture with a maximum
aggregate size of 2 mm—as used for this study—is classified as mortar. Due to its high
strength, the term fine-grained concrete has been established in the context of TRC. However,
the material strength was determined on prisms (160 × 40 × 40 mm3) according to the
standard test method for mortar [31]. For each concrete batch, the compressive strength
fc and the flexural tensile strength fct, f l were determined on three prisms on the day of
testing (age 28 to 32 days). Cylindrical specimens (h/d = 300 mm/150 mm) were used to
identify the mean modulus of elasticity Ec of the cementitious matrix according to [32]. The
results of the material tests are summarized in Table 3.

Table 3. Material properties of the utilized cementitious matrix.

Material Property Mean Value [MPa] CoV [%]

Compressive strength 111.5 2.66
Bending tensile strength 12.6 13.65

Modulus of elasticity 43,375 2.36

2.2. General Procedure and Experimental Program

The present study focused on flexural buckling, i.e., bending about the axis of least
resistance, of slender CRC specimens with hinged ends. One main objective was to investi-
gate the buckling behavior of the samples in terms of load–displacement characteristics for
three different slenderness ratios:

• Within the range of elastic buckling λel ( 3© in Figure 1);
• Within the range of plastic buckling λpl ( 2© in Figure 1);
• Around the threshold slenderness ratio (λp in Figure 1).

Since the cross-sectional dimensions remained the same for all samples, the slenderness
ratio of the specimens was controlled by their lengths. In order to specify the slenderness
ratios for the buckling experiments, it was necessary to gain insight into the stress–strain
relation of the material combination. Therefore, uniaxial compression tests (Section 2.4.1)
were carried out on small reinforced and nonreinforced disk-shaped samples with the same
cross-sectional dimensions as the planned buckling samples (Section 2.3) and a length-to-
width ratio of L/W ≈ 1 (square disk—SQ) and 2 (rectangular disk—RE). Three specimens
were examined for each configuration, thus resulting in a total of 12 samples (Table 4).
After determining the relevant parameters for the σ–λ diagram, the suitable λ values were
identified and used to calculate the corresponding lengths with the following equation:

L = λ ·
√

I
A

→ for rectangular cross sections: L = λ · d√
12

= 0.289 · λ · d. (5)

Subsequently, a total of 43 buckling tests (Section 2.4.2) were performed on slender
CRC samples. In addition to investigating the three different slenderness ratios of interest,
initial load eccentricities of 2 and 4 mm were purposefully applied to the specimens. Table 4
summarizes the number of all combinations examined. Each specimen of the buckling tests
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is labeled by its slenderness ratio, load eccentricity, and number, as shown below in the
table.

Table 4. Number of experiments conducted for each test setup.

Compression Tests Buckling Tests

Reinforcement Load Eccentricity e
Without With 0 mm 2 mm 4 mm

SQ 3 3 λel 4 5 5
RE 3 3 λp 5 5 5

λpl 3 5 5

∑ 12 ∑ 43

2.3. Sample Preparation

The experiments were conducted on both carbon-reinforced and plain concrete speci-
mens with rectangular cross-sections of 105 × 26 mm2. The lengths of the samples were
varied, thus resulting in different slenderness ratios (Table 5). Section 2.2 explains how the
specific values were determined.

Table 5. Variation in sample lengths and resulting slenderness ratios.

Samples Compression Tests Buckling Tests

Length [mm] 100 200 500 * 680 * 980 *
Slenderness ratio [-] 62 (λpl) 85 (λp) 125 (λel)

* The value includes an additional length of 40 mm due to steel profiles that have been attached to the samples for
the load application construction (see Section 2.4.2).

The specimens used for this study were produced at the Otto-Mohr-Laboratorium (OML)
of TU Dresden. A formwork made of sealed timber (990 × 380 × 26 mm3) was used to
cast thin concrete slabs (Figure 4a). In order to secure the position of the reinforcement, the
grid was clamped in between steel strips that were adjusted along the long edges of the
formwork (Figure 4b).

The slabs were kept damp to prevent moisture evaporation until the formwork was
removed three days after concreting. Afterwards, they were stored in water for another
four days in order to minimize shrinkage cracking and uneven drying. On the seventh
day, three samples were cut from each slab using a circular wet saw. Each sample that was
reinforced contained one layer of the carbon grid with five warp yarns, thereby resulting in
a reinforcement ratio of about 3‰ in the longitudinal direction. Until the day of testing,
the specimens remained in a climatic chamber at 20 ◦C and 65% relative humidity.
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(a) (b)

Figure 4. Production of the CRC samples. (a) Casting process. (b) Clamping of nonmetallic reinforce-
ment grid on the edge of the formwork.

2.4. Test Setup and Instrumentation
2.4.1. Compression Tests

The experiments were carried out using a testing machine with a compressive load
capacity of 5 MN. It featured a special construction to enable a uniform load application,
which consisted of two brushes made of several high-strength steel bristles with a cross-
sectional area of 4 × 4 mm2 separated by small gaps (Figure 5a). They have proven to be an
effective tool to achieve a homogeneous stress state in the specimen during the compressive
loading by reducing the lateral constraint of the loaded surfaces due to the deformability of
the bristles [18,33].

The load was applied in a path-controlled manner at a loading rate of 0.002 mm/s
until failure, while the vertical and horizontal strains were recorded at a measuring rate
of 5 Hz on both sides of the sample by strain gauges placed crosswise in the center of the
concrete surface, as displayed in Figure 5b,c.

(a) (b) (c)

Figure 5. Uniaxial compression tests. (a) Steel brush used for load application (photo: S. Groeschel,
TU Dresden). (b) Sample configurations. (c) Test setup with CRC sample (20 × 10 × 2.6 cm3).

2.4.2. Buckling Tests

Based on the results of the uniaxial compression tests, the three slenderness ratios
of interest were determined to be λ = 125, 85, and 62. The buckling tests—which were
technically also uniaxial compression tests—were carried out on CRC specimens with
hinged-end supports. These were implemented by attaching small, tapered steel profiles
to the two contact surfaces of the specimens using an epoxy-based adhesive. The tips at
the top and bottom were inserted into the notch of a steel block mounted in the testing
machine in order to reduce undesired friction to a very small contact area (Figure 6a).
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Three different configurations of the steel profiles were fabricated to allow for both
centric (e = 0 mm) and eccentric (e = 2 mm and 4 mm) load introduction (Figure 6b). In
case of application of the asymmetrical profiles, they were arranged with their tip being
closer to the concreting side. Hence, buckling was provoked to the opposite formwork side,
since the tendency to buckle in this direction had been observed in preliminary tests on
specimens with centric load introduction.

The specimens were path-controlled loaded in a servohydraulic testing machine
(max. load of 2.5 MN) with a load rate of 0.01 mm/s until buckling failure occurred. The
machine force F, as well as the vertical machine displacement wz, were recorded during the
experiments. In order to measure the horizontal deflection wx, an inductive displacement
sensor (linear variable differential transformer—LVDT) was installed in the midheight of
the specimen where the maximum displacement was expected (Figure 7a). The measuring
rate was 5 Hz.

(a) (b)

Figure 6. Construction for load application. (a) Close-up of support situation with symmetrical steel
profile for centric load introduction. (b) Variations in the steel profiles for different load eccentricities.

In addition, an optical, photogrammetric measurement system was used to enable a
contactless observation of the specimen surface with high resolution and accuracy. A stereo
camera system (5 MP cameras) was set up to record one narrow front side of the specimen
(Figure 7c) in order to examine the deformation behavior of the samples during loading. The
investigated surface was prepared by creating a stochastic speckle pattern. For this study,
a white primer coat with a black pattern was applied to elevate contrast (Figure 7b). The
calibration process was performed under constant room temperature and light. In order to
maintain uniform measurement conditions without heating, blue LED light was used.
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(a) (b) (c)

Figure 7. Setup for buckling tests. (a) Schematic sample setup. (b) Specimen (λ = 125) with speckle
pattern in the testing machine. (c) Whole test setup with 1—CRC sample; 2—LDTV; 3—stereo camera
system; and 4—blue LED light.

3. Results and Discussion
3.1. Compression Tests

The experiments were conducted in order to determine three values from the
σ–ε relation of the material: the compressive strength, the modulus of elasticity, and
the proportionality limit. Therefore, the lengths of the specimens were chosen to ensure
material failure due to the induced compressive stress. Figure 8a shows a photograph of the
typical failure pattern of the samples examined. They either failed due to the spalling of the
concrete surface near the top or bottom or due to splitting (usually along the reinforcement
layer, if existent), and sometimes they failed due to a combination of both phenomena.

Reinforced and nonreinforced specimens were tested and compared, because previous
studies of fine-grained concrete under compressive loading have shown that the use of
textile reinforcement may affect the ultimate strength of the matrix. While yarns impreg-
nated with a coating of lower stiffness, e.g., styrol butadiene kautschuk or polyacrylate, can
lead to a reduction in the maximum bearable load, coatings of higher stiffness, e.g., epoxy
resin as it was used in this study, can slightly increase the compressive strength [16]. This
tendency was also observed for the square disks, but it could not be detected for the
rectangular disks, as shown in Figure 8b, where the achieved compressive strengths of
all 12 specimens are summarized. On average, the samples achieved a failure stress of
108 MPa, which is in good agreement with the mean compressive strength of the standard
prisms (see Section 2.1). The average strength of 109.4 MPa, corresponding to the six disk
specimens containing the carbon grid, was used as the reference strength of the reinforced
matrix for evaluating the buckling test results.



Buildings 2023, 13, 2489 11 of 20

(a) (b)

Figure 8. Results of compression tests. (a) Rectangular disk specimen after compression failure.
(b) Ultimate stresses of specimens.

In Figure 9, the relationship between the experimentally applied compressive stresses
and the vertical strains at the concrete surfaces (calculated as mean values of the two
strain gauges) is displayed for the square and the rectangular disks. In general, the σ–
ε curves represent the typical behavior of a high-strength concrete, thereby showing a large
linear portion (until up to ε ≈ 1.4‰), a high stiffness, and brittle failure. Apart from the
slightly higher strengths obtained for the reinforced square disk specimens, which are
also associated with higher strains, the specimens behaved very homogeneously. The fact
that the difference in the load-bearing behavior between the samples with and without
reinforcement was very small can be attributed to the low geometrical reinforcement ratio
of 0.3%. Noticeable effects caused by the textile grids were observed, particularly for larger
reinforcement ratios of <2% [16]. The details of the test results are listed in Table 6.

(a) (b)

Figure 9. Stress–strain relations. (a) Square disk specimens. (b) Rectangular disk specimens.

Table 6. Results of the uniaxial compression tests.

Series Square Disks Rectangular Disks
Nonreinforced Reinforced Nonreinforced Reinforced

Samples 1 2 3 1 2 3 1 2 3 1 2 3

Fu [kN] 260.9 301.0 301.2 309.7 293.1 306.7 281.1 294.6 275.4 261.7 265.7 291.4
Ac [mm2] 2618 2672 2737 2649 2676 2540 2655 2785 2688 2602 2622 2714
σu [MPa] 99.7 112.6 110.1 116.9 109.5 120.8 105.9 109.7 102.5 100.6 101.3 107.4
εu [‰] 2.56 2.81 3.44 3.35 3.07 3.76 2.84 2.94 2.74 2.55 2.60 2.82
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The σ–λ diagram on the left in Figure 10 shows the two limit lines for the compression
failure and buckling failure that correspond to the composite material used for this study.
The EULER hyperbole was calculated from Equation (2). As for the modulus of elasticity E, a
linear slope between 10% and 30% of the compressive strength was assumed in accordance
with the DIN EN 12390 [32]. E was determined to be 43,684 MPa based on the observed
mean σ–ε behavior of the six reinforced disk specimens. This mean curve, as well as the
linear regression line for E, are plotted in the σ–ε diagram on the right in Figure 10. The
proportionality limit fp can be defined as the highest stress up to which the σ–ε curve
remains linear, but the determination of this characteristic point is very subjective, as there
are no standards [16]. Kaplan [34] proposed to choose the moment when the measured
values deviated from a linear regression line by more than 0.002 mm/m. Based on this
suggestion, the samples exhibited linear elastic behavior up to a stress of 60 MPa, i.e.,
approximately 0.55· fc, which is significantly higher than normal-strength concrete, which
already starts to exhibit nonlinear behavior at about 30–40% of its compressive strength [35].
The corresponding slenderness ratio was determined to be about 85 (λp).

Figure 10. Derivation of the threshold slenderness ratio λp separating plastic and elastic buckling
(left—σ–λ diagram), which was derived from the proportionality limit σp of the mean CRC stress–
strain behavior (right—σ–ε diagram).

Furthermore, a high slenderness ratio of 125 (λel) was chosen in order to be far from
the threshold value and to guarantee elastic buckling. The third slenderness ratio for the
investigations was supposed to be within the plastic buckling range. It was defined as
62 (λpl), as this is the slenderness ratio where the two ideal failure limit lines intersect
(Figure 10), thus marking the theoretical transition from material to buckling failure.

3.2. Buckling Tests

The force–deflection diagram on the left in Figure 11a shows the typical behavior over
the course of the buckling test, which is exemplarily plotted for the sample λel − 0− 1. The
specimens began to buckle as soon as the load was applied, and the bending deformation
grew slowly with an increasing load. As the load approached the critical (maximum) value,
it gradually declined its increase until it either stagnated or even slightly decreased. When
the ultimate load was exceeded (No. 1 in Figure 11a), sudden and significantly larger
deflections occurred, while, in turn, the bearable load decreased to nearly zero (No. 2 in
Figure 11a). While most specimens exhibited the described behavior, ending in a highly
deflected position with multiple cracks on the tensile side, some samples collapsed due to
rupture after exceeding the ultimate load. This phenomenon will be further discussed later.

The displacements of the sample λel − 0− 1 were computed from the photogrammetric
images of the narrow front surface using the commercial software GOM ARAMIS. The
right diagram in Figure 11a shows the bending lines (deflection at each length coordinate
of the specimen) corresponding to the significant points 1 and 2 compared to a sine curve
with the same maximum deflection in the middle calculated from Equation (4). For the
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moment when the ultimate load was reached, the experimental bending line showed
very good agreement with the ideal sinusoidal shape of the deflection curve according to
EULER (Section 1.2). At the end of the test, the experimental bending line deviated from the
theoretical sinusoidal curve, thus showing remarkably larger curvatures in the central part
of the specimen due to cracks that formed mainly in the middle third on the stretched side.

Since the transition of the states from point 1 to point 2 was usually captured by
only one measurement point (see the left diagram in Figure 11a), which resulted in a
large scatter of the deflection values at the end of the tests, the specimen behavior was
examined only until the sudden, large deformation occurred (or until the rupture of
the specimens). Figure 11b shows three example bending lines—with one from each
investigated slenderness ratio at the moment of ultimate load application. They all exhibited
a sinusoidal deformation, thereby confirming that the hinged support construction served
its purpose.

(a) (b)

Figure 11. Comparison of experimental and theoretical (sinusoidal) bending lines. (a) Right before
and after failure; displayed for sample λel − 0− 1. (b) Before failure; displayed for one sample of
each investigated slenderness ratio.

Figure 12 displays the mean stress–deflection graphs for the investigated slenderness
ratios and load eccentricities surrounded by the respective scatter of the experimental
curves. An unavoidable scatter resulted from the manufacturing process, since even
with great effort, the actual specimen dimensions individually deviated from the planned
geometry, thereby leading to small differences in the slenderness ratios. In particular, the
scatter for the tests with the intended centric load application showed larger expansions,
probably due to additional small deviations from the perfect load introduction that were
inevitable, despite the great care that was taken when attaching the steel profiles.
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(a) (b) (c)

Figure 12. Stress–deflection curves for different load eccentricities and slenderness ratios: (a) λ ≈ 125;
(b) λ ≈ 85; and (c) λ ≈ 62.

Table 7 gives an overview of the results of all of the buckling tests, thereby listing the
achieved critical stress σexp (calculated as the quotient of the experimentally determined
maximum force F to the respective mean cross-sectional area A) for each specimen. For
the assessment of the values, the critical stresses of an ideal EULER column with the
corresponding slenderness ratio were calculated with Equation (2) and related to the
experimental results.

Moreover, the maximum measured deflections wx,max at the center of the specimens
corresponding to the ultimate bearing loads are given. Note that specimen Nos. 1–3 of
the series λp − 0 were the only ones that buckled into the opposite direction compared to
all other samples of this study. While for the specimens with eccentric load introduction,
the buckling direction was predetermined by the arrangement of the steel profiles; the
occurrence of both of the possible buckling directions (around the weak axis of the cross
section) should in theory be stochastically equally distributed in the case of ideal specimens
without load eccentricity. Most of the samples with e = 0 (six out of nine samples) buckled
in the direction of their original formwork side, which may have been due to possible
shrinkage effects leading to a slight precurvature of the samples. Within the scope of
another study, it was observed that the position of the reinforcement layer within the
cross-section of the CRC sample affected the buckling direction; when the carbon grid was
placed closer to one side of the specimen, samples tended to buckle in that direction [36].
Since no significant deviations in the carbon grid position from the central line could be
detected in the present study, the behavior cannot be attributed to this kind of imperfection
here. The authors believe that the direction of buckling was influenced by slight differences
in the position of the steel profiles, which resulted in very small load eccentricities affecting
the deflections from the beginning of the experiment.

The bar chart in Figure 13 compares the ideal stresses with the experimental critical
stresses. Although all of the samples started to bend as soon as the load was applied (Figure 12),
for the experiments with high slenderness ratios in the elastic buckling range and an intended
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centric load application (series λel − 0), the ultimate bearable stresses could be calculated
very accurately using Euler’s buckling equation, since they did not exceed the approximately
linear material behavior. This finding is in agreement with the study of Alonso dos Santos [26].
However, for the specimens tested with lower slenderness ratios, the results were on average
about 15% below the ideal buckling stress. It can be concluded that even the transition from
approximately linear to nonlinear material behavior affected the attainable critical buckling
stress values of the CRC specimens. Thus, the plastic buckling range appeared to include the
identified threshold slenderness ratio λp. A concordance between the experimental results
and the tangent modulus theory (Section 1.2) could not be clearly established at this point.

Table 7. Results of the buckling tests.

Series

Load
Eccentricity Number Slenderness

Ratio

Critical
Stress Acc.
to EULER

Experimental
Critical
Stress

Stress Ratio Central
Deflection

e λ σcr σexp σexp/σcr wx,max
[mm] [-] [-] [MPa] [MPa] [-] [mm]

λel

0

1 128.7 25.9 26.28 1.02 6.4
2 127.2 26.5 28.98 1.09 6.4
3 123.8 27.9 27.23 0.97 6.7
4 131.5 24.8 24.53 0.99 6.4

2

1 126.4 26.8 23.09 0.86 6.4
2 127.2 26.5 20.56 0.78 6.3
3 127.5 26.3 24.36 0.92 6.7
4 123.3 28.2 23.73 0.84 6.7
5 129.7 25.5 20.06 0.79 6.0

4

1 122.8 28.4 13.54 0.48 4.8
2 127.6 26.3 15.80 0.60 5.6
3 121.9 28.8 14.52 0.50 5.0
4 124.0 27.8 15.31 0.55 5.4
5 122.5 28.5 14.65 0.51 5.6

λp

0

1 84.0 60.7 47.87 0.79 −6.3 *
2 84.3 60.3 50.07 0.83 −6.0 *
3 84.0 60.7 47.60 0.78 −5.1 *
4 85.8 58.2 56.22 0.97 5.8
5 83.4 61.6 52.73 0.86 6.4

2

1 85.9 58.0 33.00 0.57 5.5
2 85.4 58.7 31.48 0.54 5.6
3 85.1 59.1 36.28 0.61 5.6
4 82.9 62.3 36.82 0.59 5.6
5 83.0 62.2 36.50 0.59 5.5

4

1 84.9 59.4 22.94 0.39 4.0
2 85.1 59.1 21.95 0.37 4.1
3 84.8 59.5 21.88 0.37 4.0
4 85.3 58.8 20.62 0.35 3.9
5 85.3 58.8 18.62 0.32 3.7
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Table 7. Cont.

Series

Load
Eccentricity Number Slenderness

Ratio

Critical
Stress Acc.
to EULER

Experimental
Critical
Stress

Stress Ratio Central
Deflection

e λ σcr σexp σexp/σcr wx,max
[mm] [-] [-] [MPa] [MPa] [-] [mm]

λpl

0
1 63.6 106.0 88.40 0.83 6.2
2 62.9 108.4 100.20 0.92 5.2
3 62.7 109.3 86.10 0.79 6.0

2

1 61.8 112.2 56.1 0.50 3.8
2 61.8 112.0 58.4 0.52 4.1
3 61.4 113.7 56.9 0.50 3.2
4 61.0 114.9 57.3 0.50 3.1
5 61.3 114.1 58.7 0.51 2.2

4

1 63.1 107.6 33.8 0.31 4.9
2 63.2 107.2 35.7 0.33 4.3
3 63.6 106.0 31.0 0.29 4.8
4 63.3 107.0 33.1 0.31 4.4
5 63.1 107.5 35.1 0.33 4.3

* These samples buckled in the opposite direction.

The results of the other experiments reveal a clear trend of diminishing buckling
resistance with increasing load eccentricity. This effect appeared to be stronger with
decreasing slenderness ratios (Figure 13). Compared to the stresses obtained with centric
loading, the load-bearing capacity decreased by 15% and 50% for the series λel due to the
load eccentricities of 2 mm and 4 mm, respectively. Furthermore, the critical load was
reduced by 32% (e = 2 mm) and 50% (e = 4 mm) for the series λp, as well as by 40%
(e = 2 mm) and 62% (e = 4 mm) for the series λpl (average values).

Figure 13. Comparisons of ideal critical stress (left bar) and actual ultimate stress (right bar).

From a mechanical point of view, the failure of the slender (reinforced) concrete
columns was initiated by the loss of stability, but it can be limited by stress exceedance.
Based on the normal stress equation for uniaxial bending, Schmidt and Curbach [37] derived
an expression to determine the stress that either leads to the failure of the compression
side or to failure on the tensile side of the cross-section due to a certain load eccentricity,
including second-order theory effects. In the case of a column with hinged ends, the
equation is defined as follows:

fc(t)m =
F
A
± M

W
= σ±

√
3 · e
L
· −λ · σ∣∣∣∣cos

(√
σ
E ·

λ
2

)∣∣∣∣ (6)
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with: fcm/ fctm = Failure stress on the compressed/stretched cross-sectional side
F, M = Normal force, Moment
A, W = Cross-sectional area, Section modulus
L, λ = Column length, Slenderness ratio
σ, E = Uniformly distributed compressive stress, Modulus of elasticity
e = Load eccentricity

Using the material properties of the concrete from Table 3, the critical stress can be
plotted in a σ–λ diagram. In Figure 14, the corresponding failure limits for the eccentricities
of 2 and 4 mm are represented by the yellow and purple lines, respectively. The changes in
the directions of the curves mark the changes in the governing failure mechanisms.

Figure 14. Experimental results with failure limits according to second-order theory in comparison
with the ideal limits for EULER buckling and material failure.

All of the critical stresses determined from the experiments are also displayed in
Figure 14, which are marked by gray, yellow, and purple dots. Except for the gray results
(e = 0 mm) from the series λp and λpl , they showed good overall agreement with the
corresponding failure limit lines. Looking at the results from the tests with the load
eccentricity, it can be seen that most of them were close to the dashed lines of the failure
curves, which indicates that the exceeding of the tensile strength was responsible for failure.
All of the corresponding specimens failed due to large deflections in the same way as
what was shown in Figure 11a. This also applied to the samples of the series λel − 0. It
is assumed that these specimens were prevented from undergoing local failure by the
carbon reinforcement. All of the other samples failed due to rupture, usually with prior
concrete spalling. It can be concluded that, regardless of the slenderness ratio, the failure
mechanisms that occurred correlated with the maximum stresses reached.

4. Conclusions

Numerous studies of nonmetallically reinforced concrete have focused on the fun-
damental cross-sectional behavior under tension, compression, bending, and shear, but
experimental data and systematic investigations of the stability behavior are sparse.

In this paper, the structural behavior of specimens under uniaxial compressive loading
has been investigated. First, a small experimental study was conducted on nonreinforced
and carbon-reinforced short, disk-shaped samples with two different length-to-width ratios,
where typical brittle material failures under high stresses were observed. The tests served
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for the material characterization, which made it possible to subsequently determine the
slenderness ratios of interest for the buckling tests.

Afterwards, a larger campaign was performed on slender specimens to evaluate
the buckling behavior. The presented study shows the results of buckling tests on CRC
specimens with different slenderness ratios. A wide range between 61 < λ < 131.5 was
chosen for this investigation, as it is not yet clear what slenderness ratios we will be dealing
with in the future with the newly developed design strategies in carbon-reinforced concrete
construction. Based on the DIC measurements, the functionality of the support construction
was evaluated, thus proving that the specimens featured hinged ends. Hence, it was
considered that the effective buckling length corresponded to the actual distance between
the end supports. The samples exhibited the predicted behavior of slender, imperfect
members subjected to compression, with lateral displacements from the beginning of the
load application. Despite the sudden occurrence of the large deflections or even the rupture
of the specimens, the failure was indicated by an increasingly stagnant load growth. It
could be proven that centrally pressed CRC specimens with high slenderness ratios behave
in a good approximation to the mechanical buckling theory according to EULER. The
variation in the load eccentricity resulted in a reduction of the load bearing capacity due
to larger induced bending moments. Nevertheless, these results were satisfactory, as the
failure stresses from the CRC specimens could be calculated with sufficient accuracy using
a second-order theory approach.

Further experimental investigations are required in order to gain deeper insight into
the plastic buckling behavior of CRC specimens. Moreover, other geometrical and structural
imperfections, such as the precurvature of the sample, the misalignment of the nonmetallic
reinforcement, or a varying grain distribution across the cross section, will be investigated
in the future to examine their effects on the maximum bearable buckling load and to provide
a comprehensive assessment of the buckling behavior of slender CRC members subjected
to compressive stress. Based on the investigations, the reduction factors for predicting the
decrease in the buckling strength compared to ideal structures will be proposed.

The slenderness ratio above which stability failure becomes critical to material failure
depends essentially on the concrete quality. In particular, higher-strength concretes, such
as those used with nonmetallic reinforcement, are significantly more susceptible to stability
failure, because the elastic modulus grows more slowly relative to the compressive strength
as the concrete strength class increases. Thus, for slender members under compression, the
high strength of the material is far from being exploited. Therefore, future studies will also
focus on the prestressing of slender CRC members, as this provides an indirect increase in
the stiffness of the component due to the additional compressive stresses that cause cracking
to occur only at much higher bending loads. A promising method for thin CRC structures
is chemical prestressing. In this technique, a special additive is added to the concrete mix,
thus causing the cementitious matrix to expand and the reinforcement to stretch. As a result,
compressive stresses are applied to the concrete. Their application in CRCs is currently
being investigated and optimized within the framework of the CRC/TRR280.
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