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Nineteenth International Specialty Conference on Cold-Formed Steel Structures
St. Louis, Missouri, U.S.A., October 14 & 15 2008

Behavior of Arc Spot Weld Connections Subjected to
Combined Shear and Tension Forces

L. K. Stirnemann' and R. A. LaBoube’

Abstract

In North America the design of arc spot weld connections is currently limited
by the lack of understanding of the behavior of the welded connection when it is
subject to combined shear and tension forces. An experimental investigation
was conducted at the University of Missouri — Rolla to study the behavior and to
develop design recommendations for the relationship (interaction) of the tension
and shear forces on an arc spot weld connection. The experimental study
focused on six variables that were deemed to be the key parameters that may
influence the strength of the arc spot weld connection. These variables were the
sheet thickness; sheet material properties to included yield strength, tensile
strength and ductility of the sheet; visible diameter of the arc spot weld; and the
relationship between the magnitude of the shear force and tension force. Based
on an analysis of the test results, both a linear and non-linear interaction
equation was developed and design recommendations were formulated based on
these equations.

INTRODUCTION

Since the early 1940’s, cold-formed steel construction has been widely used
throughout the United States and other countries. In building construction, arc
spot welds, commonly known as puddle welds, are widely used for connecting
roof deck to support members (Figure 1). These support members are typically
hot-rolled steel beams or girders, or open web steel joists. An arc spot weld is
formed by burning a hole through the decking and then filling it with weld
metal, thus fusing the sheet to the structural member.

! Former graduate student, University of Missouri-Rolla, Rolla, MO
? Distinguished Teaching Professor, University of Missouri-Rolla
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An arc spot weld will be subjected to different stress conditions as a result of
imposed loading conditions. For example, a wind load acting on a structural
system may impose both a shear and tension force on the roof when the deck is
functioning as a structural diaphragm.

The use of cold-formed steel in the United States has been guided by the
American Iron and Steel Institute (AISI) since it published the first edition of
Light Gage Cold-Formed Steel Design Manual in 1946 (AISI, 1946). The most
recent edition, published in 2007, includes specifications that extend the use of
the document into Canada and Mexico (AISI, 2007). This resource for
structural design only provides design information for arc spot weld connections
in pure tension or pure shear.

Additional design guidance was needed for predicting the strength when the
weld connection was subjected to simultaneous shear forces and tension forces.
A study at the University of Missouri-Rolla focused on spot weld connections
for steel deck and structural members in combined tension and shear loading.

Figure 1. Arc Spot Weld Connected Roof System

LITERATURE REVIEW

Studies have been completed regarding a pure shear force and a pure tension
force on arc spot weld connections (Pekoz and McGuire, 1979; LaBoube and
Yu, 1991; LaBoube, 2001), but no test data concerning a combination load is
available.
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Figure 2. Definition of Parameters

The American Iron and Steel Institute’s North American Specification for the
Design of Cold Formed Steel Members (2007) provides criteria for the design of
cold-formed steel members and connections. The specification includes the
most updated design guidelines for the industry’s use. The specification
includes equations for the design arc spot weld connections subjected to either
pure shear or pure tension as summarized by Yu (2000). Contained in the
specification are recommendations for double sheet connections, connections
with weld washers, connections that are concentrically or eccentrically loaded,
side lap connections, and connections made at an edge of roof. The applicable
nominal strength, P,, equations are as follows:

For Shear Alone:
If(d, /t) < 0.815,/(E/F,) , then
P, =2.20td,F, (Eq. 2-11)
If 0.815 (E/FU) < (da/t) < 1.3971/(E/FU),then
JE/F
P = 0.280{1+5.59 q //t” }tdaFu (Eq. 2-12)

If (d, /t)>1.397/(E/F,) , then P, =1.40tdF, (Eq. 2-13)

For Tension Alone:

P, =0.8(F,/F,)’td,F, (Eq. 2-14)
2
P, = ”je 0.75F, (Eq. 2-15)

For tension the following limits apply: td,F, <3 kips (13.34 kN), ein > d, Fix >
60 ksi, F, > 60 ksi, and F,, > F,.
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Where, as illustrated by Figure 2, P, = Nominal strength (resistance) of arc spot
weld, d = visible diameter of outer surface of arc spot weld, d, = the average
diameter of the arc spot weld at mid thickness of t (where d,= (d-t) for single or
multiple sheets not more than four lapped sheets over a supporting member), d.
=0.7d — 1.5t < 0.55d, d. = effective diameter of fused area at plane of maximum
shear transfer, t = total combined base steel thickness (exclusive of coatings) of
sheets involved in shear transfer above plane of maximum shear transfer. Also,
F«x = tensile strength of electrode classification, F, = tensile strength as specified
in Section A2.1, A2.2 or A2.3.2 (AISI 2007) and e,,;;= minimum edge distance.

EXPERIMENTAL INVESTIGATION

Six parameters were considered in the UMR test program. These parameters
included the sheet thickness, yield strength, tensile strength and ductility of the
sheet, diameter of the weld, and the variation in the relationship between the
shear force and tension force.

Standard B deck was used for all deck that was tested. The nominal deck
dimensions are shown in Figure 3.

-— 36" Cover

2112+ | |~a"—-
I I d J U U

Figure 3. Typical B Deck Profile

J" 11/2"

——

The mechanical properties of the deck material were determined by performing
standard tensile coupon tests in accordance with ASTM A370. A summary of
the average results can be found in Table 3.

In addition to the thickness of the sheet, yield strength, tensile strength and
ductility of the sheet, the weld diameter varied between 0.498 in. and 1.062 in.

To vary the interaction of shear and tension forces on the spot weld connection,
the test setup considered three orientation angles, measuring from the vertical
plane were tested: thirty degrees, sixty degrees, and seventy-five degrees (Figure
4).
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Table 3. Materials Properties

Uncoated Tensile Percent
Thickness Yield Point Strength F/Ey Elongation
Deck Type T F, F,
(in.) (ksi) (ksi) %

Bl 0.0577 97.57 99.50 1.02 0.60
B2 0.0293 100.63 104.77 | 1.04 0.83
B3 0.0580 48.10 59.30 1.23 20.06
B4 0.0300 42.10 52.70 1.25 20.98

(a) 30° (b) 60° (c) 75°
Figure 4. Orientation of Test Setup

Test Specimen Fabrication. Each test specimen consisted of a 12 in. x 12 in.
deck section spot welded to a 6 in. x 6 in. x 3/8 in. hot-rolled angle (Figure 5).
Details of the test specimen fabrication are given by Stirnemann and LaBoube
(2007).
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Figure 5. Test Specimen

Test Fixture. The test fixture consisted of an upper welded T-section (Figure 6)
and a rotating arm (Figure 6). The welded T-section consisted of a flat plate 12
in. x 12 in. x 3/8 in. welded to a stem plate 2 in. x 9 in. x 3/8 in. The T-sections
were fabricated at angles of 30°, 60°, and 75° the 30° and 60° T-section.

Each test specimen was attached to the test fixture. The completed test
specimen attached to the test fixture and mounted in the test machine is shown
by Figure 6.

Test Procedure. The test specimen was placed in a MTS 880 Universal Testing
machine where it was loaded in tension. The test fixture’s rotating arm, allowed
the test specimen to be pulled through the vertical line of action of the spot weld,
such that there was no out-of-plane bending forces applied to the specimen. The
tension load was continuously applied until the test specimen failed.

TEST RESULTS

A total of seventy-nine tests were performed in this test program. Thirty-five
test specimens had F,/F, < 1.04 (Deck Type B1 and B2) and forty-four test
specimens had F,/F, > 1.23 (Deck Type B3 and B4).

A typical failure mode, regardless of weld size, was a peeling, fracture and
tearing of the deck around the perimeter of the weld, as shown in Figure 7.
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Figure 7. Typical Failed Test Specimn

Deck Types B3 and B4. For the decks with F,/F, > 1.23, two thicknesses were
tested, 0.058 in. and 0.030 in. Each thickness was tested using a thirty degree T-
section and a sixty degree T-section. A limited number of the Deck Type B4
were also tested using a seventy-five degree T-section.

Fracture of the deck was reached for all of the tests. In both Deck Types B3 and
B4 the deck experienced large amounts of plastic deformation before the sheet
failed, as depicted in Figure 8. As the deck was loaded the deck around the
contour of the weld became noticeably deformed. Although the load application
for the 44 test specimens was concentric with respect to the center of the weld,
the distortion of the sheet during loading resulted in a non-uniform deformation
around the perimeter of the weld. This can be seen in Figure 9.
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Figure 9. Deformed Deck Around Contour of Weld

For each test specimen the average diameter, d,, and the effective diameter, d.,
computed per the AISI specification, the ultimate test load, P, and the tension
and shear components of the ultimate load, P, and P, were recorded and can be
found in Stirnemann and LaBoube (2007).

Deck Types B1 and B2. For the decks with a F,/F, < 1.04 there were two
thicknesses tested, 0.058 in. and 0.030 in. Each thickness was tested using a
thirty degree welded T-section and a sixty degree T-section. A limited number
of the Deck Type B2 were also tested using a seventy-five degree T-section.

Similar to Deck Types B3 and B4, the ultimate capacity of the deck was reached
for all of the tests. However, the lower ductility steel did not show the same
signs of deformation as the higher ductility steel. For the lower ductility steel
typical deformations can be seen in Figure 10. The failure mode of the lower
ductility deck was most often a simultaneous fracture around the entire weld
instead of a tearing failure exhibited by the normal ductility deck types. Test
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specimen details and test results for the low ductility specimens can be found in
Stirnemann and LaBoube (2007).

DATA ANALYSIS

The data obtained from this test program was analyzed using the current
nominal tensile and shear strengths provided by AISI in the 2001 Specification,
Equations 2-11 through 2-15.

DATA ANALYSIS USING AISI SPECIFICATION

The data obtained from this test program was analyzed with the current nominal
tensile and shear strengths provided by AISI in the 2007 Specification,
Equations 12 through 15. Data from LaBoube and Yu (1991) and Pekoz and
McGuire (1979) is presented to define the limits of pure tension and pure shear
strength.

Nominal Strength. For each test specimen the nominal tensile strength, P, and
nominal shear strength, P,,,, were computed by AISI Equations 2-11 through 2-
15 and are listed in Tables 2 to 5. Also summarized in Tables 4-5 to 4.8 are the
tension and shear ultimate load components, P, and P,,. Ratios of P,,/P,, and
P./P,, were computed and the values can be found for Deck Types B3, B1, B2,
and B4 in Tables 2, 3, 4, and 5, respectively.
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Table 2 AISI Analysis for Deck Type B3

Deck Type

B3

Specimen P P., Pny Py Py
No. P, (Ibs) | (bs) | (bs) | Pu(lbs) | (bs) | Py P,
B3-1 2817 1408 2439 2325 4207 0.606 0.580
B3-2 2803 1401 2427 2180 3944 0.643 0.616
B3-3 2335 1168 2022 2355 4260 0.496 0.475
B3-4 2288 1144 1982 2191 3964 0.522 0.500
B3-5 2731 1365 2365 2116 3829 0.645 0.618
B3-6 2772 1386 2401 2168 3923 0.639 0.612
B3-7 3379 1690 2926 2973 5380 0.568 0.544
B3-8 2602 1301 2253 2939 5318 0.443 0.424
B3-9 2803 1401 2427 2076 3757 0.675 0.646
B3-10 3387 1693 2933 2935 5311 0.577 0.552
B3-11 1703 1475 852 2189 3960 0.674 0.215
B3-12 3119 2701 1559 3037 5495 0.889 0.284
B3-13 1003 868 501 1929 3490 0.450 0.144
B3-14 2620 2269 1310 3042 5503 0.746 0.238
B3-15 2798 2423 1399 2700 4886 0.897 0.286
B3-16 3832 3318 1916 3123 5651 1.062 0.339
B3-17 2856 2474 1428 2817 5096 0.878 0.280
B3-18 1599 1385 799 2044 3699 0.677 0.216
B3-19 1228 1064 614 2179 3942 0.488 0.156
B3-20 1821 1577 910 2114 3825 0.746 0.238

Ultimate Capacity vs. Nominal Capacity. To assess the interaction between
the tension force and shear force in an arc spot weld connection, the ratios of the
ultimate capacity and the nominal capacity were evaluated. The P,/P, and
P,/P,, ratios are listed in Tables 2 through 5 and illustrated in Figure 11. Data
from LaBoube and Yu (1991) and Pekoz and McGuire (1979) are included on
Figure 11 to provide boundary conditions for pure tension and pure shear.




691

€2z0 [ 6L0L | 2G0F | veGh [ 8L 0 [ G180 | L0S [ 8LGL | ¥ELO [ 2L90 | 1949 | /552 | €06 ¥951 | 908l vl-19
lcz0 | Zv0') | G865 | G¥ec | LBL 0 | ece0 | 6Ly | 908z | 9210 | G290 | 2686 | L¥ie | 0SEL | 8eec | 00LC | €l-19
€¥C0 | Gh'L | Lzgs | vozz | weL0 | 1620 | vezs | viz | 9vL 0 | 6990 | ZLi6 | €498 | eLvl | 95vc | 9g8C | zi-lg
€0z0 [ sze0 | ve09 [ socz | zovo | zvio| 819 | 1esz | zzio | sss0 [ 25101 | 1wee | cezl | esiz | e9vc L-1g
810 | 0001 | B9EY | 2G9l | #/L0 | 0020 | 09vS | G90C | L€L O | 0090 | 08¢/ | €5/C | ¥56 259l | 806l oL-lg
9050 | 220 88v¥ | 2891 | ¥OF0 | L290 | 0195 | 60LZ | #0e0 | 99¥0 | 9ev. | zl8z | 0Dize | Llel | ze9e 619
16v0 | 0540 | 66ev | €991 | e6e0 [ 0090 | 86vs | 6/0C | 5620 | 0sv0 | Lees | zilz | Lslz | evzl | seve g-1g
7G50 [ evs0 | e85 [ 1evt | vwv0 | w290 | 62iv | 884l | 1ee0 | 9050 [ 90e9 | gger | 680z | 90zl | zive 1-1g
LIG0 | 1840 | le€¥ | O¥9L | 6OFOQ | 290 | Levs | 0S0C | Z0E0 | 89%0 | 8¢el | e€el¢ | Zlec | 08CL | 19SC 919
¥CC0 | 5¥80 | 20/F | B/l | cvP0 | 9490 | 8485 | ecec | cee0 | J0GO | /€8 | ¥96¢ | v09¢ | ©0GL | 900% 519
0750 | 5280 | £e6¥ | 5981 | cevo [ 0990 | 2919 | zeez | vze0 | G6v0 | Zees | GOLE | 9992 | 686Gl | 8/0% 719
0E50 | 60870 | 091¥ | €iG) | czv0 | Lv90 | 0025 | 2961 | 81E0 | G8v0 | ££69 | ze9c | wOZe | €LC) | G¥Ge c-lg
0.0 [8r20] 168F [ 0%gl | 9le0 | vic0 | vilo | zicz | zez0 | lev0 | zZoie | £80c | Loez | 6zel | 59T z-lg
Z6Y0 | 1SZ0 | 9/8F | v¥8l | ©6E0 | 0090 | G609 | GOSZ | G6C O | L5F0 | Z2l8 | ¥08 | B6EC | GBel | LliC 1-19
~dog | ¥d09 | ™do9 | "dDg | ™dss | Mgss | ™Mdss [Mdss | ™d ug | Usan) | Csan | Csa) | CUsa | Csan ‘oN
g | ™4 a4 | g | g | md ¥ "d g "d | uswipads

1g adfi

20

19 =dAL Yoo Jo stsdfeuy ISIV "€ SQEL



kjigx6
Text Box
691


692

¥L1'0|9z,0| /691 | z&66 | oS00 [osso| Lziz | ovel | 8900 | sero |sEsz| ool £51 0zl | Gri \Z-Z9g
Z0Z0 | €950 | 8L6L | 8GLL | 1910 [0Sv0 | @65 | G8vl | LD | 8€E0 | J6LE| 086L 182 0/9 | el 0z-zd
6L20 | LZ0| ¥99L | 068 |GZL0[g9s0| oso | TiiL | Zevo | gTr0 |eliz| eewl G9E ze9 | 0es Gl-zd
9vZz’0 | /890 | 561z | ezel | 9610 [ 6¥50 | 6992 | €591 | Zvl0 | ZivD |6SsE| voZT GZG 606 | 0G0l gL-zg
9ZZ0 | LE90 | ZGlZ | ©€EL | DBL0 [ G050 | 069Z | @991 | GEL'0 | 680 | /8%E| cice 98% 1¥8 | 16 11-zg
£/1°0 | 8460 | £69L | G668 |BeL 0 [29vo | 9902 | 690L | vOLO | fveED |GGl | Sevl 98z G6F | L4G 91-zg
£22’0 | €9,0 | 9vaL | ce8 |[B2Lo0|o0wo0]| sc0z | zvOL | vEL O | 8SPD | ewiz| 8%l 19¢ 9e9 | Ges 5l-Zg
¥BL°0 [ 6E90 | OV3L | Z18 [ S¥LO [ LLGO| 1GDZ | L2OL | OLLD | ¥BED0 | ¥Eiz | 19l L0E Zes | €09 ¥1-zd
Lizo | el20] 69l | ¥¥8 [ 8910|0450 2902 | GS0L | 9210 | BE¥D |6GriE| JO¥L 1ve 209 | G69 £l-zg
6L20 | €190 | ¢eoz | 8621 | G20 |o6v0 | orcz | €261 | 1EL0 | 89eD |/see| @602 Chi 1L2 | 088 Zl-zg
6vZ0 | /690 | OLOZ | S¥EL | B6LO | 4550 | €152 | @5GL | 0SL'0 | 8L¥FO [0S8€| G.0Z L0G gse | zool ll-gg
GOS0 | 6850 | 8691 | 018 |covo [ 1ivo | erDE | €101 | €060 | wGe0 |0EiZ | 0%l lz8 Ly | GSh 0l-zg
c/e0 | 82Zr0 | Sv9lL | 2e8 | esco |[zrc0| JoDZ | sE0L | oZzo | 2520 |Zwiz| 9egl 119 9ce | 24 528
LOS0 | 2970 | 0812 | 0SEL | 00v'0 | €670 | G2LE | 8891 | LOEQ | 0820 |€£9e| 0See | €601 leg | 19¢) g-zg
GZG0 | 68¥0 | 0602 | 4621 | Glv0 [ 1ec0| sege | €61 | G0 | €620 |[esee| 960 | G901 | G19 | oect 178
9550 | 0250 | 6vez | e6EL | ovv 0 [Glvo | zi8z | evil | ceco | zie0 |ewie| zzee | vszh | vel | Gpl 9-z9
£6G°0 | €650 | £€6L | 86LL | vAv O [ Z¥bv O | ZL¥Z | Z6VL | 9580 | C€€0 | ZeCe | 9661 ovLL | 299 | eZel 5g
8ZF0 | 9290 | 6481 | vL |zve0 [ 10s0| 6rEe | 926 | IS0 | 9ie0 |zEle| vedl ¥08 vor | 86 tzg
0150|2190 | 0691 | v8. |BOvoO [68v0| Ze02 | 086 | 9050 | f9€0 |9liz| L0El zed 08F | 096 £-za
¥8e'0 | GE¥0 | 8v9L | OF8 | JOEO | 8¥c0 | 090Z | 0SOL | OEZ0 | L9Z0 | iwiz | 00wl £e9 93¢ | 1L Z-tg
2150|6090 | 9€91 | 108 |evo|[Zev0 | Gr0e | 2OOL | 0160 | S9e0 |9giz| 9etl ove ger | 946 1-zg
"dog | *dD9 | Md90 | Mdog | Mdss | MdSs | Mdss [ Masy | Md *d (san | Usap Csan | Usa | Csal) ‘ON
.:.m .._-_m ._._._m ....m .P.m .._-_m ...r_ﬁ_ .._._ﬂ_ .__.:ﬁ_ :._ﬁ_ :ﬂ_ C@E_Umﬁm

zg adiL

¥2Q

7d 2dAL ¥o2 Jo SIsATeUY ISTV + oIqeL



kjigx6
Text Box
692


693

Table 5 AISI Analysis for Deck Type B4

Deck Type
B4
Specimen P, Py Py, Py Py Py
No. (Ibs.) (Ibs.) (Ibs.) | Py (Ibs.) (Ibs.) Py P,y
B4-1 1562 781 1353 913 1602 0.856 0.845
B4-2 1562 781 1353 1224 2015 0.638 0.671
B4-3 1562 781 1353 1511 2079 0.517 0.651
B4-4 1030 515 892 1036 1817 0.497 0.491
B4-5 985 493 853 1026 1801 0.480 0.474
B4-6 1021 510 884 868 1523 0.588 0.580
B4-7 1076 538 932 951 1669 0.566 0.558
B4-8 1236 618 1071 1963 2180 0.315 0.491
B4-9 1561 781 1352 1424 2060 0.548 0.657
B4-10 864 748 432 1148 1198 0.652 0.361
B4-11 938 812 469 1150 1998 0.706 0.235
B4-12 739 640 370 1020 1790 0.628 0.206
B4-13 877 760 439 1070 1877 0.710 0.234
B4-14 1051 911 526 1187 2007 0.767 0.262
B4-15 676 585 338 1743 2131 0.336 0.159
B4-16 738 639 369 1531 2083 0.418 0.177
B4-17 1106 958 553 2046 2285 0.468 0.242
B4-18 1125 974 563 1729 2128 0.564 0.264
B4-19 656 634 170 1048 1839 0.605 0.092
B4-20 745 720 193 1261 2023 0.571 0.095
B4-21 638 616 165 1020 1790 0.604 0.092
B4-22 931 899 241 1292 2030 0.696 0.119
B4-23 1139 1100 295 1313 2035 0.837 0.145
B4-24 600 579 155 1140 1996 0.508 0.078

Adjustment For Low Ductility Steel. To better align the normal and low
ductility test results, the nominal strengths of Deck Type B1 and B2 were
multiplied by a factor, L, equal to 0.75. Interestingly, the 0.75 factor is required
by AISI Specification Section A.2.3.2 for low ductile steels. For Deck Type B3
and B4 L, was taken as unity. Figure 4.4 illustrates this modified interaction
relationship.




694

12
& Deck Type B1 and B2
| - = Deck Type B3 and B4
. | LaBoube and Yu (1991) | |
\ » Pekoz and McGuire (1979)
[
]
|}
0.8
-
| ]
" I. (]
- - -
Soe| =t " i
= [ ‘.
T . . [
L ]
- ']
~I - “, [ |
. ®n N L]
0.4
0' 'S t
*
M 4‘ []
'0
*
0.2
0 T T T T =
0 0.2 0.4 0.6 0.8 1 1.2
Puv/Pnv

Figure 11. Interaction of Shear and Tension using AISI Equations

DEVELOPMENT OF INTERACTION EQUATION

Based on the data analysis, both a non-linear and linear interaction equation was
developed.

Non-linear Interaction Equation. Using the data of Figure 11 an interaction
equation was developed and can be seen graphically by Figure 12. To better
align the normal and low ductility test results, the nominal strengths of Deck
Type B1 and B2 were multiplied by a factor, L, equal to 0.75. Interestingly, the
0.75 factor is required by AISI Specification Section A.2.3.2 for low ductile
steels. For Deck Type B3 and B4, L, was taken as unity.

The test data for Figure 11 can be found in Tables 2 through 5.

.6
P, P
. +| 4 1<1.0 Ea. 17
LP, LP, (Ea-17)
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where:
L =1.0, for F/F,>1.23
L =0.75, for F/F,<1.04
P,, = AISI Nominal Shear Strength (Egs. 12 and 13)
P« = AISI Nominal Tension Strength (Eq. 15)

Linear Interaction Equation. A linear equation was developed however an L
value of 0.60 for Deck Types B1 and B2 was used for both P, and P,,,. For
normal ductility decks, Deck Types B3 and B4, L was taken as unity.

12-

¢ Deck Type Bl and B2

® Deck Type B3 and B4
LaBoube and Yu (1991)
Pekoz and McGuire (1979) —
—line

Put/LPnt

0.2

0.000 0.200 0.400 0.600 0.800 1.000 1.200
Puv/LPnv

Figure 12. Non-linear Interaction Relationship

The linear interaction Equation 18 can be seen graphically by Figure 13.

P, p
|| Swo <o
Lp. ) | LP, (Fa- 18)

where:
L =1.0, for F/F>1.23
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L =0.60, for F/F,<1.04
P,, = AISI Nominal Shear Strength (Egs. 12 and 13)
P.; = AISI Nominal Tension Strength (Eq. 15)
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Figure 13. Linear Interaction Relationship

CONCLUSIONS AND DESIGN RECOMMENDATIONS

A total of seventy-five specimens were tested in order to establish an
understanding of the behavior of arc spot weld connections subjected to
combined shear and tension and develop a design methodology. Based on an
analysis of the test data, an interaction equation was derived.
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