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Abstract

Quality reductions of raw and cooked vegetables are caused by forces generated during industrial
high-speed manufacturing. However, the transferability of low-speed texture measurement methods
to high speed processes is limited. Therefore, analyses with a low-speed uniaxial compression test
(breaking strength σ, breaking strain ε) and a high-speed pendulum test (relative fracture height
∆h) at different speeds (3.6, 4.4, 5.3 m s−1) were carried out. Textural values for potatoes, carrots
and celeriacs (0 to 25 min cooking time) were recorded to compare the two measurement methods.
Furthermore, whether the increase of textural values of blanched vegetables measured with low-speed
methods, was also observable with high-speed methods, was also investigated. Low to medium rank
correlation coefficients (rS < 0.659) between parameters of the two methods were calculated. In
contrast to σ and ε, ∆h-values indicate a distinct initial increase as well as textural maxima between
5.0 to 12.5 min cooking time for all tested potato and carrot varieties. On the other hand, most
celeriac samples did not exhibit an increase in texture with respect to cooking time. Therefore, a
textural analysis at high speeds is necessary for the prediction of textural characteristics of blanched
vegetables during high-speed processing in order to reduce quality degradation.
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1 Introduction

Vegetables are treated with high-speed processes
during manufacturing. Typical processes include
transportation, such as pumping through pipes
or filling processes. High-speed processes lead to
mechanical stresses that result in quality losses
such as bruises or fracture (Mohsenin, 1986).
The most obvious quality loss is fracture. These
quality losses primarily depend on the physico-

mechanical and biological characteristics of the
vegetables (Bentini, Caprara, & Martelli, 2006).
These factors determine the texture of vegetables
(Peleg, 2006).
The texture of vegetables depends on several fac-
tors including the variety of vegetable, time of
harvest, as well as cultivation and storage con-
ditions (Bourne, 2002a). Additionally, texture is
influenced by the time of cooking; several chemi-
cal and physical modifications play an important
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Nomenclature

A0 sample cross section before deforma-
tion

d diameter

∆hx relative fracture height at speed x, x =
3.6, 4.4, or 5.3 m s−1

ε breaking strain

Fmax force at bioyield point

g gravitational acceleration

h height

hwos height without sample

hws height with sample

hStart starting height

l measured height of deformation

l0 height before deformation

min minutes

PG polygalacturonase

PME pectinmethylesterase

PTE pectin trans-eliminase

RS rank correlation coefficient

σ breaking strength

t cooking time

role (Ternes, 2008). Initially, Ca2+ diffuses out of
the middle lamellae, and there is an expansion of
intercellular space during cooking. Furthermore,
starch swells and gelatinizes between 55 and 90
°C particularly for potatoes. The denaturation of
proteins in cell components and the destruction
of cell organelles change the texture of cooked
vegetables as well as the diffusion of salts and liq-
uid. At longer cooking times, water moves into
the cells and depolymerisation of pectins in the
middle lamellae and the cell walls occurs. De-
polymerisation is based on heat-induced β- hy-
drolytic elimination and enzymatic degradation
(Waldron, 2004). An increase in the firmness
of potatoes during thermal treatment (20 to 40
min) at 60 °C was detected by Alvarez, Canet,
and Tortosa (2001). An increase in the firmness
of blanched vegetables has often been observed
with low-speed measurement methods. For ex-
ample, in the study of Alvarez et al. (2001) in-
creasing values for the modulus of rigidity (shear
test with a shear cell; 0.4 m min−1) and the re-
laxation gradient (compression by parallel plates;
0.4 m min−1; 1 min relaxation time) are mea-
sured. This can be explained by theories based
on the chemical and physical modifications men-
tioned above (Alvarez et al., 2001).
Most studies of textural properties use methods
with lower speeds. However, the textural values

of vegetables are affected by the measurement
speed (Mohsenin, 1986). Hence, transfer of in-
formation on the textural characteristics of veg-
etables processed at high speeds is difficult based
on results from low-speed measurement methods.
The resistance against fracture at low speeds can
be determined with a uniaxial compression test.
Impact tests can be used to measure the texture
at higher speeds (Agulheiro Santos & Roseiro,
2012). Insufficient data are available on the in-
fluence of cooking time on the possible decrease
and increase in the textural values of vegetables
measured at higher speeds. Therefore, optimiza-
tion of high-speed processes for cooked vegeta-
bles based on relevant textural data is not possi-
ble.
The objective of this survey was to evaluate the
differences in high- and low-speed measurement
methods regarding the textural values of vegeta-
bles with various cooking times. Additionally,
the increase of firmness of blanched vegetables
was analyzed with high-speed measuring meth-
ods.

IJFS April 2017 Volume 6 pages 1–12



Texture analysis of blanched vegetables 3

2 Materials and Methods

2.1 Samples

The vegetable samples consisted of potatoes,
carrots and celeriacs bought from local stores.
Different varieties of waxy (“Allians”, “Ditta”,
“Princess Amandine”) and floury potatoes
(“Melody”, “Gunda”, “Alpha”) were analyzed.
Three samples of carrots were tested: “fresh”,
“ecological cultivation” and “Frucht Hartmann”.
Additionally, celeriacs tested in this study were
purchased from the “Kaufland”, “Groma” and
“Frucht Hartmann” grocery stores.

2.2 Preparation of samples

All vegetables were cut into cuboids of approxi-
mately 3.0 × 3.0 × 4.0 ± 0.5 cm. 1.0 ± 0.2 kg of
samples were cooked in 3.0 ± 0.1 l boiling water
for a defined cooking time (t). Sample cuboids
were strained and covered with 3.0 ± 0.1 l of tap
water (20.0 ± 2.0 °C) for a 30 min cooldown. Fi-
nally, the cuboids were strained again, and the
samples were cut with a cork borer and knife to
their final size.

2.3 Textural analysis

The texture of the vegetables was evaluated with
two different methods. A uniaxial compres-
sion test was used for low speeds because shear
stresses, one of the main mechanical stresses
on vegetables during processing, can be directly
measured (Hamann, Zhang, Daubert, Foegeding,
& Diehl, 2006). Furthermore, an impact test was
used to test the vegetables at high speeds. Forces
due to the impact test are comparable to the me-
chanical stresses on vegetables during processing
(Bourne, 2002c).

Uniaxial compression test

Samples were investigated with a Texture Ana-
lyzer (TA.XT2, Stable Micro Systems LTD) at
22.0 ± 2.0 °C. The samples had a height (h)
of 15.0 mm and a diameter (d) of 11.5 ± 0.5
mm. A cylindrical plate of 100 mm was used
for compression of the samples to a height of

6.0 mm at a cross-head speed of 3.0 mm s−1.
With exponent 6.1.5.0 (Stable Micro Systems
LTD), the bioyield point is identified in the force-
high-diagram (Khan & Vincent, 1993). Breaking
strength σ and breaking strain ε at the bioyield
point were calculated according to Hamann et al.
(2006), with force Fmax at bioyield point, sam-
ple cross section before deformation A0, height
before deformation l0 and measured height of de-
formation l:

σ =
Fmax × (1− ε)

A0
(1)

ε = ln

(
2− (l0 − l)

l0

)
(2)

The Hencky strain and a Poisson´s ration of 0.5
for ideal materials were used in this test (Bourne,
2002b). A breaking angle of 45 ° results from
shear stresses (Hamann et al., 2006). Therefore,
only upright samples with a breaking angle of
45 ° after deformation were considered for calcu-
lation. Uniaxial compression tests were carried
out in six-fold replicates, and mean values and
standard deviations were calculated. Addition-
ally, the measured values were tested for normal
distribution (Shapiro-Wilk test) and homogene-
ity of variance (F-test). Significant differences
were determined by using the software R. 3.1.0.
for σ and ε (two-sided, α = 0.05) using the t-test,
Welch’s t-test and Mann-Whitney U test.

Impact test

The setup of the pendulum test (Figure 1) was
adapted from Dutt and Datta (1999), with dif-
ferent setup dimensions and determination of the
reversal point of the pendulum. The pendulum
arm (stainless steel, 1.0 cm diameter) together
with the stainless steel threshing plate (10 cm
length, 10 cm width, 1 cm depth) had a length
of 1.85 m and was fixed at a wooden holder
via a stainless steel bearing (4 inch door hinge).
These devices are fitted together by stainless
steel screws of various sizes. A steel bench vise
(drill press vise clamp bench) clamped five cylin-
drical samples (h = 25.0 mm ± 1.5 mm, d = 17.5
mm ± 0.5 mm) that overlapped 15.0 mm. The
distance between the threshing plate and the top
of bench vice was 1.0 mm. The pendulum ini-
tiates its swing at a starting height (hStart) and
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shears the cylindrical samples in two pieces due
to the movement of the pendulum. The upper
part is flying away and the lower is staying in the
bench vice. The reversal point was determined
optically with a high-speed camera (Casio Exilim
EX-FH25). The movement was recorded with
240 frames per second. At the reversal point,
the swinging height of the pendulum can be read
of a scale on paper in the background of the pen-
dulum. The swinging height is proportional to
the fracture energy defined by Dutt and Datta
(1999). The texture parameter “relative fracture
height ∆h” is the difference between the mea-
sured height without (hwos) and with samples
(hws) and is directly proportional to the fracture
energy defined by Dutt and Datta (1999). Three
different impact speeds were tested in this study.
These were generated by three different start-
ing heights (hstart). The corresponding speeds
can be calculated with a gravity acceleration of
g = 9.81 m s−2 and starting heights of 0.65, 1.00
and 1.45 m (Agulheiro Santos & Roseiro, 2012).
These heights result in impact velocities of 3.6,
4.4 and 5.3 m s−1. The three different speeds
refer to the relative fracture height parameters
∆h3.6, ∆h4.4 and ∆h5.3. The pendulum test was
carried out in duplicate. Mean values and stan-
dard deviations were calculated.

2.4 Experimental Design

Two different test series were carried out in this
study.
First, potatoes (“Allians”, “Ditta”, “Gunda”,
“Melody”), two varieties of carrots (ecologi-
cal cultivation and fresh carrots) and celeriacs
(“Groma”, “Kaufland”) were tested to compare
the results of the uniaxial compression test with
those of the pendulum test. Samples were tested
with the uniaxial compression test at cooking
times of 0.0, 5.0, 10.0, 15.0, 20.0 and 25.0 min.
Additionally, equally thermal treated samples
were tested at two speeds (3.6 and 5.3 m s−1)
in the pendulum test. A correlation analysis was
done for the parameters σ, ε, ∆h3.6 and ∆h5.3.
and the rank correlation coefficient (rS) was cal-
culated, due to possible non-linear correlations.
Significance of correlation was tested by using the
software SPSS Statistics 20 (two-sided t-test, α

= 0.01).
Secondly, additional trials were carried out to
evaluate the influence of blanching on the textu-
ral value increase measured at high speeds. Car-
rot (“Frucht Hartmann”) and celeriac (“Frucht
Hartmann”) as well as “Princess Amandine”
and “Alpha” potatoes were tested at 3 different
speeds with the pendulum test. Cooking times
of 0.0, 2.5, 5.0, 7.5, 10.0, 12.5 and 15.0 min were
tested for each sample.

3 Results and Discussion

3.1 Comparison between high-
and low-speed texture
measuring methods

The results of high- and low-speed texture mea-
suring methods are shown in Table 1.
At first, the measured values of σ and ε were
compared. The mean values of σ decreased with
increasing cooking time for all vegetables tested.
In contrast, the values of ε for both carrot sam-
ples and the waxy potato “Ditta” showed a sig-
nificant maximum at 5.0 min cooking time. Ad-
ditionally, ε was constant for the remaining pota-
toes and celeriacs up to cooking times of 5.0 and
10.0 min, respectively. Therefore, ε decreased
with higher cooking times. A rS of 0.748 im-
plies a positive, high and significant correlation
between ε and σ (Bühl, 2010). Hence, the mea-
sured values of ε and σ were related, but the re-
sults of one parameter cannot be transferred to
the other. Therefore, both parameters represent
different textural characteristics and have to be
evaluated separately for the vegetables tested.
Next, ∆h3.6 and ∆h5.3 were compared. Carrots
showed a maximum for both parameters at 10.0
min cooking time whereas potatoes had maxima
between 5.0 to 10.0 min. Thereafter, the ∆h3.6
and ∆h5.3 values decreased with cooking time.
No maxima of ∆h3.6 and ∆h5.3 were recognizable
for either celeriacs tested. Additionally, both pa-
rameters showed a decrease with an increasing
cooking time, whereas the values of ∆h5.3 were
nearly constant until t = 10.0 min. A significant
correlation between ∆h3.6 and ∆h5.3 was found
with rS = 0.867. Therefore, the textural parame-
ters ∆h3.6 and ∆h5.3 correlated highly positively,
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Figure 1: Experimental setup: pendulum test

and the results of one parameter can be trans-
ferred to the other (Bühl, 2010). The parameters
can be calculated with equation 3:

∆h3.6 = 1.35×∆h1.1235.3 (3)

The one-way ANOVA shows a significant regres-
sion (α = 0.05) with R2 = 0.784 and normally
distributed residuals. Thus, both parameters
measure the same textural characteristics.
Finally, the parameters of the pendulum test
were compared with the parameters in the uni-
axial compression test. Values of ε showed partly
similar tendencies compared to the values of
∆h3.6 and ∆h5.3. Carrots and the “Ditta” potato
had the aforementioned textural maxima of ε,
∆h3.6 and ∆h5.3 as well as decreasing values with
increasing cooking time. Celeriacs had compara-
ble textural values for ε and ∆h5.3. ∆h3.6 and
∆h5.3 showed textural maxima for all potatoes
tested whereas ε had a maximum only for the
“Ditta” potato. Only celeriac samples showed
similar tendencies regarding σ and ∆h3.6. Ad-
ditionally, rS between σ and ∆h3.6 (0.659) or
∆h5.3 (0.596), respectively revealed significant
medium correlations. Significant medium to low
correlations were calculated between ε and ∆h3.6
(0.435) or ∆h5.3 (0.513) (Bühl, 2010). Parame-
ters evaluated from the low-speed uniaxial com-

pression test were positively related to the cal-
culated parameters of the high-speed pendulum
test. However, a transfer of results from σ or ε
to ∆h3.6 or ∆h5.3 was limited based on low rS
and different tendencies of the measured param-
eters. Therefore, there was a difference between
high- and low-speed measurement methods of the
textural values of vegetables with cooking time.
Textural parameters measured at high speeds
have to be evaluated separately to assess the tex-
tural behavior of vegetables in high-speed pro-
cesses. There are several possible explanations
for this result. The pendulum test applies a dy-
namic strain whereas the uniaxial compression
test uses quasi-static strain. Therefore, differ-
ent textural characteristics are tested (Luyten,
Vanvliet, & Walstra, 1992). High correlation co-
efficients between a quasi-static test (cantilever)
and a dynamic pendulum test were calculated
by measuring the rupture strength of seed pods
(Liu, Macmillan, Burrow, Kadkol, & Halloran,
1994). Thereby, the lack of an even higher corre-
lation was explained by the variance in the tex-
ture of the seed pods tested and the measure-
ment principles. The fracture process is an im-
portant factor regarding the respective measure-
ment principle (Liu et al., 1994). σ and ε are
evaluated at the bioyield point that character-
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izes the first cracking of vegetable tissue (Lu &
Abbott, 2004). In contrast, ∆h3.6 and ∆h5.3
include all three stages of fracture: crack initi-
ation, crack propagation and fracture (Bourne,
2002b). Furthermore, the measurement speeds
differ by a factor of 1000. Mohsenin (1986) de-
scribed the dependency of textural values of veg-
etables on the measurement speed. For example,
low speeds lead to a more viscous characteristic
in foods (Luyten et al., 1992).

3.2 Influence of short time
heating process on the texture
of vegetables

The “Princess Amandine” and “Alpha” potatoes
as well as the “Frucht Hartmann” carrot showed
an increase of ∆h3.6, ∆h4.4 and ∆h5.3 with in-
creasing cooking time up to a maximum (Table
2). The texture maxima of the potatoes were
between 5.0 to 12.5 min cooking time and 7.5 to
12.5 min for the “Frucht Hartmann” carrot with
respect to the pendulum speed. ∆h3.6, ∆h4.4
and ∆h5.3 decreased thereafter. These results
are similar to the measured values of the first
measurement series (Table 1) for all carrots and
potatoes tested. The maximum values were in
the same range, between 5.0 and 10.0 min for
potatoes and 10.0 min for carrots. These find-
ings suggest an increase in the relative fracture
height of blanched potatoes and carrots that can
be observed with high-speed measurement meth-
ods.
The significant increase of relative fracture height
is mainly attributed to enzymatic activity during
cooking (Alvarez et al., 2001). Three enzymes es-
pecially influence the decomposition of pectin in
cell walls and the middle lamellae. Polygalac-
turonase (PG) and pectin trans-eliminase (PTE)
split the polygalacturonic acid (Dave & Vaughn,
1971; Rehman et al., 2016). This leads to a bet-
ter solubility and release of pectin from the cell
wall and middle lamellae. These processes result
in a softening of the tissue (Van Marle et al.,
1997). In contrast, pectinmethylesterase (PME)
demethylates the pectin (Benen, Van Alebeek, &
Voragen, 2003). The resulting free demethylated
carboxyl groups of the pectin can form dimers
with Ca2+. They interact as an intercellular con-

nector that results in solidification of the struc-
ture and an increase in texture (Alvarez et al.,
2001; Brejnholt, 2009). The activity of the en-
zymes depends on the temperature. Optimum
PME activity is between 50 °C and 80 °C (Van
Buren, 1973). PG inactivation starts at 58 °C
and activity of PTE is reduced to under 10 %
above temperatures of 75 °C (Dave & Vaughn,
1971; Fachin, Van Loey, Indrawati, Ludikhuyze,
& Hendrickx, 2002). The measured core tem-
perature of potatoes and carrots was 50 °C after
5.0 min. At 7.5 min, the samples partly had a
core temperature of 75 °C, and after 12.5 min,
the potatoes and carrots reached a temperature
above 86 °C. In this way, PME demethylates the
pectin between 7.5 and 12.5 min, whereas the
activity of PTE and PG is strongly reduced. Al-
most all the measured maxima of ∆h3.6, ∆h4.4
and ∆h5.3 occurred at these cooking times, con-
necting the increasing textural values with PME
activity. This theory is consistent with the con-
clusion of (Sila, Smout, Vu, Van Loey, & Hen-
drickx, 2005). They connected the tempera-
ture for PME activity with the maximum hard-
ness of carrots in low-speed measurements during
blanching. Additionally, the demethylation of
pectin reduces the susceptibility of pectin against
heat induced hydrolytic β-elimination. The re-
duced degradation of pectin results in a lower
textural decrease during cooking (Alvarez et al.,
2001; Van Dijk, Fischer, Beekhuizen, Boeriu, &
Stolle-Smits, 2002). Furthermore, vegetable cell
membranes lose their selective permeability dur-
ing cooking. Hence, PME is activated by diffu-
sion of extracellular cations inside the cells (Al-
varez et al., 2001). Generally, turgor pressure
is reduced during cooking because the destruc-
tion of the cell membrane leads to lower textural
values (Kresic, Lelas, & Simundic, 2004; Sajnin,
Gerschenson, & Rojas, 1999). However, due to
swelling and gelatinization of starch at the be-
ginning of the cooking process, a gel is gener-
ated inside the cells (Alvarez et al., 2001; Van
Dijk, Beekhuizen, et al., 2002). This increases
the pressure and temporarily compensates the
loss of turgor pressure (Jarvis, 1998). Loss of
Ca2+, expansion of intercellular space, denatu-
ration of proteins, destruction of cell organelles,
movement of water, heat induced hydrolytic β-
elimination become predominant with increased
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Table 1: Breaking strength (σ), breaking strain (ε) and relative fracture height (∆hx) of several waxy
and floury potatoes, carrots and celeriac1

food samples t [min] σ [N/m−2] ε [-] ∆h3.6 [cm] ∆h5.3 [cm]

waxy potato, Allians 0.0 0.92 ± 0.08a 0.37 ± 0.01a 29 ± 1 17 ± 1
5.0 0.78 ± 0.12b 0.36 ± 0.02a 44 ± 6 25 ± 3
10.0 0.53 ± 0.10c 0.31 ± 0.02b 58 ± 11 27 ± 1
15.0 0.16 ± 0.02d 0.17 ± 0.03c 36 ± 2 19 ± 3
20.0 0.05 ± 0.01e 0.14 ± 0.03c 34 ± 8 12 ± 1
25.0 0.05 ± 0.03e 0.14 ± 0.02c 20 ± 1 12 ± 2

waxy potato, Ditta 0.0 0.93 ± 0.04a 0.36 ± 0.01a 22 ± 2 14 ± 0
5.0 0.88 ± 0.07b 0.38 ± 0.01b 39 ± 3 21 ± 1
10.0 0.51 ± 0.20c 0.34 ± 0.07a,b 63 ± 4 31 ± 3
15.0 0.17± 0.05d 0.20 ± 0.02c 44 ± 5 18 ± 3
20.0 0.15 ± 00.5d 0.19 ± 0.02c,d 25 ± 7 14 ± 0
25.0 0.04 ± 0.02e 0.17 ± 0.02d 19 ± 5 14 ± 2

floury potato, Melody 0.0 1.11 ± 0.12a 0.39 ± 0.03a 25 ± 4 16 ± 1
5.0 0.76 ± 0.14b 0.38 ± 0.02a 52 ± 0 29 ± 3
10.0 0.42 ± 0.11c 0.28 ± 0.04b 71 ± 6 28 ± 2
15.0 0.12 ± 0.07d 0.16 ± 0.04c 37 ± 9 20 ± 1
20.0 0.05 ± 0.01e 0.16 ± 0.02c 16 ± 1 10 ± 1
25.0* - - - -

floury potato, Gunda 0.0 0.93 ± 0.1a 0.36 ± 0.02a 44 ± 5 13 ± 1
5.0 0.85 ± 0.10a 0.36 ± 0.02a 85 ± 12 24 ± 1
10.0 0.62 ± 0.07b 0.31 ± 0.03b 69 ± 5 31 ± 1
15.0 0.23 ± 0.05c 0.18 ± 0.02c 26 ± 5 9 ± 1
20.0 0.08 ± 0.02d 0.14 ± 0.02d 14 ± 5 8 ± 1
25.0* - - - -

carrot, fresh 0.0 1.52 ± 0.13a 0.31 ± 0.02a 39 ± 2 21 ± 2
5.0 1.18 ± 0.13b 0.36 ± 0.02b 50 ± 0 22 ± 0
10.0 0.58 ± 0.10c 0.29 ± 0.02c 58 ± 19 28 ± 2
15.0 0.25 ± 0.09d 0.24 ± 0.02d 44 ± 3 23 ± 2
20.0 0.20 ± 0.07d 0.22 ± 0.02e 34 ± 0 15 ± 0
25.0 0.20 ± 0.05d 0.22 ± 0.04d,e 24 ± 1 16 ± 1

carrot, ecological 0.0 1.43 ± 0.26a 0.29 ± 0.02a,b 42 ± 5 16 ± 1
cultivation 5.0 1.09 ± 0.11b 0.31 ± 0.03a 47 ± 9 26 ± 1

10.0 0.64 ± 0.04c 0.29 ± 0.01b 64 ± 2 28 ± 3
15.0 0.40 ± 0.09d 0.25 ± 0.02c 37 ± 2 19 ± 1
20.0 0.21 ± 0.04e 0.22 ± 0.02d 31 ± 4 13 ± 1
25.0 0.13 ± 0.03f 0.22 ± 0.02d 26 ± 2 14 ± 0

celeriac, Groma 0.0 1.11 ± 0.29a 0.39 ± 0.02a 36 ± 2 19 ± 4
5.0 0.75 ± 0.18b 0.40 ± 0.04a 30 ± 2 17 ± 2
10.0 0.32 ± 0.18c 0.40 ± 0.06a 27 ± 4 17 ± 1
15.0 0.08 ± 0.03d 0.23 ± 0.05b 25 ± 4 15 ± 1
20.0 0.04 ± 0.01e 0.31 ± 0.05c 17 ± 2 12 ± 0
25.0 0.03 ± 0.01e 0.26 ± 0.04b,c 12 ± 3 9 ± 0

celeriac, Kaufland 0.0 1.29 ± 0.18a 0.42 ± 0.02a 62 ± 3 26 ± 4
5.0 0.65 ± 0.26b 0.41 ± 0.02a 41 ± 3 26 ± 1
10.0 0.11 ± 0.03c 0.24 ± 0.03b 21 ± 0 23 ± 2
15.0 0.05 ± 0.01d 0.22 ± 0.04b 20 ± 6 10 ± 0
20.0 0.03 ± 0.01d 0.22 ± 0.04b 11 ± 1 8 ± 1
25.0 0.02 ± 0.01e 0.25 ± 0.05b 9 ± 1 6 ± 0

1 Statistical tests of differences between means are only done for σ and ε due to a too low amount of repetitions of ∆hx
* No measurements were possible because samples were fragile and broke during sample preparation
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Table 2: Relative fracture height (∆h) of waxy and floury potatoes, carrot and celeriac at speeds of 3.6,
4.4 and 5.3 m s−1

food samples t [min] ∆h3.6 [cm] ∆h4.4 [cm] ∆h5.3 [cm]

waxy potato, Princess 0.0 21 ± 1 20 ± 0 15 ± 0
Amandine 2.5 16 ± 1 19 ± 1 15 ± 3

5.0 30 ± 0 24 ± 1 29 ± 1
7.5 30 ± 2 36 ± 2 28 ± 1
10.0 37 ± 2 30 ± 4 25 ± 0
12.5 34 ± 2 37 ± 1 23 ± 3
15.0 30 ± 0 30 ± 1 26 ± 2

floury potato, Alpha 0.0 19 ± 1 17 ± 3 16 ± 0
2.5 24 ± 2 20 ± 1 17 ± 1
5.0 31 ± 2 20 ± 0 16 ± 0
7.5 34 ± 1 27 ± 3 22 ± 0
10.0 34 ± 2 32 ± 2 31 ± 1
12.5 48 ± 4 51 ± 1 35 ± 1
15.0 42 ± 0 35 ± 4 30 ± 0

carrot, Frucht Hartmann 0.0 24 ± 2 16 ± 1 19 ± 1
2.5 33 ± 1 21 ± 1 20 ± 2
5.0 35 ± 4 27 ± 1 20 ± 0
7.5 39 ± 4 49 ± 2 28 ± 3
10.0 71 ± 1 35 ± 4 22 ± 1
12.5 42 ± 0 38 ± 2 28 ± 1
15.0 32 ± 1 17 ± 2 15 ± 1

celeriac, Frucht Hartmann 0.0 25 ± 7 7 ± 1 22 ± 0
2.5 33 ± 4 7 ± 1 20 ± 0
5.0 29 ± 1 10 ± 1 20 ± 0
7.5 32 ± 2 10 ± 0 21 ± 1
10.0 20 ± 0 10 ± 2 18 ± 0
12.5 29 ± 1 10 ± 0 18 ± 3
15.0 26 ± 8 1 ± 0 12 ± 1

cooking. Therefore, relative fracture height de-
creases at long cooking times.
Table 1 shows no increase of σ with increasing
cooking time for any of the vegetables. Addi-
tionally, an increase of ε with increasing cook-
ing time could be determined only for carrots
and the “Ditta” potato (Table 1). In contrast,
the relative fracture energies had maxima for all
carrots and potatoes measured (Tables 1 & 2).
Therefore, the pendulum test more clearly ex-
poses the increase of textural values at lower
cooking times in comparison with the uniaxial
compression test.

According to Table 2, only the “Frucht Hart-
mann” celeriac showed a minimal increase of
∆h4.4 until 5.0 min. ∆h4.4 was constant from 5.0
to 12.5 min and decreased with higher cooking
times. Relatively constant values of ∆h3.6 and
∆h5.3 were measured until a cooking time of 7.5
and 15.0 min, respectively. There were no gen-
eral textural maxima detectable for the “Groma”
or “Kaufland” celeriacs for all measured param-
eters, as shown in Table 1. This means that the
textural values of celeriacs are different to pota-
toes and carrots. The differences in the measured
textural characteristic between celeriac and pota-
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toes or carrots are caused by their structure and
composition. Celeriac has a sponge-like struc-
ture with a high amount of intercellular spaces in
comparison with the relatively low amounts of in-
tercellular spaces of potatoes and carrots (Calbo
& Nery, 1995; Slaska-Grzywna, 2010; Hudson,
1975). Hence, it is assumed that cooking wa-
ter can move directly to the cells at low cook-
ing times (e.g. 5.0 min) leading to a faster heat
transfer inside the whole celeriac sample. Thus,
the degradation process of pectins in the middle
lamellae and the cell wall is accelerated by heat
induced β-hydrolytic elimination. This softening
process overlays the effect of enzymatic solidifi-
cation by PME and the strengthening effect of
a higher amount of pectins in celeriacs in com-
parison to potatoes and carrots (Van Marle et
al., 1997) (Ternes, 2008). Additionally, the com-
position of pectins and other substances in the
cell walls are specific to the variety of vegetable
and influence the measured textural parameters
(Kittemann, 2012; Van Marle et al., 1997). How-
ever, a determination of this influence could not
be specified in this study and can be evaluated
in future studies. In summary, the cell walls
of celeriacs appear to be destroyed faster than
the cell walls of potatoes and carrots. This was
also confirmed by a comparison of pictures of the
microstructure of celeriac and potatoes, explain-
ing the textural differences between celeriac and
the other measured vegetables (Lillford, 2001;
Slaska-Grzywna, 2010).
Table 2 indicates a decrease of measured rela-
tive fracture height for all vegetables with the
increase of the speed of the pendulum from 3.6
to 5.3 m s−1. These results are consistent with
equation 3 and in accordance with the strain
rate dependence of textural values of vegetables
(Mohsenin, 1986). No obvious tendency could
be recognized in the relative fracture height at
4.4 m s−1. The lowest values of relative frac-
ture energies were measured at ∆h4.4 for “Frucht
Hartmann” celeriac, independent of the cooking
time. There was also a minimum for ∆h4.4 at
t = 0.0 min and a maximum at t = 7.5 min for
the “Frucht Hartmann” carrot. The relative frac-
ture height of the “Frucht Hartmann” carrot de-
creased monotonously with increasing pendulum
speed at cooking times of 2.5, 5.0, 10.0, 12.5 and
15.0 min. The same tendency could be seen for

the “Alpha” potato except at a cooking time of
12.5 min because relative fracture height showed
a maximum at a speed of 4.4 m s−1. The val-
ues of ∆h4.4 for the “Princess Amandine” potato
were inconsistent with the general tendency of
decreasing relative fracture height with increas-
ing speed. A measurement error could be the
reason for these inconsistent values for “Princess
Amandine”. Therefore, more tests with differ-
ent speeds should be carried out to evaluate the
influence of pendulum speed on relative fracture
height.

4 Conclusions

One objective of this study was to evaluate if
there are differences between high- and low-speed
measuring methods for textural values of vegeta-
bles while cooking. The transfer of results from
low- to high-speed measurement methods is lim-
ited due to low- and medium-rank correlation co-
efficients and different tendencies of the values
measured for potatoes, celeriacs and carrots dur-
ing the cooking process. Hence, high-speed pro-
cesses of blanched vegetables that are designed
based on low-speed measurement values might
have to be redesigned or optimized based on val-
ues measured with high-speed methods.
The second objective was an analysis of a pos-
sible increase of textural values of blanched veg-
etables with high-speed measuring methods. The
increase of relative fracture height with cooking
time evaluated with the high-speed pendulum
test was even more pronounced for potatoes and
carrots in comparison with the results of the low-
speed uniaxial compression test. The increase of
textural values due to blanching depends on the
variety of vegetable; e. g. there was a lack of
textural increase for celeriac samples. Hence, a
textural analysis at process speed with the re-
spective vegetables is necessary to reduce the risk
of quality loss due to fracture.
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