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Hybrid Control Charts for Active Control and Monitoring of Concrete Strength Busaba Laungrungrong1; Barzin Mobasher2; Douglas Montgomery3; and Connie M. Borror4 Abstract: Concrete is the most widely used material in construction industries. Therefore, it is necessary to understand and when possible, improve the efficiency of a concrete production process. Statistical process control is generally applied to gain information about variation in the manufacturing process. Control charts can be implemented to monitor the various processes involved in the production, the delivery and construction of concrete. When historical data are available on various projects, better insight into operational procedures can be obtained through the use of control charts. This paper studies a series of statistical analysis procedures to analyze the compressive strength of concrete. The proposed method is based on combining the cumulative sum 共CUSUM兲 control chart and a run chart 共CUSUMrun chart兲 for early detection of shifts in the process mean. The combined charts address both the consumers’ and the producers’ perspectives. The CUSUM-run chart can aid the consumer in making decisions about accepting or rejecting a strength test. In addition, the producers 共concrete manufacturers兲 can use the chart to determine if the monitored process is out-of-control and subsequently attempt to identify the possible causes for the out-of-control situation. By identifying assignable causes of the out-of-control process, the producer can then improve the manufacturing process by reducing product variation, unnecessary waste, or over-designed concrete mixtures. The CUSUM-run chart is also beneficial in that it can often indicate when the strength of mixture is less than the minimum acceptable level very quickly. The delay in detecting an unacceptable strength can result in more penalties, project delays and increased associated costs. DOI: 10.1061/共ASCE兲0899-1561共2010兲22:1共77兲 CE Database subject headings: Fatigue; Hybrid methods; Energy dissipation; Seismic design; Concrete; Monitoring; Active control. Author keywords: Low-cycle fatigue; Hybrid frame; Hysteresis; Energy dissipation; Seismic design; PRESSS; ASTM A706; ASTM A615.



Introduction Statistical representations, procedures, and test methods are widely used in quality control evaluation and monitoring of important quality characteristics such as the strength of concrete. Statistical measurements are used in several aspects of the compressive concrete strength such as estimating the mean, standard deviation, percent conforming, percent within limit, acceptance criteria and pay factors. With an increase in concrete consumption, quality control procedures have become an important tool in production monitoring and process control. Russell 共1999兲 noted the importance of quality control for the production of high strength concrete mixtures 共41.4 MPa 共6,000 psi兲 or greater兲. 1
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Minor deviations from target values may not be significant for normal strength concrete, but it can result in major deficiencies for high-strength concrete. 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. To illustrate, a preliminary study using data obtained from the Arizona Department of Transportation’s 共ADOT兲 FAST database is displayed in Fig. 1. The data represent approximately 230,000 cubic meters 共300,000 cubic yards兲 of concrete delivered in different strength categories for a single concrete manufacturer. In this figure the minimum specified compressive strength 共f ⬘c 兲 is plotted against the actual strength of concrete delivered to the jobsite. Each data point on the figure represents the average of two compressive strength values obtained from a delivery lot of 38 cubic meters 共50 cubic yards兲 of concrete. For the majority of materials delivered, the actual strength far exceeded that required for a particular job. This can be seen from Fig. 1 by comparing the plotted points to the solid line that represents a perfect correlation between required and actual strengths. Since almost all of the data plot above this line, it is clear the actual strength of concrete delivered is higher than the specified strength. In fact, the actual strength is approximately 0–35 MPa higher than the specified values. Therefore, the amount of cement that could be saved by reducing the total cement content in the mixture is significant. In order to reduce our Portland cement consumption and develop sustainable concrete mixtures, compressive strength needs to be better incorporated in the design of mixtures and quality control during concrete production.
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共2002兲 recommended that average strength should be separately calculated for each project since different jobs and suppliers will affect the average strength calculation. Chen et al. 共2005兲 proposed two indices 共fitness and stability兲 for evaluating the quality of concrete production. A single quality control level chart for concrete can be constructed using these two indices. The proposed method is easy to implement and applicable for comparing more than two manufacturers at the same time. In this paper, we propose the combination of two control charts to evaluate the compressive strength of concrete. Several scenarios and test cases are examined to illustrate the proposed methodology. Two different ready-mix plants from five different concrete suppliers were selected for this study. For each plant, three different mix specifications were used and the design histories of concrete supplied from these plants were studied. An interpretation of out-of-control signals and methods to remedy each problem are also presented and discussed. Fig. 1. Correlation of data representing the specified strength and strength of concrete delivered to job site for a single ready mix producer. Solid line represents a 1:1 correlation.



There have been several approaches for assessing the quality of concrete. Sykora 共1995兲 recommended a standard deviation and coefficient of variation corrected for testing error to determine uniformity of the concrete strength. This method is useful for comparing variation within a plant, but is not recommended for comparing variation from plant to plant. Leshchinsky 共1991兲 suggested a metric that is a combination of two or more methods to improve the reliability and accuracy of concrete quality. Soroka 共2006兲 focused on designing the test scheme of concrete. The minimum strength and sample size 共n兲 can be chosen to achieve the acceptable producer’s risk 共rejecting “good” concrete兲 and consumer’s risks 共accepting “poor” concrete兲. The minimum strength can be estimated by three degrees of control based on the maximum values of the coefficient of variation—good 共0.12兲, fair 共0.2兲, and poor 共0.3 or more兲 control. A sample size of n = 9 was recommended as a maximum practical sample size. If the sample size is increased, the risks are decreased. However, results indicate that increasing the sample size to n = 15 共not practical兲 is not enough to reduce a producer’s risk to 10%. It was determined that the sample size and the minimum strength must be adjusted simultaneously to attain acceptable producer and consumer risks. Statistical process control has been used for monitoring the concrete strength in many applications. In Cement and Concrete Institute 共2001兲 共from here on referred to as CCI 共2001兲兲 and Day 共2006兲, a cumulative sum 共CUSUM兲 control chart for individual observations is applied to monitor concrete strength. CCI 共2001兲 proposed three different CUSUM charts for monitoring the mean strength 共CUSUM M兲, mean range strength 共CUSUM R兲 共where the target mean range is determined by the value of standard deviation兲, and the correlation between predicted and actual strengths 共CUSUM C兲. Day 共2006兲 recommended adjustments that result in a more effective CUSUM chart using the mean strength as the target value. The CUSUM control chart can be used to differentiate between a significant change 共real change in slope兲 and nonsignificant change 共error of aberration兲. ACI 214 共2002兲 gave examples of applying the CUSUM chart and discussed some difficulties with the CUSUM analysis. In that paper, it was noted that the CUSUM statistic is sensitive to the target 共or the mean strength兲 and different methods for estimating the average 共mean兲 strength can lead to misleading conclusions. ACI 214



Research Methodology The proposed methodology presents an approach to evaluate the compressive concrete strength using the combination of either the CUSUM or EWMA control chart with a standard run chart. The CUSUM and EWMA charts are chosen since it has been shown that these charts are very good at detecting small, but possibly detrimental shifts, in the process. Montgomery 共2008兲 suggested that in a general manufacturing process, either the CUSUM chart or exponentially weighted moving average 共EWMA兲 control chart is more efficient in detecting small process shifts 共1.5 or less兲 in comparison to Shewhart control charts such as the moving average control chart 共for more information about Shewhart control charts see Montgomery 共2008兲兲. The CUSUM and EWMA control charts often behave similarly in practice, although different weight functions can be applied to current and recent past data values. The CUSUM method applies a constant weight factor to the entire historical set of data. In the EWMA method, there is an exponential weight factor applied to the data; giving current or recent past observations more weight than older data values. The combination of a CUSUM 共or EWMA兲 chart and a run chart will be explored to determine the best conditions 共i.e., the appropriate values of control variables兲 for monitoring concrete strength. The performance of the CUSUM-run chart and the EWMA-run chart is compared to determine which chart is more useful for the concrete industries. A challenge in applying control charts is in interpretation of detected signals. This paper provides guidelines for interpreting out-of-control signals on the combined chart. We hope the guidelines will assist the consumer and producer in understanding the overall behavior of data sampling. In the next section, we discuss three standard control charts: the run chart, cumulative sum 共CUSUM兲 chart, and exponentially weighted moving average 共EWMA兲 chart. In addition, we present a short discussion of average run lengths 共ARL兲, a measure used to assess the performance of the charts. Run Charts The run chart is a graphical display of data points plotted in a time order and can be quite useful for monitoring individual strength data in concrete strength studies. The run chart focuses on process variability as a function of time or sampling point, and presents graphically the stability of the process variation over
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time. Upward or downward shifts or trends in the process will often be visible on a run chart 共Feigenbaum 共1991兲 and George 共2002兲兲. A horizontal line representing minimum specified concrete strength 共f ⬘c 兲 can be added to the run chart and is useful for identifying unacceptable or unqualified concrete samples. For example, the concrete is considered unqualified or unacceptable for use if an individual data value 共concrete strength兲 has not reached or surpassed the f ⬘c line. The run chart plots data in its natural units of measure which is very easy for interpretation. However, the run chart alone will not necessarily indicate out-of-control processes. As a result, the run chart will be combined with a monitoring scheme that will provide information about the stability of the process. The combined scheme is more powerful than a simple run chart alone and is the focus of the remainder of this paper. CUSUM Page 共1954兲 introduced CUSUM plots where the cumulative sum is the sum of the deviations of the sample measurement 共such as an individual observation or average of several observations兲 from a target 共product specification兲. The general form of the cumulative sum is given by n



Ci =



共x j − 0兲 兺 j=1



where Ci⫽sum of the deviations from target for all observations up to and including the ith observation; x j⫽ the ith observation; 0⫽target value; and n is the number of observations. A deviation above target is called a one-sided upper CUSUM 共C+兲 and a deviation below the target is called a one-sided lower CUSUM 共C−兲. The one-sided CUSUMs which are plotted on a CUSUM chart are given by 共see Montgomery 2008兲 + C+i = max关0,xi − 共0 + K兲 + Ci−1 兴 − C−i = max关0,共0 − K兲 − xi + Ci−1 兴



C+0 = C−0 = 0.



共1兲



The constant, K, is The initial CUSUM values are called the reference value and is calculated as K = 共兩1 − 0兩兲 / 2 where 0⫽target mean and 1⫽out-of-control mean that we are interested in detecting. If the exact out-of-control mean is unknown, we can let K = k where  is the process standard deviation and k is some constant chosen so that a particular shift is detected. For example, say a shift from target of 1.5 standard deviation is important to detect 共i.e., detect if the target has shifted to 0 + 1.5 or 0 − 1.5兲 then k = 1.5 and K = 1.5. If the process standard deviation is not known, it can be estimated from the sample data. The statistics C+i and C−i are plotted on the CUSUM chart. If the statistics C+i or C−i exceed a predetermined decision value, H, the process will signal out-of-control. The choice of H is not arbitrary and should be chosen after careful consideration. Commonly, H = 4 or H = 5. The choice of H in combination with the value of K, is often made with respect to appropriate average run lengths which will be discussed later in this paper. For more discussion on the design of CUSUM chart see Hawkins 共1993兲 or Woodall and Adams 共1993兲. To illustrate the CUSUM method, consider a simulated set of data consisting of two different sets of random responses. The two data sets differ only by an imposed change in the mean value of the population density. Suppose the target value is 0 = 35 MPa and we would like to detect of shift of one standard



deviation 共1.0兲. We simulate 20 observations, with the first ten observations generated form a normal distribution with an incontrol mean  = 35 MPa and standard deviation  = 1 MPa. The remaining ten observations are then generated with the mean for the out-of-control process. That is, the out-of-control mean is given by 1 = 0 + ␦ = 35+ 1共1兲 = 36 共the standard deviation of the remaining ten observations is still  = 1兲. The value of K is 兩1 − 0兩 / 2 = 0.5. Using a value of h = 4 will result in H = h = 4. Our decision will be to assume the process has shifted out of control if any of our CUSUM values lie outside above the decision value, H = 4. Table 1 lists the lower and upper CUSUMs, C+i and CI− and the CUSUM control chart is displayed in Fig. 2. In this example observation 14共C+14 = 4.1295兲 is greater than H = 4, so an out-ofcontrol signal is detected. In other words, the CUSUM chart has detected the shift in the process mean within four samples after the shift has occurred. In this paper, we want to simplify the plot by adding the negative sign in front of any numbers related to the lower-sided CUSUM 共for graphical purpose only兲. In this case, we use both the positive and negative of the decision value H 共i.e., set H+ = 4 and H− = −4兲. For example, period 4 from Table 1, C−4 = 0.5635, but C−4 will be set to ⫺0.5635 in the CUSUM plot as shown in Fig. 2. The process is considered out-of-control if any of the statistics plot beyond the decision value. If an out-of-control point is observed, a search for an assignable cause is in order. Montgomery 共2008兲 notes that assignable causes may be due to problems including but not limited to equipment, process steps, operators, or materials. An out of control process can result in unstable and inaccurate results if no corrective action is taken. If an assignable cause can be identified, then it is possible to eliminate the problem and return the process to a state of statistical control. For the CUSUM control chart, if the process is in statistical control after some adjustment, the user can decide whether to reset the onesided upper and lower CUSUMS to zero or not 共C+i = 0 or C−i = 0兲. If the cumulative sums 共CUSUMs兲 are reset after an out-ofcontrol signal is detected, any possible bias resulting from the previous out-of-control process may be removed and the process continues to operate in control. If the statistics C+i or C−i are not reset to zero after corrective action, then it is possible that a shift in the process in the opposite direction may not be detected. To demonstrate the resetting procedure, consider the 20 observations from previous example. The statistics C+i and C−i are recalculated after setting the initial statistics to zero after detection of an out-of-control signal. The results are shown in the fifth and eighth columns in Table 1. The first out-of-control signal is detected at the 14th period for the upper CUSUM, so C+14 = 4.1295 will reset to C+14 = 0 for the next calculation. The C+15 can be computed using Eq. 共1兲 and is given by C+15 = max关0,xi − 共0 + K兲 + C+14兴 = max关0,37.3631 − 共35 + 0.5兲 + 0兴 = 1.8631 The CUSUM chart based on the C+i signals two times at observation 14共C+14 = 4.1295兲, 17共C+17 = 4.5373兲, in comparison to seven signals detected by the CUSUM chart without resetting 共Observation 14–20兲. There is no difference for the lower-sided CUSUMs, C−i , since no out-of-control has occurred. In Fig. 2, a comparison of the CUSUM chart with and without resetting is given.
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Table 1. Sample Calculations of the EWMA Statistic and CUSUM with/without Resetting CUSUMs Ci+ and C−i after an Out-of-Control Signal Is Detected CUSUM



EWMA



Upper Number 共i兲 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20



xi



xi − 35.5



C+i



35.56 35.29 35.77 33.94 35.03 34.86 35.76 34.17 34.25 33.69 36.87 35.89 36.34 37.02 37.36 36.12 37.55 35.51 35.82 36.87



0.06 ⫺0.21 0.27 ⫺1.56 ⫺0.47 ⫺0.64 0.26 ⫺1.34 ⫺1.25 ⫺1.81 1.37 0.39 0.84 1.52 1.86 0.62 2.05 0.01 0.32 1.37



0.06 0.00 0.27 0.00 0.00 0.00 0.26 0.00 0.00 0.00 1.37 1.77 2.61 4.13 5.99 6.62 8.67 8.67 8.99 10.36



Lower C+i



with zero 0.06 0.00 0.27 0.00 0.00 0.00 0.26 0.00 0.00 0.00 1.37 1.77 2.61 4.13 1.86 2.49 4.54 0.01 0.33 1.70



EWMA The exponentially weighted moving average 共or EWMA兲 control chart was proposed by Roberts 共1959兲. The EWMA statistic is given by zi = xi + 共1 − 兲zi−1



34.5− xi



C−i



C−i with zero



Zi 共 = 0.1兲



⫺1.06 ⫺0.79 ⫺1.27 0.56 ⫺0.53 ⫺0.36 ⫺1.26 0.34 0.25 0.81 ⫺2.37 ⫺1.39 ⫺1.84 ⫺2.52 ⫺2.86 ⫺1.62 ⫺3.05 ⫺1.01 ⫺1.32 ⫺2.37



0.00 0.00 0.00 0.56 0.03 0.00 0.00 0.34 0.58 1.40 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00



0.00 0.00 0.00 0.56 0.03 0.00 0.00 0.34 0.58 1.40 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00



35.06 35.08 35.15 35.03 35.03 35.01 35.09 34.99 34.92 34.80 35.00 35.09 35.22 35.40 35.59 35.65 35.84 35.80 35.81 35.91



known then the process mean, ¯x, can be used as the initial value. The statistic given in Eq. 共2兲 is the limiting form of the EWMA statistic i−1



zi = 



共2兲



where  共0 ⬍ l ⱕ 1兲 is a weight assigned to the most current observation xi is the current observation, and zi−1 is the previous EWMA statistic with z0 = 0. If the process target, 0, is not



共1 − 兲 jxi−j + 共1 − 兲iz0 兺 j=0



共3兲



j with weights 兺i−1 j=0共1 − 兲 defined as i−1







共1 − 兲 j =  兺 j=0



冋



册



1 − 共1 − 兲i = 1 − 共1 − 兲i . 1 − 共1 − 兲



共4兲



As a result, the limiting form given in Eq. 共2兲 includes information from past observations as well as the most current observation, xi. To illustrate, consider the data set described previously with twenty observations. Based on the function described in Eq. 共4兲, a value of  = 0.1 indicates that the weight assigned to the current observation 共xi兲 is 0.1 and the weight assigned to the previous observations are 0.09共xi−1兲, 0.081共xi−2兲, 0.0729共xi−3兲, and so on. The EWMA values, zi, for this illustration are provided in the last column in Table 1 and plotted in Fig. 3. Fig. 3 displays the plot of the EWMA control chart while the weights of the previous mean values are shown in the inset of this figure. The EWMA control chart consists of a center line and upper and lower control limits. The center line is the process target 共or the process mean兲. The center line, upper and lower control limits 共UCL and LCL兲 are defined as: UCL = 0 + L Fig. 2. Comparison of the CUSUM chart for Table 1 without/with resetting signal when out-of-control signal is found



冑



 关1 − 共1 − 兲2i兴 2−



CL = 0
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Table 2. ARL Performance of the Two-Sided EWMA Control Chart with Varying L, , and Shift Size  0.05



0.1



0.5



1



Shift size



L=2



L = 2.5



L=3



L = 3.5



0 0.5 1 0 0.5 1 0 0.5 1 0 0.5 1



127.53 18.97 8.38 73.28 15.53 6.62 26.45 11.89 4.91 21.98 13.7 6.25



379.4 26.64 10.79 223.35 23.63 8.75 91.17 27.16 8.27 80.52 41.49 14.92



1379.35 37.37 13.51 842.15 37.41 11.38 397.56 75.35 15.74 370.4 155.22 43.89



6,464.6 54.56 16.6 4,106.29 64.72 14.79 2,227.34 267.36 35.97 2,149.34 723.81 160.95



Fig. 3. EWMA chart for Table 1



LCL = 0 − L



冑



 关1 − 共1 − 兲2i兴 2−



共5兲



where L ⫽multiple of the standard deviation chosen to attain a certain average run length. If one or more zi values fall beyond the upper or lower control limits, then the process is considered to be out of control. The EWMA control chart or the CUSUM control chart can be used to monitor a process. For the EWMA control chart, Roberts 共1959兲 suggested replacing xi by ¯xi in Eq. 共2兲. Montgomery 共2008兲 also recommended replacing  by ¯x =  / 冑n where n⫽subgroup size 共n ⬎ 1兲 for both the CUSUM and EWMA charts. It is also worth noting that since the EWMA statistic is a function of weighted values, the normality assumption is not critical whereas the CUSUM is sensitive to this assumption. Average Run Length The average run length 共ARL兲 is defined as the average number of samples observed before process signals out of control. The ARL can be used to evaluate the performance of the control chart or to determine the appropriate values of various parameters for the control charts presented. If the process is in control, but the control chart gives an out-of-control signal, then it can be referred to as a false alarm signal. According to Woodall 共1985兲, an optimal detection algorithm has a large in-control ARL and a small out-of-control ARL if the process is out-of-control. For example, to determine the most appropriate values of  and L for the EWMA chart, we can state the acceptable value of the ARL and the magnitude of the shift in process mean 共multiple of 兲, and then determine  and L for a particular situation. Crowder 共1987兲 proposed optimal parameters for two-sided EWMA chart which are reported in Table 2. The values of  are set at 0.05, 0.1, 0.5 and 1.0 whereas the ranges of L are 2, 2.5, 3, and 3.5. The shift sizes vary from 0, 0.25, 0.5, and 1.0 共in terms of multiple of 兲. For the CUSUM control chart, the ARL is determined by the two parameters—H and K. Hawkins 共1992兲 recommended that the approximation for the ARL of CUSUM control chart 共accurate to within 3%兲 can be obtained by: ARL =



1 ⌽共− Y hk兲



共6兲



A model Y hk = ␣h + ␤k + hk + ⴱhⴱk is proposed by Mandel 共1969兲. Parameter ⌽ is defined to be the cumulative normal distribution



共i.e., ⌽共p兲 is the standard normal value that has area p to the left of it兲. All coefficients are calculated by a weighted least-squares method. The coefficients ␣h , h and ⴱh are based on the value of h whereas the coefficients ␤k , k, and ⴱk depend on k. The range of h is between 0 and 9, and k varies between ⫺2 to 3. To study the behavior of ARL, the CUSUM chart is explored by several scenarios. In this paper, values of H and K vary as h = 5, 4, 3, 2, and 1 and k = 0.01, 0.1, 0.25 and 0.5, respectively. The ARL calculation for one-sided CUSUM scheme is shown in Table 3.



Preliminary Study The compressive strength data in the test case discussed in the paper were randomly selected from several available sources from the Arizona Department of Transportation 共2006兲. Five different concrete suppliers were chosen, and for each ready-mix supplier two different plants were selected. For each plant, three separate mix specifications were also selected. The design histories for 28-day concrete strength supplied from these plants were studied. Compressive strength test data from five bridge projects were also randomly selected as shown in Table 4. For all selected projects, the concrete strength data were collected from the rational subgroup, not individual observation. The subgroup mean is treated as an individual observation on the CUSUM control chart. Using subgroups of observations and calculating the sample mean, 共where the sample mean is used as the individual observa-



Table 3. ARL Performance of the One-Sided CUSUM with Values of k and Values of h When There Is No Shift in Mean h



k



ARL



h



k



ARL



5 5 4 4 3 3 2 2 1 1



0 0.125 0 0.125 0 0.125 0 0.125 0 0.125



37.5 67.6 26.4 42.8 17.3 25.3 10.1 13.3 4.8 5.8



5 5 4 4 3 3 2 2 1 1



0.25 0.5 0.25 0.5 0.25 0.5 0.25 0.5 0.25 0.5



142.3 942.6 77.1 339.2 39.3 117.7 18.1 38 7.1 11.2
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Table 4. Data Set in the Test Case Project number All A12 A13 A21 A22 A23 Bll B12a B13 B21 B22 B23a Cll C12 C13 C21 C22 C23 Dll D12 D13 D21 D22a D23a Ell E12 E13 E21 E22 E23 F1b F2b F3b F4b F5b



f c⬘



ˆ



ˆ



N



AD



P



20.7 20.0 17.2 20.7 17.2 20.7 24.1 27.6 31.0 20.7 24.1 27.6 31.0 17.2 27.6 20.7 20.7 20.7 20.7 27.6 24.1 27.6 27.6 27.6 34.5 37.9 37.9 31.0 34.5 41.4 31.0 31.0 31.0 31.0 31.0



32.4 27.9 27.6 36.6 30.6 34.0 35.1 33.0 43.1 31.2 30.7 37.4 37.4 31.5 29.3 35.9 34.1 39.8 29.3 30.8 32.4 35.5 39.2 33.2 56.9 49.0 59.5 46.1 47.4 47.5 35.5 34.7 32.8 37.3 31.9



0.91 0.9 0.76 0.70 0.75 0.93 1.28 1.28 1.19 1.08 1.28 1.74 1.41 1.26 0.88 1.74 0.99 1.26 0.92 1.86 0.90 0.94 2.26 0.97 0.77 0.83 0.99 1.48 2.07 1.32 0.77 0.50 0.85 1.77 0.90



7 2 11 50 59 146 19 6 21 8 19 99 72 73 28 16 20 5 94 6 20 24 5 17 28 11 20 26 57 11 17 7 15 19 14



0.25 — 0.45 1.05 1 0.7 0.74 0.63 0.34 0.24 0.26 0.35 0.31 0.2 0.61 0.3 0.19 0.21 0.42 0.39 0.29 0.88 0.58 0.63 0.85 0.73 0.59 0.49 0.38 0.23 0.21 0.45 0.23 0.42 0.57



0.63 — 0.23 0.01 0.01 0.07 0.04 0.05 0.45 0.67 0.66 0.46 0.55 0.88 0.1 0.53 0.89 0.72 0.32 0.25 0.58 0.02 0.06 0.09 0.02 0.04 0.11 0.2 0.4 0.76 0.83 0.19 0.76 0.29 0.12



Note: f c⬘: required strength 共MPa兲; AD: Anderson-Darling statistic; and P: P value. a Represents the unequal subgroup size. b Represents the bridge project.



tion兲 is valid as long as the subgroup data are similar 共see Hawkins and Olwell 共1998兲兲. For the data collected from the ADOT projects, four projects 共labeled B12, B23, D22, and D23兲 consist of varying sample sizes. These four projects would use a different type of control chart—chart with the varying sample size, so they are removed from this study. Since the basic assumption prior to the analysis is that the data are normally distributed, normal probability plots are constructed for each data set. Three projects 共A12, C23, and D22兲 were removed from the study due to the extremely small sample sizes 共containing less than or equal to 5 data points兲. Fig. 4 and Table 5 display the results of the probability plots and the statistics summary of Projects A11, A13, A21, A22, and A23, respectively. The normality assumption was tested using the Anderson-Darling 共AD兲 test. The Anderson-Darling approach can be used to determine if a sample of data could have come from a normal popu-



Fig. 4. Probability plot of Project A: A11, A13, A21, A22, and A23



lation 共NIST/SEMATECH e-Handbook of Statistical Methods 2003兲. A small AD statistic indicates that the data follows a normal distribution, at least approximately. Results of the AD test reported in Table 5 indicate that samples A11, A13, and A23 appear to follow a normal distribution while samples A21 and A22 do not. In addition to the AD statistic, p-values can be used to determine the appropriateness of the normality assumption. 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. Based on the p-values it appears that Projects A21, A22, B11, D21, E11, and E12 do not come from a normal distribution. These data streams were therefore not included in subsequent analysis.



Analytical Investigation The performance of the CUSUM control chart is investigated for several scenarios 共h = 5, 4, 3, 2, and 1; and k = 0, 0.125, 0.25, and 0.5兲. The CUSUM schemes with and without resetting C+i or C−i after an out-of-control signal is detected are applied to each test case. In addition, the CUSUM control chart under these scenarios will be examined using two estimates of the target value, 0. The first estimate used for the target value is mean of the process data. In the second case, we will use the specified strength, f ⬘c as the target value 0. The CUSUM chart with the f ⬘c as the target value ensures the consistency of the process in comparison to the specified strength since f ⬘c is the constant. As can be seen in Table 4, the average concrete strength is normally higher than the f ⬘c . This Table 5. Statistics Summary of Project A Project



Mean



Standard deviation



N



AD



P



All A12 A13 A21 A22 A23



32.4 27.9 27.6 36.6 30.6 34.0



0.91 0.19 0.76 0.70 0.75 0.93



7 2 11 50 59 146



0.248 — 0.447 1.045 0.997 0.698



0.629 — 0.226 0.009 0.012 0.067
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Fig. 5. Plot of two combined charts for Project C21 共subgroup size= 2兲 when f ⬘c = 20.7 MPa 共3,000 psi兲 共N = 16兲



leads to smaller values of C+i and larger values of C−i compared to C+i and C−i 共from the second case兲. On the CUSUM chart with target value f ⬘c , many out-of-control signals will occur in this case. There will also be a noticeable trend in the upper-sided CUSUMs. For the lower CUSUM side in this situation, will take a long time for an out-of-control signal to occur, since the test data are commonly above f ⬘c . In order to quickly detect an out-ofcontrol signal, the use of the process mean as the target value is more reasonable than the required strength f ⬘c . Our results also indicated that resetting the CUSUMs C+i or C−i after the limit is exceeded is a practical approach. The CUSUM scheme without resetting could result in problems with the interpretation and identification of assignable causes since resetting the statistics C+i = 0 or C−i = 0 removes the historical effects of previous measurements. The CUSUM scheme can detect drifts that are either above or below the target. While it is acceptable for the compressive strength to be above the f ⬘c , it is necessary to have an early detection methodology to identify strength below f ⬘c . If one or more points fall beyond the decision values −H or H, particularly the lower decision value, the control chart will produce an out-ofcontrol signal. Subsequently, the one-sided lower CUSUM C−i as defined in Eq. 共1兲 is more appropriate for such analysis. In this procedure as each data point is added to the sequence of the collected data 共i.e., time series values of concrete strength兲 only values lower than the average process mean will affect the CUSUM chart. Montgomery 共2008兲 recommends choosing the appropriate values of H and K that result in large in-control ARLs and small out-of-control ARLs. In general, selecting k is based upon the shift size that we are interested in detecting. The value k = 0.5 共K = 0.5¯X = 0.5 / 冑n兲 is normally used in practice. The choice of H is not arbitrary and should be chosen after k is selected. The value of h is chosen to achieve the desired ARL. Recommended h values are h = 4 共H = 4¯X = 4 / 冑n兲, or h = 5 共H = 5¯X = 5 / 冑n兲 with k = 0.5 which results in a CUSUM chart with good ARL performance to detect the 1¯X process mean shift. To demonstrate the ARL performance of using h = 4 and h = 5 with k = 0.5, suppose that the process mean shifts 1¯X. Siegmund 共1985兲 proposed a method for approximating the ARL



ARL =



exp关− 2⌬共h + 1.166兲兴 + 2⌬共h + 1.166兲 − 1 2⌬2



共7兲



where ⌬ = 共1 − 0 / ¯X兲 − k for the upper one-sided CUSUM, and ⌬ = −共1 − 0 / ¯X兲 − k for the lower one-sided CUSUM. For a process mean shift of 1¯X, we get 1 − 0 / ¯X = 1. To calculate the ARL for a upper one-sided chart 共ARL+兲 with h = 4 and k = 0.5, ⌬ = 1 − k = 1 − 0.5= 0.5. The ARL+ = 8.343 can be obtained by Eq. 共7兲. Using the same equation, the ARL+ = 10.336 for h = 5 and k = 0.5. On the other hand, a 1¯X shift downward in the process mean can be detected by 8.343 共h = 4 and k = 0.5兲 and 10.336 共h = 5 and k = 0.5兲 samples, respectively. For the EWMA chart, recommended values of lambda 共兲 are 0.05, 0.10 and 0.20 and the usual three sigma limits 共L = 3兲 work reasonably well. Since smaller values of  are used to detect smaller shifts in the process mean, an EWMA chart with L = 3 and  = 0.05 and 0.1 are investigated. For a 1 shift in the process mean, ARL+ = 13.51 using L = 3 and  = 0.05 and ARL+ = 11.38 using L = 3 and  = 0.1 共see Table 2兲. The ARL+ performance of the EWMA is similar to the CUSUM chart with h = 5 and k = 0.5.



Experimental Results and Discussions The strength test data in this article is evaluated using either the CUSUM or the EWMA chart in conjunction with the run chart described previously. All the test cases 共35 projects兲 from Table 4 were examined. Recall that three projects 共A12, C23, and D22兲 were removed due to insufficient sample size, six projects 共A21, A22, B11, D21, E11, and E12兲 were not qualified due to the violation of the normality assumption, and three additional projects 共B12, B23, and D23兲 had been removed due to varying subgroup size. The remaining 23 projects are examined and the results can be summarized as follows: Scenario 1 The individual data values are equal to or greater than the lower control limit 共in-control process兲 and no point plots below the f ⬘c . Fig. 5 displays the combined charts for Project C21 with f ⬘c = 20.7 MPa. The lower control limit is H− = −4¯X = −4.92 and k
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Fig. 6. Plot of two combined charts for Project D12 共subgroup size= 2兲 when f ⬘c = 27.6 MPa 共4,000 psi兲 共N = 6兲



= 0.5 for the CUSUM chart. For the EWMA chart, the lower control limit is based on L = 3 and  = 0.05. This case represents an in-control 共stable兲 and capable process. Scenario 1 represents a good process since the process is stable under the acceptable level of concrete strength 共greater than the f ⬘c 兲. It does not require any changes in the process. Scenario 2 The process is in control and there is a point that falls below f ⬘c . Fig. 6 displays the combined charts for Project D12 with f ⬘c = 27.6 MPa 共4,000 psi兲. There is no point that plots beyond the limit H− 共H− = −4¯X = −5.25 and k = 0.5兲 for CUSUM chart and LCL 共L = 3 and  = 0.05兲 for EWMA chart. However, observation 3, with a strength of 27.5 MPa 共3,980 psi兲, falls below the f ⬘c limit. This case is referred to as a process that is in-control 共stable兲 but not capable. Scenario 2 represents a poor process since the process is stable under an unacceptable level of concrete strength 共lower than the f ⬘c 兲. It is necessary to inspect the concrete process and find a possible root cause of the problem in order to improve the concrete strength.



Scenario 3 The individual data values may be less than the lower control limit 共out-of-control process兲, however no point is lower than the f ⬘c . Fig. 7 demonstrates the combined charts for Project D13 with f ⬘c = 24.1 MPa 共3,500 psi兲. There are five observations 共3rd, 5th, 6th, 11th, and 18th兲 that fall beyond the H− 共H− = −4¯X = −2.55兲 for the CUSUM chart and 8 observations 共2nd, 3rd, 4th, 5th, 6th, 7th, 9th, and 10th兲 fall below the LCL 共L = 3 and  = 0.05兲 on the EWMA chart. This case is referred to as a process that is out-ofcontrol 共not stable兲 but capable. Scenario 3 represents an acceptable process since the process is not stable but maintains an acceptable level of concrete strength 共greater than the f ⬘c 兲. It may not need any changes in the process. However, it is recommended that the process be investigated to determine if it really is out of statistical control and find an assignable cause or if the signal was a false alarm. The ARL performance of the control chart can be used to determine the validity of the out-of-control signal. If the alarm is valid, it will be necessary to identify the assignable cause and take corrective action to bring the process back into statistical control.



Fig. 7. Plot of two combined charts for Project D13 共subgroup size= 2兲 when f ⬘c = 24.1 MPa 共3,500 psi兲 共N = 20兲 84 / JOURNAL OF MATERIALS IN CIVIL ENGINEERING © ASCE / JANUARY 2010
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Fig. 8. Plot of two combined charts for Project F4 共subgroup size= 2兲 when f ⬘c = 31.0 MPa 共4,500 psi兲 共N = 19兲



Scenario 4 The process is out of control and there is at least one point below f ⬘c . Fig. 8 illustrates the combined charts for Project F4 with f ⬘c = 31.0 MPa 共4,500 psi兲 which falls under this scenario. Four observations 共3rd, 4th, 5th, and 7th兲 fall beyond H− 共H− = 4¯X = −5.01兲 on the CUSUM chart and 9 points 共observation 1–9兲 fell beyond the LCL 共L = 3 and  = 0.05兲 on the EWMA chart. In addition, there are two points 共observation 3 and 4兲 below the f ⬘c line. This case is referred to as a process that is unstable 共out of control兲 and incapable. Scenario 4 represents a poor process since the process is not stable and has an unacceptable level of concrete strength 共lower than the f ⬘c 兲. It is important to investigate the process and reduce variation with the goal being to bring the process back into statistical control 共stability兲 and make it capable. To fully investigate the efficiency of the combination chart, the detection of out-of-control signals between the combined CUSUM 共or EWMA兲 control charts are examined. The evaluation criterion is the accuracy of signaling out-of-control when the data are lower than the f ⬘c . The summary of the CUSUM-Run and EWMA-Run charts performances for detection of the out-ofcontrol signals is shown in Table 6. The CUSUM scheme appears to be robust over the range of h from 4 to 5. The suggested limits for the CUSUM are h = 4 and k = 0.05 since smaller values of h resulted in a considerably smaller out-of-control ARL values.



The EWMA chart is robust to changes in the weight, , since for all values of  the EWMA chart was able to identify the same processes as out of control within each of the four scenarios. Based on the small out-of-control ARL values, the EWMA chart with L = 3 and  = 0.1 is recommended to detect small shifts 共1.5 or less兲 in comparison to L = 3 and  = 0.05. Out of 23 cases, 14 cases 共Scenarios 1 and 4兲 were correctly identified as out-of-control by the combined CUSUM. The EWMA-run chart only identified 12 cases. Among these 4 scenarios outlined earlier, Scenario 2 represents a significant error— the compressive strength fails to pass the f ⬘c whereas the process seems to be in control. In Scenario 2, the CUSUM chart identifies only one project 共D12兲 as out of control which is less than the EWMA chart which identified two projects 共D12 and E23兲 as out of control. To avoid this pitfall, the values of h 共for CUSUM兲 or L 共for EWMA兲 in the combined chart should be reduced. Tightening the limits on either the CUSUM or EWMA charts will generally increase the sensitivity and the false alarm signal. For the 23 cases consisting of more than 1000 data points, it was observed that there are 23 points below the f ⬘c . Table 5 displays the comparison between the number of points below the lower limit for various types of control chart. The combined CUSUM chart also detects out-of-control observations more effectively in comparison to the EWMA chart for an incontrol process. The combined CUSUM scheme detects 129 out-



Table 6. Summary of the Numbers of Test Cases Are Classified into Four Scenarios When Monitored by Four Different Combined Control Charts EWMA Combined control chart xi ⬎ f c⬘ in-control process xi ⬍ f c⬘ in-control process xi ⬎ f c⬘ out-of control process xi ⬍ f c⬘ out-of control process Number of points below the lower limit



CUSUM



L = 3 and  = 0.05



L = 3 and  = 0.1



h = 4 and k = 0.5



h = 5 and k = 0.5



B13, A11, and C21



B13, All, and C21



B13, B21, C21, and E22



B13, B21, C21, and E22



D12 and E23



D12 and E23



D12



D12



A13, A23, B21, C12, C22, D13, E13, E21, and E22 B22, C11, C13, D11, F1, F2, F3, F4, and F5 212



A13, A23, B21, C12, C22, D13, E13, E21, and E22 B22, C11, C13, D11, F1, F2, F3, F4, and F5 209



A11, A13, A23, C12, C22, D13, E13, and E21 B22, C11, C13, D11, E23, F1, F2, F3, F4, and F5 129



A11, A13, A23, C12, C22, D13, E13, and E21 B22, C11, C13, D11, E23, F1, F2, F3, F4, and F5 100
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of-control points compared to the EWMA 共209 points兲. It clearly shows that there are too many out-of-control signals found by both the combined CUSUM and the combined EWMA chart. However some of these signals may be false alarms which may lead one to misinterpret the results. The ARL performance given in Table 2 and Table 3 provide useful information to determine whether the alarm is false or real. From the results above, the combined CUSUM-run chart is a good choice for monitoring small shifts in the process mean. The use of CUSUM charts can aid the user in determining the stability of the process. An in-control process indicates that the process is consistent. The CUSUM scheme can help companies to continuously improve their production processes by identifying an assignable cause. The scheme will also monitor the quality of the compressive strength. However, the CUSUM chart might not be enough to explain the overall process performance. From Scenario 2, if attention is focused solely on the CUSUM chart, an undesirable property 共i.e., capability兲 is not detected. The combined chart for project D12 共Fig. 6兲 for example provides no out-of-control signal. Adding the run chart to the existing CUSUM chart obviously identifies the one sample 共3rd observation兲 that falls beyond f ⬘c . The use of the run chart also assists in monitoring the process variation over the given period of time and examines process capability. The concrete process is considered capable as long as the strength result is greater than f ⬘c . The run chart can be used to represent the consumer’s decision. If the process maintains high capability, it will achieve high performance. A high performance process can result in fewer defects and lower production costs often due to unqualified concrete. If concrete industries deliver unqualified concrete that cannot be used by the consumer, the concrete companies will be charged for this mistake or get less pay than the full amount. The amount of money depends on the strength variation from the f ⬘c . Additional detail about pay factor calculations and cost are available in a comprehensive report 共Laungrungrong, et al. 共2008兲兲. The CUSUM chart combined with the run chart simultaneously monitors both consistency and capability. The CUSUM chart presents a broad view of the process and provides some insight into the consistency of the process 共producer’s perspective兲. The run chart presents process capability 共consumer’s perspective兲. The CUSUM-run chart also aids in determining whether the process is operating under normal conditions if the CUSUM chart signals out-of-control. For example, the combined chart for project D13 共Scenario 3 in Fig. 7兲 has clearly detected many out-of-control signals, so it is easy to understand that the process is not operating under normal conditions. The run chart shows that no point falls below f ⬘c . Subsequently, it is possible that the process mean is moving downward, but it still results in an acceptable level of concrete strength 共greater than the f ⬘c 兲. The combined CUSUM and run charts can give an early warning signal and an assignable cause may be found after inspection. The decision maker should consider the ARL performance in order to make a decision after the CUSUM chart part signals out-ofcontrol. If the alarm is real, the process will be examined and the assignable cause removed as soon as possible.



Summary and Conclusions A methodology based on a combined control chart scheme has been presented to monitor concrete strength. To detect small shifts, the CUSUM scheme can be reliably used together with the run chart to increase detection accuracy. By detecting shifts in



average strength soon after the shift has occurred, one may take corrective actions in order to circumvent broader and severe negative consequences. It is recommended to use the CUSUM chart with parameters h = 4 and k = 0.5 subject to resetting the control scheme after an out-of-control signal is detected. The CUSUM scheme is appropriate for the producer’s perspective because it shows the stability of the process mean. If an out-of-control process is found, then the producer can determine if there is an assignable cause of the process being out of control and improve the quality of the compressive strength. To increase the sensitivity of detecting an out-of-control signal, the decision interval 共H兲 could be tighten by reducing the values of h, but this will also increase the false alarm rate. It is important to consider the ARL values from Table 2 before changing anything in the process when an out-of-control signal is found. Combining the run chart with the CUSUM chart can identify an abnormal process if the CUSUM chart fails to detect the shifts in the process mean or vice versa 共Scenarios 2 and 4兲. These two control charts complement one another. The run chart can represent the consumer’s needs by comparing the strength to minimum acceptable level, f ⬘c , in order to decide whether to accept or reject the sample. In addition, the run chart can be used to identify trends and process variation over the time.
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