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Abstract: Work described in this technical report was performed in the frame of Task 3.3 “Damage Tolerant
Design Concept” of Work-Package WP3 “Rotor Structure and Materials” of the UPWIND project. 128 axial static
tests were performed for characterization of in-plane mechanical properties of the Gl/lep UD UPWIND reference
material. Not only the engineering constants necessary in design calculations but the entire stress-strain curves,
especially the non-linear ones, in the various material anisotropy directions were monitored. They will be
eventually implemented in the FADAS routine for laminate strength prediction under either static or cyclic loading.
At least 25 tests for each one out of 10 mechanical properties were used to derive statistical characteristics, i.e.
probability distributions and other descriptive statistics. These results will be valuable for reliability analyses
performed in the same work-package. Finally, a comparative study of the statistical features of OPTIMAT and

UPWIND UD materials was presented.
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1. Introduction

In this technical report, axial tests performed in the frame of WP 3.3 of UPWIND project were
described. The purpose of the experimental work was the characterization of in-plane
mechanical properties of the GI/Ep UD reference material [1] of the UPWIND project. The
geometry of coupons tested was the UPWIND RO08 for axial tests along the fibres and in the
transverse direction (R089) while the standard ISO 14129 [+45]s geometry was used for in-
plane shear characterization. In total, 128 static tests, 25 UD tensile and 25 UD compressive
along the fibres, 25 UD tensile and 25 UD compressive in the transverse direction as well as
28 tensile axial tests on [£45]s were conducted.

Static tests were performed for the determination of the elastic properties and strengths of the
UD ply in the lamina principal plane. According to the test plan, 25 coupons were tested for
each case to define the respective elastic property and static strength distribution
characteristics. Test data were used for the determination of the tensile and compressive
modulus of elasticity Eq1, E4c parallel to the fibres and in the transverse direction E,t, Eoc,
major v and minor v,y Poisson ratios, in-plane shear modulus G, tensile X and
compressive X’ strength along the fibres as well as tensile Y and compressive Y’ strength in
the transverse direction, in-plane shear strength S.

A detailed statistical treatment for all mechanical property samples was performed by means
of STATREL (RCP, GmbH) [2], including calculation of descriptive statistics, parameter
estimation of three standard distribution functions, goodness-of-fit tests and theoretical CDF
plots vs. experimental data. Finally, a comparison of the statistical features of OPTIMAT and
UPWIND databases was presented.

2. Test coupons

Coupons of the R0O8 UPWIND geometry and the standard ISO 14129, designated as “I10”
were used for the static tests, see Fig. 1 and 2. All coupons were made of four layers of the
UD material and were trimmed with sandpaper to smooth appropriately the faces for efficient
bonding of the strain gauges. WMC manufactured and delivered all coupons cut from various
plates. Coupons were identified as ‘XXYYzzz’, with ‘XX’ denoting the plate, ‘YY’ the specimen
number and ‘zzz’ the geometry.

Coupon dimensions for the 110 geometry, i.e. thickness and width, were measured using a
digital caliper (0.01 mm precision), as received from WMC and prior to all surface treatments
for strain gauge bonding. Three measurements were performed: one in the middle of the
specimen and one near each tab. Cross sectional areas were calculated using the average of
these three measurements. Dimensions for all coupons of the R08 geometry were provided
by WMC. Several measurements were conducted at UP in a sample randomly selected
yielding negligible differences. Actual sectional data for all tested coupons were presented in
Tables 1 to 5.
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Fig. 1 R08 & R089 UPWIND coupon geometry
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Fig. 2 The standard ISO 14129 [145]s test specimen
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Table 1 Dimensions of the coupons tested in tension along the fibres

Coupon ID w (mm) t(mm) | area (mm?
BVO3R08 20.02 3.02 60.36
BVO9R08 20.02 2.99 59.76
BV10R08 20.05 2.98 59.65
BV11R08 19.93 2.99 59.49
BV13R08 20.86 2.98 62.16
BWO01R08 19.64 2.91 57.05
BWO0O5R08 19.90 2.91 57.91
BWO07R08 19.96 2.88 57.39
BW11R08 19.85 2.88 57.17
BWO3R08 19.83 2.92 57.80
BWO0O9RO08 20.01 2.88 57.63
BW15R08 19.96 2.89 57.58
BW17R08 19.98 2.86 57.14
BW19R08 20.00 2.88 57.50
BW21R08 20.04 2.89 57.92
BW22R08 19.94 2.88 57.33
BW23R08 20.04 2.86 57.31
BW25R08 20.07 2.87 57.60
BW27R08 20.03 2.89 57.79
BX20R08 20.08 2.96 59.44
BX24R08 20.15 2.90 58.44
BX26R08 20.13 2.93 58.98
BX28R08 20.13 2.93 58.98
BX30R08 20.09 2.91 58.36
BX18R08 20.09 3.03 60.77

Note: Dimensions were measured at WMC
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Table 2 Dimensions of the coupons tested in compression along the fibres

Coupon ID w (mm) t(mm) | area (mm?
BVO1R08 20.05 2.99 59.85
BV0O5R08 19.98 3.02 60.24
BV0O7R08 20.04 3.02 60.42
BV15R08 20.00 2.97 59.40
BV17R08 20.01 3.00 59.93
BV19R08 20.03 2.99 59.89
BV21R08 20.03 2.99 59.79
BV23R08 20.04 2.95 59.12
BV25R08 20.12 2.93 58.85
BV27R08 20.03 2.93 58.69
BW13R08 19.91 2.90 57.64
BX02R08 20.16 3.00 60.48
BX04R08 20.13 3.00 60.29
BX06R08 20.11 2.93 58.92
BX08R08 20.08 2.90 58.13
BX10R08 20.10 2.93 58.89
BX12R08 20.10 2.95 59.19
BX14R08 20.09 2.90 58.26
BX16R08 19.99 3.00 59.87
CBO8R08 20.13 3.05 61.30
CB10R08 20.12 3.04 61.06
CB12R08 20.13 2.99 60.09
CB26R08 20.12 3.03 60.86
CB28R08 20.10 3.00 60.30
CB30R08 19.87 2.97 59.01

Note: Dimensions were measured at WMC
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Table 3 Dimensions of the coupons tested in tension in the transverse to the fibres direction

Coupon ID w (mm) t(mm) | area (mm?
BJ27R089 19.92 3.02 60.16
BY07R089 20.10 3.02 60.70
BY08R089 20.09 3.02 60.67
BY0O9R089 20.14 3.02 60.72
BY10R089 20.06 3.02 60.58
BY23R089 20.07 3.01 60.31
BY24R089 20.10 3.00 60.30
BY25R089 20.06 3.00 60.08
BY27R089 20.09 2.97 59.57
BY21R089 20.03 3.03 60.59
BY26R089 20.10 2.99 60.00
CCO01R089 19.89 3.01 59.77
CCO02R089 19.92 3.01 59.96
CC04R089 20.05 3.00 60.05
CCO05R089 20.09 2.98 59.77
CCO07R089 20.05 2.97 59.45
CCO08R089 20.09 2.97 59.57
CC11R089 20.13 2.94 59.08
CC12R089 19.95 2.94 58.65
CCO3R089 20.00 3.00 60.00
CCO09R089 20.09 2.96 59.37
CC13R089 19.99 2.92 58.37
CC15R089 19.98 3.05 60.94
CC16R089 19.96 3.04 60.68
CC17R089 20.05 3.06 61.25

Note: Dimensions were measured at WMC
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Table 4 Dimensions of the coupons tested in compression in the transverse direction

Coupon ID w (mm) t(mm) | area (mm?
BJ26R089 19.94 3.02 60.22
BJ29R089 19.81 3.01 59.53
BY01R089 19.84 2.97 58.83
BYO3R089 19.91 3.00 59.73
BY11R089 20.10 3.01 60.40
BY13R089 20.08 3.01 60.34
BY15R089 19.86 2.94 58.39
BY17R089 20.11 2.97 59.73
BY18R089 20.12 2.99 60.16
BY19R089 20.09 3.00 60.27
BZ01R089 20.03 2.86 57.19
BZ03R089 19.87 2.86 56.73
BZ05R089 20.06 2.87 57.47
BZ07R089 20.12 2.89 58.05
BZ08R089 20.04 2.88 57.72
BZ09R089 19.99 2.90 57.97
BZ11R089 20.01 2.90 57.93
BZ13R089 20.04 2.90 58.02
BZ14R089 19.94 2.86 56.93
BZ15R089 19.90 2.85 56.72
CC19R089 20.07 3.06 61.31
CC21R089 20.03 3.04 60.89
CC23R089 20.13 3.04 61.20
CC25R089 20.08 3.03 60.74
CC27R089 20.05 3.03 60.65

Note: Dimensions were measured at WMC
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Table 5 Dimensions of the ISO 14129 [t45]s coupons tested in axial tension

Coupon ID w (mm) t(mm) | area (mm?)
KHO01110 25.10 3.07 77.15
KHO02110 25.42 3.08 78.28
KHO03110 25.27 3.08 77.83
KHO04110 25.31 3.08 78.04
KH05110 24.89 3.09 76.90
KH06110 25.30 3.08 78.01
KHO07110 25.27 3.09 78.17
KHO08110 25.23 3.07 77.53
KH09110 25.19 3.07 77.33
KH10110 25.23 3.06 77.19
KH11110 25.20 3.04 76.70
KJO1110 25.19 3.02 76.08
KJ02110 25.23 3.02 76.29
KJ03110 25.23 3.03 76.35
KJ04110 25.22 3.03 76.43
KJ05I10 25.24 3.04 76.73
KJ06110 25.28 3.04 76.84
KJO7110 25.22 3.04 76.75
KJ08I10 25.25 3.04 76.83
KJ09I10 25.25 3.04 76.84
KJ10110 25.23 3.05 76.88
KK01110 25.05 2.96 74.22
KKO02110 24.97 2.95 73.67
KKO03110 24.98 2.95 73.77
KK04110 25.00 2.96 73.93
KKO05110 24.98 2.98 74.44
KKO06110 24.96 2.96 73.89
KK07110 24.97 2.96 73.92

3. Experimental

3.1. Equipment

A MAYES DH 100S of 100kN capacity equipped with a 407 MTS controller and hydraulic
MTS 647 wedge grips was used for the static tests, see Fig. 3. A rosette, consisting of two
perpendicular strain gauges and a single strain gauge were placed back-to-back in all
coupons used for the tensile tests. A single strain gauge was placed on both sides of all
coupons tested in compression. For axial tests on R08 and R089 coupons, strains were
measured using HBM 3/350LY11 single strain gauges and HBM 3/350XY 11 rosette strain
gauges with a nominal electrical resistance of 350 Ohms and gauge length of 3 mm. For the
static tensile tests of the 110 coupons, HBM 6/350LY11 single strain gauges and HBM
6/350XY11 rosettes of 6 mm gauge length were used respectively. Strain gauge, load and
displacement signals were acquired using an HBM Spider 8 data acquisition unit.
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3.2. Testing procedure

Coupons were aligned in the grips of the test rig using the special metal guides of the
wedges. At first, the coupon was mounted on the lower grips. Gripping pressure was set at 10
MPa for all tests in the fibre direction, either tensile or compressive, and at 5 MPa for all tests
in the transverse direction and for the [t45]s coupons. Strain gauge readings were then
zeroed and the upper grips were closed. Loading caused from gripping was removed to start
the test from zero load. All tests on coupons of R0O8 geometry were performed under
displacement control at a crosshead speed of 1 mm/min, resulting at an ISO comparable
strain rate of 8.33 10™*s™. The tests on the ISO 14129 standard coupons of 110 geometry as
well as those on the R089 geometry, in tension and compression, were performed on the 25
kN setup of the test rig. Tensile tests for the 110 coupons were performed at a crosshead
speed of 2 mm/min.

08/10/2008 17:35 \7[',/

Fig. 3 Set-up for the static tests of RO8 coupons

4. Test results and discussion

Concerning the 110 coupons, the axial normal stress, oy, was calculated as the ratio of the
applied force, over the measured average cross sectional area of the coupons. The strain
was measured using strain gauges. The shear stress, T11,, was derived as 0,/2 and the shear
strain, yi2, as (&x-€y). The Young modulus E, was determined as the slope of the linear fit of
the axial stress vs. axial strain curve, for strain between 500 and 2500 pg, according to EN
ISO 527-5:1997 [3]. The same holds for the major Poisson ratio, vy, derived from the
transverse strain vs. axial strain curve. The shear modulus, G4,, was determined from the
slope of the linear fit of the shear stress vs. shear strain curve, for shear strain between 1000
and 5000 pe, in accordance with ISO 14129:1997(E) [4].

In a similar way for the R0O8 and R089 coupons, normal axial stress was calculated as the
ratio of the applied force over the cross sectional area of the coupon while strain was
measured directly using the strain gauges. Stress-strain curves for all coupons tested were
presented in the appendix. Axial strain shown in these figures is the average of axial strain
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values measured by strain gauges bonded on both sides of the coupon. Elastic moduli E; and
E,, parallel and transverse to the fibres respectively, were determined by linear interpolation
of the axial stress vs. axial strain curves. Major and minor Poisson ratios vi» and v,q, were
determined by linear interpolation of the transverse vs. axial strain curves. For these
calculations axial strains were considered between 500 and 2500 pe [3]. For the coupons
tested in compression, the bending strain, €, was calculated as the absolute ratio of the
difference of the two axial gauge readings over their sum [5].

&, —&

g, =|2—21<0.1 (1)
8Xb+8xa

It was considered that the coupon does not fail in buckling if the bending strain value was less
than 0.1 at 80% of the Ultimate Compressive Stress (UCS).

Since strain in all tests was measured using two axial strain gauges, Young modulus values
were calculated using the average of the two axial measurements, provided that no
significant discrepancies were observed. Poisson ratios and G;, values were calculated using
solely the strain-gauge rosette readings. Calculated values for E-modulus, Poisson ratio,
stress and strain at failure were presented in Tables 6-10, where average values and
coefficients of variation (COV) of the sample set were also shown.

Graphs of stress-strain curves for all coupons were presented in the Appendix. Axial strain
shown in the figures is the average of the axial strain values measured with the two axial
strain gauges mounted on each side of the coupon. Characteristic photographs of failed
coupons were also presented for every loading case highlighting the various failure modes.
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Table 6 Tensile test results for the UPWIND GI/Ep UD parallel to the fibres

Coupon ID | Maximum force | Tensile strength E, Vi2 Strain at failure
Frmax (KN) X (MPa) (GPa) &4 (x10°)
BVO3R08' 52.692 872.96 37.85 | 0.2288 -
BVO9R08' 54.704 915.40 39.23 | 0.2501 -
BV10R08%* 53.904 903.69 37.89 - -
BV11R08' 54.76 920.47 38.14 | 0.261 -
BV13R08° 51.632 830.59 36.06 | 0.2418 24456.60
BW01R08* 54.696 958.67 4450 | 0.2953 22825.92
BWO05R08' 52.62 908.67 38.93 | 0.2762 -
BWO07R08' 56.028 976.35 40.68 | 0.2326 -
BW11R08* 52.38 916.25 38.44 | 0.2399 25498.75
BWO03R08° 50.292 870.04 38.84 | 0.2656 24062.09
BWO9R08' 55.776 967.85 41.00 | 0.2988 -
BW15R08° 57.152 992.49 4416 | 0.2963 24612.30
BW17R08* 51.904 908.32 41.04 | 0.2545 24008.60
BW19R08*° 54.044 939.90 40.04 | 0.2456 22882.56
BW21R08' 56.768 980.18 40.98 | 0.2933 -
BW22R08' 56.216 980.61 4159 | 0.2762 -
BW23R08' 52.736 920.12 4044 | 0.2783 -
BW25R08° 53.916 936.03 40.60 | 0.2386 24363.94
BW27R08* 52.796 913.64 40.08 | 0.2243 23660.90
BX20R08" 54.928 924.14 37.48 | 0.2336 -
BX24R08' 53.276 911.71 40.46 | 0.2687 -
BX26R08" 56.684 961.06 39.49 | 0.2206 -
BX28R08* 52.256 885.98 39.76 | 0.2602 21693.12
BX30R08" 54.116 927.26 4054 | 0.2732 -
BX18R08>° 52.8 868.82 39.31 | 0.3046 23245.37
Mean 53.96 923.65 39.90 0.26 23755.47
cov 0.033 0.043 0.047 | 0.098 0.044

! Both axial strain gauges failed before maximum load was reached

2 No axial strain gauge of rosette reading

® Axial strain gauge of rosette failed before maximum load was reached

4 Single strain gauge failed before maximum load was reached

® Coupon loaded until about 30 kN and unloaded due to a DAQ problem. Test repeated

6 Coupon loaded until about 20 kN and unloaded due to a servo-valve problem. Test repeated
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Table 7 Compressive test results for the UPWIND GI/Ep UD parallel to the fibres

Coupon ID | Maximum force Compressive E,c (GPa) | Strain at failure
Frmax (kN) strength X’ (MPa) €47 (x10°)
BV01R08 -28.288 -472.65 39.99 -12443.70
BV0O5R08 -27.596 -458.10 37.66 -12665.79
BV07R08 -30.976 -512.67 37.81 -14672.24
BV15R08 -29.652 -499.19 38.79 -13308.66
BV17R08 -28.796 -480.49 37.39 -13139.58
BV19R08 -27.528 -459.64 37.49 -12391.64
BV21R08 -30.496 -510.06 39.35 -13494.45
BV23R08 -28.716 -485.74 38.93 -12838.21
BV25R08' -31.208 -530.29 37.84 -14824.12
BV27R08 -27.28 -464.83 37.59 -12832.96
BW13R08 -24.524 -425.47 39.50 -11151.76
BX02R08 -29.516 -488.03 38.86 -13405.13
BX04R08' -29.324 -486.39 40.23 -11515.22
BX06R08’ -29.372 -498.49 39.63 -13431.40
BX08R08 -28.832 -495.98 40.00 -12758.45
BX10R08 -28.312 -480.74 38.81 -12957.61
BX12R08 -28.784 -486.26 38.35 -13316.30
BX14R08 -29.728 -510.26 39.04 -14316.42
BX16R08 -31.612 -528.01 41.24 -13316.78
CBO8R08 -30.22 -493.02 38.78 -13238.93
CB10R08' -29.16 -477.53 37.46 -13633.43
CB12R08 -28.396 -472.57 38.13 -12993.91
CB26R08 -27.016 -443.88 37.62 -12492.42
CB28R08 -28.776 -477.21 38.32 -12884.06
CB30R08 -28.328 -480.02 40.75 -12227.34
Mean -28.73 -482.14 38.78 -12992.68

cov -0.053 -0.049 0.028 -0.056

' Not used in mean values evaluation because of high bending strain
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Table 8 Tensile test results for the UPWIND GI/Ep UD transversely to the fibres

Coupon ID | Maximum force | Tensile strength E, V21 Strain at failure

Frmax (KN) Y (MPa) (GPa) €2 (x10°)

BJ27R089' 5.089 84.59 12.98 | 0.0804 -
BY07R089° 5.446 89.72 12.73 | 0.0676 18482.63
BY08R089° 4.799 79.10 12.32 | 0.0801 17915.22
BYO9R089 6.222 102.47 13.40 | 0.0772 20759.31
BY10R089°* 5.346 88.25 12.65 | 0.1373 19097.28

BY23R089"* 5.539 91.84 13.82 | 0.0902 -
BY24R089* 4.97 82.42 1459 | 0.1057 15922.82
BY25R089* 5.325 88.63 13.51 0.1058 19530.82
BY27R089* 5.487 92.11 13.75 0.124 17892.12
BY21R089° 5.202 85.85 13.17 | 0.0877 15723.94
BY26R089°* 4.994 83.24 13.80 | 0.0957 17715.58
CCO01R089° 5.752 96.24 13.69 0.074 23490.24
CC02R089° 4.417 73.67 12.77 - 16864.49
CC04R089 5.274 87.83 12.47 | 0.0645 18556.69
CCO05R089° 4,582 76.66 12.53 | 0.0739 14618.75
CCO7R089° 5.156 86.73 13.26 | 0.0765 18301.44
CCO08R089 4.749 79.73 13.27 0.083 16874.09
CC11R089° 4.988 84.43 13.38 | 0.0758 16916.06

CC12R089' 5.437 92.70 13.72 | 0.0838 -
CCO03R089 4.472 74.53 12.58 0.095 15990.93
CCO9R089 5.315 89.53 13.88 | 0.1088 18869.11
CC13R089 5.124 87.78 12.42 | 0.0556 17409.98
CC15R089° 4.879 80.06 12.67 | 0.0804 16787.11
CC16R089° 5.359 88.32 13.45 | 0.0841 18468.30
CC17R089° 4.762 77.74 12.91 0.0868 15379.11
Mean 5.15 85.77 13.19 0.08 17798.46

cov 0.079 0.080 0.044 0.150 0.110

! Both axial strain gauges failed before maximum load was reached

2 Axial strain gauge of rosette failed before maximum load was reached
®*No single strain gauge reading
* Invalid Poisson’s ratio measurement caused by irregularities in €4-¢, graph. Not used for the

evaluation of the average Poisson'’s ratio
® Single strain gauge failed before maximum load was reached
® Transverse strain gauge failed
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Table 9 Compressive test results for the UPWIND GI/Ep UD transversely to the fibres

Coupon ID | Maximum force Compressive E.c (GPa) | Strain at failure
Frmax (kN) strength Y’ (MPa) £2¢ (x10°)
BJ26R089 -9.096 -151.05 14.54 -14308.78
BJ29R089 -10.073 -169.21 14.38 -17290.99
BY01R089' -9.317 -158.38 14.66 -12811.46
BY03R089° -9.175 -153.61 13.25 -13187.34
BY11R089 -9.198 -152.28 13.88 -17090.39
BY13R089 -9.473 -156.99 14.42 -15192.84
BY15R089 -9.15 -156.71 14.33 -15773.13
BY17R089 -9.047 -151.47 14.29 -13781.97
BY18R089 -8.712 -144.82 14.14 -13675.46
BY19R089 -8.959 -148.65 14.72 -13348.78
BZ01R089 -8.482 -148.32 15.24 -13424.24
BZ03R089° -7.814 -137.74 14.69 -12089.31
BZ05R089 -8.383 -145.86 14.39 -12960.96
BZ07R089* -8.008 -137.96 14.18 -
BZ08R089 -8.007 -138.73 14.52 -12342.93
BZ09R089 -8.002 -138.03 14.55 -12482.87
BZ11R089 -8.099 -139.81 14.46 -12455.64
BZ13R089 -8.153 -140.53 14.28 -13255.64
BZ14R089 -8.803 -154.63 14.42 -14491.70
BZ15R089 -8.539 -150.56 14.17 -15074.39
CC19R089 -8.715 -142.14 13.13 -14769.67
CC21R089 -8.739 -143.52 13.68 -13905.67
CC23R089 -8.499 -138.88 13.98 -13384.12
CC25R089 -8.853 -145.75 13.75 -14451.58
CC27R089 -8.513 -140.36 13.65 -13047.88
Mean -8.73 -147.49 14.24 -14107.43
cov -0.060 -0.053 0.032 -0.099

! One strain gauge damaged. Not used in mean values evaluation

2 Coupon was loaded until about -8.9 kN and unloaded due to a servo-valve problem. Test
repeated. Not used in mean values evaluation

® Not used in mean values evaluation because of high bending strain

* No reading from one strain gauge. Not used in mean values evaluation. The other strain
gauge failed before maximum force was applied
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Table 10 Tensile test results for the UPWIND GI/Ep ISO 14129 [+45]s coupons

Coupon ID F max UTs Tmax Tmax at ¥12=5% G2 E, Vyy
[KN] [MPa] [MPa] [MPa] [GPa | [GPa]
1

KHO01110 8.74 113.28 56.64 45.72 3.283 | 11.03 | 0.570
KH02110° 9.799 125.18 62.59 45.05 353 | 12.04 | 0570
KH03110% 9.35 120.14 60.07 44.02 3465 | 11.84 | 0.602
KHO04110 9.187 117.72 58.86 42.92 3478 | 1152 | 0553
KHO05110 8.659 112.60 56.30 4211 3537 | 11.88 | 0.563
KH06110 8.863 113.62 56.81 41.78 3469 | 11.83 | 0.609
KHO07110 8.625 110.34 55.17 42.19 3479 | 1165 | 0514
KH08I10 8.609 111.04 55.52 43.09 3602 | 1197 | 0576
KH09110' 8.904 115.14 57.57 46.96 3526 | 1154 | 0518
KH10110 8.669 112.30 56.15 43.14 3527 | 12.25 | 0.571
KH11110 8.892 115.92 57.96 42.78 3.501 115 0.547
KJO1110 9.124 119.92 59.96 45.91 3619 | 11.88 | 0.533
KJ02110 9.603 125.88 62.94 44.05 3573 | 11.73 | 0.508
KJO3110 9.477 124.12 62.06 43.85 3475 | 12.03 | 0.548
KJ04110"* 9.248 121.00 60.50 43.77 3512 | 125 0.590
KJO05110 9.053 117.98 58.99 41.89 3548 | 12.23 | 0577
KJ06110? 8.998 117.10 58.55 42.79 3.651 | 12.44 | 0.589
KJO7110 9.302 121.20 60.60 42.79 3552 | 11.92 | 0.541
KJ08I10 9.172 119.38 59.69 43.93 3569 | 11.84 | 0.570
KJ09110 9.414 122.50 61.25 429 3421 | 11.47 | 0576
KJ10110 9.656 125.60 62.80 44.66 3531 | 11.77 | 0523
KK01110 8.888 119.74 59.87 43.81 3599 | 11.94 | 0.531
KKO02110%* 9.237 125.38 62.69 44.34 363 | 1254 | 0.643
KKO03110 9.03 122.40 61.20 44.23 3.663 | 12.48 | 0.565
KK04110 9.009 121.86 60.93 43.33 3587 | 12.12 | 0.565
KKO05110 8.753 117.58 58.79 42.63 3486 | 11.86 | 0.556
KKO06110 8.387 113.50 56.75 42.05 3589 | 12.21 | 0.481
KKO7110 8.515 115.20 57.60 41.57 3605 | 12.18 | 0.584
Mean 9.041 118.486 | 59.243 43.509 3.535 | 11.935 | 0.559
cov 0.039 0.039 0.039 0.030 0.022 | 0.029 | 0.060

'The transverse gauge of the rosette was damaged (above a load value)
*The axial gauge of the rosette was short-circuited (above a load value)

*The axial gauge was short-circuited (above a load value)
“Some problems with the DAQ resulted in loss of some measurements during the experiment.
The acquisition was restarted. The load in the second part of the acquisition was
approximated by adding values read on the display of the controller the moment of collapse:
a) 8.0 kN, b) 7.8 kN, ¢) 9.1 kN
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5. Statistical Analysis of test data

A detailed statistical treatment for all mechanical property samples was performed by using
STATREL (RCP, GmbH) [2]. The analysis consists of calculations for descriptive statistics,
parameter estimation of three standard distribution functions, goodness-of-fit tests and
theoretical CDF plots vs. experimental data. Finally, a comparison of the statistical features of
OPTIMAT and UPWIND databases was presented. 12 samples from the following stochastic
variables were considered: Eq1, Eic, Eot, Eoc, Vo, Vo1, X1, Xe, Y1, Ye, S, and Gy,. For the in-
plane shear properties two additional samples from tests performed at WMC [6] were
analyzed. To avoid any confusion, shear data S, and G;, from Table 10 of the present report,
will be referred to as the ISO data while those of ref. [6] as VARIOUS (they were derived
using 5 different test methods).

5.1. Descriptive statistics

Some data were removed from the samples of Tables 7 to 9 due to various undesired
situations in the process of the experiments, e.g. strain gauge failures, servo-valve problems
etc.. In Table 11 below the footnote numbers from each separate table that were excluded
were shown.

Table 11 Footnote cases for which the data were not considered in the statistical analysis

Sample | Footnote # | Sample | Footnote #
E1'|' 2, 5, 6 V2q 3, 4, 6,
Eic 1 Xz 56
Ear 3 Xc 1
Exc 1,2,3,4 Yz -

V12 2, 5, 6 Yc 2, 3

For completeness, the data sets considered are given in the following tables. The data
samples for S, and Gi, from [6] were also shown while those for the ISO data were not
repeated here; all entries of Table 10 were used.

Deliverable 3.3.6 [Draft] 19/130




UPWIND: WP3

Test results of in-plane mechanical properties for modeling complex stress states

Table 12 Data for E41, E1c and vq2

Coupon E,;[GPa] | Coupon E.c [GPa] | Coupon Vi2
ID ID ID

BV0O3R08 37.85 BV01R08 39.99 BVO3R08 0.2288
BV09R08 39.23 BV0O5R08 37.66 BV09R08 0.2501
BV11R08 38.14 BV07R08 37.81 BV11R08 0.261

BV13R08 36.06 BV15R08 38.79 BV13R08 0.2418
BWO01R08 44 .50 BV17R08 37.39 BWO01R08 0.2953
BWO05R08 38.93 BV19R08 37.49 BWO5R08 0.2762
BWO07R08 40.68 BV21R08 39.35 BWO07R08 0.2326
BW11R08 38.44 BV23R08 38.93 BW11R08 0.2399
BWO3R08 38.84 BV27R08 37.59 BWO3R08 0.2656
BWO09R08 41.00 BW13R08 39.50 BWO09R08 0.2988
BW15R08 4416 BX02R08 38.86 BW15R08 0.2963
BW17R08 41.04 BX08R08 40.00 BW17R08 0.2545
BW21R08 40.98 BX10R08 38.81 BW21R08 0.2933
BW22R08 41.59 BX12R08 38.35 BW22R08 0.2762
BW23R08 40.44 BX14R08 39.04 BW23R08 0.2783
BW25R08 40.60 BX16R08 41.24 BW25R08 0.2386
BW27R08 40.08 CBO0O8R08 38.78 BW27R08 0.2243
BX20R08 37.48 CB12R08 38.13 BX20R08 0.2336
BX24R08 40.46 CB26R08 37.62 BX24R08 0.2687
BX26R08 39.49 CB28R08 38.32 BX26R08 0.2206
BX28R08 39.76 CB30R08 40.75 BX28R08 0.2602
BX30R08 40.54 BX30R08 0.2732
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Table 13 Data for E,rt, Eoc and vy,

Coupon ID | E,; [GPa] | Coupon ID | E,c [GPa] Coupon ID Va4
BJ27R089 12.98 BJ26R089 14.54 BJ27R089 0.0804
BY07R089 12.73 BJ29R089 14.38 BY07R089 0.0676
BY08R089 12.32 BY11R089 13.88 BY08R089 0.0801
BY09R089 13.40 BY13R089 14.42 BY09R089 0.0772
BY23R089 13.82 BY15R089 14.33 BY21R089 0.0877
BY24R089 14.59 BY17R089 14.29 CC01R089 0.074
BY25R089 13.51 BY18R089 14.14 CC04R089 0.0645
BY27R089 13.75 BY19R089 14.72 CC0O5R089 0.0739
BY21R089 13.17 BZ01R089 15.24 CC07R089 0.0765
BY26R089 13.80 BZ05R089 14.39 CCO08R089 0.083
CC01R089 13.69 BZ08R089 14.52 CC11R089 0.0758
CCO02R089 12.77 BZ09R089 14.55 CC12R089 0.0838
CC04R089 12.47 BZ11R089 14.46 CCO0O3R089 0.095
CCO05R089 12.53 BZ13R089 14.28 CC09R089 0.1088
CCO07R089 13.26 BZ14R089 14.42 CC13R089 0.0556
CCO08R089 13.27 BZ15R089 14.17 CC15R089 0.0804
CC11R089 13.38 CC19R089 13.13 CC16R089 0.0841
CC12R089 13.72 CC21R089 13.68 CC17R089 0.0868
CCO0O3R089 12.58 CC23R089 13.98

CCO09R089 13.88 CC25R089 13.75

CC13R089 12.42 CC27R089 13.65

CC15R089 12.67

CC16R089 13.45

CC17R089 12.91

Deliverable 3.3.6 [Draft]

21/130




UPWIND: WP3

Test results of in-plane mechanical properties for modeling complex stress states

Table 14 Data for X1, Xc, Yt and Y¢

Coupon | X;[MPa] | Coupon | Xc[MPa] | CouponID | Y;[MPa]

ID ID

BVO3R08 872.96 BVO1R08 | -472.65 BJ27R089 84.59

BVO9R08 915.40 BVO5R08 | -458.10 BY07R089 89.72

BV10R08 903.69 BVO7R08 | -512.67 BYO08R089 79.10

BV11R08 920.47 BV15R08 | -499.19 BYO09R089 102.47

BV13R08 830.59 BV17R08 | -480.49 BY10R089 88.25

BWO01R08 | 958.67 BV19R08 | -459.64 BY23R089 91.84

BWO5R08 | 908.67 BV21R08 | -510.06 BY24R089 82.42

BWO7R08 | 976.35 BV23R08 | -485.74 BY25R089 88.63

BW11R08 | 916.25 BV27R08 | -464.83 BY27R089 92.11

BWO3R08 | 870.04 BW13R08 | -425.47 BY21R089 85.85

BWO9R08 | 967.85 BX02R08 | -488.03 BY26R089 83.24

BW15R08 | 992.49 BX08R08 | -495.98 CCO01R089 96.24

BW17R08 | 908.32 BX10R08 | -480.74 CCO02R089 73.67

BW21R08 | 980.18 BX12R08 | -486.26 CC04R089 87.83

BW22R08 | 980.61 BX14R08 | -510.26 CCO5R089 76.66

BW23R08 | 920.12 BX16R08 | -528.01 CCO7R089 86.73

BW25R08 | 936.03 CBO8R08 | -493.02 CCO08R089 79.73

BW27R08 | 913.64 CB12R08 | -472.57 CC11R089 84.43

BX20R08 924.14 CB26R08 | -443.88 CC12R089 92.70

BX24R08 911.71 CB28R08 | -477.21 CCO0O3R089 74.53

BX26R08 961.06 CB30R08 | -480.02 CCO09R089 89.53

BX28R08 885.98 CC13R089 87.78

BX30R08 927.26 CC15R089 80.06
CC16R089 88.32
CC17R089 77.74

Coupon Yc [MPa]

ID

BJ26R089 -151.05

BJ29R089 -169.21

BY01R089 | -158.38

BY11R089 | -152.28

BY13R089 | -156.99

BY15R089 | -156.71

BY17R089 | -151.47

BY18R089 | -144.82

BY19R089 | -148.65

BZ01R089 | -148.32

BZ0O5R089 | -145.86

BZ07R089 | -137.96

BZ0O8R089 | -138.73

BZ09R089 | -138.03

BZ11R089 | -139.81

BZ13R089 | -140.53

BZ14R089 | -154.63

BZ15R089 | -150.56

CC19R089 | -142.14

CC21R089 | -143.52

CC23R089 | -138.88

CC25R089 | -145.75

CC27R089 | -140.36
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Table 15 Data for S, G4, (VARIOUS) [6]

S [MPa] Gy [GPa]
76.73 | 7123 | 476 | 3.42
7857 | 72.66 | 420 | 3.42
80.79 | 63.74 | 418 | 3.24
78.28 | 62.60 | 4.28 | 3.51
78.38 | 64.46 | 3.91 | 3.45
7619 | 39.27 | 3.41 | 364
7791 | 39.94 | 415 | 347
75.76 | 43.13 | 3.97 | 3.21
73.80 | 42.18 | 3.59 | 3.78
7485 | 41.96 | 422 | 3.62
78.00 | 43.66 | 3.50 | 3.28
7610 | 66.24 | 425 | 3.07
67.50 | 64.84 | 3.32 | 3.03
63.02 | 54.78 | 3.60 | 3.56
66.23 | 65.32 | 3.25 | 3.51
66.46 | 61.29 | 3.56 | 2.99
63.49 | 52.39 | 3.90 | 3.27
5409 | 56.74 | 313 | 3.34
58.10 | 58.18 | 4.01
5472 | 54.35 | 3.05
55.58 3.32
62.73 2.46
55.92 2.85
62.60 3.47
74.44 3.51

Definitions and notation used for the descriptive statistics were presented in Table 16.

Results were displayed in Tables 17 to 21.
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Table 16 Definitions and notation for the descriptive statistics [2]

Valid observations n

Minimum A .
X = mln{xi}

Maximum A
X, = max{xi}
Range AL
dn = xl_xn
Median t=H"(p=050) ,where H(%,) i
X = =0. ,where H\x, | =
P n+1
Arithmetic mean n
2%,
- i=1
X =
n
Geometric mean n Un
X = ( xlj
i=1

Mean square

Variance 1 & 2
2 p—
s = X —X
PPN CES)
Stand. Deviation g= /Sz
Coef. of variation /
v = f
Third moment R 1 ( _)3
= g = X . — X
lu3 n = i
Stand. skewness , &
g = —\3
(Vi)
Fourth moment . 1 \4
Hy=y =" (xi - x)

Stand. Kurtosis = V4
= —\4
i)

Variance of mean

Var. of vari A A
ar. of variance ) (,u4 _ﬂzy
n
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Table 17 Descriptive statistics for E41, E1c and vq,

Sample E1'|' E1C Vi2
Valid observations 22 21 22
Minimum 36.06 37.39 0.2206
Maximum 44.5 41.24 0.2988
Range 8.44 3.85 0.782e-1
Median 40.260 38.79 0.2606
Arithmetic mean 40.013 38.781 0.25945
Geometric mean 39.968 38.767 0.25832
Mean square 3.6563 1.1047 0.58559¢-3
Variance 3.8304 1.1599 0.61348e-3
Stand. Deviation 1.9571 1.077 0.24768e-1
Coef. of variation 0.48912e-1 0.27771e-1 0.95465e-1
Third moment 3.0531 0.75171 0.11406e-5
Stand. Skewness 0.43669 0.64745 0.8049e-1
Fourth moment 47.274 3.3046 0.61946e-6
Stand. Kurtosis 3.5362 2.708 1.8064
Variance of mean 0.16619 0.52603e-1 0.26618e-4
Var. of variance 86.477 0.23045 0.15554e-7
Table 18 Descriptive statistics for Eot, Eoc and a4
Sample E2T Ezc V2q
Valid observations 24 21 18
Minimum 12.320 13.13 0.556e-1
Maximum 14.590 15.24 0.1088
Range 2.27 2.1 0.532e-1
Median 13.265 14.33 0.8025e-1
Arithmetic mean 13.211 14.234 0.79733e-1
Geometric mean 13.199 14.228 0.78932e-1
Mean square 0.32323 0.19084 0.12775e-3
Variance 0.33728 0.20039 0.13527e-3
Stand. Deviation 0.58076 0.44764 0.11631e-1
Coef. of variation 0.43959e-1 0.31448e-1 0.14587
Third moment 0.51065e-1 -0.30688e-1 0.51587e-6
Stand. Skewness 0.27788 -0.36809 0.35725
Fourth moment 0.25732 0.13729 0.66265e-7
Stand. Kurtosis 2.4629 3.7696 4.06
Variance of mean 0.13468e-1 0.90878e-2 0.70978e-5
Var. of variance 0.181e-3 0.13655e-3 0.90579e-9

Deliverable 3.3.6 [Draft]




UPWIND: WP3

Test results of in-plane mechanical properties for modeling complex stress states

Table 19 Descriptive statistics for X, Xc, Yt and Y¢

Sample X Xc Yt Yc
Valid 23 21 25 23
observations
Minimum 830.59 425.47 73.67 137.96
Maximum 992.49 528.01 102.47 169.21
Range 161.9 102.54 28.8 31.250
Median 920.12 480.74 86.73 145.86
Arithmetic mean 925.33 482.13 85.767 147.59
Geometric mean 925.49 481.56 85.505 147.39
Mean square 1539.4 549.8 45.119 63.996
Variance 1609.4 577.29 46.999 64.814
Stand. Deviation 40.117 24.027 6.8556 8.0507
Coef. of variation 0.43355e-1 0.4983e-1 0.7993e-1 | 0.54547e-1
Third moment -13859 -4378.8 63.542 388.35
Stand. Skewness -0.22946 -0.33966 0.20967 0.79557
Fourth moment 0.66056e7 0.9436e6 5948.4 12567
Stand. Kurtosis 2.7874 3.1218 2.922 3.2696
Variance of mean 66.931 26.181 1.8047 2.6955
Var. of variance 0.18963e3 0.42359e11 0.1393e7 0.6798e7

Table 20 Descriptive statistics for S and G4, (VARIOUS)

Sample S G2
Valid 45 43
observations
Minimum 39.27 2.46
Maximum 80.79 4.76
Range 41.52 2.3
Median 63.74 3.5
Arithmetic mean 63.316 3.5502
Geometric mean 62.143 3.5229
Mean square 136 0.19607
Variance 139.10 0.20074
Stand. Deviation 11.794 0.44804
Coef. of variation 0.18627 0.1262
Third moment -692.06 0.31832e-1
Stand. Skewness -0.43633 0.36665
Fourth moment 42511 0.12709
Stand. Kurtosis 2.2982 3.3060
Variance of mean 3.0223 0.45597e-2
Var. of variance 0.39903e8 0.11065e-3
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Table 21 Descriptive statistics for S (Tmax at y12=50000 pe) and G, (ISO)

Sample S G2
Valid 28 28
observations
Minimum 41.57 3.283
Maximum 46.96 3.663
Range 5.39 0.38
Median 43.235 3.534
Arithmetic mean 43.509 3.536
Geometric mean 43.490 3.5351
Mean square 1.6812 0.0060027
Variance 1.7435 0.006225
Stand. Deviation 1.3204 0.078899
Coef. of variation 0.030348 0.022313
Third moment 1.6101 -0.00046197
Stand. Skewness 0.7386 -0.99334
Fourth moment 8.94 0.00017841
Stand. Kurtosis 3.1629 4.9513
Variance of mean 0.060044 0.00021438
Var. of variance 1.8818 0.12115e-5

5.2. Parameter estimation—-Goodness of fit tests-CDF plots

Definitions and notation used for parameter estimation of three standard distribution functions
was presented in Table 22. Two methods of parameter estimation, i.e. the method of
moments and the maximum likelihood estimation were used. Also, two tests were considered
for the adequacy of the fitted distributions to the data, namely Smirnov-Kolmogorov (S-K) and
Anderson-Darling (A-D). As it can be seen in the respective tables, all three distributions were
accepted (Non Rejected, NR) to represent the data of every sample. Results were displayed
in Tables 23 to 50. All goodness of fit tests were performed at a significance level of 0.05. The
plots of probability distribution (CDF) compared with the experimental data (empirical
distribution) for the different distributions were those for which the test distributions indicated
better fits. The italic format in the entries of Tables 23-50 correspond to the distributions
plotted in the graphs and the bold and italic format of the same tables corresponds to the
optimum distribution.
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Table 22 Definitions and notation for standard distribution functions [5]

Name Density/Distribution Function Range Mean Standard
Deviation

Normal

1 1({x—m
fx(x):ﬂanp[_E( o ) } —o<x<+0 | m o

1 (x—m)
=0
o o

Lognorma — L(D M 0<x<+o0 s 2 [ &
I x5 ) Ge? | Zer\e? -1

k x—7\"" x—7)"
fx(x)= exp| — X
Weibull (w—7)\w-1 w—1 r<x<+40 | m, s.d.,
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Sam ple Eit

Table 23 Values of the estimated parameters for different distributions

Method of Moments (MM) Maximum Likelihood (ML)
Or
ML-opt
Normal (m,c ) 40.0132 1.95714 -1 40.0132 1.95714
Lognorma|( &’8 ) 39.9654 0.488831e-1 - 39.968 0.474456e-1 —
Weibull (w,x,T) | 40.8778 25.5195 0| 40.9564 19.8612 0
Table 24 Test statistic values for the three tested distributions
MM ML or ML-opt
S-K A-D S-K A-D
Normal 0.59845 (NR) | 0.15> (NR) | 0.59845 (NR) 0.15> (NR)
Lognormal | 0.64792 (NR) | 0.15> (NR) 0.6888 (NR) 0.15> (NR)
Weibull 0.37655 (NR) | 0.15> (NR) | 0.25319 (NR) 0.15> (NR)
CDF E1T
1 — o
08F------mmmmm S
3}
|_
w06
U
= o Empirical distr.
ELE’ Lognormal distr.
e Y A Weibull distr. ||
o Normal distr.
02f - / 77777777777777777777777777777777777777
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UPWIND: WP3 Test results of in-plane mechanical properties for modeling complex stress states

Sam ple E1c

Table 25 Values of the estimated parameters for different distributions

Method of Moments (MM) | Maximum Likelihood (ML)
Or
ML-opt
Normal (m,G ) 38.781 1.07699 - | 38.781 1.07699 --
Lognormal(&,5) | 38.766 | 0.277657e- | -- | 38.766 | 0.268845e- | --
1 9 1
Weibull (w,k,T) | 39.260 45.4687 0| 39.318 34.7174 0
9 5
Table 26 Test statistic values for the three tested distributions
MM ML or ML-opt
S-K A-D S-K A-D
Normal 0.92634 0.15> (NR) | 0.92634 (NR) 0.15> (NR)
(NR)
Lognormal 0.94717 0.15> (NR) | 0.95724 (NR) 0.15> (NR)
(NR)
Weibull 0.5365 (NR) | 0.15>(NR) | 0.56269 (NR) 0.15> (NR)

0.8 -

Empirical distr.

Lognormal distr.
ffffffffffffffffffffffffffffffffff Weibull distr. -
Normal distr.

1 1 1 1 1 1 1 1
37.5 38 38.5 39 39.5 40 40.5 41
Compressive modulus of elasticity [E

1d
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UPWIND: WP3

Test results of in-plane mechanical properties for modeling complex stress states

Sample v,

Table 27 Values of the estimated parameters for different distributions

Method of Moments (MM) Maximum Likelihood (ML)
Or
ML-opt
Normal (m,c ) 0.25945 | 0.247685e- | -- | 0.25945 | 0.247685e- | --
1 1
Lognormal(&,5) 0.25827 | 0.952489e- | -- | 0.25832 | 0.934883e- | --
6 1 1 1
Weibull (w,k,T) | 0.27013 12.76 0| 0.27058 11.9183 0
8 3
Table 28 Test statistic values for the three tested distributions
MM ML or ML-opt
S-K A-D S-K A-D
Normal 0.87842 (NR) 0.15> (NR) 0.87842 (NR) 0.15> (NR)
Lognormal | 0.91347 (NR) 0.15> (NR) 0.88859 (NR) 0.15 (NR)
Weibull 0.72252 (NR) 0.15> (NR) 0.82889 (NR) 0.15> (NR)
CDF Vi,
5 I
0.8F------ e A
5
>§ 06Fr-----—-"-"-"-"-"-"-"“"-"“"-“"-"“"-"“"-~-~-"-~~"-"~"-"-"S S
v
S
E, Empirical distr.
04"~~~ - Lognormal distr. +
Weibull distr.
Normal distr.
02—, R i
. /

0.22 0.23

Deliverable 3.3.6 [Draft]
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UPWIND: WP3

Test results of in-plane mechanical properties for modeling complex stress states

Sample Eor

Table 29 Values of the estimated parameters for different distributions

Method of Moments (MM) | Maximum Likelihood (ML)
Or
ML-opt
Normal (m,c ) 13.211 0.580759 - 13.211 0.580759 --
3 3
Lognorma|( &,6 ) 13.198 0.439382e¢- - 13.199 0.428529e- -
5 1 1 1
Weibull (w,k,T) | 13.468 28.471 0| 13.488 23.2464 0
4 7
Table 30 Test statistic values for the three tested distributions
MM ML or ML-opt
S-K A-D S-K A-D
Normal 0.93515 (NR) | 0.15> (NR) | 0.93515 (NR) 0.15> (NR)
Lognormal | 0.94611 (NR) | 0.15>(NR) | 0.91893 (NR) 0.15> (NR)
Weibull 0.76502 (NR) | 0.15> (NR) | 0.91126 (NR) 0.15> (NR)
CDF E2T
L /f—— -

S
N NORAR--- - - - - - _ ____________#& £ __________________4
w
1
\Y .. .
5 *  Empirical distr.
,_L",f’ Lognormal distr.
Weibull distr. | ]
Normal distr.
| | | | |
12.5 13 13.5 14 14.5

Tensile modulus of elasticity [EZT]
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UPWIND: WP3

Test results of in-plane mechanical properties for modeling complex stress states

Sample Ezc

Table 31 Values of the estimated parameters for different distributions

Method of Moments (MM) | Maximum Likelihood (ML)
Or
ML-opt
Normal (m,c ) 14.234 0.447645 | -- | 14.234 0.447645 | --
3 3
Lognormal(&,5 ) 14.227 | 0.314406e- | -- | 14.227 | 0.309103e- | --
3 1 5 1
Weibull (w,x,T) | 14.433 40.0706 0| 14.439 34.1858 0
5 9
Table 32 Test statistic values for the three tested distributions
MM ML or ML-opt
S-K A-D S-K A-D
Normal 0.65765 (NR) | 0.15> (NR) | 0.65765 (NR) 0.15> (NR)
Lognormal | 0.60997 (NR) | 0.15> (NR) | 0.60569 (NR) 0.15 (NR)
Weibull 0.68379 (NR) | 0.15>(NR) | 0.51714 (NR) 0.15 (NR)
CDF EZC
T —
0.8f--mmmmmmmm e
§
L|||J 06Fr-------"-"-"-""-"""""""""""—
Q
w
S04 S -
4 *  Empirical distr.
Lognormal distr.
Weibull distr.
02p s v Normal distr. o
L] /
—

- |
13.2 134 13.6 138 14 142 144 146 1438 15.2

Compressive modulus of elasticity [E

15
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UPWIND: WP3 Test results of in-plane mechanical properties for modeling complex stress states

Sample v,

Table 33 Values of the estimated parameters for different distributions

Method of Moments (MM) Maximum Likelihood (ML)
Or
ML-opt
Normal (m,c) | 0.79733e-1 | 0.116305e-1 | -- | 0.79733e-1 | 0.116305e- | --
1
Lognormal(&,5) | 0.78898e-1 0.145101 - | 0.789318e- 0.142918 | --
1
Weibull (w,x,T) | 0.84591e-1 8.14679 0 | 0.846989%e- 7.05012 0
1

Table 34 Test statistic values for the three tested distributions

MM ML or ML-opt
S-K A-D S-K A-D
Normal 0.86483 (NR) 0.15> (NR) 0.86483 (NR) 0.15> (NR)
Lognormal 0.7509 (NR) 0.15> (NR) 0.775 (NR) 0.15> (NR)
Weibull 0.72447 (NR) 0.15> (NR) 0.69404 (NR) 0.15> (NR)
CDF Vyq

E

>N ”””””””””””””””””””””””””””””””

1

v, *  Empirical distr.

E(,\' Lognormal distr.
Weibull distr. -
Normal distr.

O | | | | | |
0.05 0.06 0.07 0.08 0.09 0.1 0.11

Poisson ratio [v21]
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UPWIND: WP3

Test results of in-plane mechanical properties for modeling complex stress states

Sample G, (1SO)

Table 35 Values of the estimated parameters for different distributions

Method of Moments (MM) | Maximum Likelihood (ML)
Or

ML-opt

Normal (m,G ) 3.5359 | 0.788987e- | -- | 3.5359 | 0.788987e- | --
6 1 6 1

Lognormal(&,8) | 3.5350 | 0.223104e- | - | 3.5357 | 0.221718e- | -
8 1 1

Weibull (w,x,T) | 3.5712 56.7619 0| 3.5708 56.1397 0

9

Table 36 Test statistic values for the three tested distributions

MM ML or ML-opt
S-K A-D S-K A-D
Normal 0.86851 (NR)>0.15 0.86851 (NR)>0.15
Lognormal 0.865 (NR)>0.15 0.87567 (NR)>0.15
Weibull 0.95824 (NR)>0.15 0.95455 (NR)>0.15
12
1 +—
-
+ Sampling distribution 4
===Normal distribution
0.8 - Lognormal distribution
Weibull distribution
G 06
o
04+
.
.
02 *
Y
.
0 * _ 7//‘
32 33 34 35 36 37 38
G, [GPa]
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UPWIND: WP3

Test results of in-plane mechanical properties for modeling complex stress states

Sample G, (VARIOUS)

Table 37 Values of the estimated parameters for different distributions

Method of Moments Maximum Likelihood

(MM) (ML)

Or

ML-opt
Normal (m,G ) 3.55023 | 0.448035 | -—- | 3.55023 | 0.448035 | ---
Lognormal(&,8) 3.5223 | 0.125701 | --- | 3.52287 | 0.12455 | ---
Weibull (w,k,T) | 3.73994 | 950595 | 0 | 3.74938 | 8.11428 | 0

Table 38 Test statistic values for the three tested distributions

MM ML or ML-opt
S-K A-D S-K A-D
Normal 0.35515 (NR) | 0.15> (NR) | 0.35515(NR) | 0.15> (NR)
Lognormal 0.5897 (NR) 0.15 (NR) 0.5944 (NR) 0.15> (NR)
Weibull 0.11383 (NR) | 0.15> (NR) | 0.13766 (NR) | 0.15> (NR)
CDF G,
l ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, - —_

:Glzcr)

F(G12<

Empirical distr.
Lognormal distr. |
Weibull distr.
Normal distr.

1
3.5 4 4.5

Shear modulus [Glz]
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UPWIND: WP3 Test results of in-plane mechanical properties for modeling complex stress states

Sample Xy

Table 39 Values of the estimated parameters for different distributions

Method of Moments (MM) | Maximum Likelihood (ML)
Or
ML-opt
Normal (m,c ) 925.32 401172 | -- | 925.32 40.1172 | --
5 5
Lognorma]( &’ 8 ) 924.45 0.43334e- -- 924.48 0.42698e- -
7 1 6 1
Weibull (w,k,T) | 943.09 28.8776 | 0 | 943.86 26.4322 | 0
2

Table 40 Test statistic values for the three tested distributions

MM ML or ML-opt
S-K A-D S-K A-D
Normal 0.811 (NR) 0.15> (NR) 0.811 (NR) 0.15> (NR)

Lognormal | 0.85777 (NR) | 0.15> (NR) | 0.86996 (NR) | 0.15> (NR)

Weibull | 0.353383 (NR) | 0.15> (NR) | 0.39645 (NR) | 0.15> (NR)

CDF X,
T P
08F-—
0B
1
V
<
L
04F---------—— g /- . X -
e Empirical distr.
//. Lognormal distr.
¢ Weibull distr.
0.2F - Normal distr. [ ]
0

| | | | | | | |
840 860 880 900 920 940 960 980 1000

Tensile strength [XT]
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UPWIND: WP3

Test results of in-plane mechanical properties for modeling complex stress states

Sample X¢

Table 41 Values of the estimated parameters for different distributions

Method of Moments (MM) | Maximum Likelihood (ML)
Or
ML-opt
Normal (m,c ) 482.13 24.027 - | 482.13 24.027 --
4 4
Lognorma|( é,S ) 481.53 0.498037e- -- 481.55 0.491899%e- -
7 1 6 1
Weibull (W,x,T) | 429.74 25.0348 0| 492.98 22.9163 0
5 3

Table 42 Test statistic values for the three tested distributions

MM ML or ML-opt
S-K A-D S-K A-D
Normal 0.96928 (NR) 0.15 (NR) 0.96928 (NR) 0.15 (NR)
Lognormal 0.94463 (NR) 0.15 (NR) 0.95213 (NR) 0.15> (NR)
Weibull 0.91195 (NR) | 0.15> (NR) 0.9276 (NR) 0.15> (NR)
CDF X
I >~
08Fr— "
B 0BF-
1
\Y
X
LL
Odr-— e Empirical distr. |-~
Lognormal distr.
y/ Weibull distr.
,,,,,,,,,,,,,,,,,,,,,, S Normal distr. ]
0.2 o
O | : | | | | |
420 440 460 480 500 520
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UPWIND: WP3

Test results of in-plane mechanical properties for modeling complex stress states

Sample Yq

Table 43 Values of the estimated parameters for different distributions

Method of Moments (MM) | Maximum Likelihood (ML)
Or
ML-opt
Normal (m,c ) 85.766 6.85555 -- | 85.766 6.85555 -
8 8
Lognorma|( E‘” 8 ) 85.494 0.798053e- - 85.504 0.782298e- -
1 1 8 1
Weibull (w,k,T) | 88.750 15.3617 0| 88.913 12.9219 -
4 5
Table 44 Test statistic values for the three tested distributions
MM ML or ML-opt
S-K A-D S-K A-D
Normal 0.97657 (NR) | 0.15> (NR) | 0.97657 (NR) 0.15> (NR)
Lognormal | 0.92512 (NR) | 0.15> (NR) | 0.91535 (NR) 0.15> (NR)
Weibull 0.93811 (NR) | 0.15> (NR) | 0.82916 (NR) 0.15> (NR)
CDF YT
1 ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

:YTcr)

F(YT<

Empirical distr.

Weibull distr.
Normal distr.

Lognormal distr. |

Deliverable 3.3.6 [Draft]

Tensile strength [Y

J

39/130




UPWIND: WP3

Test results of in-plane mechanical properties for modeling complex stress states

Sample Y¢

Table 45 Values of the estimated parameters for different distributions

Method of Moments (MM) | Maximum Likelihood (ML)
Or
ML-opt
Normal (m,c ) 147.59 8.0507 - | 147.59 8.0507 --
3 3
Lognormal(&,8) | 147.37 | 0.545061e- | -- | 147.38 | 0.523967e- | --
4 1 8 1
Weibull (w,x,T) | 151.14 22.8144 0| 151.52 17.1163 0
1 6

Table 46 Test statistic values for the three tested distributions

MM ML or ML-opt
S-K A-D S-K A-D
Normal 0.91763 0.15> (NR) | 0.91763 (NR) 0.15> (NR)
(NR)
Lognormal 0.93097 0.15> (NR) | 0.87874 (NR) 0.15> (NR)
(NR)
Weibull 0.57376 0.001 (R) 0.43176 (NR) 0.15> (NR)
(NR)
CDF Y.
1 |

F(Yo<=Y )

Deliverable 3.
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UPWIND: WP3

Test results of in-plane mechanical properties for modeling complex stress states

Sample S (Tax at y12=50000 pe) (ISO)

Table 47 Values of the estimated parameters for different distributions

Method of Moments (MM) | Maximum Likelihood (ML)
Or
ML-opt
Normal (m,c) | 43.5093 1.32041 -- | 43.509 1.32041 -
3
Lognorma|( &, 6 ) 43.4893 | 0.303408e-1 | -- 43.490 0.29505e- -
2 1
Weibull (w,k,T) | 44.0972 41.5489 0| 44.174 30.5859 0
5
Table 48 Test statistic values for the three tested distributions
MM ML or ML-opt
S-K A-D S-K A-D
Normal 0.88622 (NR)>0.15 0.88622 (NR)>0.15
Lognormal 0.91824 (NR)>0.15 0.8998 (NR)>0.15
Weibull 0.39985 (NR)>0.15 0.55791 (NR)>0.15
1.2
1 *
B /
« Sampling distribution . M
=== Normal distribution *
08 +—m—— Lognormal distribution ,’ 4
Weibull distribution :
8 06 .

g0
.
-
0.4

0.2 o

405 41 415 42 425 43 435 44 445 45 455 46 465 47 475
S [MPa]

Deliverable 3.3.6 [Draft]

48

41/130




UPWIND: WP3

Test results of in-plane mechanical properties for modeling complex stress states

Sample S (VARIOUS)

Table 49 Values of the estimated parameters for different distributions

Method of Moments Maximum Likelihood

(MM) (ML)

Or

ML-opt
Normal (m,c ) 63.3156 | 11.7939 | --- | 63.3156 | 11.7939 | ---
Lognormal(&,3) 62.2449 | 0.184686 | --- | 62.1429 | 0.198573 | ---
Weibull (w,k,T) | 68.0883 | 6.26239 | 0 | 68.0634 | 6.60207 0

Table 50 Test statistic values for the three tested distributions

MM ML or ML-opt
S-K A-D S-K A-D
Normal 0.73861 (NR) | 0.15> (NR) 0.73861 0.15> (NR)
(NR)
Lognormal 0.38955 (NR) | 0.15> (NR) 0.36752 0.15> (NR)
(NR)
Weibull 0.78042 (NR) | 0.15> (NR) 0.67781 0.15> (NR)
(NR)
CDF S
l————————————————————————————————————————————————————;——o—
O/
0.8F- - A SO
:,;5 06Fr-------"" e A
U
2
LL
04— e
Empirical distr.
Lognormal distr.
Weibull distr. T
Normal distr.
1 1 1 1
65 70 75 80
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UPWIND: WP3

Test results of in-plane mechanical properties for modeling complex stress states

5.3. Comparison between OPTIMAT-UPWIND

A comparison of most important descriptive statistics for the basic stochastic variables of
OPTIMAT and UPWIND was presented in Table 51. Graphs comparing the optimum

distributions and experimental data follow.

Table 51 Comparison of some descriptive statistics of OPTIMAT and UPWIND

Arithmetic mean Variance | Coef. Of variation
Sample E;; (UPWIND) [GPa] 40.013 3.8304 0.48912e-1
Sample Eq; (OPTIMAT) [GPal 39.042 1.0657 0.26442e-1
Sample Ec (UPWIND) [GPa] 38.781 1.1599 0.27771e-1
Sample E ¢ (OPTIMAT) [GPa] 38.91 0.26888 0.13327e-1
Sample v4, (UPWIND) 0.25945 0.61348e- 0.95465e-1
3
Sample vq, (OPTIMAT) 0.29058 0.73642e- 0.93391e-1
3
Sample E,r (UPWIND) [GPa] 13.211 0.33728 0.43959e-1
Sample E,r (OPTIMAT) [GPa] 14.077 0.10549 0.23072e-1
Sample Eyc (UPWIND) [GPa] 14.234 0.20039 0.31448e-1
Sample Eyc (OPTIMAT) [GPa] 14.997 0.6534e-1 0.17044e-1
Sample vz; (UPWIND) 0.79733e-1 0.13527e- 0.14587
3
Sample vz4 (OPTIMAT) 0.95036e-1 0.4168e-4 0.67932e-1
Sample G4, (UPWIND- 3.5502 0.20074 0.1262
VARIOUS)
Sample G4 (OPTIMAT) 4.2388 0.98352e- 0.23396e-1
2
Sample G4, (UPWIND-ISO) 3.5360 0.006225 0.22313e-1
Sample Xy (UPWIND) [MPa] 925.33 1609.4 0.43355e-1
Sample X1 (OPTIMAT) [MPa] 776.5 1306.3 0.46546e-1
Sample X¢ (UPWIND) 482.13 577.29 0.49835e-1
Sample X¢ (OPTIMAT) 521.82 272.28 0.31622e-1
Sample Y1 (UPWIND) 85.767 46.999 0.79932e-1
Sample Y1 (OPTIMAT) 53.865 6.5628 0.4756e-1
Sample Y¢ (UPWIND) 147.59 64.814 0.54547e-1
Sample Yc (OPTIMAT) 165 23.512 0.29386e-1
Sample S (UPWIND-VARIOUS) 63.316 139.10 0.18627
Sample S (OPTIMAT) 56.071 1.2084 0.19605e-1
Sample S (UPWIND-ISO) 43.509 1.7435 0.30348e-1
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UPWIND: WP3 Test results of in-plane mechanical properties for modeling complex stress states
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UPWIND: WP3 Test results of in-plane mechanical properties for modeling complex stress states
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Test results of in-plane mechanical properties for modeling complex stress states

UPWIND: WP3
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Test results of in-plane mechanical properties for modeling complex stress states

UPWIND: WP3
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6. Conclusions

For the characterization of in-plane mechanical properties of the UPWIND GI/Ep UD 128 axial
static tests were performed at UP in the frame of WP 3.3. Concerning the static tensile tests
parallel to the fibres, average values of UTS, E, and v,, were found equal to 923.65 MPa,

39.90 GPa and 0.26 respectively. Failure was located in the gauge length region. Coefficients
of variation were relatively low, verifying the consistency of the experiments.

For the static compressive tests parallel to the fibres, average values of UCS and E, were

found equal to -482.14 MPa and 38.78 GPa respectively. Considerable bending was
observed in four (4/25) coupons. Failure modes were almost the same for all coupons.
Coefficients of variation verify the consistency of the experiments.

In the static tensile tests transverse to the fibres, average values of UTS, E, and v,, were

found equal to 85.77 MPa, 13.19 GPa and 0.08 respectively. Failure was always located in
the tab region. Coefficients of variation were relatively low. For the respective compressive
tests, average values of UCS and E, were found equal to -147.49 MPa and 14.24 GPa

respectively. Considerable bending was observed in one (1/25) coupon. Failure modes were
in all cases acceptable. Coefficients of variation verify the consistency of the experiments.

In the tensile tests of the ISO 14129 [145]s coupons for shear properties characterization,
average values of G,, and S were found equal to 3.53 GPa, and 43.509 MPa respectively.

Failure was located always in the gauge length region and the failure mode was the same.
Coefficients of variation were low verifying the consistency of the experiments.

In a detailed statistical analysis of the test data, three different distributions were considered
to fit the samples, namely normal, lognormal and weibull. Two methods of parameter
estimation, i.e. the method of moments and the maximum likelihood estimation were used.
Finally, two hypothesis tests were considered for the adequacy of the fitted distributions to the
data, Smirnov-Kolmogorov and Anderson-Darling. As presented, all three distributions are
accepted to represent the data of every sample.

From the comparison of the basic statistical features of OPTIMAT and UPWIND databases it
was derived that the samples Eq1, X1, Y7 and S (VARIOUS) from UPWIND exhibit greater
mean values. It must be said that the differences in mean values of samples Eqr, Eic, V12, Eor,
Eoc, V21 were not significant. It seems that the new material is stiffer in the fibre direction and
has greater tensile strength in both directions (parallel and transverse to the fibres) and shear
strength (according to the VARIOUS data set). The opposite was valid for the compressive
strengths.

From the results it can be derived that the OPTIMAT database has less variability in the data
than the UPWIND. All the OPTIMAT samples have smaller coefficients of variation except for
Xt. This lower variability is explained by the fact that the OPTIMAT experiments were
conducted for coupons cut out of a few only plates.
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8. Appendix

8.1. Tensile UD tests parallel to the fibres

8.1.1. Stress-strain graphs

1000

o, (MPa) s00

——BVO3R08
200 ——BVOSR08

BV10ROB
——BV11R08

——BV13R08

0 5000 10000 15000 20000 25000 30000

e, (*109)

Fig. 4: Stress-strain curve of 5 coupons tested in tension in the fibres direction: BVO3R08,
BVO9R08, BV10R08, BV11R08 and BV13R08
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Fig. 5: Stress-strain curve of 5 coupons tested in tension in the fibres direction: BW01R08,
BWO05R08, BW07R08, BW11R08 and BWO0O3R08
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Fig. 6: Stress-strain curve of 5 coupons tested in tension in the fibres direction: BW0O9RO08,
BW15R08, BW17R08, BW19R08 and BW21R08
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Fig. 7: Stress-strain curve of 5 coupons tested in tension in the fibres direction: BW22R08,
BW23R08, BW25R08, BW27R08 and BX20R08
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Fig. 8: Stress-strain curve of 5 coupons tested in tension in the fibres direction: BX24R08,
BX26R08, BX28R08, BX30R08 and BX18R08

8.1.2. Stress-strain graphs (500-2500 pg)
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Fig. 9: Stress-strain curve of 5 coupons tested in tension in the fibres direction and linear
curve fit: BVO3R08, BVO9R08, BV10R08, BV11R08 and BV13R08
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Fig. 10: Stress-strain curve of 5 coupons tested in tension in the fibres direction and linear
curve fit: BW01R08, BWO05R08, BW07R08, BW11R08 and BW03R08
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Fig. 11: Stress-strain curve of 5 coupons tested in tension in the fibres direction and linear
curve fit: BWO9R08, BW15R08, BW17R08, BW19R08 and BW21R08
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Fig. 12: Stress-strain curve of 5 coupons tested in tension in the fibres direction and linear
curve fit: BW22R08, BW23R08, BW25R08, BW27R08 and BX20R08
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Fig. 13: Stress-strain curve of 5 coupons tested in tension in the fibres direction and linear
curve fit: BX24R08, BX26R08, BX28R08, BX30R08 and BX18R08
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8.1.3. Transverse strain-Axial strain graphs (500-2500 pg)
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Fig. 14: Transverse strain-Axial strain curve of 4 coupons tested in tension in the fibres
direction and linear curve fit: BVO3R08, BVO9R08, BV11R08 and BV13R08
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Fig. 15: Transverse strain-Axial strain curve of 5 coupons tested in tension in the fibres
direction and linear curve fit: BW01R08, BW05R08, BW07R08, BW11R08 and BWO03R08
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Fig. 16: Transverse strain-Axial strain curve of 5 coupons tested in tension in the fibres
direction and linear curve fit: BW09R08, BW15R08, BW17R08, BW19R08 and BW21R08
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Fig. 17: Transverse strain-Axial strain curve of 5 coupons tested in tension in the fibres
direction and linear curve fit: BW22R08, BW23R08, BW25R08, BW27R08 and BX20R08
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Fig. 18: Transverse strain-Axial strain curve of 5 coupons tested in tension in the fibres
direction and linear curve fit: BX24R08, BX26R08, BX28R08, BX30R08 and BX18R08

8.1.4. Photographs of tested coupons

Fig. 19: Photo of the tested coupons BVO3R08, BV09R08, BV10R08, BV11R08 and
BV13R08 (from left to right)
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Fig. 20: Photo of the tested

coupons BVO3R08, BV0O9R08, BV10R08, BV11R08 and
BV13RO08 (from left to right)

Fig. 21: Photo of the tested coupons

BWO01R08, BW05R08, BW07R08, BW11R08 and
BWO3RO08 (from left to right)
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E————— 'J

Fig. 22: Photo of the tested coupons BWO01R08, BWO05R08, BW07R08, BW11R08 and
BWO3RO08 (from left to right)

Fig. 23: Photo of the tested coupons BWO9R08, BW15R08, BW17R08, BW19R08 and
BW21R08 (from left to right)
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Fig. 24: Photo of the tested coupons BWO0O9R08, BW15R08, BW17R08, BW19R08 and
BW21R08 (from left to right)

Fig. 25: Photo of the tested coupons BW22R08, BW23R08, BW25R08, BW27R08 and
BX20RO08 (from left to right)
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Fig. 26: Photo of the tested coupons BW22R08, BW23R08, BW25R08, BW27R08 and
BX20RO08 (from left to right)

Fig. 27: Photo of the tested coupons BX24R08, BX26R08, BX28R08, BX30R08 and
BX18RO08 (from left to right)
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UPWIND: WP3

[

Fig. 28: Photo of the tested coupons BX24R08, BX26R08, BX28R08, BX30R08 and
BX18RO08 (from left to right)
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8.2. Compressive UD tests parallel to the fibres

8.2.1. Stress-strain graphs
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Fig. 29: Stress-strain curve of 5 coupons tested in compression in the fibres direction:
BV01R08, BVO5R08, BV07R08, BV15R08 and BV17R08
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Fig. 30: Stress-strain curve of 5 coupons tested in compression in the fibres direction:
BV19R08, BV21R08, BV23R08, BV25R08 and BV27R08

Deliverable 3.3.6 [Draft] 66/130




UPWIND: WP3 Test results of in-plane mechanical properties for modeling complex stress states

r T T T T
-16000 -14000 -12000 -10000 -8000 -6000 -4000 -2000

——BWI13R08

—BX02R08 -100 -
BX04R0O8

——BX06R08

———BX0ER08

o, (MPa) -300 -|

-600 -
&, (*10%)

Fig. 31: Stress-strain curve of 5 coupons tested in compression in the fibres direction:
BW13R08, BX02R08, BX04R08, BX06R08 and BX08R08
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Fig. 32: Stress-strain curve of 5 coupons tested in compression in the fibres direction:
BX10R08, BX12R08, BX14R08, BX16R08 and CBO8R08
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Fig. 33: Stress-strain curve of 5 coupons tested in compression in the fibres direction:
CB10R08, CB12R08, CB26R08, CB28R08 and CB30R08

8.2.2. Stress-strain graphs (500-2500 pg)
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Fig. 34: Stress-strain curve of 5 coupons tested in compression in the fibres direction and
linear curve fit: BV01R08, BVO5R08, BV07R08, BV15R08 and BV17R08
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Fig. 35: Stress-strain curve of 5 coupons tested in compression in the fibres direction and

linear curve fit: BV19R08, BV21R08, BV23R08, BV25R08 and BV27R08
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Fig. 36: Stress-strain curve of 5 coupons tested in compression in the fibres direction and

linear curve fit: BW13R08, BX02R08, BX04R08, BX06R08 and BX08R08
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Fig. 37: Stress-strain curve of 5 coupons tested in compression in the fibres direction and

linear curve fit: BX10R08, BX12R08, BX14R08, BX16R08 and CBO8R08
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Fig. 38: Stress-strain curve of 5 coupons tested in compression in the fibres direction and

linear curve fit: CB10R08, CB12R08, CB26R08, CB28R08 and CB30R08
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8.2.3. Bending strain-Axial stress graphs
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Fig. 39: Bending strain-Axial stress curve of 5 coupons tested in compression in the fibres
direction: BV01R08, BV0O5R08, BV0O7R08, BV15R08 and BV17R08
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Fig. 40: Bending strain-Axial stress curve of 5 coupons tested in compression in the fibres
direction: BV19R08, BV21R08, BV23R08, BV25R08 and BV27R08
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Fig. 41: Bending strain-Axial stress curve of 5 coupons tested in compression in the fibres
direction: BW13R08, BX02R08, BX04R08, BX06R08 and BX08R08
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Fig. 42: Bending strain-Axial stress curve of 5 coupons tested in compression in the fibres
direction: BX10R08, BX12R08, BX14R08, BX16R08 and CBO8R08
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Fig. 43: Bending strain-Axial stress curve of 5 coupons tested in compression in the fibres
direction: CB10R08, CB12R08, CB26R08, CB28R08 and CB30R08

8.2.4. Photographs of tested coupons
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Fig. 44: Photo of the tested coupons BV01R08, BV05R08, BV07R08, BV15R08 and
BV17R08 (from left to right)
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Fig. 45: Photo of the tested coupons BV01R08, BV05R08, BV07R08, BV15R08 and
BV17RO08 (from left to right)

Fig. 46: Photo of the tested coupons BV19R08, BV21R08, BV23R08, BV25R08 and
BV27R08 (from left to right)
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Fig. 47: Photo of the tested coupons BV19R08, BV21R08, BV23R08, BV25R08 and
BV27R08 (from left to right)
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Fig. 48: Photo of the tested coupons BW13R08, BX02R08, BX04R08, BX06R08 and
BX08R08 (from left to right)
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Fig. 49: Photo of the tested coupons BW13R08, BX02R08, BX04R08, BX06R08 and
BX08RO08 (from left to right)

Fig. 50: Photo of the tested coupons BX10R08, BX12R08, BX14R08, BX16R08 and
CBO08RO08 (from left to right)
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Fig. 51: Photo of the tested coupons BX10R08, BX12R08, BX14R08, BX16R08 and
CBO8RO08 (from left to right)

Fig. 52: Photo of the tested coupons CB10R08, CB12R08, CB26R08, CB28R08 and
CB30RO08 (from left to right)
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Fig. 53: Photo of the tested coupons CB10R08, CB12R08, CB26R08, CB28R08 and
CB30R08 (from left to right)
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8.3. Tensile UD tests transversely to the fibres

8.3.1. Stress-strain graphs
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Fig. 54: Stress-strain curve of 5 coupons tested in tension in the transverse to the fibres
direction: BJ27R089, BY07R089, BY08R089, BYO9R089 and BY10R089
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Fig. 55: Stress-strain curve of 5 coupons tested in tension in the transverse to the fibres
direction: BY23R089, BY24R089, BY25R089, BY27R089 and BY21R089
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Fig. 56: Stress-strain curve of 5 coupons tested in tension in the transverse to the fibres
direction: BY26R089, CC01R089, CC02R089, CC04R089 and CC05R089
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Fig. 57: Stress-strain curve of 5 coupons tested in tension in the transverse to the fibres
direction: CC07R089, CC08R089, CC11R089, CC12R089 and CC0O3R089
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Fig. 58: Stress-strain curve of 5 coupons tested in tension in the transverse to the fibres
direction: CC09R089, CC13R089, CC15R089, CC16R089 and CC17R089

8.3.2. Stress-strain graphs (500-2500 pg)
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Fig. 59: Stress-strain curve of 5 coupons tested in tension in the transverse to the fibres
direction and linear curve fit: BJ27R089, BY07R089, BY08R089, BYO9R089 and BY10R089
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Fig. 60: Stress-strain curve of 5 coupons tested in tension in the transverse to the fibres
direction and linear curve fit: BY23R089, BY24R089, BY25R089, BY27R089 and BY21R089
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Fig. 61: Stress-strain curve of 5 coupons tested in tension in the transverse to the fibres
direction and linear curve fit: BY26R089, CC01R089, CC02R089, CC04R089 and CC05R089
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Fig. 62: Stress-strain curve of 5 coupons tested in tension in the transverse to the fibres
direction and linear curve fit: CC07R089, CC08R089, CC11R089, CC12R089 and CC0O3R089

40 4

a, (MPa) 20 -

CCO9ROBS
CC13R089
CC15R08%

CC16ROBS

¥ X 0k H &

CC17R0OBS

Linear (CCOSRO8S)

Linear (CC13R08S)

Linear (CC15R089)

Linear (CC16R089)

Linear (CC17R089)

500 700 900 1100 1300 1500 1700 1900 2100

£,(*10%)

2300

2500

Fig. 63: Stress-strain curve of 5 coupons tested in tension in the transverse to the fibres
direction and linear curve fit: CCO9R089, CC13R089, CC15R089, CC16R089 and CC17R089
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8.3.3. Transverse strain-Axial strain graphs (500-2500 pg)
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Fig. 64: Transverse strain-Axial strain curve of 5 coupons tested in tension in the transverse
to the fibres direction and linear curve fit: BJ27R089, BY07R089, BY08R089, BYO9R089 and
BY10R089
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Fig. 65: Transverse strain-Axial strain curve of 5 coupons tested in tension in the transverse
to the fibres direction and linear curve fit: BY23R089, BY24R089, BY25R089, BY27R089 and
BY21R089
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Fig. 66: Transverse strain-Axial strain curve of 4 coupons tested in tension in the transverse
to the fibres direction and linear curve fit: BY26R089, CC01R089, CC04R089 and CC05R089
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Fig. 67: Transverse strain-Axial strain curve of 5 coupons tested in tension in the transverse
to the fibres direction and linear curve fit: CC07R089, CC08R089, CC11R089, CC12R089
and CC0O3R089
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Fig. 68: Transverse strain-Axial strain curve of 5 coupons tested in tension in the transverse
to the fibres direction and linear curve fit: CCO9R089, CC13R089, CC15R089, CC16R089
and CC17R089

8.3.4. Photographs of tested coupons

Fig. 69: Photo of the tested coupons BJ27R089, BY07R089, BYO8R089, BY09R089 and
BY10R089 (from left to right)

Deliverable 3.3.6 [Draft] 86/130




UPWIND: WP3 Test results of in-plane mechanical properties for modeling complex stress states

BJ27R089

Fig. 70: Photo of the tested coupons BJ27R089, BY07R089, BY08R089, BY0O9R089 and
BY10R089 (from left to right)

Fig. 71: Photo of the tested coupons BY23R089, BY24R089, BY25R089, BY27R089 and
BY21R089 (from left to right)
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Fig. 72: Photo of the tested coupons BY23R089, BY24R089, BY25R089, BY27R089 and
BY21R089 (from left to right)

Fig. 73: Photo of the tested coupons BY26R089, CC01R089, CC02R089, CC04R089 and
CCO05R089 (from left to right)
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Fig. 74: Photo of the tested coupons BY26R089, CC01R089, CC02R089, CC04R089 and
CCO05R089 (from left to right)

Fig. 75: Photo of the tested coupons CC07R089, CC08R089, CC11R089, CC12R089 and
CCO3R089 (from left to right)
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Fig. 76: Photo of the tested coupons CC07R089, CC08R089, CC11R089, CC12R089 and
CCO3R089 (from left to right)

Fig. 77: Photo of the tested coupons CC09R089, CC13R089, CC15R089, CC16R089 and
CC17R089 (from left to right)
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Fig. 78: Photo of the tested coupons CC09R089, CC13R089, CC15R089, CC16R089 and
CC17R089 (from left to right)
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8.4. Compressive UD tests transversely to the fibres

8.4.1. Stress-strain graphs
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Fig. 79: Stress-strain curve of 5 coupons tested in compression in the transverse to the fibres
direction: BJ26R089, BJ29R089, BY01R089, BY03R089 and BY11R089
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Fig. 80: Stress-strain curve of 5 coupons tested in compression in the transverse to the fibres
direction: BY13R089, BY15R089, BY17R089, BY18R089 and BY19R089
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Fig. 81: Stress-strain curve of 5 coupons tested in compression in the transverse to the fibres
direction: BZ01R089, BZ03R089, BZ05R089, BZ07R089 and BZ08R089
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Fig. 82: Stress-strain curve of 5 coupons tested in compression in the transverse to the fibres
direction: BZ09R089, BZ11R089, BZ13R089, BZ14R089 and BZ15R089
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Fig. 83: Stress-strain curve of 5 coupons tested in compression in the transverse to the fibres
direction: CC19R089, CC21R089, CC23R089, CC25R089 and CC27R089

8.4.2. Stress-strain graphs (500-2500 pg)
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Fig. 84: Stress-strain curve of 5 coupons tested in compression in the transverse to the fibres
direction and linear curve fit: BJ26R089, BJ29R089, BY01R089, BYO3R089 and BY11R089
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Fig. 85: Stress-strain curve of 5 coupons tested in compression in the transverse to the fibres
direction and linear curve fit: BY13R089, BY15R089, BY17R089, BY18R089 and BY19R089
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Fig. 86: Stress-strain curve of 5 coupons tested in compression in the transverse to the fibres
direction and linear curve fit: BZ01R089, BZ03R089, BZ05R089, BZ07R089 and BZ08R089
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Fig. 87: Stress-strain curve of 5 coupons tested in compression in the transverse to the fibres
direction and linear curve fit: BZ09R089, BZ11R089, BZ13R089, BZ14R089 and BZ15R089
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Fig. 88: Stress-strain curve of 5 coupons tested in compression in the transverse to the fibres
direction and linear curve fit: CC19R089, CC21R089, CC23R089, CC25R089 and CC27R089
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8.4.3. Bending strain-Axial stress graphs

——BI25R089
——BJ29R089 04 1
——BY03R089
——BY11R089
035
bendingstrain limit
0.3
£
[u 0.25 -
]
1
0o
£
5
c 0.2 -
]
a
015
| \ .
200 180 160 140 120 -100 -80 50 40 20 0

g, (MPa)

Fig. 89: Bending strain-Axial stress curve of 4 coupons tested in compression in the
transverse to the fibres direction: BJ26R089, BJ29R089, BYO3R089 and BY11R089
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Fig. 90: Bending strain-Axial stress curve of 5 coupons tested in compression in the
transverse to the fibres direction: BY13R089, BY15R089, BY17R089, BY18R089 and
BY19R089
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Fig. 91: Bending strain-Axial stress curve of 4 coupons tested in compression in the
transverse to the fibres direction: BZ01R089, BZ03R089, BZ05R089 and BZ08R089
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Fig. 92: Bending strain-Axial stress curve of 5 coupons tested in compression in the
transverse to the fibres direction: BZ09R089, BZ11R089, BZ13R089, BZ14R089 and

BZ15R089
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Fig. 93: Bending strain-Axial stress curve of 5 coupons tested in compression in the
transverse to the fibres direction: CC19R089, CC21R089, CC23R089, CC25R089 and
CC27R089

8.4.4. Photographs of tested coupons

Fig. 94: Photo of the tested coupons BJ26R089, BJ29R089, BY01R089, BYO3R089 and
BY11R089 (from left to right)
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BJ26R08Y

Fig. 95: Photo of the tested coupons BJ26R089, BJ29R089, BY01R089, BY03R089 and
BY11R089 (from left to right)

Fig. 96: Photo of the tested coupons BY13R089, BY15R089, BY17R089, BY18R089 and
BY19R089 (from left to right)
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Fig. 97: Photo of the tested coupons BY13R089, BY15R089, BY17R089, BY18R089 and
BY19R089 (from left to right)

Fig. 98: Photo of the tested coupons BZ01R089, BZ03R089, BZ05R089, BZ07R089 and
BZ08RO089 (from left to right)
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BZO1R089

BZO5R083

Fig. 99: Photo of the tested coupons BZ01R089, BZ03R089, BZ05R089, BZ07R089 and
BZ08RO089 (from left to right)

Fig. 100: Photo of the tested coupons BZ09R089, BZ11R089, BZ13R089, BZ14R089 and
BZ15R089 (from left to right)
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BEZ13R089
BZ14R089

008 16:55

Fig. 101: Photo of the tested coupons BZ09R089, BZ11R089, BZ13R089, BZ14R089 and
BZ15R089 (from left to right)

Fig. 102: Photo of the tested coupons CC19R089, CC21R089, CC23R089, CC25R089 and
CC27R089 (from left to right)
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Fig. 103: Photo of the tested coupons CC19R089, CC21R089, CC23R089, CC25R089 and
CC27R089 (from left to right)
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8.5. Tensile UD tests of ISO 14129 [*¥45]s coupons

8.5.1. Axial stress-strain graphs
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Fig. 104 Axial stress vs. axial strain for coupons KH01110-KHO05I10
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Fig. 105 Axial stress vs. axial strain for coupons KH06110-KH11110
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Fig. 106 Axial stress vs. axial strain for coupons KJ01110-KJ05I10
120
100
80 -
©
o
= 60
° ——KJ06I10
40 ——KJ07110
KJ08I10
KJ09I10
20 —KJ1010
0 T T T T T
0 10000 20000 30000 40000 50000 60000
& [pe]
Fig. 107 Axial stress vs. axial strain for coupons KJ06110-KJ10110
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Fig. 108 Axial stress vs. axial strain for coupons KK01110-KK05I10
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Fig. 109 Axial stress vs. axial strain for coupons KK06110-KK07110
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8.5.2. Axial stress-strain graphs (500-2500 pg)
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Fig. 110 Linear fits of axial stress vs. axial strain curves for coupons KH01110-KH03I10
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Fig. 111 Linear fits of axial stress vs. axial strain curves for coupons KH04110-KH06110
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Fig. 112 Linear fits of axial stress vs. axial strain curves for coupons KHO07110-KH09I10
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Fig. 113 Linear fits of axial stress vs. axial strain curves for coupons KH10110-KH11110
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Fig. 114 Linear fits of axial stress vs. axial strain curves for coupons KJ01110-KJ03110
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Fig. 115 Linear fits of axial stress vs. axial strain curves for coupons KJ04110-KJ06110
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Fig. 116 Linear fits of axial stress vs. axial strain curves for coupons KJ07110-KJ10110
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Fig. 117 Linear fits of axial stress vs. axial strain curves for coupons KK01110-KK04110
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Fig. 118 Linear fits of axial stress vs. axial strain curves for coupons KK05I10-KKO07110
8.5.3. Transverse vs. axial strain graphs
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Fig. 119 Transverse vs. axial strain for coupons KH01110-KH05I10
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Fig. 120 Transverse vs. axial strain for coupons KH05110-KH11110
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Fig. 121 Transverse vs. axial strain for coupons KJ01110-KJ05I10
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Fig. 122 Transverse vs. axial strain for coupons KJ06110-KJ10110
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Fig. 123 Transverse vs. axial strain for coupons KK01110-KK05I10
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Fig. 124 Transverse vs. axial strain for coupons KK06110-KK07110

8.5.4. Transverse vs. axial strain graphs (500-2500 peg)
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Fig. 125 Linear fits of the transverse vs. axial strain curves for coupons KH01110-KHO03I10
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Fig. 126 Linear fits of the transverse vs. axial strain curves for coupons KH04110-KH06110
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Fig. 128 Linear fits of the transverse vs. axial strain curves for coupons KH10110-KH11110
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Fig. 129 Linear fits of the transverse vs. axial strain curves for coupons KJ01110-KJ03110
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Fig. 130 Linear fits of the transverse vs. axial strain curves for coupons KJ04110-KJ06110
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Fig. 131 Linear fits of the transverse vs. axial strain curves for coupons KJ07110-KJ10110
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Fig. 132 Linear fits of the transverse vs. axial strain curves for coupons KK01110-KKO03I110
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Fig. 133 Linear fits of the transverse vs. axial strain curves for coupons KK04110-KK07110
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8.5.5. Shear stress-shear strain graphs
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Fig. 134 Shear stress vs. shear strain for coupons KH01110-KH05110
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Fig. 135 Shear stress vs. shear strain for coupons KH06110-KH11110
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Fig. 136 Shear stress vs. shear strain for coupons KJ01110-KJ05110
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Fig. 137 Shear stress vs. shear strain for coupons KJ06110-KJ10110
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Fig. 138 Shear stress vs. shear strain for coupons KK01110-KK05110
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Fig. 139 Shear stress vs. shear strain for coupons KK06110-KK07110
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8.5.6. Shear stress-shear strain graphs (1000-5000 pg)
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Fig. 140 Linear fits of shear stress vs. shear strain curves for coupons KH01110-KHO03110
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Fig. 141 Linear fits of shear stress vs. shear strain curves for coupons KH04110-KHO06110
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Fig. 142 Linear fits of shear stress vs. shear strain curves for coupons KH07110-KH09110
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Fig. 143 Linear fits of shear stress vs. shear strain curves for coupons KH10110-KH11110
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Fig. 144 Linear fits of shear stress vs. shear strain curves for coupons KJ01110-KJ03110
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Fig. 145 Linear fits of shear stress vs. shear strain curves for coupons KJ04110-KJ06110
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Fig. 146 Linear fits of shear stress vs. shear strain curves for coupons KJ07110-KJ10110
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Fig. 147 Linear fits of shear stress vs. shear strain curves for coupons KK01110-KK04110
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Fig. 148 Linear fits of shear stress vs. shear strain curves for coupons KK05110-KK07110

8.5.7. Photographs of tested coupons

Fig. 149 Photo of failed coupons KH01110 to KH05I10 (bottom-up)
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Fig. 151 Photo of failed coupons KH11110 to KJ04110 (bottom-up)
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UPWIND: WP3 Test results of in-plane mechanical properties for modeling complex stress states

Fig. 153 Photo of failed coupons KJ10110 to KK04I10 (bottom-up)
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UPWIND: WP3 Test results of in-plane mechanical properties for modeling complex stress states

Fig. 154 Photo of failed coupons KK05110 to KK0O7110 (bottom-up)

Fig. 155 Detail of failed coupon KK05I10
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