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Abstract 
Seals are explosio11-res1s1a111 .Hmc11ir1·r built in w ulergro1111d coal mines 10 isola1r aha11do11ed 111i11 i11g 
areas fro, ,, the r1cti11e 11·11rf..i11g~. /\11 NJUi\'/1/rnt single degree of freer/0111 (SDOF) mt•tlwd smh as 1he 
smgle-degree-of-freedom blast effecrs design spreadsheet (SB EDS) developed by 1he U.S. Army Corps 
uf Engineers ca11 be used tu d1'sig11 seals w resist mine explosions. The critical inpw fur the SDOF code 
is 1hr, w,,,t reti~lfllll' I' f11111·1in11 Tlw ohjN·tivP Jrir 1hi~ .rnuiy it ui devPlnp Pnginr•eri11~ d11w for design of 
plain concrelf' (I'(') and rei11Jorc·erl com·rete ( RC) seals using finite element ( Pf:) 11wdels. The FE mod­
els can then be used In >l('llerate resisw11ce f1111ctiu11s for different l'C am/ l<C seal desi1:11s, which can 
be used in the sno F cod t's. Thi' U.S. National Institute for Occupational Safi:ty and I fra/1!, (N JOSI I ) 
researchNs designed am/ /111il111 test jix111n• jiJr use in conjunction with NIOSll 's Mine l<oof'Sim11la­
wr to ap11ly a fo11r-p11im fJ/'mli,,g load ,m the fi1ce of the tested seal. Eight largl'-S('(lle t'Xl1t•rime11ts for 
each PC and HC seal were co111l11rted The experimemal design considered tlw effects 11/ tlte j(mmla· 
1io11 strength, hitching 1111d mof-10-Jloor ro11vNgence. CalibrMed FE moth-ls Ji ,r PC (Ill// R C ,veals W<'fl' 

dei•e/oped using A NS YS Ver. 13. With a very limited 1111mber of engineerr11g-hnsed av.rnmptirms and a 
single set vf data-inc/11din,~ }' n,111)( 0

f 111od11l11s, co111pressii·es1re11g1h. stress-stroi11 rl'l11ti1111sltips, 1•1c -the 
PC 1111d RC seal models rnn-essji11/y rnlrnluted the recorded resisw11ce functi(lflS anti failure pa//erns 
for a wide ra11gc of hmtrulary comlitions. Plug and RC seals i,·ere ciss11n!l'd f11r u I 83-111- (6-ft·) high 
e111ry to demonstrate the applicatiu11 of tit,• calibrated fi11ite element m orlelr for rnlc11/uti11g the relil'llmce 
functions of these seals. The fl'li.mmce function of a particular plug seal case was [111111d tu be 11 bilinear 
relatirmship. The re~istam e f11nuw11 of ll pur11c11/ar RC seal without shear re111forn-11wnt i.·m found tu 
be a 11onli11ear relatic111shi1•. 
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Introduction 
Seals are used in underground cu:il mines thro11ghou1 the 

Unit.:.d Stales to isolate abandoned mining areas from 1hc 
active workings. Prior to the S;1gu Mine disaster in 2006. 
mining regulations required ~eals tti with,iand a 0 . 14-MPa 
(20,psi) explosion pressure. Currcnl rnin ing regulation.'> (30 
CFR 75.335(a)) require 1hat seal design~ resist a pres.'>ure-Lirne 
curve with an instantaneous peak explosion pressure of 0.35 
m 0.83 MPa (50 or 120 p~i). depending on 1hc ~cul applica-
11011 \Fedaal Register, 2008). A number of these approved 
,cal de..~igns are pos1ed on the U.S. Mine Safety and llcallh 
Adnunisualion (MSHA) web~ite tMSHA. :W 12) The approved 
,cab can b<! classi fied inln four group, plain rnncrcte ,eab. 
rcrnlon:ed concrete seals. purnpablc cemem foam sells and 
,cab made from concrete masonry uni1, glucd ,,. i1h polymer. 

Static and dynamic analys is method, l':ln be used 10 design 
~.;a ls 10 resi~I mine explosions Thrce diMinct mc1hcxh for mine 
~cal design arc ~ummari7,ed: 

I . Eq11iva/('f1t stlllic 111,•tfwd · The ~m1plcs1 method for 
designing a struc1ure ~uhjcct lO a dynamic lnad is the 

equivalent static analysis rm:1hod, 111 which the applied 
dynamic load is transformed int() an equivalent static 
load using a dynamic load fador(DLF).The DLF is the 
ratio of the dynamic deflection al any lime to the static 
deflection resulting frnrn the load used in specifying 
the load -lime curve. The DLF depends on the shape 
of the applied dynamic load-ume curve and accounts 
for inertial effects in 1hc tlc~ign. The allowable load~ 
and stresses arc also mod1tictl lu consider thc dynamic 
effects using a dynamic increase lactor(DIF). In linear 
elastic ~ystcm,. ddkc11011~. furcc~ anti ~tre~scs are al l 
linearly proportional: thcrl'forc. th.: DLF app lies to any 
of these quantiti.:, w dctcrrrnnc thc ratio of dynamic 
to siatic c!Ti:ct~ In many ~,ructurul problems. only the 
maximum value of1hc DLF i~ of m1erc~1 The maximum 
displacemenl~. force, and \ trt!,,c~ due to the dynamic 
load arc 1wice the value tha1 would be ob1ained from a 
stauc analysis fort he maximum load. The pressure-time 
curvc.s with instantaneous ri,l'. 1imc listeJ in JO CFR 
75.335(a) require a DLr of2.0(Federu/ Regfater. 2008). 

2. Equiv(t/ent sinMfl! d1•gree 1(/ frreilom sy.1·tem (SfJOF) 

Paper number TP- 13-003 Original n1,11111sc11pt s1ibr111ned January 2013. Revised manusr.np1 accep1ed lo, publica11on July 
2013. D1scuss1on ol th,s pee, reviewed and approved paper ,s ffWlted and must be submitted to SME Publ1cat1ons Dept. 
prior to Sept. 30, 2014 Copyright 70 14, Soc,aty for Mining, Melallurgy. and Explorstion, Inc 
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Figure 1 - MRS seal testing fixture and seal model inside the MRS. 

method- Mine seals can be represented with an equiva­
lent SDOF system. The dynamic equilibrium equation 
of the SDOF system can be solved either graphically 
using nondimensional charts and graphs (Army. 1990) 
or using a numerical integration technique as in the 
single-degree-of-freedom blast effects design spread­
sheet (SBEDS) (Am1y Corps of Engineers, 2013). 

3. Numerical modeling technique~ - Finite element. finite 
difference. distinc1 element and discrete element 
techniques have been used to analyze the dynamic 
response of mine seals subjected to explosion pressures 
(Mohamed et al .• 2009: Kallu ct :ii., 2007: Gaddeel al.. 
2008: Mutton and Remcnnikov. 20 IO; Westman, 2007). 

The numerical modeling technique is 1he mos1 realistic 
approach for analyzing explosion-resistant structures. because 
it accounts for the multiple degree of freedom and complex 
boundary conditions of the structures. But the effort associated 
with the development of numerical models and interpretation 
of rcsuhs is often greater than what i~ required by the SDOF 
method (American Society of Civil Engineers. 2007). Therefore, 
including the numerical technique in the SDOF code would be 
the most suitable method for mine seal analysis and design. if 
an appropriate seal resistance function is available. The seal 
resistance function describes the lateral load-bearing capacity 
versus the center-point displacement for the seal. Resistance 
functions of rni nc seals can be determined from experiments on 
seal structurt:s (Zipf et al., 2009) or calculated using numerical 
mudding techniques. T he resistance function of mine seals 
depends on the seal geometry, construction materi,11. foundation 
~u·eng1h (roof, 11oor and ribs) and support condition (hitching). 

The objectives of this seal testing program arc to derive the 
resistance functions of PC and RC seals by conducting large­
scale stntic tests and, then. comparing these resistance func­
tions with those calculated with finite clement analysis. Four 
major factors wtm: considered in the seal testing program: (I) 
construction material, (2) foundation conditions, (3) hitching 
condi1ions and (4) roof-to-floor convergence. The results of 
the test program provided the val idaiion data to citlibrate finite 

element models which were used to genern11:: the resistance 
functions for SDOF codes such as SBEDS (Army Corps of 
Engineers. 2013). 

New mine seal testing method 
NIOSH researchers proposed a new testing method for 

evaluating the strength oflarge-scale mine seals (Zipf and Mo­
hamed. 2009). The method is based on the four-point flexural 
test suggested by the ASTM E72-02 for conducting strength 
tests of panels for building construction (AST M, 2002). The 
four-poinl test is a good approximation of a unifom1ly loaded 
seal. Based on lh is ASTM method. N LOSH researchers designed 
a seal testing fixture using a four-point load, which is applied 
umilfailureto 1.22-m-(4-ft-}wideby 1.83-m-(6-ft-)highseals. 

For seals designed using the 0 .83-MPa ( 120-psi) pressure­
time curve with instantaneous rise time, the equivalent static 
pressure is 1.66 MPa (240 psi). Assuming a 1.22-m- (4-ft-) wide 
by 1.83-m- (6-ft-) high seal loaded with a uniform pressure of 
1.66 MPa (240 psi), the equivalent force is 37 MN (830,0QO 
lbf). A lateral design load of 40 MN (900.000 lbt) was selected 
for the design of the testing fixture. 

Figure I shows a drawing of the seal and testing tixturc 
mounted in the mine roof simulator (MRS). The s..:al model 
consists of the 1.22-m- (4-ft-) wide by 1.83-m- (6-ft-) high seal , 
as well as the roof and floor foundation blocks. The founda­
tion blocks measure l.22-m (4-ft) wide by 1.01 -m (3.33-ft) 
high by I .52-w-2.54-m (5-to-8.33-fl) long. The thickness of 
the seal varies depending on the construction material. The 
total height of the seal model including the foundation blocks 
is 3.86 m ( 12.7 ft). Hereafter, the term "seal modd" refers to 
the test seal along with the roof and floor foundations. ·n,..: 
foundations and seals are cast from commercial concrc1e with 
properties listed in Table 1. The floor foundation may or may 
not contain a notch to simulate 11oor hitching. 

The MRS seal testing fixture shown in Fig. I is composed 
of two similar opposing frames. one for load application nnd 
the other to provide the reaction, The frames are fabricated 
from steel of tensile strength 248 MPa (36,000 psi). The reac­
tion (top) frame of the MRS seal testing fixture i~ stationary, 
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-
Table 1 - Material properties for PC and RC finite elem ent seal models. Green cells are laboratory-measured properties. 

blue cells are em pirically calculated properties, gray cells are properties calculated from the M RS seal tests and orange 

cells are assumed properties. 

Material properties Seal Strong floor (SJ Roof Weak fl oor (WI 

PC I RC PC/Plug [ RC PC RC/Plug PC RC 

Concrete 

~ 
w /c ratio 0.47 0.45 

specification 
- --

c:s:a ratio 1:2.7:3 1:1.2:3.1 

Young's modulus, GPa lxt06 psi) 9.10 (1.32) 9.93 (1.44) 

-- -- - -~:r ---
Tensile strength, fr MPa lpsi) 

1.03° 3.25· 

(150) (4721 
3.79• 1550) 

~ --
Compressive strength. , .. MPa lpsiJ 29. 1 14.220) 36.715.330) 

- -- - -- - - - -- - -
"O Shear stiffness, 

1.28 (4,730) C: 
MPa/ mm (psi/in.) .. 

0 .. 
0 .. 

Cohesion. MPa ! 0 u 
i:: .. 1.95 (283) -,: (psi) 

-
iii iii ., ., ., 1: 
Cl) .. ·- Friction coefficient - 0.8 I 0.45 

"Equation (1) 

• Equation 121 

w/c ratio • waler 10 cement ratio by weight 

c:s:a ratio• cement : sand coarse aggregate ra110 by weighl 

while the loading (bottom) frame moves 
horizontally along with the lower platen of 
the MRS. The main concept of the MRS seal 
tc~ting fixture is to use the vertical loading 
capability of the MRS 1u simulate a roof­
to-fluur convergence load on a seal and the 
horiwntal loadingcapabili1yofthe MRS to 
apply static load on the faceoflhescal. With 

MRS upper plarm 

Roof 
Rcfera,oc frame 

0.5 0.35 0.42 1.64 

1:2.4:4.4 l :2.5:3.6 1:3:4.3 1:11: 12 

9.93 7.79 4.83 1.24 

(1.44) (1.13) (0.7) (0.18) 

3.78· 3.34* 2.37* 1.37* 

(548) (430) (344) (199) 

35.6 22.7 14.6 4.36 

(5,170) (3.290) (2,100) (632) 

0.96 (3,5501 0.87 (3,200) 

1.95 0.34 
3.22 (467) 

(283) (50) 

0.8 0.45 0.8 0.4 

reference to Fig. I. the loading and reaction Section v,cw A· A 

frames include horizontal beams (parts - 4
---1- ' 

I 
Smn,11 po1c,1ti<Jm~1t1 

Floor 

MRS lower plaicn 

2 and 10) connected to support columns 
(part~ 3 and 9) and diagonal plate~ (pans I 
and 12). The suppor1 columns and diago­
nal, are \\lelded into 2S-mm- (1-in.-) thick 
,1ccl plates (shoes - parts 4 and 13). which 
an: fastened in the platens of the MRS by 
seventy76-mrn-(3-in.- ) diameter bulls. T he 
vertical loading and reaction beams (parts 6 
and 8) are hung from the horizontal loading 
and reaction beams (parts 2 and I 0). The 
vc11ical loading and reaction beams rotate 
freely around horizontal bars (pans 11 and Figure 2 - Schematic drawings for the displacemeni measurement syste m. 
14). The applied load on the face of the 
seal is developed by the horizontal acwa­
tor, located under the lower platen of the MRS. This force is 
trJnsferred 10 the hori1.0ntal and vertical loading beam, via the 
diagonal loading plates on both sides of the seal model. The 
hori10nLal force is applied on the loading face of the seal via 
two loading plates (pan 7). Rollers under a plate (part 5) are 
placed underneath the floor block of the model to ensure that 
the lower pluten of the MRS slides under the model during 
horizontal loading. The venical reaction beams con~train the 
horizontal dl\placemcnt of I.he roof and floor blocks of the seal 
model. Hence. the applied load is transferred 10 the horiLOnlal 
reaction beam and n:action diagonal plate~. 

Seal construction and data collection 
Seal model construction begins by casting the roof and floor 

blocks. Following 1he concrete cure period. the ~imulated roof 
and floor blocks are assembled with a steel frame, and the seal 
fon11work is built between l'hc floor and roof blocks. The seal 
is cas1 while the frame is horizontal. The concrete settling was 
eliminated by: I) pouring 1he concn:h: slowly. 2) tamping !he 
concrete while pouring and 3) tapping the side5 of the fr.11111;: 
with a hammer. When the seal is cured, the seal model is ra,~ed 
uprig ht using a specially designed rotation frame and a O. I 8-1 
(20-st) crane. TI1e seal test models arc constructed square and 
parallel ro within 6 mm (0.25 in.). 
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Figure 3 - Stress-s train response of seal, roof and floor 
specimens for PC and RC seal models. 

The instrumentation system for the seal tests (Pig. 2) mea-
surt:S the following : 

• Horizontal displacement of the vertical reaction beams. 
• Horizontal displacement at the mid-height of the seal. 
• Seal s lippage at the roof and floor interfaces. 
• Roof-to-Roor displacement of the test seal. 
• St.rain at critical members of the MRS seal testing fixture. 

T he horizontal displacements. of the seal model and the 
vertical reaction beams are measured using linear position 
transducers (string potentiometers or string pots). A total of 
18 string pots are mounted on a reference frame , which is 
attached to the upper MRS platen and remained stationary 
during the test (Fig, 2). The reference frame is composed of 
two 3.3-111- ( 10.8-ft-) long posts and a horizontal U-bracket 
connected to the vertical posts at the mid-height of the seal. 
Six string pots arc mounted on each vertical post: three string 
pots are located at the seal/roof interface to measure seal top. 
roof block and the top of the reaction beam displacements, 
as well as three more at the seal/floor interface to measure 
seal bottom, Roor block and the bottom of the reaction beam 
displacements. Six ~tring pots are mounted on the horizontal 
bracket: two at each end (left and right) and two at the center 
of the bracket to measure the displacements at the middle of 
the seal and the reaction beams. These displacement measure­
ments provided a complete picture of the seal motions during 
the test including horizontal displacements at the top. bottom 
and mid-point of the seal along its left and right sides and at 
its ct:nterline. T hey also measured displacements along the 
roof block-seal interface and the floor block-seal interface o n 
the left and right sides. 

The shear stiffness of the seal/roof and seal/floor interfaces 
is determined from the slope of the shear stress versus the 
seal slippage displacement at the roof and floor interfaces. 

The rigid body displacements of the roof and Roor blocks are 
subtracted from the measured displacements to obtain the true 
relative motions of the seal. The resistance function of the seal 
is obtained by plotting the applied horizontal pressure on the 
loading face of the seal against the reduced displacement at 
the middle section of the opposite face of the applied load. 

Two string pots are mounted in the roof block and connected 
to the Roor block to monitor the displacement between roof 
and fl oor blocks. The roof-to-floor displacement is used to 
identify the development of arching action in the tested seal. 

Two strain gauges are spot welded on each diagonal to 
further assess loading conditions applied on the seal. Two sets 
of strain gauges are spot welded on the loading and reaction 
horizontal beams. These gauges arc mounted to ensure that 
( I ) the seal testing fixture remains in the elastic range or the 
steel at all times during the seal tests and (2) the loads are ap­
plied symmetrically and without bending on the seal. Up to 
the moment of seal failure, the measured strain in the loading 
horizontal beam (part 2. Fig. I) was always nearly the same as 
that in the reaction horizontal beam (pan 10, Fig. I ) to within 
5%. Similarly, t.hc measured strain in the loading (pa1t 12, 
Fig. I) and reaction (pan I , Pig. I ) diagonals. left and right. 
agreed to within 5%. 

Seal testing 
Eigh1 experiments were conducted for each plain concrete 

(PC) and reinforced concrete (RC) seal, considering the full 
combination of three boundary conditions: hitching, roof-10-
Roor convergence and floor strength. The nomenclature used 
in this study for hitching, nonhitching, with-convergence, 
without-convergence, strong Roor and weak Roor are H. NH. 
C, NC, Sand W, respectively. As an example, a hirchecJ seal 
built on strong Roor without roof-to-floor convergence is ab­
breviated as H_NC_S. 

The concrete materials used in this study were obtained 
from a commercial concrete supplier. While casting the roof, 
seal and Roor blocks, samples were poured in cy.lindrical molds 
( 100 mm by 200 mm) (4 in. by 8 in.). These specimens were 
cured in the same conditions as the seal model for at least 28 
days. The uniaxial compressive strength tests were carried 
o ut according to the ASTM 02938-95 (ASTM. 1998). The 
axial displacement of the sample was measured by the testing 
machine stroke. Figure 3 shows the st ress-strain response of 
concrete specimens of the seal model components. The me­
chanical propenies of the seal modd are summarized in Table 
I . Weak floor conditions in a coal mine were simulated using 
14.6-MPa (2, 11 I-psi) and 4.36-MPa (632-psi) concrete for 
PC and RC seals, respectively. Strong floor conditions were 
simulated using a 36. 7-M Pa (5,330-psi) concrete. The c-0al mine 
roof was simulated using 35.6-MPa (5. 170-psi) and 22.7-MPa 
(3,290-psi) concrete for PC and RC seals, respectively. The PC 
and RC SeRls were built using 29. l -MPa (4,220-psi) concrete. 

It was not planned to use different roof ant.I floor strengths 
for PC and RC seals. The simula1ed strong and weak floors 
were designed for strengths of 34.5 MPa (5,000 psi) and 6.9 
MPa (1,000 psi), respectively. and the roof fo undation for a 
strengthof20.7 MPa(3,000 psi). The PC seal models were made 
fi rst. Unfortunately, the strength of the delivered concrete of 
PC foundations was much higher than the requested strengths. 
To correct this problem for the RC seal models. concrett: mix 
designs were customized for the roof and weak floor founda­
tions o f the RC seal models to achieve the desired strengths. 
The objective of the PC and RC se.:i l tests conducted in this 
study is to measure the resistance functions of the PC and RC 
seals and not tC> compare them. 
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Table 2 - Measured and calculated seal failure data. 

PC seals RC seals 

Seal 
Initial cracking Diagonal failure 

Vertical Vertical 
model 

Displacement, Pressure, Displacement, Pressure, 
pressure, 

mm (in.) MPa (psi) 
pressure, 

mm(in.) MPa (psi! 
MPa (psi) MPa (psi) 

Test Model Test M odel Test M odel Test Model 

NH NC_S 0.18 (25) 0.59 0.56 0.35 0.32 0.09 (13) 2.07 3.02 0.30 0.49 

(0.023) (0.022) (50) (471 {0.082) (0.119) (43) (71) 

NH c_s 0.38 (55) N.A. 0.55 N.A. 0.41 1.41 1204) 2.76 3.87 0.52 0.70 

(0.022) (59) (0.109) (0.152) (75) 1101) 

H_NC S 0.22 (32) 0.67 0.42 0.37 0.34 0.08 (12) 4,22 4.51 0.57 0.66 

(0.026) (0.017) (54) (50) (0.166) (0.178) (83) (96) 

H CS 0.78 (1121 0.69 0.49 0.51 0.53 1.05 (152) 4.51 5.38 0.72 0.83 

(0.027) (0.019) (74) (76) (0.177) 0.212 (104) (121) 

NH NC W 0.32 {46) 0.39 0.63 0.28 0.35 0.04(6) 14 37 12.96 0.68 0.69 

(0.015) (0.025) (40) (511 (0.5661 {0.510) (99) [991 

NH c_w 0.87 (126) 0.83 0.50 0.40 0.51 1.61 (233) 8.20 8.44 0.77 0.65 

(0.033) (0.020) (58) (74) 10.323) (0 332) ( 1111 (94) 

H_NC_W 0.29 (41) 0.49 0.49 0.29 0.34 0.04 (6) 8.83 5.97 0.70 0.60 

(0.0191 (0.0191 (411 (49) (0.3481 (0.235) (101) (871 

H CW 0.84 (121) 0.81 0.47 0.55 0.49 0.72 (104) 9.53 6.40 0.75 0.66 

(0.032) (0.018) (79) (71) (0375) (0.252) (109) (961 

NA not available 

(b) Weak floor 
Figure 4 - Observed (dark lines) and predicted (red dashed Imes) flexural cracking of plain concrete seals. 

Plain concrc lc (PC) seal tests. The PC seal dimension is 
1.83-m (6-ft) high by 1.22-m (4-ft) witle by 0.61-m (2-f1) thick. 
The thickness-to-height ra110 of the PC seals is 1/3, which 
clas~ihes the test seals as ueep beams. Therefore, the failure 
of the seal is mainly rupture at the mitbpan of the opposite 
face of loading a,~ociated with shear slippage at the interfaces. 
Roof-lo-floor convergence wa., imposed on the seal rncxlcl by 
applying initial vertical loads on the seal model. A surnmnry of 
applied venieal pressures on the PC seal models is in Table 2. 

No sign of failure such a!. cracking was observed in the roof 
or floor foundauons during any of the PC tests. Except for the 
NI I C _S test. all othertest~ huve the following characteristics: 

• Nonviolent lensi le failure was initiated at the mil.I-span 
opposite the loaded face of the seal. Figure 4 shows a 

4RI 

s:irnple of the rupture pallerns of the PC seals for the 
NH_NC_S and the N I I_NC_ W te'>ts . 

• The rupture wa~ propagatel.l a~ a single fnicturc plane 
toward the loaded face of the seal 

• Ultimate shear strength of the se-!11/roof :md seal/flour 
interfaces was not achicvcu. TI1c seal/roof anti seal/ 
floor interfaces were intact after the cal testing 

• T he initial vcnical !oat.I applied on the top of the ~cal 
model was maintained constant until the rupture initi­
ated, ant.I then arching action was deve lopcl.l in the 
specimen. The tests were stopped IO avoid uomage 
to tht: hori1.0ntal loading and reaction bt:arns in the 
n:,ting fixture. 

The ' H_C _S te~t howed chagonal ten'>1on through thc~eal 
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Figure 5 - Measured (blue) and predicted (red) resistan ce functions of plain concrete seals. 

near the floor foundation associated with violent failure. Un­
like all of the PC tes ts, the larges t displacement for NH_C_S 
tc~t was observed at its bouom and significant roof- to-floor 
displacement was observed during the seal testing. The odd 
behavior of the NH_C_S tes t is attributed to the preparation 
method of this seal model. It was later determined thatthe roof 
and tloor foundations were out of plane. 

Pigure 5 shows the measured resistance functions from 
the PC seal tests. The initiation of tensile cracks opposite the 
loading face of the seal is d enoted by the blue circles. AU of 
the PC tests, except the NH_C_S test, have linear resistance 
functions up to the initiation of tensile cracking. The measured 
horizontal displacements at the mid-height o f the seal and the 
applied horizontal pressures at the initiation of tensile cracks 
arc summarized in Table 2. A horizontal seal displacement of 
0.39 mm to 0.84 mm (0.015 in. to 0.033 in.) at the mid-height 
of these.al was enough to initiate a tensile c rack at the mid­
span of the seal , depending -0n tes ting conditic,ns of the seal. 

Reinforced concrete(RC)seaJ tests. The RC seal dimension 
was 1.83-m (6-ft) high by 1.22-m (4-ft) wide by 0 .3-m ( I-ft) 
thick. The RC seals contained two planes of steel reinforce­
ment located 64 mm (2.5 in.) frorn the faces of the seaL Each 
reinforcement plane contains four vertical steel bars 16-mm 
(0.625-in.) diameter spaced a t 356 mm ( 14 in.) and five hori­
zontal steel bars 10-mm (0.375-in.) diameter spaced at 0 .3 m 
( I ft) for non hitched seals. Six horizontal s ted reinforcements 
of 10-mm (0.375-in.) diameter were used, spaced at 0.33 rn 

(I ft) for hitched seals. Vertical dowels of 16-mm (0.625-in.) 
diameter bars were used to anchor the nonhitched seals into 
the roof and floor blocks. The vertical and horizontal steel 
reinforcements have a yield strength of.413 MPa (60,000 ps i). 
The hitched seals are only anchored to the roof foundation. A 
concrete cover is required to protect steel re inforcement from 
corrosion. ACl3 I 8 (American Concrete Institute) recommends 
a minimum of 38 mm ( 1.5 in.) of cover for most s tructures. 
Roof-to-floor convergence was imposed on the seal model by 
applying initial vertical loads on the seal model. A summary <1f 
applied vertical pressures on the RC seal models is in Table 2. 

Reddy el al. (2011) experimentally observed that . at a low 
shear span-to-seal thickness ratio (up to two). the shear failure 
of a reinforced concrete beam with(iut web reinforcement is 
violent. The shear span of the beam is defined as the beam 
portion between loading po int and support. which is 0.457 m 
( 18 in.) for the tes ted RC seals. The shear span-to-seal thick­
ness ratio of the tested RC seals is 1.5. Hence, a ll of the RC 
seals failed with sudden violent shear failure. Figure 6 shows 
samples of the shear failure patterns for the NH_NC _S and 
NH_ NC_ W tests. The shear cracks initiated at approximate.ly 
45° opposite the loading face of the seal and propagated across 
the neutral axis of the seal before horizontal Rexural cracks 
appeared at the midspan of the seal (Fig. 6). Because (lf the 
similarstrcngth of the roof and strong floor foundations, the RC 
seals buill on strong foundations behave as fixed -end beams. 
Therefore, both top and bottom shear cracks were observed 
in the RC seals with the s trong floor foundations (Fig. 6). f or 
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(a) Strong floor (b) Weak floor 

Figure 6- 0bserved (dark lines) and predicted (green hatched area) diagonal tension cracks for reinforced concrete seals. 

RC seal~ constructed on weak floor found ation. floor heave 
was t>bscrv1,:1J in thc floor opposite the loading face of lhe RC 
seal Th..: RC seals built on weak fl o<>r foundations behaved as 
hcams li x1,:d at their top end and paniall y fixed al their bmmm 
1,: nd. Therefore. the majority of the RC seals built on weak 
floor fou111,J;Hion~ , howe<l only top shear cracks. but the mid­
span lkxural cracking was more e vident, likely due to higher 
bending morm:nt~ ,It their fi xed end. Yielding ofrhe dowd bar~ 
was not confirmed in all RC seal tes ts, but for some tests, such 
.is H_NC S. yit:lding of dowel bats was observed. 

rigure 7 shows the measured resis tance functions from the 
RC seal te~ts. The initiation ofoh~ervcd shear failure is denoted 
lly hlucdrclc~.Thc resistance functions o f the RC seals built on 
Mrong lluor foundation~ are linear up to a horizonrnl pressure 
of abt1ut 0.2 1 MPa (JO psi) to 0.28 MPa (40 psi). They became 
nnnlinc;1r until the shear fa ilure is initiated (Fig. 7). Horizontal 
loading continued until shear fai lure was achieved and was 
followed hy ~udc.len violcni fai lure of the RC seal (dcsccndem 
part of th..: c:urvcs). T he measured horizontal displacements at 
the mid·hcight of lhc seal and the applied horizontal pressures 
at the 1n111!1t ion of ,hear fai lure arc sunumuized in Table 2. A 
horiwntal seal <l1splacernent a t the mid-height of the ~cal be­
t ween 2 07 mm (0.08 111. J and 4.5 1 mm (0. I 7 in.) was enough 
to initiate shear cracks in the shear span of tht: RC seals bui lt 
on among floor foundation. The RC ~eal~ built on weak floor 
foundation, showed softer rcs i, tance fu nction, than those built 
1)n strong floor fuundaunn~. A horizontal seal displacement at 
the m1d-hc1ght ufthe ~eal betwcen 8.2 mm (0.3'.! in.) and 14.37 
mm (0.57 111 l wa, e110ugh to initiate shear cracks in the shear 
~ran of the RC' \Cal\ built 0n weal.. floor foundations. 

Finite element m odels for PC and RC seals 
ANSYS Ver 13.0('.!011 l warnsi:d to simulate the four-point 

~tatic loading for a ll the PC and RC seals The state of stress 
in the PC ,cals i, plane ~!Tes~: therefore. a '.!5-mm- ( 1-m.-) 
tlrn:k model was used to simulate the PC seals (Fig. 8a) For 
the RC seal\ and loading, only one-half of the RC seal i~ mod­
e led (rig.. 8bJ due lO the symmetry in cross section. ANSYS 
Solid65 e lement~. to be explained later. were used to model 
the mot. ~cal and floor of the PC and RC seal tesL\, Structural 
hcam clcmem, were u~cd to model the dowel~ and lhe venical 

and horizontal s teel bars of RC seals. A perfect bond between 
the concn::te and s teel reinforet:mcnt was assumed in the RC 
seal FE models. 

Th:: interac tions of the roo f and tloor foundations wnh the 
upper and lower platens of the MRS and with the rcact1un 
mechanism of the testing frame arc mudded as ro ller supports 
(Fig. R). The displacemen1 control approach wa~ used to lnad the 
PC and RC seals in the f'E models to mimic tht: d1~placi:mc 11t 
controlled seal tel.ts and to avoid the early divcrgi:ncc of the 
FE models, especially when the concrete begins to crack. The 
loading mechanism of the tes ting frame was modeled by apply­
ing horizontal displacement at a re mote loading point (Fig X) 
located at a distanccof0.65 m (2. 13 ft ) from the loading plate,. 
which is equal to the dis tance between the loading plates (part 
7. Fig. I) of the vertical loading beams (part 6, Fig. I) and the 
rou.nd bar (part 14. Fig. 1 ). The remote loading point is a llowed 
to move in the x direction and to rota te about they axis. while 
all o iherdegrees of freedom arc constrained. T he loading plates 
are coupled with the remote loading po1111. Fric lionlc~s contact 
is defi ncd ai the loading plates/~<!al mterfacl!~. l:ight- 11otle 
brick elements were used to model the loading pl!llc~. Ela~ti..: 
steel properties were assigned tO !he loading pl.itt:5 . The ~.:;11 
modds are solved in two s teps: ( I) a vert ical di~plac.-ment m 
the : direction equivalent to the initial vcn ical load i~ applied 
on the bottom of the floor block: (2) a hornwntal displac.:mcnt 
in the x d irection is applied on the rcmoh! lllading point 111 ll 

manner s imilar to that in the test progrnm. 

Constitutive model of concrete. The consti1uuvc modd 
of thi! Solid65 cleml!nl representing the rnncretc is ba,cd on 
the Wil liam-Warnke fail ure surface (llauksd61t ir. 2007) Th,· 
clement is capable of cracking in three onh1)gonal dircc:tilm, 
and crushin g. The abil icy of a crack to transfer rhc ~hear stre,~ 
across its plane is defined by the shear tran~ft:r cocfhc1en1 , 
(/1

1 
and P, ). These coefficients range from 0.0 to I. with 0 .0 

rt::prcsenting a smooth crack ( no aggr.-gate interlock) and I 
representing a rough crack (fu ll aggregate 1ntcrlock). Shear 
tran~fer coefficients for open and c losed cracl..s wen: a'>'>llml!d 
tO be0.3 and I. re~pcctivcly (Kachlakeve1 al .. 200 I: Va~udc,a11 
and Kothandaraman. 201 1: Wolans l..1. 2<)()4J. In comprc,~ion. 
the Solid65 ekment could undergo pla~uc de lormJt1on u~i ni: 
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Figure 7 - M easured (blue) and predicted (red) resistance functions of reinforced concrete seals. 

Von-Mises failure criterion (ANSYS. 20 I I) coupled with 
isotropic work-hardening stress-strain models (Fig. 3). 

The direct tensile strength (J;) of concrete is markedly lower 
than the compressive strength (/J. The direct tensile strength of 
concrete is difficult to rneasurt: and can be taken as ,\ fraction 
of the modulus of rupture (J,) (Ghaffar, 2005): 

J;=0.3*/, ( I ) 

The modulus of concrete rupture varies widely buc is nor~ 

mally taken i.r:1-psi as (Cheo, 2007): 

fr=7.5 * J.t~ (2) 

The concrete properties used in the finite clement models 
are summarized in Table I. Young·s modulus for the roof, s.:al 
and l'loorof the test specimen were experimentally determined. 
The Poisson's ratio of all components of the seal model was 
assumed to be 0.J (Vasudevan and Korhandararnan. 201 1: 
Wolanski , 2004). 
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(a) Plain concrete seal (b) Reinforced concrete seal 

Figure 8 - FE model of plain and reinforced concrete seals. 

The tcn~ilc rupture wa~ the tlo111inan1 mode of failure for 
PC' ~cal tc,ts. therefore, the direct tensile strength wa, as~igned 
w seal material of PC models. On the other hand, the shear 
failure wa~ the dominant motle of failure for RC seal tests. 
Hence, ihc tensi le strength of seal material is not considered to 
be a criucal input for RC seal model, . Therefore. the modulus 
of rupture was assigned to seal material of RC seal models to 
avoid model ing divergence. Similarly, the tcn,ile strengths of 
the roof and fl oorfountlation~ were estimated from the modulu~ 
of rupture. The concr..:tecrushing capab1l1ty of Solid65 elcmentl> 
was supprc,~ed to avoid modeling divergence (Kachlakcv et al .. 
2001: Val>udevan anti Kothandararnan.20 11: Wolanski. 200-+: 
Saifullah ct al. , 20 11 : AI-Azzawi et al. . 201 0). The ANSYS 
dcfaults uf Sol id65 clements were assumed fur the rest of the 
concrete material constant;,. The Yon-Mises plasticity model 
w,1, u,ed tosnn ulatcthestecl bars in RCseals.A Poisson·s ratio 
of 0 .3 is a~sumed for the steel reinforccrnen1 anti the modulu~ 
of clas1icity i~ 212 GPa (30 x 106 p~i) (Barth and Woo, 2006). 

Modeling of t he seaVfoundation Inter face. The hnrizon­
tnl loading o f nonhitched plain concrete senls (NH_NC_S, 
NI I_C_S. NH_NC_ W, NH_C_ W) 1, very i,imilar to thnt used 
in ltirgc-scalc double shcartcsls (Mogi, 2007). Therefore. these 
1c,11> wen.: used to estimate the shear sll ffnc~s of the seal/roof 
anti seal/floor imcrfaces. The average shear 1>1iffnes~ of the 
seal/roof int..:rface i~es timated 10 be 0.96 MPa/mrn (3,550 psi/ 
in ). The average shear stiffness o f scalM rong Roar and seal/ 
weak Roor 1111erfacc.\ aree~timated to be 1.29 MPa/mm (4 .730 
psi/in .) and 0 .87 MPa/mm (3,200 psi/in.). respectively. The 
cohesions oft he seal/roofanc.l seal/strong-floor interfaces were 
determined by laboratory direc1 shear tests as 3.22 MPa (467 
psi) and l.95 MPa (283 psi), respectively. T he comprc1>sive 

strength of roof block is less than that of strong tloor block, 
but the cohesion of the ~eal/roof interface is greater than the 
seal/strong fl oor interface. Similar result, were cxpt:rimcntally 
found by Shin and Wan (2010), where the bond strength of the 
cold joint between new and old concrete blocks wa~ measun:d. 
The fricLion coefficient of the seal/roof and i,eaVRoor mterface 
and the cohesicin of seal/weak fl oor interface of KC seab arc 
assumed 10 c n, ure the best match between the measured anu 
estimated seal res istance func tion~. 1l1e ACI building code 
(3 18.83) gives the rangc of the coe fficie nt o f fri ction along 
the inlcrface between new anti existing concrete as 0 .6 to 1. 1 
(AC I). A summary of the propcn k~ of the seal/roof and seal/ 
floor interfaces used m the fimtc e lement modcb 1s shown in 
Table I. The mechanical propenies o f the seal/ roo f interface 
(Table I) characterize the perfect bond bet ween mof and seal. 
which is applicable for the seal modds built 111 th,~ stu tly. 

Comparison of FE models with experimental 
results 

The FE models of PC and RC seals an.i calibrated by bcing 
compared with the ir corresponding seal tc~ts. The comparison 
is ba~cd on the following mca~un:s: 

• Failure paUem of the seal, 
• Failure horizontal pressure and hori10n1al di~placcment 

al the mid-height of the seal - defi ned by the rupture 
crack ini1iation for PC seals and the shear failure for 
RC seals. and 

• Resistance function of the seal. 

Figure 4 shows the calculated initial rupture cracks of PC 
seals for NH_ NC_S and NH_NC_ W models. The calculated 
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initial tensile cracks are plotted as red dashes. The figure 
shows that the concrete cracking started at the outer fiber of 
the mid-section of the seal, then propagated pe rpendicularly 
toward the loadir1g face of the seal. Symmetric concrete crack­
ing is observed around the mid-height of the PC seals built 
on strong floor foundations, which is explained by the similar 
mechanical properties of the roof and strong floor blocks. The 
calculated initial rupture cracks of PC seals built on weak floor 
foundations was biased toward the floor block. The calculated 
failure pattern of PC seals agrees well with the test results, 
except for the NH_C_S test. 

The resistance functions of the PC seals estimated by FE 
models compared with their corresponding resistance functions 
determined from the seal tests are sh.own in Fig. 5. The red circles 
represent the onset of concrete cracking in the FE model. The 
estimated horizontal pressure and the mid-hcightseal displace­
ment at crack initiation from lhe FE models agree well with 
the test results. Except for the NH_C_S and NH_C_ W seals, 
the estimated and measured resistance functions are almost 
identical. The NH_C_S test underestimated the stiffness and 
strength of the tested seal because the roof and floor blocks of 
the seal model were out of plane. The FE model overestimated 
the stiffness of the NH_C_ W seal after the onset of rupture. 
This behavior is atiributed to the continuity assumptjon of the 
concrete material model where the smeared crack analogy for 
tension cracking was used in the Solid65 elements. For most 
of the PC seal tests. the calculated and the measured horizontal 
pressure at crack initiation are very close (Table 2). 

Figure 6 shows the calculated failure patterns of the RC 
seals for NH_NC_S and NH_NC_ W models. The cracks in the 
RC seal models are plotted as green dashes. Concrete cracking 
started at the mid-section of tht: RC seal opposite the load­
ing face. The cracks were more pronounced for the RC seals 
built on weak fl oor foundations. Diagonal tension cracks are 
calculated through the seal thickness at its shear spans. Both 
top and bol'tom diagonal tension cracks arc observed in the RC 
seals built on strong floor fou ndations. For RC seals built on 
a weak floor foundation. the diagonal tension cracks are only 
well-pronounced at the top of the seal. As shown in Fig. 6, the 
calculated failure patterns from the FE models for RC seals 
agree well with observations from the ~eal tests. 

The resistance function!> of the RC seals estimated by the 
FE models arc compared with their corresponding resistance 
funt:tions determined from the seal tests in Fig. 7. Exct:pt for 
the NH_C_ Wand H_ NC_ W seals, the estimated and measured 
rcsisiancc functions are almost identical. A tota l failure of the 
RC seal is identified where the solution fails to converge even 
with a very small displacement in crement (Kachlakev ct al., 
200 I ; Wolanski. 2004). The J-iE models overestimated the 
shear strength of the RC seals bu ill on strong foundation . This 
behavior is attributed to the continuity assumption of concrete 
material, where the smeared crack a nalogy fortcnsion cracking 
was used in the RC seal FE models. As a result of the continuity 
assumption of concrete material. an arch action was developed 
in the FE models of RC seals, espedally for the strong floor 
foundation. For practical seal design, the seal strength gained 
because of the arch action should be ignored because the rigid 
boundaries that are required to develop the arch action in the 
seal arc not existent. T he geology (bedding planes, cracks, soft 
material. e tc.) of mine roof and floor will prevent the devel­
opment of the arch action in mine seals. On the other hand, 
because of numerical instability of the RC seal models built 
on weak tloor fou ndations, the FE models underestimate rhe 
shear strength of seal models bui It on weak floor foundations by 
about 15% (Table 2). Weak fl oor foundations wert: not able to 

provide suitable support for the RC seal because of floor yield­
ing. Significant dis.placements were measured and calculated 
for the RC seal built on weak foundations. which caused more 
seal cracking (Fig. 6). Therefore, certain measures should be 
taken for mine seals built on weak floors-e.g .. replacing the 
weak foundation with a strong plain concrete. 

Calculation of seal resistance function based on 
experimental measurements 

From these cxperi mentally determined measurements of the 
load-deformation behavior of model seals and the c<1librated 
FE model of the seal behavior, the resistance functions for 
proposed plug and RC seals were determined. A 1.8-m (6-ft) 
high entry was assumed to demonstrate the application of the 
calibrated finite element modt:l for these approximate seals. 

Plug seal. For a 1.83-m- (6-ft-) high entry, a plug seal of 
2. 74-m- (9-ft-) thick plain concrete and a compressive strength 
of20.7 MPa (3,0()() psi) were examined. A strong floor founda­
tion for a non hitched plug seal is assumed and no roof-to-fl oor 
convergence is applied. The modulus of elasticity (£,.) of the 
seal in psi is estimated as follows (Chen. 2007): 

Ee= 57 ,000 0~ (3) 

The stress-strain re lationship of the plug seal material is 
estimated by Eq. (4). The mechanical properties of the roof 
and floor and the seal/roof and seal/floor interfaces used in the 
finite e lement model of the plug seal model are presented in 
Table I. In practice, it is difficult to have a perfect bond between 
the plug seal and the roof stratum. Therefore, the cohesion of 
the seal/roof il'l!erface was assumed to be zero and the shear 
resistance at the seal/roof interface is only governed by the 
friction component in the FE model. 

The nonlinear stress-strain relationship for the weak floor 
foundation of the plug seal was defined a~ follows (Kachlakev 
t:t aL, 2001): 

£ *c 

tr = I+ '(~)i 
E(I , 

where 
a = stress as a function of strain, f:. 
!,_. = ultimate compressive strength, psi. 
i:0 "' strain at the ultimate compressive strength. 
Er= Young's modulus. 

(4) 

(5) 

Figure 9a shows the calculated resist.ance function for the 
1.83-m- (6-ft-) high by 2.74-m- (9-ft-) thick plug seal. No 
crackjng was predicted in the plug seal. Ar an early stage of 
loading, 0. 1 MPa ( 14.5 psi), the seal/roof slippage occurred. At 
a horizontal pressure of 2.46 MPa (357 psi) and a horizontal 
displacement of2.07 mm (0.08 in.), slippage at the seal/floor 
interfact: occurrt:d without stop. The plug seal sti ffness is cal­
culated as 1. 19 MPa/mm (4.440 psi/in.). Ba~ed on the PC seal 
experiments and the cal i bratcd FE models, a bi 1 i near resistance 
function was calculated for a plug seal with a compressive 
strength of20.7 MPa (3,000 psi) and a width-to-height ratio of 
1.5. The calculated resistance function can be used in a SDOF 
code such as SB EDS to calculate the dynamic response of the 
assumed sea 1 subjected to any of the design pressure-time curves 
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figure 9 - Estimated resistance functions for plug and RC seals. 

lt\tcd 111 30 CFR 75.335 (Fed,,rul Regi1·/er, 2008). 

Reinfor ced concr ete seal. ror a 1.83-m- (6-ft-) high entry. 
a reinforced rnncrcte ,cal of 0.56-m- ( 1.83-ft-) thick and a 
compressive strength of 31 .0 MPa (4,500 psi) were as,umed. 
A strong floor for a nonhitchcd RC seal is a~~umecl nnd no 
rwf-10-lloor convergence wai. applied. Steel bars of 25-mm 
( I-in.) d1amet.:r were used for doweb and ver1ical reinforce­
ment and steel bars of 16-mm (0.625-in.) diamecer were used 
forhori10nral reinforcement. No shear reinforcement members 
were usc<l . The layout of dowcb and vertical and horiwntal 
rcinfon.:cmen1, is the ~ame as for the RC seals used in thi , 
study (rig. 8b). The modului> of elaMicity (Ee) of the concrete 
in psi wai, estimated using Eq. (3). The stress-strain relation­
~hip of the RC seal material wa, cstima1cd by Eq. (4) and (5). 
The tensile srrcngth of the RC ~eal was estimated by Eq. (4). 
A summary of the properties of the roof and floor and 1he seal/ 
roof and s1:al/floor interfaces used in the fini te elemenl modd 
ot the RC seal model is shown in Table I . 

h gurc 9b show~ the estimated resi., tance function for the 
reinforced concrete seal de~ign The initiarion of craddn_g 
developed at a horizontal pressure of 0.65 MPa (94 psi) and 
at horiwnral dbplacemcnt of 1.39 mm (0.05 in.). The uvcragc 
RC seal s1iffncs~ is calculated as 0.53 MPa/mm ( 1.940 psi/ 
in.). Bas..:d on thc RC seal experiments and the calibrated FE 
models. a nonl inear resistance function of the assumed RC 
,cal "a, calculated. The calculated rc~hiance function of the 
RC s1:al can be u~1:d in any SOOP cod1: such as SBEDS to 
calculate the dynamic re,ponse of the assumed seal subjected 
to any of the de~ign pressure-time curves listed in 30 CPR 

75.335 (Federal Rexi,wer, 2008). 

Summary 
The objective of this srudy was to develop engineering data 

forusein rhedesign of plain and reinforced concrete mine scab. 
The test data is used to calibrate FE models that, i11 tum, arc 
used to de1ermine the resistance fun~Lion~ for these test seals 
and for the ultimate us1: in ~mg.le degree of freedom analys1~ 
tool~ such as SBEDS . 

Based on this ASTM E72-02 method, NIOSH re~earchers 
designed a testing fixtun: using a four-pomt load.\\ l1ich wa5 
applied until failu re to 1.22-m- (4-ft- ) wide by 1.83-m- (6- ft-) 
high seals. A lateral design load of 40 MN (900.000 lb!) wa., 
selected for tlesign of the fixture 10 apply a Matic pressure of 
1.66 Ml'a (240 psi) on the seal. 

Sixteen large-scalc t~1S of PC and RC \Cals were conducted. 
T11c tcstsconsidered the effects offl oor strength, hitching condi­
tion and roof-to-floor convergence on the resistance fu nci ion, 
of the seals. The re,is tance function s and failure patterns were 
recorded for till the tests. 

Weak floor conditions in a coal mine were simulated u,ing 
14.6 MPa (2.100 psi) and 4.36 MPa (o32 psi) com:re1c for PC 
and RC seals, respectively. Strong fl oor conditions wcre simu­
lated u,ing a 36.7-MPa (5,330-psi) concrete. T he coal minc 
roof was simulated using 35.6-MPa (5.170-p,i) and 22.7-MPa 
(3,290-psi) 1.' oncrete for PC and RC ~cal 5, respectively. The l'C 
and RC cals were built using 29. 1-MPa (4.220-psi) concrc1e. 
The cohesion, oft he seal/roof, seal/strong lloor and seal/ weak 
fl oor interfaces were 3.22 MPa (467 psi). 1.95 MPa (28'.l psi) 
and0.34 MPa(50 psi).respcctivcly.11,emcchanical proper1ies 
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of the seal/roof interface characterize a perfoct bond between 
roofandseal, which is representative fortheseal models built in 
Ibis s tudy. The average shear stiffness of the seal/roof interface 
is calculated from the large-scale seal tests as 0.96 MPa/mm 
(3,550 psi/in.). The average shear stiffness of strong and weak 
floor interfaces was found to be 1.29 MPa/mm (4,730 psi/in.) 
and 0.87 MPa/mm (3,200 psi/in.), respective ly. 

Calibrated FE models for PC and RC seals were developed 
using ANSYS Ver. I 3. The input data for lhe FE seal models. 
such as Young's modulus. compressive strength. s tress-strain 
relalionships,etc., were obtained from laboratory-scale rna1erial 
testing, and the shear stiffness or the seal/roof and seal/tloor 
interfaces were ob1ained from the large-scale seal tests. With 
very limited engineering-based assumptions and a single set 
of data, both the PC and the RC FE seal models successfully 
calculated the measured resistance functions and failure pat­
terns for a wide range of boundary conditions. 

Based on the PC seal experiments and the calibrated FE 
models, a bilinear resistance functi on of a plug seal with a 
compressive strength of 20.7 MPa (3,000 psi) and width-to­
height ratio of 1.5 was calculated. Also, a nonlinear resistance 
function ofan RC seal was calculated. The calibrated FE models 
can be used t(> calculate the resistance functions for a wide 
range of plug and RC seal designs. The calculated resistance 
functions of these seals can be used in any SDOF code such 
as SBEDS m calculate rhe dynamic response of the assumed 
seals subjected to any of the design pressure-time curves listed 
in 30 CFR 75.335 (Federal Register, 2008). 

Currently, similar experimental and modeling studies are 
being conducted ro determi.ne and validate the resistance func ­
tions of pumpable cement foam seals and concre1e masonry 
unit seals glued together with polyurethane. 
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