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Quality control in ready-mixed concrete industry is increasingly emerging as 
a tool for achieving highest quality at lowest cost. In typical construction 
projects, compressive strength is the most important criterion for assessing 
the acceptability of a concrete batch from a given plant. Variability in 
compressive strength of concrete batches is inevitable in practice. This has 
lead researchers in the field of quality control to analyze the statistics of 
strength results in order to draw conclusions about quality level in concrete 
plants and ways to improve it. In the present research the quality of concrete 
materials is examined using well established quality control tools and 
techniques. The main objective of the study is to identify and evaluate 
opportunities for improvement in concrete production processes and in 
pouring methods of concrete. The results showed that management should 
set systematic procedures using quality tools such as histograms, control 
charts and fishbone diagrams, to analyze concrete strength data and detect 
any abnormal variation. 
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1. Introduction 

*Concrete is the most widely used material in 
construction industry. It is important to understand 
and find engineering approaches and ways to 
improve the quality of this product at production 
plants and construction sites as well as to reduce 
cost. In typical construction projects, compressive 
strength is the most important criterion in assessing 
the acceptability of a concrete batch supplied by any 
given plant. Variability in compressive strength of 
the concrete batches from any plant is inevitable. 
Sources of such variability range from errors in 
proportion measurement of the batch ingredients to 
the variation in the properties of these ingredients 
(Day et al., 2013; Obla, 2010).  

On the other hand, variability has an important 
impact on improving quality in general and 
variability in concrete mechanical properties can 
have a direct impact on structural parameters such 
as seismic performance (De Stefano et al., 2014). 
Such variability has lead researches in the field of 
quality control to analyze the statistics of 
compressive strength in order to draw conclusions 
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about process quality in suppliers’ plants. Statistical 
parameters such as standard deviation of 
compressive concrete strength and bias in its mean 
are the primary indicators in such analyses. Previous 
studies have shown interesting results concerning 
the statistical variability in concrete production 
plants (Laungrungrong et al., 2009). 

Quality tools and techniques have been used by 
quality professionals to identify procedures, ideas, 
statistics, cause and effect relationships and other 
issues relevant to constructions projects quality 
(Banawi and Bilec, 2014). They can be used to 
enhance the effectiveness, efficiency, standardization 
and overall quality of procedures, products, services 
and work environment, in accordance with ISO 9000 
standards. These tools and techniques have been 
used in organizations to assist in the analysis, 
documentation and organization of quality systems. 
They have also been used as problem solving and 
process improvement tools (Dias and Saraiva, 2004). 

Recent studies have demonstrated the 
effectiveness of these tools for construction 
processes improvement, problem solving and 
achievement of customer satisfaction in many 
construction organizations (ReVelle and Margetts, 
2010; Lobo, 2006). Special focus has been devoted in 
the literature to the use of the seven basic quality 
tools, such as histograms and control chart tools, for 
the improvement of different construction processes 
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including concrete production (Sarkar and Dutta, 
2009; Gibb and Harrison, 2010). 

2. Concrete strength variability and acceptance 
criteria  

2.1. Strength variability 

Ready mix concrete is a mixture of several 
constituents such as water, cement, aggregate, air 
and ad-mixtures. Variations in the properties or 
proportions of these constituents, as well as 
variations in transporting, placing, and compaction 
of the concrete, lead to variations in the strength of 
the finished product (ACI, 2005; SBC, 2007; 
Laungrungrong et al., 2009). 

To these factors influencing concrete variability 
can be added variations in other components of the 
production system such as machines, manpower, 
construction practices and methods, and 
measurements. Chen et al. (2014) have attempted to 
model the variability of concrete elements and have 
validated a number of models. 

According to the ASTM (2015) and SBC (2007), 
the standard test for measuring the strength of 
concrete involves a compression test on cylinders 
(150 mm in diameter and 300 mm high) after they 
are made and cured for 28 days.  

A sufficient number of tests are needed to 
accurately capture variations in the concrete and 
allow using appropriate statistical procedures for 
interpreting the test results. Statistical tools provide 
a sound basis for determining the quality and 
strength of the concrete from such results and for 
expressing results in the most useful form. 

2.2. Strength variability and classification of 
concrete according to ACI 214-2005 

Variation in compressive strength as measured 
by standard deviation (𝜎) can be used as a measure 
of a concrete producer’s level of quality control (QC). 
Day et al. (2006) and Laungrungrong et al. (2009) 
suggest the possibility of considerable savings on 
materials and costs for concrete producer who 
attains lower values of standard deviation associated 
with acceptable values of coefficient of variation. 
Achieving such goal requires a good understanding 
of the sources of concrete strength variation using 
appropriate statistical methods and quality 
improvement tools (ACI, 2005). 

In order to improve concrete quality, strength 
standard deviation should be reduced and this can 
only be achieved through the reduction of variability 
in materials, manufacturing process and testing 
methods. But first, a thorough assessment of 
variability through an analysis of concrete test 
results should be carried out using appropriate 
quality tools and process improvement techniques 
such as histograms, control charts and other 
advanced statistical tools (ACI, 2005). 

3. Statistical analysis of the quality of the 
concrete poured in the project 

3.1. Data description  

Data provided by the contractor of an important 
construction project in Saudi Arabia for concrete 
supplied by three suppliers denominated S1, S2 and 
S3 consisted of compressive strength test results 
reported in monthly or weekly reports. It has to be 
noted here that among the huge amount of data 
provided by the contractor for the three suppliers, 
only samples of the data were analyzed due to the 
fact that data was in paper form. As stated by ACI 
(2005) and SBC (2007), for accurate and valid 
statistical analysis, compressive strength data should 
be derived from samples obtained by means of a 
random sampling plan designed to reduce the 
possibility that selection will be exercised by the 
sampler. 

Sufficient data have been gathered from the three 
suppliers’ records of tests certificates for different 
types of concrete (C25, C50 and C65) poured in the 
project. It is to be noted here that in C25, 25 stands 
for the design mix having a characteristic 
compressive strength of 25 MPa at concrete age of 
28 days. The compressive strength tests at 28 days 
were performed by third parties accredited testing 
laboratory as required by ASTM (2015, 2017) and 
SBC (2007). Herein according to ACI (2005), the 
following are supposed: 

 
 fc’: Specified compressive strength (MPa); 
 Strength test result: the average of two or more 

single-cylinder strengths of specimens made from 
the same concrete sample (companion cylinders) 
and tested at the same age. 

3.2. Data analysis 

According to ACI (2005) (chapter 5), strength 
data analysis is required in many real field 
situations. The commonly required applications are: 
(a) to determine compliance with specifications; (b) 
to evaluate the level of control on the production 
process (typically called statistical quality control); 
(c) to identify opportunities for improvement. 

In order to achieve the objectives listed above, 
strength data are analyzed using quality tools in the 
sequences shown in Fig. 1.  

Quality tools, especially histograms and control 
charts, have found widespread use in the 
construction industry in both ready-mixed concrete 
and asphalt production plants. In particular, control 
charts have been applied to monitor a range of 
product characteristics (e.g. cube/cylinder strength, 
consistence, w/c ratio), constituent materials 
(aggregate grading, cement strengths etc.) or 
production (batching accuracy). Such tools are 
described in the ACI (2005) standards and technical 
papers (Sarkar and Dutta, 2009; Gibb and Harrison, 
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2010). Concrete strength data are analyzed using Minitab 16 statistical software™.  
 

 
Fig. 1: Steps of the statistical analysis of concrete strength data 

 

4. Results and discussion 

4.1. Assessment of the quality of the concrete 
(conformance ET specifications) 

Any batch of concrete is produced based on a mix 
design aiming to achieve a nominal strength value fc’ 
specified by the structural designer. An optimum 
result of the concrete production is a batch with all 
cylinders giving compressive strength exactly equal 
to fc’. Realistically, the tested strength of concrete 
samples will differ from fc’, some lower than fc’ and 
some higher. Lower values may pose a risk on the 
structural element the concrete is used for 
construction. This risk is meant to be reduced by 
using the strength reduction factors in design. A 
typical design requirement is to allow no more than 
10% of the strength tests to fall below fc’ (ACI, 2005; 
SBC, 2007). 

The primary objective of the statistical analysis of 
concrete strength data is to assess the quality of the 
concrete poured in the project and to check that the 
poured concrete conforms to the design 
specifications of project owner. Fig. 2 presents the 
variation of the strength test results as defined by 
the ACI (2005) standards for all types of concrete 
supplied by all three suppliers. It can be shown that: 
 
 All the delivered concrete strength as measured by 

the strength test result falls well above the 
specified compressive strength fc’.  

 No individual strength test result falls below the 
specified compressive strength fc’ for all types of 

concrete supplied to the project by all three 
suppliers.  

 The delivered concrete to the project by the three 
suppliers, meets the general acceptance criterion as 
stated by ACI (2005) and SBC (2007). 

 

From the statistical analysis of the test strength 
results, it can clearly be stated that as far the 
compliance with contract specifications, the 
delivered concrete by all three suppliers meets the 
specifications of SBC (2007) and ACI (2005) criteria 
of concrete acceptance. 

4.2. Evaluation of the magnitude of concrete 
variability and process classification 

ACI (2005) specifies that data analysis is based on 
values Xi, designated strength test results, defined as 
the average of three cylinders strength tests. 
However, process variability is better assessed if one 
uses individual single-cylinder strength by 
comparison to any general manufacturing processes. 
Here a concern was raised regarding the accuracy 
and the validity of the analysis. Fig. 3 shows that 
process distribution is almost identical in the two 
situations where Xi=Strength Test results is the 
average of three cylinders from the same batch of 
concrete (dashed line), and Xi is the individual test 
data taken from test certificates (solid line). 
Nevertheless, data from supplier S3 (Fig. 3c) exhibits 
a small difference between the distributions 
probably due to the existence of outlier values in the 
concrete strength. Thus, the distribution obtained 

Step 1

• Chech if target strengths are being achieved; i.e. determne conformance to design specifications 
according to Saudi Building Code SBC 304 and AC 214.

Step 2

• Evaluation of strength variations through process frequency distribution and histohrams. 

Step 3

• Identify the magnitude of concrete variability using basic statistics and comparison with ACI 
214 criteria for process classification.

Step 4

• Evaluate the nature of variability and determine process, using statistical process control and 
control charts . Different  control charts  for variables will be used to assess the variability of 
the process (individual, moving range, Xbar-R charts, CUSUM and EWMA Charts.

Step 5

• Identify opportunities for process improvement (investigation on root causes of variations, and 
determine corrective actions to be taken).
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from the individual test data seems to be more 
realistic for capturing variability. The last option was 
adopted in previous studies in Arizona state 
university led by Laungrungrong et al. (2009). 
Therefore, it can be argued that analyzing all the 
individual cylinder strengths would lead to more 
accurate informative process distribution and 
overall process variability. Consequently, all 
forthcoming discussion will deal with individual test 
data as taken from the laboratory tests certificates. 

Referring to Fig. 3, it can be shown that the 
strength of the concrete delivered to the project far 
exceeded the specified strength values. This 
observation can clearly be seen from Fig. 2 for the 
three suppliers. Furthermore, it can clearly be seen 
that some variation in concrete strength does exist 
and its magnitude differs between the three 

suppliers. Concrete strength variation is discussed in 
ACI (2005) (chapter 2 and 3) and statistical methods 
and quality tools can be used to evaluate and analyze 
it. 

The magnitude of variations in concrete strength 
is a direct result of the degree of control exerted over 
its production process, its constituent materials, 
transportation process, sampling, and testing 
procedures.  

It can be inferred that proper analysis of variation 
using appropriate statistical tools offers a potential 
for reducing cement consumption, thus contributing 
to sustainable concrete fabrication. In a previous 
study, Laungrungrong et al. (2009) analyzed 
concrete data provided by Arizona Department of 
Transportation (ADOT); they have noticed the same 
observations as in the present concrete data. 

 

  

  

  
Fig. 2: Run chart of strength test results for the three suppliers 

 

They recommended that due to the scarcity of 
raw materials for making concrete and penalties that 
can be incurred by companies, it is important to 
apply quality control methods to identify ways to 
reduce unnecessary use of materials while 
maintaining a high level of quality and meeting 
required specifications. Table 1 summarizes the 
statistics for the three suppliers and allows making a 
classification based on ACI (2005). 

It can be deduced that the production processes 
for the three suppliers can be rated as "very good" to 
"excellent", except in the case of low concrete 
strength (C25) delivered by suppliersS1 and S3 
where the high values of the coefficient of variation 
would indicate a relatively "poor" processes that 
would require some improvement. 

This may be attributed to errors in estimating the 
standards deviation due to the small number of 

 

(a)  S1 - C50 

 

(b)  S1 – C25 

 

(c)  S2 – C50 

 

(d)  S3 – C50 

 

(e)  S2 – C65 

 

(f)  S3 – C25 
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strength data analysed, particularly in the case of S1- C25.
  

  

 
 

Fig. 3: Process distributions for compressive strength (data obtained from single-cylinder results and Average of three 
cylinders as defined by ACI (2005)) 

 
Table 1: Concrete statistics and process classification according to ACI (2005) 

Supplier 
Concrete 

Type 
Mean Strength 

(MPa) 
Standard Deviation 

(MPa) 
Coefficient of Variation 

(%) 
Process Performance according to 

ACI214R-02 

S1 
C25 40.035 3.397 8.49 Poor (*) 
C50 64.345 2.782 4.32 Excellent 
C65 --- --- --- --- 

S2 
C25 --- --- --- --- 
C50 71.922 4.293 5.97 Excellent 
C65 77.85 3.372 4.33 Excellent 

S3 
C25 39.282 4.472 11.39 Poor 
C50 60.597 4.668 7.70 Very Good 
C65 --- --- --- --- 

 

4.3. Process variability analysis using statistical 
process control (SPC) 

Statistical Process Control (SPC) or Quality-
control charts have been used by manufacturing 
industries including the construction industry for 
many years as aids in reducing variability, increasing 
production efficiency, and identifying trends as early 
as practicable. Well-established methods for setting 
up such charts are outlined in convenient form in the 
ASTM Manual on Presentation of Data and Control 
Chart Analysis, (ASTM, 2010), and international 
standard ISO (2011). Statistical Process control 
charts can be very useful in analysing process 
variations and identifying causes. Generally 
speaking, control charts are an important tool in 
quality management (Lobo, 2006) and help project 
managers and production personnel to identify if: (a) 
the production process in a state of statistical 
control, that is influenced only by "common natural 
causes" of variation; (b) or a non-stable out of 
"statistical control" process operating under "special 
causes" of variations. The latter would require 
corrective actions in order to bring back the process 
under statistical control. For strength concrete data, 

ACI (2005) recommends the use of basic control 
charts such as run charts for individual strength 
tests, the moving average for strength and the 
moving average for range to monitor and control 
concrete strength data for ease of calculations. With 
the advent of computer software such as Minitab, it 
has become very practical for project engineers to 
easily create control charts recommended by ACI 
(2005) or suggested by other researchers (Gibb and 
Harrison, 2010; Sarkar and Dutta, 2009). For a given 
concrete type, changes in statistical parameters such 
as the average (�̅�), the range (R) or the standard 
deviation (s) can indicate changes and variations in 
either the constituent raw materials or the 
production process components (Man, Machines, 
Methods, Measurements of quantities). Based on 
control charts, the level of control upon the concrete 
production process and its outcome can be 
apprehended through test strength measurements of 
concrete supplied to construction sites. Such control 
charts would include: (a) Individual strength control 
charts; (b) Shewhart control charts (e.g. X̅-R charts, 
X̅-s charts), (c) Cumulative Sum (CUSUM) and 
Exponentially Weighted Moving Average (EWMA) 
charts to detect and monitor small variations and 

 

(a)  S1 - C50 

 

(b)  S2 – C65 

 

(c)  S3 – C65 
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identify early trends. The basic assumption prior to 
the use of control charts to monitor processes is that 
the process data is normally distributed (H0: Null 
Hypothesis). The normality assumption is statistically 
tested and Table 2 summarises the relevant results. 
The normality assumption is tested using the 
Anderson-Darling (AD) test which is usually used to 
determine if a sample of data could have come from 
a normally distributed population (Laungrungrong 
et al., 2009). A lower value of the AD statistic 
indicates that the data follows a normal distribution. 
The p-values can also be used to determine the 
validity of the normality assumption (H0). If the p-
value is less than or equal to the commonly chosen 
level of 0.05, then there is evidence that the data are 
not normally distributed. Results of the AD test 
reported in Table 2 suggest that the process data 
follow a normal distribution. The p-values shown in 
Table 2 are in most of the cases greater than 0.05. 
Thus, it can safely be concluded that the concrete 
strength data come from a normally distributed 
production process. If, in contrast, the distribution is 
not normal, the conclusions drawn from control 
charts on the stability of the process may be 
misleading and erroneous. In this case, an alternative 
approach based on the identification of the best 
distribution that would fit the data (log-normal, 
Weibull, exponential, Johnson's distribution) can be 
used (Aichouni et al., 2014). This best distribution 
can be used as a model to normalize the concrete 

strength data that originally showed departure from 
normality. 

Once the normality of the concrete strength data 
is tested, further analysis can be carried out to 
investigate statistical stability and control of 
concrete production processes for the three 
suppliers. As recommended by ACI (2005) and ISO 
(2011) process control is performed using the 
following control charts in the sequencing order:  

 
a) Individual and Moving Range Charts for Strength 

test results;  
b) Shewhart X̅-R charts for all individual cylinders 

results;  
c) CUSUM and EWMA chart for all individual 

cylinders results. 
 
The individual and moving range control charts 

are generally used to monitor variations in strength 
test results, defined as the average of three single-
cylinder strengths of specimens made from the same 
concrete sample (companion cylinders) and tested at 
the same age (28 days). Similarly to Shewhart 
control charts (X̅-R, X̅-s); individual charts are 
efficient to detect large variations in concrete 
characteristics. When only small variations exist, use 
of CUSUM and EWMA charts will be more 
appropriate. (X̅-R) charts, CUSUM and EWMA will 
deal with the results of single-cylinder strengths. 

 

Table 2: Statistics for Normality Test Results for the concrete data 

Supplier 
Concrete 

Type 
Mean Strength 

(MPa) 
Standard Deviation 

(MPa) 
N AD p 

Ho: data follow the Normal 
distribution 

S1 
C25 40.04 3.397 27 0.546 0.146 Accept Ho 
C50 64.34 2.782 123 1.935 ≤0.005 Reject Ho 
C65 --- --- --- --- --- --- 

S2 
C25 --- --- --- --- ---- --- 
C50 71.92 4.293 72 1.89 ≤0.005 Reject Ho 
C65 77.85 3.372 87 0.091 0.019 Accept Ho 

S3 
C25 39.28 4.472 60 0.514 0.186 Accept Ho 
C50 60.60 4.668 90 0.581 0.127 Accept Ho 
C65 --- --- --- --- --- --- 

 

Minitab outputs for the control charts categories 
for the three concrete suppliers are shown in Figs. 4, 
5, and 6. These figures represent the process 
variability in concrete strength delivered to the 
projects. The general observations that can be drawn 
are: 

Individual moving range charts (based on the 
average of three cylinders) shown in Fig. 4; do not 
exhibit any out of control situation for the three 
concrete suppliers. This would mean that the 
production processes for the suppliers are "under 
statistical control" and "stable". Such conclusion 
would reinforce early observations of "good" to 
"excellent process control" made when discussing 
process distributions and concrete classification 
according to ACI (2005) (section 3.3.2). 

(X̅-R) charts shown in Fig. 5 indicate that concrete 
production processes were "out of statistical 
control" for the three suppliers. This leads to believe 
that there are some assignable causes that affect 
concrete strength variability. The C50 concrete 

Strength supplied by supplier S3 (Fig. 5c) exhibits 
less variability, indicating that only normal 
variations are affecting the production process.  

The CUSUM and EWMA charts shown in Fig. 6 
and 7 respectively clearly identify some significant 
trends in concrete strength characteristics for 
suppliers S1 and S2 (Figs. 6a, 6b, 7a, and 7b) due to 
some special causes affecting the production 
process. The charts obtained for supplier S3 (Figs. 6c 
and 7c) show less variability indicating that the 
production processes are operating "under statistical 
control state".  

Out of control situations shown by (X̅-R), CUSUM 
and EWMA charts can be viewed as indications of the 
existence of multiple sources of special causes of 
variations in the concrete production processes for 
suppliers S1 and S2.  

The statistically proven “out of control” 
observations should be considered as opportunities 
for improvement in the concrete production 
processes. Possible causes for process statistical 
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instability can be investigated using root-cause 
analysis within brainstorming sessions grouping 
both contractor quality management and production 

departments. Fig. 8 shows an example of fishbone 
diagram to analyse root causes of out of control 
concrete processes. 

 

  

 
Fig. 4: Individual and moving range charts for concrete from the three suppliers 

 
 

  

 
Fig. 5: Shewhart X̅-R charts for all individual cylinders results for concrete from the three suppliers 

 

It should be noted here that none of the three 
concrete suppliers used control charts as tools to 

monitor concrete strength characteristics. Only 
individual strength charts were used. The X̅-R, 
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CUSUM and EWMA charts have not been used for 
analysing strength variations though clearly 
indicated in international standards such ACI (2005). 
The Saudi Building Code (SBC, 2007) does not 
consider this issue. 

 

 
Fig. 6: CUSUM charts for concrete from the three suppliers 

5. Conclusion  

The present work presents a short review of 
international standards concerning the evaluation of 
strength test results of concrete (SBC. 2007; ACI, 
2005), and sets a practical procedure that allows 
construction firms to perform statistical analysis of 
strength results for concrete conformity evaluation 
and process improvement. The research is mainly 
based on the statistical evaluation of concrete 
strength results of three concrete suppliers to an 
important Saudi construction. From the statistical 
analysis of the concrete strength results performed 
by accredited third parties, the following conclusions 
can be formulated: 

As far as the compliance with design and contract 
specifications, the concrete delivered by the three 
suppliers to the project, meets the specifications of 
the Saudi Building Code (SBC, 2007) and ACI (2005). 

The individual moving range charts obtained for 
the average of three cylinders from the same batch, 
showed an "under statistical control" and "stable" 

processes, while more accurate and sensitive control 
charts such as X̅-R, CUSUM and EWMA would suggest 
that the concrete production processes exhibit "out 
of statistical control" situations especially for 
suppliers S1 and S2, indicating that production 
processes are "instable" and operating under "special 
causes of variations". 

 

 
Fig. 7: EWMA charts for concrete from the three suppliers 

 

 
Fig. 8: Example of root causes analysis for concrete 

strength variations 
 

The process instability detected by control charts 
should be considered as an opportunity for 
improvement in the concrete production processes. 
Root Causes Analysis (RCA) should be performed 
using proven methods and tools within 
brainstorming sessions grouping the contractor 
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quality management department and the suppliers’ 
production departments. 

In order to improve concrete production 
processes, management should set systematic 
procedures using quality tools such as histograms, 
control charts and fishbone diagrams, to analyse 
concrete strength data and detect any abnormal 
variation.  

Corrective actions should be taken to remove the 
special causes of variation from the process and to 
reduce its variability. The roadmap for process 
improvement proposed in the present work can be 
used by concrete suppliers to detect variability 
problems and achieve breakthrough improvement 
toward more economical and sustainable concrete 
production processes.  

The Saudi Building Code (SBC, 2007), devotes 
section 5.6 to the evaluation and acceptance 
procedures of concrete. Nevertheless, the code can 
be complemented by addressing the issue of 
evaluating strength variations and process 
classification as regards to the performance of 
concrete production similarly to other international 
standards such as ACI (2005) (section 3). 
Furthermore, precise guidelines should be included 
regarding specific statistical tools and methods that 
should be used in such evaluation. 
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