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Abstract. Bread is one of the most consumed foods globally and incorporating walnut flour will enhance 
its nutritional value by including biologically active components. The porosity is a key characteristic of the 
sensory  properties  and  overall  acceptability  of  the  bread  crumb.  The  objective  of  this  study  was  to  
investigate the effect of walnut flour on bread crumb porosity by employing image analysis. Six breads  
were prepared with mixtures of wheat:walnut flour in proportions from 100:0 to 85:15. The number of 
pores, pore size, total pore area, mean pore size and circularity of the bread crumbs were investigated. The  
number of pores and their density in 1 cm2 area decrease with an increase of the amount of walnut flour, 
while the total area of the pores and the average size of the pores increase. Circularity is low and the 
addition of nut flour has minor effect on it. The highest percentage of porosity is due to large pores. The  
area of large pores increases and the area of small pores decreases with the increase of walnut flour. The 
addition of walnut flour results in an uneven and rough structure of the bread crumb, compared with pure  
wheat flour bread. 

1 Introduction

Consumer  demand  for  healthy  foods  requires  the 
development  of  new products  or  the modification of 
existing  ones  with  the  addition  of  beneficial 
substances.  Bread  is  a  good  source  of  beneficial 
substances for daily use. It is consumed every day by 
many  people.  Clinical  trial  shows  that  daily  use  of 
bread with hazelnuts lowers blood glucose due to the 
increased use of monounsaturated fat, vitamin E, and 
dietary fiber [1].

Walnut flour is rich in proteins, fats and fibers [2]. 
Unlike  the  other  nuts,  which  are  rich  in 
monounsaturated fatty acids, the walnut flour is rich in 
polyunsaturated  fatty  acids  (47.2  g),  especially  α-
linolenic acid (18:3n-3; 9.1 g) and linoleic acid (18:2n-
6;  38.1  g)  [3].  They have  a  beneficial  effect  on  the 
cholesterol concentration and cardiovascular health and 
significant benefits for certain antioxidant capacity and 
inflammatory markers  [4,5]. Walnut flour has a good 
potential for use in bakery products because of its high 
water  absorption  capacity,  solubility  and  rapid 
viscosity characteristics  [6,7]. It is known that walnut 
flour  has  high  protein  content  but  does  not  contain 
gluten  [8].  Adding non-gluten flours  to  wheat  flours 
degrades  the  rheological  properties  of  dough  and 
finished products by inhibiting the binding of gluten 
proteins [9]. On the other hand, walnut flour increases 
the  lipids  in  dough.  It  is  known  that  lipids  have  a 
significant  effect  on  the  dough  and  bread  properties 
[10].  They  increase  dough  elasticity,  improve  the 

crumb structure  and  increase  the  shelf  life  of  bread 
[11].

There are few studies of bread enriched with walnut 
flour. Effect of different nuts pastes shows improved 
morphological  characteristics,  extended  shelf  life, 
improved  taste  and  texture  of  walnut  bread  [12]. 
Walnut flour leads to a decrease in bread specific loaf 
volume, deterioration of the texture and crumb color 
and reduces the overall acceptability of the consumer if 
addition is more than 30% (70 wheat flour: 30 walnut 
flour) [13]. Addition of up to 5% walnut flour leads to 
lower  specific  volume  and  increasing  in  customer 
satisfaction. The bread specific volume decreases and 
consumer liking is compromised when walnut flour is 
over 7% [14]. 

The bread structure expressed as porosity depends 
on  the  dough  gas  retention.  It  is  an  important 
characteristic, indirectly determining the crumb texture 
and  bread  acceptance  by  the  consumer  [15].  The 
purpose  of  this  study  is  to  determine  the  effect  of 
different  quantities  of  walnut  flour  on  wheat  bread 
porosity parameters (number of pores, pore size, total 
pore size, mean pore size and circularity) determined 
by image analyses of the crumb.

2 Materials and methods

2.1 Raw materials 

Wheat  flour  (type  500  –  Bulgarian  standard)  was 
provided from GoodMills Bulgaria Ltd. Wheat flower 
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had the following main components: moisture content 
was  10.6%;  carbohydrates  were  71.8%,  ash  content 
was 0.5% (d.b.), proteins were 11.8%, lipids were 1% 
according to supplier.

Walnut flour was supplied by the local market. As 
reported  by  supplier  it  has  the  main  chemical 
components: moisture content – 11.05%; ash content – 
2.9% (d.b.) and fat content – 13.98%.

2.2 Breads preparation  

One control sample (A) and five samples (B-F) were 
prepared by mixing wheat flour and walnut flour. The 
bread samples formulation is shown in Table 1.

Table 1. The bread samples formulation. All ingredients are 
reported as % on flowers weight mixture (wheat + walnut 

flour =100%).

Sample A B C D E F

Wheat 
flour, %

100 97 95 93 90 85

Walnut 
flour, %

0 3 5 7 10 15

Yeast 2 2 2 2 2 2

Salt 1.2 1.2 1.2 1.2 1.2 1.2

Water 56 56 56 56 56 56

The ingredients were mixed 1 min at low speed (75 
RPM) and 4 minutes at high speed (150 RPM) in the 
dough  spiral  mixer  (Eberhardt  Backtechnik  GmbH, 
Germany). The final dough temperature was 29-30°C. 
The  dough  was  divided  and  rounded  manually  into 
pieces of 230 g. The pieces rested for 20 minutes then 
were rounded again manually and putted on a tray. The 
loaves fermented finally for 45-50 minutes at 35°C and 
were baked for 15 minutes at 220-230°C. Ready breads 
were cooled for 3 hours at room temperature.

2.3 Bread crumb analysis 

Three slices of 1 cm each were cut from the center of 
the  cooled  breads.  The  slices  were  scanned  on  a 
CanoScan LIDE 700F scanner with resolution 300 dpi.

All  image  processing  and  pore  analyses  were 
performed with Fiji distribution of ImageJ  [16,17]. A 
40x40 mm squared field was selected from the center 
of  each  slice  and  was  analyzed.  The  image  was 
converted into an 8-bit grayscale and the contrast was 
normalized.  The  segmentation  process  in  which  the 
pores  are  separated  from  the  background  (the  solid 
phase)  was  performed  automatically  by  the  Otsu 
method  [18,19]. The number of pores, pore size, total 
pore  size,  mean  pore  size  and  circularity  were 
investigated. 

Circularity is expressed as Circularity = (4.π. Pores 
Area)/  (Pores  Perimeter)2.  Number  of  pores/cm2 is 
calculated as the numbers of pores were divided by the 
total pore area.

The pores are divided into three categories: small 
(1 to 4 mm2),  medium (4 to 8 mm2)  and large (over 
8 mm2).  Pores  less  than  1  mm2 are  accepted  for 
”sound” and have not been analyzed [20].

 All  results  are  mean values  from 3 replications. 
Shapiro-Wilk  normality  test  was  used  to  verify  the 
normal  distribution  of  the  samples.  Levene's  test 
(center=”median”) was applied in order to assess the 
homogeneity of variance of the response variables and 
ANOVA analysis was used to determine the effect of 
walnut  flour  on  bread  porosity.  The  statistical 
significance  of  the  results  was  established  with  the 
TukeyHSD test. All statistical analyses were performed 
with  R:  A  language  and  environment  for  statistical 
computing [21]. 

3 Results and discussion

All  the  samples  have  a  normal  distribution  (p-
values from 0.127 to 0.971)  and the variance of  the 
response  variables  is  homogeneous  (p-values  from 
0.457  to  0.861).  ANOVA   analysis  revealed  that 
walnut  flour  has  a  significant  effect  on  all  analyzed 
parameters (Table 2).

Table 2. Average values (+/- SD) of the porosity parameters evaluated with image analysis.

Bread sample Number of 
pores*

Total area of
pores, mm2

Number of pores/
(cm2 porosity)

Average size of pores, 
mm2

Circularity

A (0% walnut) 105c±4 714.7d±39.9 14.7d±0.25 6.81d±1.40 0.457a±0.0117

B (3% walnut) 90ac±4 869.7a±57.2 10.4a±0.25 9.66ad±1.10 0.514a±0.0067

C (5% walnut) 80ab±5 888.1a±53.0 9.0a±0.32 11.10ab±0.69 0.371bc±0.0099

D (7% walnut) 76b±6 1 020.0ab±31.5 7.5ab±0.37 13.42abc±0.53 0.392c±0.0046

E (10% walnut) 77b±2 1 014.6b±69.0 7.6b±0.13 13.176bc±2.14 0.335b±0.0055

F (15% walnut) 50d±8 1 086.7c±66.3 4.6c±0.50 21.73c±3.01 0.421b±0.0441

F=** 22.32 17.79 14.24 12.44 28.22

P=** <0.001 <0.001 <0.001 <0.001 <0.001
*Mean values within a column followed by the same letters are not significantly different at Р<0.05 (TukeyHSD).
**The last two lines show the ANOVA results at df = 5;12.
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The number  of  pores,  the  total  area,  the  average 
pore size and circularity significantly differ from the 
control  sample  even  with  small  quantity  of  added 
walnut flour.

The total number of pores decreases with increasing 
the  walnut  flour.  The  difference  is  almost  double 
between the control sample A and the sample F. The 
total  pore  area  and average pores  size  increase.  The 
highest total pore area has sample F (with 15% walnut 
flour) and is 50% higher than control sample A. The 
mean pore size of sample (F) is almost 3 times higher 
than that of control sample (A). 

This  was  not  in  agreement  with  Liu  et  al.  [22] 
which found that the porosity increased in the case of 
hydrocolloids addition. For Coda et al. [23] the crumb 
porosity of the bread was not affected, when fermented 
faba bean flour was added, which does not correspond 
to walnut flour.

Pore density, which is expressed by the number of 
pores/cm2,  decreases  significantly  from 
14.69 pores/cm2 at  pure wheat flour to 4.6 pores/cm2 

with 15% walnut  flour (rich in lipids).  According to 
Scheuer et al.  [24] the loaves made using fat replacer 
had the same specific volume and higher cell density as 
those made with fat. This three times reduction can be 
related to great reduction in number of pores, whereas 
total area of pores increases slightly.

While  porosity  showed  significant  changes  with 
walnut  flour  addition,  circularity  remained  largely 
unaffected. The circularity of all the studied samples is 
low,  which  indicates  that  the  pores  have  a  highly 
irregular shape. However, the addition of walnut flour 
results  in  a  slight  reduction  in  roundness  (Table  2). 
This can be explained by the low circularity even of the 
control sample, which is probably due to the presence 
of a larger number of pores with a highly elongated and 
irregular  shape,  which,  however,  do  not  coalescence 
with one another. 

Fig. 1. Total pore area fraction of small, medium and large 
pores in breads with A – 0%, B – 3%, C – 5%, D – 7%, E – 
10%, F – 15% walnut flour.

The  addition  of  walnut  flour  result  in  the 
coalescence of many of these irregular pores into larger 
agglomerates (Fig. 2) confirmed by the strong positive 
correlation  between  circularity  and  number  of  pores 
and the strong negative correlation between circularity 
and  average  pore  size  (Table  4).  This  larger 
agglomerates are measured as a single pore and affect 
the  average  value  of  roundness.  In  addition,  the 
roundness is higher for pores with smaller sizes. The 
coalescence of the pores into larger structures causes a 
decrease in the number of small pores in favour of the 
large ones, and the average roundness decreases.

Pores are classified into three categories according 
to  their  size.  The  total  area  occupied  by  the  three 
categories is different for the different bread samples 
(Fig. 1). The highest percentage of porosity (over 65%) 
is determined by large pores with an area above 8 mm2. 
The area of the large pores increases with the increase 
of the added walnut flour and in sample F it reaches 
90.37% of the total area.

Small and medium size pores are responsible for a 
small fraction of the porosity. With the increase of the 
added  walnut  flour,  the  total  area  of  small  pores 
decreased from 21 to 5%. No significant changes were 
observed  to  the  medium  size  pores  area.  The  great 
difference  between  area  of  large  and  other  pores 
creates  an  uneven  porosity  of  all  bread  samples. 
Demirkesen et al. [25] found that the highest pore area 
fraction  values  were  obtained  in  breads  prepared  by 
replacement of 46% of rice flour with chestnut flour 
containing  xanthan  –  guar  gum  blend  –  DATEM 
mixture  and  baked  in  an  infrared  –  microwave 
combination  oven.  On  the  other  hand,  rice  breads 
containing no additives or chestnut flour had the lowest 
pore area fraction values. The other authors show that 
bread  with  the  best  elasticity,  porosity  and  taste  is 
obtained with 10 and 15% added walnut flour quantity 
[26].  The  most  optimal  results  for  bread  crumb  are 
obtained with 10 and 15% added walnut flour – good 
elasticity and porosity, homogeneous structure without 
impurities, dark color, characteristic aroma and taste of 
bread [26,27].

Walnut flour has a significant effect on the number 
of pores in different classes (Table 3). In  all samples, 
most pores are characterized as small (with an area of 1 
to  4  mm2).  With  the  increase  of  walnut  flour,  the 
quantity  of  small  pores  decrease  and  the  difference 
between the control sample A and the sample F is 2.36 
times.  The  quantity  of  large  pores  decrease 
significantly only in sample F with 15% walnut flour.

Increasing the total surface of the large pores with 
no increase in their number was observed. The quantity 
of small pores also decreases and all of this leads to a 
crude porosity.

The total area of pores shows a positive correlation 
with  increasing  walnut  flour  content,  resulting  in  an 
increase  of  overall  porosity  (Table  4).  This 
phenomenon can be attributed to a decrease in the total 
number  of  pores,  as  evidenced  by  the  negative 
correlation between these two parameters. 
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Table 3. Number of pores distributed at three categories: small, medium and large.

Bread samples

Pore size

Small*
(1<F≤4 mm2)

Medium
(4<F≤8 mm2)

Large
(F>8 mm2)

А (0% walnut) 67.6+/-8.62b 20.0+/-3.46b 23.3+/-2.08ac

B (3% walnut) 50.0+/-8.71a 10.7+/-1.53a 28.3+/-2.52c

C (5% walnut) 47.0+/-2.65a 12.3+/-1.52a 17.7+/-2.52a

D (7% walnut) 39.0+/-4.58ac 15+/-2.65ab 22.7+/-3.51ac

E (10% walnut) 39.3+/-3.79ac 10.3+/-3.79a 22.0+/-2.00ac

F (15% walnut) 28.7+/-3.21c 9.33+/-1.53a 12.0+/-2.08b

F=** 15.56 7.09 14.96

P=** <0.01 0.003 <0.01
*Mean values within a column followed by the same letters are not significantly different at Р<0.05 (TukeyHSD).
**The last two lines show the ANOVA results at df = 5;12.

Porosity undergoes an incremental rise as the pores 
aggregate and expand in size, a relationship supported 
by the positive correlation between number of  pores 
and average pore size (Table 4). 

The structure of the breadcrumb is determined by 
the property of the dough to retain the fermentation gas 
in intact bubbles, which expanded without rupture and 
coalescence. During the baking process, it is essential 
that these bubbles maintain sufficient stretchability and 
do  not  rupture  until  the  proteins  have  undergone 
denaturation and the crumb has been fixed. A  walnut 
flour has a relatively high content of dietary fibres, but 
at the same time it is a rich of protein substances that 
do not form a gluten network [28].

An increase  in  the  dark  areas,  correspond  to  the 
pores, may be seen in Figure 2. As the percentage of 
added walnut flour increases, the pores begin to form 
large bound areas while the pores in the control sample 
(A) are mostly separated from each other.

Table 4. Person's correlation coefficients between response 
variables.

Total 
area

of pores, 
mm2  Circularity

Number
of pores

Average 
size

of pores, 
mm2

Total area
of pores,

mm2
1 -0.6263 -0.7649 0.8001

 Circularity 0.0054* 1 0.7612 -0.7631

Number
of pores 0.0009 0.0009 1 -0.9076

Average 
size

of pores,
mm2

0.0003 0.0009  <.0001 1

*Values in italic correspond to p-value for hypothesis: 
Pearson’s correlation coefficients=0.

One  probable  explanation  for  the  observed 
coalescence  is  the  purely  mechanical  effect  of  the 
fibres in the walnut flour on the gluten network. The 
fibres can dilute and interrupt the gluten–starch matrix, 
thus causing a restriction in gas retention, as reported 
in whole-oat bread by Polaki et  al.  [20].  It  has been 
demonstrated that similar effects can be observed in the 
presence  of  soluble,  partially  soluble  and  insoluble 
dietary  fibres  when  they  are  added  to  wheat  dough 
[29].

The  other  possible  explanation  is  related  with  a 
decrease in the proportion of gluten proteins within the 
addition  of  fibres  from  walnut  flour.  This,  in  turn, 
results in a reduction in the dough's viscosity and an 
deterioration in its rheological properties. The pasting 
parameters decreased with the increase in addition of 
walnut flour and this result in thinning and weakening 
the gluten structure [29].

Fig 2. Binary images (40 x 40 mm crumb area) of bread 
samples with different quantities of walnut flour: A – 0%, B 
– 3%, C – 5%, D – 7%, E – 10%, F – 15%. The pores are 
indicated as dark areas.
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 Furthermore,  the addition of walnut  flour “gives 
persistence  and  endurance,  and  less  extensibility  to 
wheat  dough”  [13].  All  these  result  in  losing  gas 
holding properties of the dough.

The results of the study provide guidance for future, 
more  in-depth  research  that  can  reveal  how  the 
individual  components  of  walnut  flour  affect  the 
structure of the dough and the crumb. The proteins in 
walnut flour do not form gluten, but it is interesting to 
investigate  whether  these  proteins  interact  with  the 
gluten proteins and contribute to the formation of the 
dough  structure,  or  if  they  are  a  passive,  purely 
mechanical component in the dough. Nevertheless, the 
present study will help to create a clearer picture of the 
role of non-gluten flour additives on the structure of 
wheat  breads  and  will  help  in  development  of  new 
types of bread with a different compositions and higher 
nutritional values.

4 Conclusions 

The  study  demonstrates  that  the  incorporation  of 
walnut  flour  into  wheat  dough  results  in  significant 
changes in the porosity of the resulting bread. As the 
proportion of walnut flour in the recipe increases, the 
porosity of the bread becomes coarser, with larger and 
more unevenly distributed pores. The increased amount 
of  walnut  flour  leads to  the disruption of  the gluten 
network and the agglomeration of individual pores into 
large-size structures. The results of this study may be 
useful in the development of nut flour-enriched bakery 
recipes, with the aim of achieving the desired porosity 
and crumb structure of the final product.
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